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ABSTRACT

We have generated a series of variable-strength,
constitutive, bacterial promoters that act predict-
ably in different sequence contexts, span two
orders of magnitude in strength and contain con-
venient sites for cloning and the introduction of
downstream open-reading frames. Importantly,
their design insulates these promoters from
the stimulatory or repressive effects of many 50- or
30-sequence elements. We show that different
promoters from our library produce constant
relative levels of two different proteins in multiple
genetic contexts. This set of promoters should
be a useful resource for the synthetic-biology
community.

INTRODUCTION

The introduction of novel genetic components and
pathways into cells has proven useful in biotechnology
and as a tool to study and improve our understanding
of natural systems (1–4). For some applications, achieving
the proper steady-state levels of each gene product can be
critical in optimizing the function of an entire biosynthetic
pathway, whereas, in other cases, assaying the conse-
quences of altered expression levels is important for
probing native gene function (5–7).

In principle, steady-state protein levels can be
controlled by using libraries of variable-strength
promoters to change transcription rates, by employing
different ribosome-binding sites to alter translation
efficiency, and by appending degradation tags to adjust
rates of protein turnover (5,8,9). Often, the process of
finely tuning each of these parameters is laborious and
relies on trial-and-error, a problem that has led some
to utilize directed-evolution to guide the optimization
process (10–12). Others have begun to characterize
individual genetic parts rigorously (e.g. the transcriptional
strength of a promoter) with the hope that such

information might guide and expedite the refinement
process (13–15). The success of reusing well-characterized
components relies on a critical assumption that such
devices are functionally composable, that is the properties
of the device in one test context are predictive of those
properties in a new context.
Building on the work of others, we sought to design a

set of variable-strength constitutive bacterial promoters
that are insulated from influences of genomic context.
Although, it may not be possible to insulate any biological
component completely, a wealth of information is avail-
able that can be exploited to limit context-dependent
behavior. Bacterial transcription can be decomposed
into three phases; binding, initiation and elongation.
Extensive biochemical and structural studies have helped
elucidate the promoter and polymerase components that
control each of these steps (16). Bacterial RNA polymer-
ase (RNAP) is composed of a core polymerase (bb0a2o),
which is competent for transcriptional elongation, and a
s subunit, which is utilized to define promoter specificity
during binding and initiation but is dispensable for elong-
ation. In the initial binding step, the s subunit contacts
two hexameric DNA sequences located 10 and 35 base
pairs 50 of the transcription start site (named the �10
and �35 boxes, respectively) (17). At some promoters,
additional contacts are formed between the a2 subunits
and A/T-rich promoter sequences residing as many as
60 bp 50 of the transcription-start site (known as an ‘UP’
sequence). These contacts facilitate polymerase binding
and can enhance promoter activity up to 300-fold in a
manner that depends upon the sequence distance from
the core recognition elements (18–20). Once bound, the
enzyme–promoter complex must isomerize from a
‘closed’ complex in which the DNA is double stranded
to an ‘open’ complex in which base pairs from approxi-
mate positions �10 to +2 melt or separate into single
strands (17). The conformational equilibrium between
closed and open complexes depends, in part, on the
sequence of the base pairs that melt (21). From the open
complex, the polymerase can undergo a repetitive process,
termed abortive transcription, in which it initiates tran-
scription, releases a short RNA transcript (<10 nt), and
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then returns to the site of initiation. This process continues
in a stochastic fashion until the polymerase clears the pro-
moter, releases the s subunit, and continues the elong-
ation phase of transcription (often referred to as
promoter escape). The identity of the 20-nt downstream
of the transcription-start site (defined as +1 to +20)
strongly influences the efficiency with which a bacterial
polymerase escapes from the promoter and continues
elongation (22,23).
To respond to external signals, transcription factors

have evolved mechanisms to up-regulate or down-regulate
each of the steps described earlier. For example,
cyclic-AMP receptor protein (CRP) binds the promoter
upstream of the �35 box, simultaneously making
favorable contacts with the C-terminal domain of the
polymerase a subunits (24,25). These contacts enhance
polymerase binding and increase transcription at pro-
moters where binding is rate limiting (26). Promoters
can also be regulated at the isomerization step of tran-
scription. For example, the merR transcriptional repressor
acts by inhibiting conversion of the closed to open
complex (27). Lastly, the efficiency of promoter escape
can be regulated. At some promoters, for example, the
phage j29 protein p4 binds tightly to the polymerase a
subunit, which slows promoter escape and downregulates
productive transcription (27). Interestingly, at promoters
where polymerase binding is limiting, this same protein

can activate transcription by enhancing binding (28).
Such non-uniform effects are particularly important
when considering the design of synthetic variable-strength
promoter libraries.

Many synthetic promoters have been generated and
characterized, but they often show activities that vary
with the genetic locus or gene transcribed (5,14,29–32).
As discussed earlier, this context dependence is not
surprising. For example, increased activity can arise
from 50-UP-sequence elements or as a consequence of
read-through from upstream promoters (20,33). One
solution to the latter problem is to include a transcription-
al terminator at the 50-boundary of the synthetic
promoter, but AT-rich terminators share some sequence
similarity with UP elements and may themselves increase
transcription of downstream genes. Promoter fusions to
different genes may also affect transcription efficiency if
the 50-end of the mRNA contains a sequence that changes
the rate of promoter escape.

The strength of any minimal promoter, containing
sequences from the �35 hexamer to the site of initiation,
is likely to vary depending on neighboring sequences.
As a consequence, we generated promoters in which ad-
joining upstream and downstream sequences, which
potentially could alter transcription initiation and
promoter escape, were included in the promoter cassette
(Figure 1). These ‘insulated’ promoter cassettes extend
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Figure 1. Comparison of promoter organization. Schematic of an insulated promoter (A) and a minimal uninsulated promoter (B). The promoter
recognition region (PRR) containing the �10 and �35 RNAP binding determinants is shown in light gray, the transcription-initiation site (+1) is
represented by arrow. In the insulated promoter, the surrounding genetic context (dark gray) is separated from the PRR by insulation sequences
(diamond-filled pattern). Most elements known to effect transcription initiation and promoter escape are contained within the insulated promoter
cassette boundaries. Because of its smaller size, the genetic context surrounding the minimal promoter is more likely to contain sequences that can
effect transcription initiation, thereby increasing the possibility of context-dependent activity. (C) GFP synthesis rates per cell were measured for a
control construct lacking GFP, a minimal promoter (j23101) or an insulated promoter (proD).
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from position �105 to +55, a span which includes the
majority of transcription factor-binding sites in natural
bacterial promoters as well as most elements that affect
transcription initiation and promoter escape (34). We find
that such promoters exhibit transcriptional activities that
are significantly more predictable in varied genetic
contexts.

MATERIALS AND METHODS

Promoter sequences

The promoter sequences used in this work are listed
below. The scar sequences generated by standard
BioBrick assemblies are in lowercase font, and the
expected start site is underlined. For each promoter set
(insulted or minimal), only the �35 and �10 hexamers
(shown in large, bold font) vary between library
members (Table 1).

proD (insulated promoter)
ttctagagCACAGCTAACACCACGTCGTCCCTATCTG

CTGCCCTAGGTCTATGAGTGGTTGCTGGATA
ACTTTACGGGCATGCATAAGGCTCGTATAATA
TATTCAGGGAGACCACAACGGTTTCCCTCTAC
AAATAATTTTGTTTAACTTTtactagag

j23101 (minimal promoter)
ttctagagTTTACAGCTAGCTCAGTCCTAGGTATAAT

GCTAGCtactagag

Plasmids and strains

Experiments with plasmid-borne reporters were per-
formed in Escherichia coli strain DH5a [F�, ��,
j80lacZ�M15, �(lacZYA-argF)U169, deoR, recA1,
endA1, hsdR17(rk�, mk+), phoA, supE44, thi-1, gyrA96,

relA1], whereas experiments with chromosomally
encoded reporters were performed in E. coli strain
W3110 [F�, ��, IN(rrnD-rrnE), rph-1]. With the excep-
tion of assays for promoter function on the chromosome,
all experiments utilized plasmid pSB3C5 and the con-
struct of interest was cloned via standard procedures
between the BioBrick cloning sites (35). Each con-
struct contained the Bba_B0032 ribosome binding site
and the Bba_B0015 transcriptional terminator. The se-
quences for the fluorescent reporter proteins, GFP
(Bba_E0040), dsRed (Bba_E1010), Gemini (Bba_E0051),
the ribosome binding site (Bba_B0032) and the terminator
(Bba_B0015) can be found at the Registry of Standard
Biological Parts (www.partsregistry.org).
Plasmid constructs contained the following elements:

promoter-TACTAGAG-B0032-TACTAG-ORF(dsRed,
GFP, Gemini)-TACTAGAG-B0015, where the ORF
was exchanged using standard PCR-based techniques.
For chromosomal insertions, test constructs were fused
to a kanamycin resistance marker (Bba_P1003, Registry
of Standard Biological Parts, www.partsregistry.org)
using SOEing PCR (36). PCR products were recombined
onto the chromosome using the �-red recombination
system, encoded on the plasmid vector pSIM5, as
described earlier (37). After verification of successful
cassette insertion by sequencing, pSIM5 was cured from
the strain. For the tonB locus, the SOEing primers
used are as follows (with homology to the locus listed in
bold).

tonB-BioBrickPrefix-fwd
AAGCAGAAAGTCAAAAGCCTCCGACCGGAGGCTT

TTGACTgaattcgcggccgcttctag

BioBrickSuffix-rev
cgaacttttgctgagttgaaggatcagCTGCAGCGGCCGCTACT
AGTA

BioBrickSuffix-fwd
TACTAGTAGCGGCCGCTGCAGctgatccttcaactcagcaa
aagttcg

P1003-tonB-rev
GATCCTGAAGGAAAACCTCGCGCCTTACCTGTTG

AGTAATttattagaaaaactcatcga

The UP sequence (GAGAAAATTATTTTAAATTTCCT
C) was introduced upstream of the promoter constructs
using standard techniques resulting in a BioBrick scar (AC
TAGA) between the UP sequence and the promoter. The
anti-sequence (ATCCGGAATCCTCTGGATCCTC) was
introduced in a similar fashion resulting in constructs of
the form: promoter-TACTAGAG-anti-B0032-TACTAG
-GFP-TACTAGAG-B0015.
Two strains were used to control for cellular auto-

fluorescence. DH5a transformed with pSB3C5 was used
as a negative control for experiments using plasmid-based
constructs. For experiments testing promoter function
from the tonB locus, the kanamycin resistance marker
with no reporter construct was recombined downstream
of the tonB locus using primers tonB-BioBrickPrefix-fwd,
P1003-tonB-rev.

Table 1. Promoter strengths

Promoter �35 hexamer �10 hexamer RPUD

proA tttacg taggct 0.030
proB tttacg taatat 0.119
proC tttacg tatgat 0.278
proD tttacg tataat 1.000
pro1 tttacg gtatct 0.009
pro2 gcggtg tataat 0.017
pro3 tttacg gaggat 0.017
pro4 tttacg gatgat 0.033
pro5 tttacg taggat 0.050
pro6 tttacg taaaat 0.193
j23113 ctgatg gattat 0.005�a
j23150 tttacg tattat 0.077�a
j23151 ttgatg acaatg 0.192�a
j23101 tttaca tattat 0.345�a

The �10 and �35 hexamers for insulated (pro series) and uninsulated (j
series) promoters are listed. RPUD were calculated by normalizing the
GFP-synthesis rate to that of the ProD promoter (see text). Minimal
promoters are listed in italics. The a-scaling factor accounts for the fact
that the transcripts for the two promoter sets are different, which could
cause differences in degradation or translation rates.
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Promoter activity assays

All GFP-, dsRed- and gemini-based assays were per-
formed and analyzed as described (14) with the minor
modifications listed below. Individual test colonies along
with a negative control strain were picked in triplicate and
grown overnight in 5-cm culture tubes in LB broth supple-
mented with 35 mg/ml chloramphenicol (for experi-
ments using pSB3C5) or 10 mg/ml kanamycin (for
experiments using chromosomal insertions). Cultures
were then diluted 100-fold into M9 media (M9 salts,
1mM thiamine hydrochloride, 0.2% casamino acids,
2mM MgSO4, 0.1mM CaCl2, 0.4% glycerol) supple-
mented with appropriate antibiotics and grown at 37�C
for 4 h. Cultures were aliquoted (150ml) into a 96-well
plate (Greiner Bio-One) in which OD (600 nm) and fluor-
escence (GFP, Gemini: excitation 467 nm, emission
511 nm; dsRed: excitation 560 nm, emission 590 nm)
were read using a SpectraMax M5 fluorescence plate
reader (Molecular Devices). Cultures were allowed to
continue growing in tubes for an additional 1.25 h at
37�C at which time OD600 and fluorescence were read
again. For each sample, the change in fluorescence
signal between the two readings was divided by the
average OD600. This measure of promoter activity (per
cell synthesis rate) was corrected for background
auto-fluorescence by subtracting the per cell synthesis
rate of the negative control. For most experiments, the
corrected synthesis rate was normalized to the average
synthesis rate of the proD promoter, resulting in RPUD-
relative promoter units (14). In experiments using dsRed,
proD displayed diminished activity and the average syn-
thesis rate of the j23101 promoter was used to normalize
activity, resulting in RPUj12101-RPUs. Errors bars shown
in all figures represent the standard deviation of triplicate
measurements.

RESULTS

Basic promoter design

Our initial construct was based on E. coli rrnB P1, a
strong s70-dependent promoter with near consensus �10
(TATAAT) and �35 (TTtACg) elements. A 17-bp
sequence (GGCATGCATAAGGCTCG) separates the
�10 and �35 boxes, resulting in the optimal spacing for
near-consensus promoters (38–40). To provide insulation,
we also defined the flanking sequences from position �105
to +55, using elements described in ‘Materials and
Methods’ section. Our promoter design extends beyond
the transcription initiation start site and thus creates a
specific and invariant 50-mRNA terminus. This feature
was incorporated to improve the predictability of
promoter strength, mRNA stability, and the site of tran-
scriptional initiation, but it may preclude experiments in
which this region of the transcript must be of a particular
sequence (41). We note, however, that the ribosome
binding site and translation start codon reside down-
stream of this element, and thus the resulting protein
product is not affected by the insulation sequence. It is
also interesting to note that the vast majority of natural

transcripts in E. coli are predicted to encode a 50-untrans-
lated region >20 nt in length (34).

We transformed cells with a plasmid vector bearing our
first-generation insulated promoter (called proD) driving
production of a GFP reporter gene (Bba_E0040, Registry
of Standard Biological Parts, www.partsregistry.org) and
measured GFP synthesis rates as a proxy for promoter
strength. Briefly, cells were grown in culture tubes at
37�C to mid-log phase, OD600 was measured as a surro-
gate of cell number, and GFP fluorescence was
determined. After an additional 1.25 h of growth, we
again measured OD600 and GFP fluorescence. The GFP
synthesis rate for the promoter was calculated using
Equation 1 (14).

Synthesis ratex¼
GFP xð Þtp2�GFP xð Þtp1

OD600 xð Þaverage
ð1Þ

To determine the strength of proD relative to another
promoter, we performed the same procedure using a
minimal length, constitutive promoter (Bba_j23101:
Registry of Standard Biological Parts), which has been
previously characterized (14). In this comparison, the
proD construct exhibited a greater GFP synthesis rate
than the Bba_j23101 construct (Figure 1C).

Generation and characterization of an insulated
promoter library

Next, we generated a promoter library by using degenerate
oligonucleotides to randomize either the �35 or the �10
element of our insulated promoter in the plasmid vector
and transformed E. coli cells. This library was enriched for
active promoters using fluorescence activated cell sorting
(data not shown). Measurements of GFP synthesis rates
from individual colonies of the enriched pool were then
used to identify 10 clones that exhibited varied GFP ex-
pression. Measurement of GFP synthesis rates showed
that this set of variants encoded promoter strengths
spanning two orders of magnitude. To aid in comparison
with previously characterized minimal promoters, we also
measured the activity of a set of uninsulated promoters
that spanned a similar range of activity (Bba_j23113,
Bba_j23150, Bba_j23151 and Bba_j23101 from The
Registry of Standard Biological Parts, www.
partsregistry.org; Figure 2).

As described in Kelly et al. (14), relative measures of
promoter activity can greatly reduce assay-to-assay
variance and are straightforward to calculate for a
set of promoters that produce identical transcripts. We
therefore determined relative promoter strength by
normalizing the GFP-synthesis rate of each newly
isolated promoter to that of the insulated proD
promoter, as shown in Equation 2. To calculate RPUs
of the uninsulated promoters, a scaling factor, a, was
introduced. This constant, which accounts for potential
differences in the degradation rates or translation rates
of transcripts produced by the insulated and uninsulated
promoter sets, cancels out when promoters within a set
are compared and thus is only relevant when comparing
promoters between the two sets. The sequences of the
�35 and �10 hexamers of each promoter variant as
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well as their relative promoter strengths are listed in
Table 1.

RPUD xð Þ¼
Synthesis ratex
Synthesis rateD

¼
GFP xð Þtp2�GFP xð Þtp1

OD600 xð Þaverage

�
GFP Dð Þtp2�GFP Dð Þtp1

OD600 Dð Þaverage

 !

ð2Þ

From our set of 10 insulated variants, we selected proD
and three additional promoters (proA, proB and proC),
which spanned the activity range, for more detailed char-
acterization (Figure 2). These promoters were named in
ascending order of activity.

Characterization of promoter insulation

The UP element from rrnB P1 was chosen to test the
efficacy of the 50-insulation. This 24-nt sequence (AGAA
AATTATTTTAAATTTCCTCA) has been shown to
activate transcription from some promoters (33). We
inserted the UP element at the 50-boundaries of the
insulated promoter cassettes (proA, proB, proC, proD)
and the uninsulated promoter cassettes (j23113, j23101,
j23150, j23151). Using the GFP-reporter assay, we
determined the relative strength of each promoter either
with or without the UP element (Figure 3A). Introduction
of the UP sequence slightly reduced transcription from
each insulated promoter compared to the same promoter
with no UP element, whereas it increased transcription
from the uninsulated promoters in a highly variable
manner (Figure 3A, inset).

Next, we tested downstream insulation by inserting an
anti sequence (ATCCGGAATCCTCTGGATCCTC) at

the 30-boundaries of insulated and uninsulated promoters
(Figure 3B). This portable sequence decreases the rate of
promoter escape when present at positions +1 to+22 of
many transcripts (22). For each set of promoters, this
sequence was inserted using the available restriction sites
downstream of the promoter element. This strategy
resulted in the same scar between the promoter and the
downstream sequence that would be present if the
promoter were used to drive the production of a new tran-
script (see ‘Materials and Methods’ section for a descrip-
tion of scar sequences). The position of the ‘anti’ sequence
was from +47 to +69 for the insulated promoters and
from +7 to +31 for the uninsulated promoters. Again,
relative GFP synthesis rates were measured as a surrogate
for promoter activity. As shown in Figure 3B, insertion of
the anti sequence had almost no effect on the insulated
promoters and had variable effects on the uninsulated
promoters. The strongest promoter, j23101 was down
regulated �2-fold whereas the weaker promoter, j23150,
showed no change. Interpreting activity differences
between promoters with and without the anti sequence is
difficult because the insertions alter the mRNA and thus
could affect mRNA stability and translation efficiency in
addition to promoter activity. We note, however, that for
each set of insulated or uninsulated promoters, the mRNA
transcribed is independent of the particular promoter
assayed and thus is constant within that set. When
normalized for relative promoter activity as shown in
Figure 3B, it is clear that the insulated promoters are re-
sistant to the effects of inserting this sequence.

Promoter activity when driving disparate open reading
frames

Is promoter strength predictable following fusion to dif-
ferent open-reading frames? To address this question, we
fused the insulated and uninsulated promoters to se-
quences encoding two additional fluorescent reporters.
The first was Gemini, which contains an N-terminal
LacZa sequence and a C-terminal GFP domain (32).
The second was dsRed, which is an engineered fluorescent
protein with little homology to GFP (42). Although it is
difficult to directly compare expression levels of GFP with
those of dsRed or Gemini in a meaningful way, the
relative strengths of different promoters driving expres-
sion of each type of protein should be predictable if
there is sufficient insulation from the effects of the initially
transcribed sequence.
We first measured the synthesis rate of Gemini for each

promoter (proA, proB, proC, proD, j23113, j23150,
j23151, j23101) in a manner similar to that described for
GFP. Gemini could be readily assayed using fluorescence
from its GFP domain. Importantly, the N-terminus of
Gemini (LacZa) is different from that of GFP, and thus
one might expect differences in transcription from uninsu-
lated promoters. As reported earlier, we observed a
decrease in the absolute synthesis rates of Gemini
relative to those of GFP (32; Figure 4). For each
promoter, we calculated the relative promoter strength
compared to proD driving the same open reading frame
using Equation (2). Figure 4A plots the relative promoter
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strength (RPUD) determined using GFP (x-axis) against
that determined using Gemini (y-axis). Promoters
not altered by the introduction of Gemini, approximately
fall on the line y= x. Interestingly, the insulated pro-
moters show a �1:1 relationship between relative
activity measured either by GFP or by Gemini. In
contrast, the stronger uninsulated promoters (j23151,
j23101) show diminished apparent relative activity when
driving production of Gemini (Figure 4A, right). We do
not believe that the decreased activity of the uninsulated

promoters occurs as a consequence of translation or
Gemini folding becoming rate limiting, because the
absolute activity of even the strongest uninsulated
promoter is weaker than that of the strongest insulated
promoter (proD). The fact that neither proC nor proD
show diminished activity when driving Gemini production
argues that transcription from the strongest uninsulated
promoters becomes limiting in this assay. Again, the un-
insulated promoters show greater context-dependent
activity.
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Figure 4. Aparent promoter activities driving production of GFP versus Gemini or dsRed. (A) Protein-synthesis rates for GFP (top), Gemini (left)
or dsRed (right) were determined by measuring fluorescence and using Equation (1). (B) Relative promoter strength was calculated from the
protein-synthesis rates for a set of insulated (left) or uninsulated (right) promoters driving the production of GFP (x-axis) or Gemini (y-axis). To
allow comparison between open-reading frames, each synthesis rate was normalized to that of proD driving production of the same open-reading
frame [Equation (2)]. (C) Promoter strength was measured as described above for either GFP (x-axis) or dsRed (y-axis). Because production of
dsRed from proD was decreased, each synthesis rate was normalized to that of j23101 driving production of the same open reading frame.
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We next measured the synthesis rate of dsRed for proA,
proB, proC, proD, j23113, j23150, j23151 and j23101
promoters in a manner similar to that described for
Gemini (see ‘Materials and Methods’ section for details).
For each promoter driving production of each open
reading frame, we calculated promoter strength relative
to j23101 driving production of the same open reading
frame. As described earlier, this analysis allows for
comparison between promoter strength determined using
either GFP or dsRed. For promoters with weak activity,
we observed a 1:1 correspondence between apparent
promoter strength measured using GFP and dsRed.
For the strongest promoter tested, proD, we saw
decreased relative activity when driving production
of dsRed (Figure 4C). As described earlier, this could re-
sult from altered transcription indicating the insulation
is insufficient or could arise because a process otherthan -
transcription becomes limiting for this elevated
level of dsRed production. Interestingly, for all of the un-
insulated promoters tested, the relative promoter strength
was maintained when driving production of dsRed.

Promoter activity from a chromosomal locus

In the experiments described so far, the promoters
were carried on the medium copy number plasmid,
pSB3C5, which bears a p15A origin of replication (35).
To further investigate the efficacy and predictability of
these promoters, we moved the insulated proA, proB,
proC, proD promoters, the uninsulated j23113, j23150,
j23151, j23101 promoters, and a non-fluorescent control
cassette to a chromosomal locus. The promoter-
RBS-GFP-terminator construct was fused to a kanamycin
resistance marker using PCR and the entire cassette was
site-specifically recombined at the chromosomal tonB
locus using recombineering techniques (‘Materials and
Methods’ section) (37). This site was chosen because of
the presence of an apparent AT-rich terminator at the
30-end of the tonB gene, which we expected might influence
nearby promoter activity.
Promoter activities from the tonB locus were measured

using the fluorescent signal from the encoded GFP.
Figure 5A shows the synthesis rates for each promoter.
As expected, the absolute activity of each promoter was
decreased when placed on the chromosome, presumably a
result of decreased copy number. To allow for comparison
of promoter strength between these two loci, the synthesis
rate was converted to RPUs by normalization to the syn-
thesis rate of proD [Equation (2)]. As described earlier,
this normalization masks the effects of copy number
(14). For each promoter, Figure 5B shows the relative
promoter strength measured from the plasmid versus the
relative promoter strength measured from the chromo-
some. Interestingly, both sets of promoters exhibited an
�1:1 correspondence in relative promoter activity at the
chromosomal versus plasmid loci.

DISCUSSION

We have generated a library of constitutive bacterial pro-
moters with activities that span two orders of magnitude.

These promoters contain sequences extending beyond
the core-polymerase binding region in both the 50- and
30- directions. By testing these promoters in a variety of
sequence contexts, both chromosomal and plasmid-based,
we have demonstrated that their activity is highly predict-
able with minimal effects from the surround genetic
context. As such, the promoter’s activity measured in
one context should be predictive of their function in a
new context. Such functional composition should facili-
tate the engineering of biological systems.

Our promoters are 160 bp in length, substantially larger
than the minimal 51-bp promoters we have used for com-
parison. Although our promoters were less affected by the
stimulatory and repressive effects of many sequence
elements, it should be noted that some long-range regula-
tion by transcription-factors might still affect these pro-
moters. Given that such regulation is probably
unavoidable with any amount of insulation, we
compromised on a promoter size that shows improved
context-independent behavior but remained small
enough to be easily incorporated into genetic pathways.

To decrease the possibility of the initially transcribed
sequence altering promoter activity, our promoters
include insulation extending beyond the transcriptional
start site. This design results in several desirable features.
First, unlike a minimal promoter, the transcription initi-
ation site is clearly defined and invariant for the library
irrespective of the downstream gene. Second, the defined
50-untranslated sequence may facilitate the measurement
and prediction of mRNA degradation rates for transcripts
generated by these promoters. Lastly, because some pre-
diction algorithms for the strength of ribosome-binding
sites make use of surrounding sequence information, the
invariant 50-termini could improve the prediction of trans-
lational initiation rates (9).

Although the 50-termini encoded by our promoters have
no effect on the resulting protein product, it will prohibit
some applications. For example, natural and synthetic
riboregulators located in the 50-untranslated region allow
for small-molecule control of translation (43,44). The ini-
tially transcribed sequence generated by our promoters
may be incompatible with such devices. For most applica-
tions, however, this 50-sequence should pose no problem,
as it affects neither the ribosome-binding site nor the re-
sultant protein product.

We find that our insulated promoters are not perturbed
by the introduction of stimulatory UP sequences 50 of the
promoter, or repressive ‘anti’ sequences 30 of the
promoter. The UP sequence likely has no effect on these
promoters because the extended insulation sequence pre-
cludes the polymerase from simultaneously forming favor-
able contacts with the core promoter and the UP
sequence. In contrast, we observe strong activation of
the weak minimal promoters by the UP sequence, suggest-
ing that this sequence improves polymerase recruitment.
For the strongest minimal promoter, the UP element had
no effect and thus some process after polymerase recruit-
ment is probably rate limiting. Such non-uniform effects
for the minimal promoters limits their predictably in dif-
ferent sequence contexts.
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The anti sequence also affects the minimal promoters
non-uniformly, down regulating the strongest promoter
2-fold but not affecting other promoters. For these un-
affected promoters, a process other than promoter
escape (e.g. polymerase binding) is likely to be rate
limiting. Interestingly, none of the insulated promoters
are affected by the anti sequence, which causes transcrip-
tional repression in a s70-dependent fashion (22). It seems
likely that the insulated promoters are unaffected, because
the s subunit dissociates from the core polymerase before
encountering the anti sequence.

In one instance, we found that the insulated promoters
predictably drive production of a different gene product
(Gemini), whereas the minimal promoters did not. Again,
it appears that for the strongest uninsulated promoters,
the initially transcribed sequence strongly affects
promoter activity. The fact that even the strongest
insulated promoter was not affected implies that transcrip-
tion is rate limiting for production of GFP and Gemini.
However, for the strongest insulated promoter driving
dsRed production, we observed decreased apparent
promoter activity. In this instance, translation or
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chaperone-dependent folding may have become limiting
for protein synthesis. In such cases, one can no longer
assume that protein production will depend linearly on
promoter activity and instead, a more complicated
transfer function to correlate promoter activity to
protein production will have to be determined. When a
process other than transcription becomes rate limiting
for production, no amount of insulation will mitigate
non-linear effects. When promoters react non-uniformly
to the introduction of a new ORF, it can be difficult to
ascertain which one or ones have been perturbed. We en-
countered this problem for the insulated promoters
driving expression of the dsRed ORF. Normalizing
activity to proD, our standard reference, suggested that
the proA, proB and proC promoters had anomalously
high activities. In contrast, normalizing activity to
j23101 suggested strongly that proD had anomalously
low activity in this context. The same conclusion would
emerge by normalizing to one of the other insulated
promoters.
Finally, we demonstrated that the insulated promoters

act predictably when driving GFP expression from a
single-copy locus in the chromosome. By using RPUs,
we were able to compare promoter strength between ex-
pression from a plasmid vector and from the chromosome,
further demonstrating the value of this relative measure-
ment technique. We anticipate that the use of these pro-
moters in the chromosome will be of value to the synthetic
biology community.
Achieving proper steady-state protein levels can be ac-

complished using libraries of constitutive promoters as
described here, or by using promoters whose activity can
be titrated using a small-molecule inducer (13,45).
Inducible systems are particularly appealing for applica-
tions in which only one-gene product must be regulated
and for those systems in which it is advantageous to
regulate gene activity dynamically (e.g. induction and re-
pression of essential or toxic genes). The use of insulation
sequences to decrease context-dependent promoter
activity could easily be extended to regulated promoters.
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