Escherichia coli strains with promoter libraries
constructed by Red/ET recombination pave the
way for transcriptional fine-tuning
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System-oriented applications of genetic engineering, such as metabolic engineering, often
require the serial optimization of enzymatic reaction steps, which can be achieved by tran-
scriptional fine-tuning. However, approaches to changing gene expression are usually lim-
ited to deletion and/or strong overexpression and rarely match the desired optimal transcript
levels. A solution to this all-or-nothing approach has been the use of a synthetic promoter
library (SPL) that is based on randomized sequences flanking the consensus -10 and -35
promoter regions and allows for fine-tuning of bacterial gene expression. Red/ET recom-
bination perfectly complements SPL technology, since it enables easy modification of the
Escherichia coli genome and can be accomplished with linear DNA (i.e., the SPL). To dem-
onstrate the synergistic use of Red/ET and SPL for metabolic engineering applications, we
replaced the native promoter of a genomic localized phosphoglucose isomerase (pgi)-lacZ
reporter construct by an SPL. Using these technologies together, we were able to rapidly
identify synthetic promoter sequences that resulted in activity range of 25% to 570% of the
native pgi-promoter.

The importance of Escherichia coli
for biotechnology can be attributed to
its fast and robust growth with minimal
supplements and its defined access
to DNA manipulations. Although E.
coli is not yet entirely understood
as a biological system, knowledge
accumulated since the 1940s enables
us to exploit it as microbial factory.
Several plasmid-based expression
systems have been developed for the
large-scale production of heterologous
protein (reviewed in Reference 1).
However, metabolic engineering does
not merely depend on high transcript
levels of a single plasmid-borne gene;
it instead requires fine control over the
manipulation or de novo assembling of
whole cellular pathways, such as the
serial synthesis of a metabolite. These
processes usually calls for chromosome
engineering and precise adjustment of
the enzymatic activities involved in the
particular pathway.

Since the late 1990s, Red/ET recom-
bination has represented a superior
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alternative to conventional methods of
DNA engineering in E. coli and related
bacteria, because it enables extensive
sequence-independent modifications
(deletion, insertion, replacement)
of replicons, including the bacterial
genome (2-4). Red/ET recombi-
nation-mediated genetic engineering
(recombineering) requires single- or
double-stranded linear DNA molecules
that are flanked by terminal ~50 bp
DNA stretches that share sequence
identity with the genome (3). These
terminal homology arms target the
construct to any given chromosomal
site and can be PCR-attached via
primers. Cells that express A phage-
derived red genes or their functional
prophage Rac equivalents promote
precise exchange of DNA sequences
flanked by homologous stretches.
The reaction is catalyzed by the
5'—3’ exonuclease Redo and DNA
annealing protein Redf. To prevent
ExoV-dependent degradation of linear
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DNA, Red/ET cloning is assisted by
Redy (reviewed in Reference 5).

In order to manipulate E. coli
gene expression, Red/ET recom-
bineering has been used to replace
entire promoter regions or 5" elements
[promoter, messenger RNA (mRNA)-
stabilizing sequence, ribosomal binding
site, start codon] by initially subcloned
and (error-prone) PCR-amplified
sequences (6,7). In bacteria, a majority
of promoters possess consensus
sequences known as the hexamer boxes
-10 (TATAAT) and -35 (TTGACA)
with which the o-factor interacts and
facilitates RNA polymerase—binding
(8). Promoter tuning can be achieved
by varying the nucleotides in the -10
and -35 boxes, in the spacer regions,
or both. However, an oligonucleotide
library where the -35 and -10 sequences
are kept intact while the surrounding
nucleotides are randomized results in
constitutive promoters with gradual
increments in strength (9—11).

To demonstrate genomic promoter
fine-tuning by combining Red/ET
recombineering with a synthetic
promoter library (SPL) based on
randomized sequences flanking the
consensus -10 and -35 promoter
regions, we used reporter strain GBlue,
which was previously constructed
by Red/ET recombineering (data not
shown). In GBlue, lacZ is transcrip-
tionally fused to the gene pgi, encoding
a glycolytic enzyme, in the E. coli
HS996 AlacX74 genetic background
(Figure 1A). An SPL replacing the
native pgi promoter was constructed
in a single step: kanamycin-resistant
(kmR) cassette A002 (Gene Bridges,
Heidelberg, Germany) flanked with
Flp recognition target (FRT) sites was
PCR-amplified using primers pl and
p2 (Figure 1B and Table 1). Reverse
p2-type primers are degenerated
oligonucleotides encoding -10 and -35
promoter consensus boxes embedded
by spacers of random sequences.
Previous results have shown that a 17
bp spacer sequence is a good starting
point for generating a broad distri-
bution of E. coli promoter activities
with the SPL approach (9). Thus, 1775
bp PCR-amplified kmR cassettes were
provided with (i) 50 bp terminal flanks
targeting them to the E. coli lysC-pgi
intergenic region and (if) promoters of
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Figure 1. Construction of the pgi-lacZ fusion promoter library using Red/ET recombineer-
ing. (A) The transcriptional fused pgi-lacZ genes of GBlue were set under synthetic promoter library
(SPL)-control by Red/ET recombination. (B) The synthetic promoter library (SPL) was constructed by
PCR-amplitying km? cassette AOO2 with primers pl and p2 (Table 1). (C) The Flp recognition target
(FRT)-flanked kmR cassette is removable by Flp-recombinase leaving a single 34 bp FRT site at the point
of DNA manipulation. Small black arrows indicate the binding sites and orientations of primers cl—c4,
which were used to verify the structure of the recombinants and p1/2, respectively. The SPL is shown in
red; start (pgi, lacZ) and stop (pgi) codons are shown in bold. The synthetic lacZ ribosomal binding site
is underlined.

Table 1. Oligonucleotides Used to Construct and Verify the SPL

Name Sequence

p1 5-GGGTTTACACTCAACATTACGCTAACGGCACTAAAACCATCACATTTT-
TCTAATACGACTCACTATAGGG-3’

p2 5-AGCGGTCTGCGTTGGATTGATGTTTTTCATTAGCAATACTCTTCTGATTT
N;ATTATAN,;TGTCAAN;AATTAACCCTCACTAAAGG-3’

ci 5’-CAGAAAGCACAATATCAGCGC-3’

c2 5-TTCTATCGCCTTCTTGACGAG-3’

c3 5’-CTGTTGTGCCCAGTCATAGC-3’

c4 5’-TTTCATCTTCTCCAGCACCG-3’

Nucleotides in italics are homology arms to the targeted sequence, whereas those in standard type are

the PCR primer regions; bold, synthetic promoter library (SPL); N, any nucleotide.

the NsTTGACAN|;TATAATN; type
preceding the 3’ homology arm. The
resulting kmR-SPL constructs were
used to replace the GBlue native pgi
promoter by Red/ET recombination.
Strain GBlue was therefore made
Red/ET-proficient by introducing
pSC101-based plasmid pRed/ET
(Gene Bridges). Subsequently, 200 ng
SPL cassettes were electroporated into
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competent GBlue (pRed/ET) cells, and
A-Red recombination was performed
as described by Gene Bridges (www.
genebridges.com).

About 500 colonies shaded from
white to dark blue were obtained
on LB plates supplemented with 15
pg/mL kanamycin and 40 pg/mL
5-bromo-4-chloro-3-indolyl-B-D-
galactopyranoside (X-gal) implying

differential pgi-lacZ expression (Figure
2A inset). The B-galactosidase (B-gal)
activities of 20 selected clones were
determined as described previously
(12). This assay revealed a 25%—-570%
range of promoter strengths with respect
to the native pgi promoter of strain
GBlue (Figure 2A). Correct recom-
binant formation was PCR-verified
with primer pairs cl/c2 and c3/c4
(Figure 1A), which showed exclusively
PCR products of the expected size of
764 bp (5’ flank) and 1183 bp (3’ flank).
Eight representative PCR-amplified 3’
flanks were sequenced, revealing seven
unique promoter sequences (Figure
2B) correctly positioned 5" of pgi. The
kmR cassette encoded by the comple-
mentary DNA strand 5’of the synthetic
pgi promoters did not affect B-gal
activity, as demonstrated by unchanged
activity levels (data not shown) when
the cassette was eliminated from the
genome by Flp-mediated marker
removal (Figure 1C).

The enhanced promoters identified
in this study, which had activities
greater than 51 U, all showed
unchanged consensus boxes and
normal 17 bp spacer length. In contrast,
the weaker promoters with activities
below 51 U had (i) a change in the
-35 consensus sequence and a reduced
spacer length, (ii) a gap within the -35
box, or (iii) a gap within the spacer
region likely caused by integration
of defective p2-type primers. The
biological implication(s) of this finding
remains to be solved.

With minimal effort we have
been able to enhance or decrease the
expression of the pgi gene transcrip-
tionally fused to a lacZ reporter along
the range of a 4- to 5-fold expression
change. Earlier work with gfp fusions
expressed from this type of constitutive
promoter has shown a homogeneous
distribution of fluorescence signals
(13). However, to confirm that the bulk
population averaged LacZ activities
reflect homogenous gene expression,
promoter strength needs to be deter-
mined at the single-cell level (e.g.,
gfp-based flow cytometry) as suggested
by Alper et al. (6).

The combined use of Red/ET recom-
bination and SPL enables for a one-step
generation and transfer of a promoter
library into the target E. coli strain,
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1 5'- TCCCTTTGATATTGCATC---CCGCGTATATAATATGTC -3/ 13 =
3 5'~GCCCATTG-CATCAAGATCTGTTGAAACTATAATTCCTT -3’ 24 2
4 5/~ CTGCATTGA-ATAGACTTCAACTCGCGATATAATTCAAG -3 3 D
7 5'~ ACACTTTGACACACCCTT-TACCCCCCTTATAATTAACG -3’ a1 3
10 5'- ACCTATTGACAATTAAAGGCTAAAATGCTATAATTCCAC -3 135 =
15 5'- GGCCGTTGACAGCCCAAGCAAATACTCATATAATCATAG -3 183 =
20 5'- AATACTTGACATATCACTGTGATTCACATATAATATGCG -3’ 292
GBlue  5'-TGTGACTGGCGCTACAATCTTCCAAAGTCACAATTCTCA -3’ 51

Figure 2. Analysis of the activity of pgi-lacZ under control of a synthetic promoter library. (A)
Promoter activity of a subset of 20 synthetic promoter library (SPL) clones, GBlue, and wild-type strain
HS996, assayed via B-galactosidase (3-gal) activity. Inset, transformants appear white to dark blue in the
presence of 40 pg/mL 5-bromo-4-chloro-3-indolyl-f-D-galactopyranoside (X-gal) due to differential
lacZ expression. (B) Sequences upstream of pgi start codon of GBlue and seven representative SPL
clones from subset shown in panel A. Matches to the -10 and -35 consensus boxes within the SPL se-
quence NsTTGACAN,;TATAATN;5 are highlighted in gray; gaps are indicated by dash.

thus saving both time and effort. The
method allows for several markerless
modifications and is applicable for
optimizing gene expression in cell
factories to remove bottlenecks or to
reduce activities of metabolic pathways
producing unwanted by-products.
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