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Summary

Synthetic promoters are considered ideal candidates in
driving robust gene expression. Most of the available
synthetic promoters are minimal promoters, for which
the upstream sequence of the 5’ end of the core region
is usually excluded. Although the upstream sequence
has been shown to mediate transcription of natural pro-
moters, its impact on synthetic promoters has not been
widely studied. Here, a library of chromosomal DNA
fragments is randomly fused with the 5 end of the
J23119 synthetic promoter, and the transcriptional per-
formance of the promoter is evaluated through p-galac-
tosidase assay, fluorescence intensity and chemical
biosynthesis. Results show that changes in the
upstream sequence can induce significant variation in
the promoter strength of up to 5.8-fold. The effect is
independent of the length of the insertions and the
number of potential transcription factor binding sites.
Several DNA fragments that are able to enhance the
transcription of both the natural and the synthetic pro-
moters are identified. This study indicates that the syn-
thetic minimal promoters are susceptible to the
surrounding sequence context. Therefore, the
upstream sequence should be treated as an indispens-
able component in the design and application of syn-
thetic promoters, or as an independent genetic part for
the fine-tuning of gene expression.

Received 9 July, 2019; accepted 9 September, 2019.

*For correspondence. E-mail xyma@bit.edu.cn; Tel. +86 010 68917657;
Fax + 86 010 68917657.

TThese authors contributed equally to this work.

Microbial Biotechnology (2019) 12(6), 1476-1486
doi:10.1111/1751-7915.13489

Funding information

The work was jointly supported by the National Key R&D Program
of China (grant no. 2017YFD0201400) and the National Nature
Science Foundation of China (grant no. 21676026).

Open Access

Introduction

Promoters are among the most fundamental components
for synthetic biological systems. They affect system
behaviour by switching on and off gene transcription in
response to various stimuli and by mediating the rate of
transcription. Exploiting of these features has enabled
the construction of genetic circuits (Nielsen et al., 2016)
and environmental sensors (Dietrich et al., 2013), as well
as the overexpression of biosynthetic pathway genes for
the production of value-added chemicals (Hwang et al.,
2018). Some natural promoters have been well charac-
terized and employed to drive gene expression (Dahl
et al., 2013; Huo et al., 2018). However, there are only
limited number of available natural promoters, which
could interact with the endogenous transcription machin-
ery and disturb the gene transcription of the host. There-
fore, the performance of natural promoters is usually
context-dependent (Blazeck and Alper, 2013; Gilman
and Love, 2016). In other words, their transcription is
affected by the choice and arrangement of the surround-
ing genetic constructs, which can lead to regulatory fail-
ures for the engineered biological systems.

Synthetic promoters offer a solution to these draw-
backs. By splicing together artificial pieces of promoter
elements, novel promoters that do not exist in nature
can be constructed rapidly (Blazeck and Alper, 2013).
These promoters have the potential to be independent of
the endogenous transcription regulation and function
more robustly than those naturally derived ones (Gilman
and Love, 2016; Portela et al., 2017). Some synthetic
promoters such as the J231 family in the Registry of
Standard Biological Parts have gained wide application
in gene circuit construction (Qi et al., 2012), tool devel-
opment (Jervis et al., 2019), chemical production (Meng
et al., 2016; Choi et al., 2017; Zhou et al., 2017) and the
characterization of biological systems (Pasotti et al.,
2012). However, inconsistencies in their transcriptional
strength and responses to environmental signals are
often encountered (Pasotti et al., 2012; Kosuri et al.,
2013; Zucca et al., 2015; Jervis et al., 2019), for which
promoters exhibiting high activities in certain conditions
might become the weak ones under another context.
The lack of robustness on the performance of synthetic
promoters can be partially attributed to the host genetic
background, the gene copy number and the environmen-
tal factors, while the potential influence of the upstream
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sequence on the promoter strength has not yet been
widely noticed.

Most synthetic promoters contain only the core pro-
moter elements, which are the o factor binding sites and
the spacer (Jervis et al., 2019). The o factor binding
sites are usually the derivatives of the naturally defined
—10 and —35 boxes, while the spacer is usually a 17-bp
random fragment placed in between the two binding
sites. Compared with natural promoters, the synthetic
core promoters can achieve higher transcriptional activi-
ties and broader dynamic ranges (Yim et al., 2013; Gil-
man and Love, 2016). However, the performance of
promoters does not depend solely on the core elements.
Sequence located upstream of the core region can also
mediate the promoter strength. One example is the ‘UP
element’ adjacent to the —35 site of some natural pro-
moters such as the rmBp1 in E. coli (Estrem et al.,
1998). This ~20 bp sequence is able to bind the car-
boxyl-terminal domain of the o subunit (a-CTD) of the
RNA polymerase (RNAP), anchoring RNAP to the pro-
moter and stimulates transcription initiation. Replacing
the inherent UP element with other derivatives or remov-
ing it from its promoter could alter transcription of up to
hundreds of folds (Ross et al, 1998; Presnell et al.,
2019). Another source of influence comes from the tran-
scription factors (TFs) that bind to their regulatory
regions reside within the upstream sequence. In most
cases, TFs bind to the upstream region can activate
transcription by facilitating the binding between RNAP
and the promoter through protein—protein interactions,
while the case of transcription repression also exists for
some TFs (Shimada et al., 2011). Therefore, a synthetic
promoter may not perform as desired if placed down-
stream a sequence containing the UP element-like
regions or the TF binding sites (TFBSs), and its perfor-
mance is likely to vary from one context to another.
Thus, synthetic promoters containing only the core ele-
ments are considered to face similar drawbacks as the
natural promoters, and investigating the context-depen-
dency of the synthetic promoters should urge rational
design and application of the synthetic promoters for
genetic regulation.

Here, we investigated the effects of upstream
sequence on the performance of synthetic promoters.
The commonly used synthetic promoter J23119 (Part:
BBa_J23119) was employed to drive the expression of
the lacZo. reporter gene. An upstream sequence library
was obtained by digesting the Escherichia coli genomic
DNA and the fragmented DNA pieces were inserted into
the upstream of the J23119 promoter. The promoter
strength was characterized by both the blue-white
screening and the B-galactosidase (B-gal) assay, and its
relationship with the upstream sequence was analysed.
Sequences leading to significant changes in the B-gal
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activity were fused with other synthetic and natural pro-
moters to test their effects in mediating protein overex-
pression and chemical production. We hypothesize that
the synthetic promoters are susceptible to their upstream
sequences, which could both up- and down-regulate
gene expression. The upstream sequences have the
potential to mediate core promoter transcription under
various scenarios including protein production and
biosynthesis.

Results
Generation of upstream sequence library

The plasmid pUC19 was used to investigate the effects of
the upstream sequence on the promoter strength. After
excluding the restriction enzymes whose recognition
sequences were within the pUC19 vector, the Btgl with
restriction site of 5-CCRYGG-3' was selected for chromo-
some digestion. Because the R and Y each represented
two types of bases, the probability of occurrence for this
6-bp sequence would be 1/4* x 1/22, which is 1/1024.
Therefore, the number of this restriction site on the chro-
mosome would be around 4700 (the length of the chromo-
somal DNA divided by 1024), which agreed with the
criteria for enzyme selection (see Experimental proce-
dures). As expected, a total of 4016 Btgl restriction sites
were discovered on the DH10B genome (Fig. 1). These
sites would segment the chromosome into DNA pieces
ranging from 10 to 9747 bp, with an average length of
1171 bp. The digested fragments were inserted into the
Btgl restriction site adjacent to the 5’ end of the J23119
and transformed into the DH5a strain. Colonies exhibiting
light to dark blue were formed on the X-gal plate (Fig. 2A).
Among them, 76 colonies were picked, from which 65
unique upstream fragments were identified (Supporting
Data 1). Nearly 80% of the fragments were within 1.0 to
4.0 kb (Fig. 2B), giving an average length of 2.1 kb for
the inserted upstream sequences.

The activities of f-gal expressed from promoters with
different upstream insertions

A 4.5-fold variation in the enzyme activity was observed
for the B-gal expressed from promoter J23119 with the
5 end flanked by different fragments (Fig. 3A). Com-
pared with the original expression plasmid (U0) with only
the Btgl restriction site inserted into the 5 end of
J23119, the two upstream fragments U1 and U2 (num-
bered according to the rank of B-gal activity from high to
low) led to a 50% and a 34% increase (P < 0.0001) in
the B-gal activity respectively. For the rest fragments, six
showed no significant influences (U3 to U8) on the B-gal
activity, and the other 57 sequences reduced the
enzyme activity by 13.4% to 65.6%.
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Fig. 1. The experimental scheme for investigating the effects of upstream sequences on the transcription of synthetic promoters.
A. Structures for natural and minimal synthetic promoters and their interactions with RNAP.

B. Generation of the insertion fragments.
C. Construction of the upstream-promoter fusion plasmids.
D. Analysis of the transcriptional strength for the fused promoters.

Analysis of the insertion sequences showed that the
ones leading to lower B-gal activities than the initial plas-
mid UO were in length ranged from 230 to 4271 bp, the
ones showing no particular influences on the enzyme
activity spanned from 869 to 3888 bp. Fragment U2 that
induced one of the highest B-gal activities had a 504-bp
sequence inserted into the Bigl restriction site. In com-
parison, only a 4-bp insertion was identified for U1 at the
upstream of the Btgl restriction site. Besides, both the

U1 and the U2 had an identical four-base (GGGA) inser-
tion in between the 3’ end of the Btgl restriction site and
the 5’ end of the —35 promoter element.

Effects of fixed-length upstream insertions on promoter
activity

No significant correlation was found between the p-gal
activity and the fragment length (Table 1). Nevertheless,
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Fig. 3. Miller units for B-gal expressed from J23119 with (A) random length, (B) 165-bp, and (C) 35-bp upstream fragments. (D) Colour develop-
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cells expressing B-gal from promoter J23119 fused with the original and the truncated upstream sequences. Values and error bars rep-

resent the mean and the SD (n = 3).
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a total of 18 insertion sequences, which contributed to
higher or lower B-gal activities than the initial plasmid
U0, were selected to investigate the potential influence
of plasmid size on transcription. These fragments were
truncated to fixed length (Data S1), producing two sets
of plasmids containing only the first 165-bp or the first
35-bp region from the 3'-end of the inserted fragments
(Table S1). The effects of the fixed-length upstream
sequences on the promoter strength were evaluated
again by B-gal assay. A reference plasmid with the con-
firmed UP element consensus sequence (24 bp; Estrem
et al., 1998) inserted into the promoter upstream was
also included for the comparison of promoter activities.

The 165-bp insertions led to significant variation in the
Miller units of up to 3.7-fold (L2 vs L3; Fig. 3B and D).
Fragment L2, which contributed to one of the highest -
gal activities in its full length (U2), led to Miller units the
same levels as the control plasmid and the plasmid car-
rying the consensus UP element, but was 36% lower
than when in its full length. The enzyme activity
decreased to 27%—42% of the control by the truncated
insertion fragments (L3 to L8), which have no significant
effects on B-gal activity in their full length (U3 to U8).
The rest of the fragments showing negative effects on
the pB-gal activity in their original length also led to
decreased B-gal activity when truncated to 165 bp. Fur-
ther reducing the fragments to 35 bp also resulted in sig-
nificant difference in the Miller units of up to 2.7-fold (S2
vs S3; Fig. 3C and D). The effects of the 35-bp
sequences on the f-gal activity were similar as when
they were in the length of 165 bp.

To examine the effects of the selected upstream frag-
ments on the activity of other promoters, five 35-bp frag-
ments were inserted into the upstream of the J23106
(Part: BBa_J23106) and the fumA promoters (Prma)-
The 35-bp fragment (S1) including the —36 to —70 pro-
moter region on the lacZ plasmid carrying U1 was also
cloned into the upstream of J23106 and Py,,a. When
using egfp as the marker gene, a 3.5- and a 2.5-fold
variations in the fluorescence intensity were observed for
J23106 (Fig. 4A) and Pyma (Fig. 4B) respectively. For
both promoters, fragments S1 and S2 led to the highest
fluorescence intensities, and the rest upstream frag-
ments also enhanced egfp expression in comparison

with the control that did not harbour upstream insertion.
Moreover, compared with the consensus UP element, a
1.4- and a 1.6-fold increases in the fluorescence inten-
sity were achieved by S1 and S2, respectively, after
inserting into the upstream of J23106. The fluorescence
intensities for these two fragments were on the same
level (P < 0.05) as that of the consensus UP element
when inserted into the upstream of Py 4.

Analysis of the upstream sequences

A total of 2 to 7 potential TFBSs were discovered for
each of the 35-bp fragments (Fig. 5A). Among the cor-
responding TFs, five (AscG, IclR, MraZ, NanR and
PutA) acted as transcriptional repressors when bound
to the core promoter regions of their targeted genes.
Three TFs including CspA, Dan and MalT can activate
transcription when bind to the upstream of their tar-
geted promoters. The rest were dual regulators that
might act as either activators or repressors. For frag-
ment S1, five potential MraZ binding sites were identi-
fied within the promoter region from -36 to —49.
Besides MraZ, TFBSs for IcIR and NanR were also
discovered within S2. For fragments S7 and S3 that
led to the two lowest Miller units, the binding sites for
four repressors including NanR, MraZ, AscG and IcIR
were discovered within the promoter upstream region
from —44 to —54. However, the B-gal activity did not
show significant correlation with the number of TFBSs
for either the full-length insertions or the truncated
upstream fragments (Table 1).

Multiple sequence alignment showed significant differ-
ences among these insertion fragments. The selected
35-bp sequences were grouped into three lineages
(Fig. 5B). Fragment S1 that elicited the highest B-gal
activity was closest to the upstream sequence of the
control plasmid UO. The major difference between these
two sequences was within the first 19 bases (-35 to —
54) due to the four-base insertion (GGGA) at the 3’ end
of the Btgl site within S1. Fragment S2 that contributed
to a comparable B-gal activity to that of the control plas-
mid was assigned to another lineage. It shared the high-
est similarity to the consensus UP element among all
the 35-bp sequences, for which the —47 to —52 region of

Table 1. Pearson correlation between the B-gal activities and the characteristics of the inserted upstream fragments.

B-gal activity Fragment length AT content No. of TFBSs B-galori B-galies B-galss
B-galori —0.168 —0.345** —0.081 - 0.291 0.160
B-galigs - —0.451 0.271 0.326 - 0.689**
B-galss - 0.016 0.221 0.004 0.689** -

B-galori, B-gal activities derived from plasmids with the original insertion sequences; B-galies, p-gal activities derived from plasmids with the 165-
bp truncated insertion fragments; p-galss, f-gal activities derived from plasmids with the 35-bp truncated insertion fragments.

**Significant correlation at the 0.01 level (two-tailed).
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S2 and the corresponding distal subsite of the consensus
UP element were both thymine rich. In addition, the first 6
bases of S2 also differed significantly from most of the
fragments due to the same four-base insertion as S1.

Effects of the upstream sequences on chemical
production

To test the effects of upstream sequences on the
expression of biosynthetic pathways, fragment S1 and
S2 were each fused with the 5’ end of the 35-bp Prma
and inserted into the upstream of the isobutanol

biosynthetic pathway (Table S1). This pathway contained
five genes that first converted pyruvate into 2-ketoiso-
valerate through acetolactate synthase (AlsS), ketol-acid
reductoisomerase (llvC) and dihydroxy-acid dehydratase
(IvD) and then into isobutanol through ketoisovalerate
decarboxylase (KivD) and alcohol dehydrogenase
(AdhA; Fig. 6A). The isobutanol production was greatly
improved by these two fragments. Compared with the
control Pg,ma Without any upstream fusions, fragment S1
led to a 2.4-fold increase in the isobutanol titre after 72 h
of fermentation (Fig. 6B). The highest isobutanol produc-
tion was achieved by fragment S2, for which a final titre
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of 5.9 g I"' was detected. This titre was 10.8-fold and
4.6-fold higher than that of the control and the S1 frag-
ment respectively.

Discussion

This study reveals that the upstream sequence is a criti-
cal factor in mediating the performance of synthetic pro-
moters, leading to significant variations in protein
expression, specific enzyme activity and chemical pro-
duction. Therefore, the upstream sequence should be
taken into consideration when designing and employing
the synthetic promoters. The upstream sequence can be
used as an independent genetic part in tuning gene
expression.

The influence of upstream sequence on promoter
activity suggests that the commonly used synthetic pro-
moters are not context-independent. However, the cur-
rent design of synthetic promoters, especially for
prokaryotic systems, has widely ignored the sequence
context surrounding the core promoter. Besides the J231
family, other synthetic promoters such as the K137 fam-
ily (e.g. K137030 and K137031) are also only contain
the core region (Table S2). Therefore, the predefined
performance of these synthetic promoters may not be
reproduced once their sequence contexts are varied in
actual situations, and discrepancies among different
studies have been witnessed. For example, the J23105
promoter has shown transcriptional activities 95% lower

than the commonly used promoter PlacO, (Qi et al.,
2012), or comparable to the PlacO; (Jervis et al,
2019). Ruling out the interferences from factors such as
the copy number, the type of the reporter protein and
the stage of the cell cycle, difference in the upstream
sequences among these studies is a non-negligible fac-
tor that jeopardizes the robustness of the synthetic pro-
moters. The lack of robustness for synthetic promoters
would fail their applications. For instance, when used to
express the isobutanol synthetic pathway, the J23100,
which is characterized to be stronger than P lacO; (Jer-
vis et al., 2019), can only produce 0.1 g I~ isobutanol,
which is significantly lower than that of the P lacO; and
the natural promoter rmBp1 (Fig. S1). Besides the
design and application of the synthetic promoters, the
upstream sequence is also ignored in the prediction of
promoter strength (De Mey et al, 2007; Rhodius and
Mutalik, 2010). Taking the upstream sequence as an
extra variable should improve the prediction accuracy
and facilitate the rational design of a suitable promoter.
The upstream region affecting promoter strength can
span from tens to thousands of base pairs in length. The
B-gal activities derived from plasmids with long (B-galo)
or truncated insertions (B-galgs or B-galss) do not show
significant correlations (Table 1), suggesting that the dis-
tal sequence might have extra effects, which differ from
the influences exerted by the proximal sequence, on pro-
moter strength. Nevertheless, the similar effects of the
165-bp insertions and the 35-bp insertions on B-gal
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w ﬁ\)\ ©) 8 Control
2 x pyruvate OH
Neo ° st
= o o
2-acetolactate MOH 64 M s?2
NADPH * oH
NADP* o _
2,3-dihydroxyisovalerate /)\KKOH T
O on 2 4
| o5
2-ketoisovalerate )\n)\ori =
: )
N e 2
isobutyraldehyde >_\\O
NADH
NAD*
isobutanol )\/OH 0-

Fig. 6. Effects of the selected upstream sequence on chemical production.
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A. Isobutanol biosynthetic pathway. AlsS: acetolactate synthase; llvC: ketol-acid reductoisomerase; llvD: dihydroxy-acid dehydratase; KivD:

ketoisovalerate decarboxylase; and AdhA: alcohol dehydrogenase.

B. Isobutanol production driven by Py,ma fused with the selected upstream sequences. Values and error bars represent the mean and the SD

(n=3).
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activities, as represented by the significant correlation
between B-galigs and B-galss (Table 1), indicate that the
upstream region most adjacent to the core promoter
plays crucial role in mediating the transcriptional activity.
This is supported by a predictive modelling of the pro-
moter strength, which shows that the adjacent upstream
sequence explains more variance in promoter expres-
sion, than the distal region located at the upstream of
the position —120 (Urtecho et al., 2018). Regardless of
the difference in the contributions from different
upstream segments to the promoter strength, the
upstream sequence as a whole is equally important as
the spacer region in tuning gene expression (Urtecho
et al, 2018). In general, the upstream sequence medi-
ates promoter strength by interacting with the RNA poly-
merase. Besides the commonly known AT-rich UP
element that binds the «-CTD, the potential TFBSs and
the promoter-like sequence (Huerta et al., 2006) reside
within the upstream region, as well as the DNA confor-
mation of the upstream sequence can also affect tran-
scriptional activity (Bikard et al., 2010; Ma and Wang,
2014).

A total of 19 sets of upstream fragments are charac-
terized in this study, which lead to changes in the pro-
moter strength of up to 5.8-fold. No significant
correlations are discovered between the promoter
strength and the numbers of TFBSs for activators,
repressors or dual regulators within the upstream frag-
ments (Table 1). One explanation is that the role of TFs
in mediating the promoter strength is trivial for these
fragments, another explanation is that non-linear interac-
tion exists between the TFs and the promote strength
(Urtecho et al., 2018). The enhancer fragment S1 con-
tains a 21-bp region that is identical to the upstream
sequence of the initial plasmid (UO), but is located at a
different position compared with the corresponding
region in UO. Therefore, the positioning effects of the
upstream sequence may play a role in tuning the pro-
moter strength. The UP element-like sequence is not the
sole option for enhancing the promoter strength, as frag-
ment S1, which shares little resemblance to the consen-
sus UP sequence, can also lead to higher or
comparable transcriptional activities. The two enhancer
fragments (S1 and S2) share a unique 6-bp sequence in
the 3’ end adjacent to the core promoter, suggesting that
the key region affecting the promoter expression may
reside within several bases upstream the 5’ end of the —
35 site.

As synthetic promoters are gaining wide applications
in the programmable control of gene expression (Lee
et al., 2016; Jo et al., 2019), achieving predictable tran-
scriptional activity is crucial for the robust performance
of the biological systems. Considering the susceptibility
of the core promoters to the sequence context, the well-
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characterized natural promoters with defined upstream
sequences should be better choices than those minimal
synthetic promoters. If synthetic promoters have to be
used, their transcriptional strengths should be re-charac-
terized under specific sequence context. To reduce con-
text-dependency, inclusion of an upstream sequence in
the design of synthetic promoters is advised. For
instance, leaky transcription from the upstream pro-
moter-like sequences can be reduced by fusing the 5
end of the synthetic promoters with transcription termina-
tors (Engstrom and Pfleger, 2017). Insulating sequences
in length of tens of base pairs are also able to buffer the
promoter from the influences of the neighbouring region
(Davis et al., 2011; Carr et al., 2017). Referring to the
strategies used in promoter design, the upstream
sequences can be generated by direct cloning from
genomic non-promoter regions (Urtecho et al, 2018),
random mutagenesis (Blazeck and Alper, 2013) and the
integration of natural regulating elements (Davis et al.,
2011). The produced upstream sequences can be fused
with minimal promoters to add an extra level of regula-
tion to gene transcriptions, just like the upstream activa-
tion or repressive sequences in eukaryotic promoters
(Hahn and Young, 2011). As shown in this study, these
sequences are able to fine-tune protein expression and
chemical production for both the synthetic and the natu-
ral promoters, adding new genetic part to the toolbox for
synthetic biology.

Experimental procedures
Digestion of E. coli chromosome

The fragments inserted into the upstream of the syn-
thetic promoters were derived by enzymatically digest-
ing the chromosome of E. coli strain DH10B. To
produce a library of fragments with an average length
of 1.0 kb, the 4.7 Mb chromosome had to be seg-
mented into approximately 4700 pieces. Therefore, the
restriction enzyme used for digestion should have
around 4700 restriction sites resided within the E. coli
chromosome. Five sets of 2 ung genomic DNA were
enzymatically digested by 2 U of the restriction enzyme
in a total reaction volume of 50 ul at 37°C for 3 h and
purified using the GeneJET PCR Purification Kit
(Thermo Fisher).

Plasmid construction

The primer UP-UO-F containing the intact J23119
sequence and the primer UP-U0-R embedded with the
restriction site at the 5’ end of J23119 (Table S3) were
used to amplify the pUC19 plasmid, producing a linear
fragment with the original lac promoter, the lac operator,
the CAP binding site and the lacl residue at the
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upstream of lacZa replaced with the synthetic promoter
J23119 (Fig. S2a and b). The generated linear fragment
had a 28-bp overlap, which was the —8 to —35 region of
the J23119, at both ends, and thus could be ligated
using the In Vivo Assembly (IVA) method by transform-
ing into the E. coli strain DH50 (Garcia-Nafria et al.,
2016). Plasmid pUP-UO isolated from the DH5a cells
would carry the restriction site at the —36 to —41 region
of J23119. To insert the upstream fragments, 2 g of the
plasmid pUP-UQO was digested using 2 U of the restric-
tion enzyme in a reaction volume of 50 ul at 37°C for
2 h, and the digested products were purified using the
GeneJET PCR Purification Kit. For ligation, a total of
150 ng DNA fragments with an insert-to-vector molar
ratio of 1:1 were ligated by 1 Weiss U of T4 DNA ligase
(Thermo Fisher) in a total volume of 20 ul at 22°C for
1 h. The plasmids (pUP-series) were extracted
(Table S1 and Fig. S2c), producing a library carrying dif-
ferent insertions at the upstream of the J23119. To
obtain plasmids carrying the truncated chromosomal
DNA insertions, the plasmid regions excluding the
sequence between the 5’ ends of the inserted fragments
and the defined sites from their 3’ ends were amplified
from the pUP-series (Table S3 and Fig. S3). Each of the
linear plasmids had a 20-bp overlap region at the ends
and was ligated using the IVA method. Two pUC19-
derived EGFP expression plasmids with J23106 and
Puma (5'-ttgttaaaaaagtgtgtaggatattgttactcget-3') as the
promoters, respectively, were employed to further inves-
tigate the effects of upstream insertions on promoter
expression (Table S1). Fragments in fixed-length were
inserted to the —36 position of the J23106 or Ppma
through primers using PCR. The primer design was
similar to that used for constructing the plasmids carry-
ing the truncated upstream insertions. For the forward
primer, the first 27-bp region from its 5° end was homol-
ogous to the first 27-bp region from the 3’ end of the
35-bp chromosomal DNA fragment (the insertion), and
the first 27-bp region from the 5 end of the reverse pri-
mer was homologous to the 5’ end of the 35-bp inser-
tion. This would generate a 19-bp overlap sequence at
the 5’ ends for both primers (Table S3). The rest 20-bp
region for the forward primer was homologous to the 5
end of the promoter, while the rest region for the
reverse primer was homologous to the vector sequence
adjacent to the promoter. The amplified linear frag-
ments were ligated again using the IVA method, pro-
ducing the pEGFP-P1 and the pEGFP-P2 plasmids
(Table S1 and Fig. S4a). The same strategy was also
employed to insert the targeted DNA fragments into the
upstream of the operons that consisted of the isobu-
tanol biosynthetic pathway (Table S1 and Fig. S4b and
c). Detailed procedures for constructing each plasmid
were included in Table S3.

Blue-white screening

Strains transformed with the lacZa expression plasmids
were plated onto LB agar medium containing
02mgmli~" X-gal, 1.0 mM IPTG and 100 pg ml~’
ampicillin, and incubated at 37°C for 24 h. Colonies
exhibiting light to dark blue were picked and incubated in
LB medium at 37°C overnight, and the cell cultures were
spotted on X-gal agar plates in serial dilutions (0.1 and
0.01). Strain harbouring the control plasmid was also
plated with the same dilution factor.

p-gal activity assay

Strains screened out from the X-gal plate were grown
to mid-log phase and harvested by centrifuging at
4000 r.p.m. for 5 min. The cells were washed with
0.9% NaCl solution and resuspended in chilled Z buf-
fer (Miller, 1972) containing 0.05 M B-mercaptoethanol
to a final volume of 1.0 ml. The cells were permeabi-
lized by adding 20 pl chloroform and 3.75 pl 1% SDS
and equilibrated in a 28°C water bath for 5 min. The
reaction was initiated by adding 200 ul of 4 mg ml~’
ortho-Nitrophenyl-f-galactoside and incubated at
28°C. A hundred microlitre of 1.0 M Nay,COs; was
added into the tube to stop the reaction when suffi-
cient yellow colour has developed. The ODs at both
420 nm and 550 nm were measured, and the Miller
units were calculated as previously described (Miller,
1972).

Measurement of fluorescence intensity

The E. coli strains overexpressing EGFP were inocu-
lated into 5.0 ml LB medium and incubated at 37°C for
20 h. The fluorescence was excited at 488 nm and
measured at 510 nm, and the ODgoo was also mea-
sured. Strain harbouring the vector plasmid was cul-
tured under the same condition, and the fluorescence
was measured as the background. The ratio of
EGFP to ODggo was used to represent the florescence
intensity.

Isobutanol fermentation and detection

Strains harbouring the isobutanol synthetic pathway
were inoculated into 5 mL LB medium and incubated at
37°C in a shaker at 250 r.p.m. Four hundred microlitre of
the overnight seed culture was inoculated into 20 ml M9
medium containing 40 g I~ glucose, 10 gl~' yeast
extract, 1 mM MgSQ,, 0.1 mM CaCly, 10~%% thiamine,
100 pg mi~! ampicillin and 50 pg mi~! kanamycin. Fer-
mentation was performed in a capped 250 ml flask at
30°C in a shaker at 250 r.p.m.
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The produced isobutanol was detected by gas chro-
matograph. A DB-FFAP capillary column (30 m x
0.32 mm x 0.25 pm; Agilent Technologies, Santa Clara,
CA, USA) was used to separate isobutanol from other
compounds in the fermentation broth with n-pentanol as
the internal standard. The GC oven was first held at
80°C for 3 min, increased to 230°C at 115°C min~' and
held for 1 min. The isobutanol was then detected by a
flame ionization detector at 280°C.

Sequence analysis

The inserted DNA fragments were sequenced and
blasted against the E. coli DH10B genome (GenBank:
CP000948.1) to check for the presence of natural pro-
moters and terminators. The inserted sequences were
then scanned against the E. coli TFBSs assigned by
RegulonDB using the tfscan tool embedded in EMBOSS
6.5.7 (Rice et al., 2000). The potential UP elements
within the upstream region were also predicted by refer-
ring to the UP element consensus sequences (Estrem
et al., 1998; Gourse et al., 2000). Multiple sequence
alignment was performed using cLustaLw 2.1, and a tree
was generated by the neighbour-joining method (Jukes
and Cantor, 1969; Larkin et al., 2007).
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