Engineering Oxygen-Sensing Promoters for
Dynamic Control of Bacterial Gene Expression
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Gene Control and FNR

Promoter Design, Assembly, and Testing

Summary: Gene expression in response to external conditions
or stimuli in bacteria is controlled by many different proteins
called "transcription factors." Transcription factors control
expression by binding to DNA, which inhibits or promotes
binding of RNA polymerase. These proteins dynamically
regulate gene expression by undergoing configuration changes
induced by environmental stimuli. The fumarate and nitrate
reduction (FNR) transcription factor regulates transcription of
its controlled gene in response to oxygen concentration.

Summary: Promoters were designed by selecting two known constituent (always on) promoter
sequences, one naturally regulated by FNR, one synthetic, and altering the FNR binding site to the
consensus sequence or adding FNR binding sites (respectively). These sequences were modified by
either inserting, deleting, or altering single or double base pairs, in addition to changing the number of
FNR binding sites between 1 to 2. The FNR binding sites are situated in order to act as activators: their
binding promotes binding of the αc, αn, and σ70 subunits of RNA polymerase with DNA in a configuration
that will initiate transcription. Since transcription is the rate-limiting step of protein synthesis, this
directly increases the rate of protein production. Promoters were assembled by purchasing
oligonucleotides with overlapping end sequences and assembling via PCR assembly in a thermal cycler.
Yield of sufficient product was verified by gel electrophoresis.

FNR is present in cells in three forms – [4Fe-4S]FNR,
[2Fe-2S]FNR, and apoFNR4. Only the first form, which contains
an iron-sulfur cluster, is active in gene regulation. In the
presence of oxygen, [4Fe-4S]FNR loses part of its iron-sulfur
cluster, and becomes inactive [2Fe-2S]FNR, causing genes
deactivated by FNR to become active, and vice versa. As
transcription of the FNR gene is negatively auto-regulated by
FNR itself, [4Fe-4S]FNR is continually produced and destroyed
under aerobic conditions until oxygen is no longer present, at
which point normal anaerobic levels of [4Fe-4S]FNR are
restored.5 By taking advantage of the action of FNR, we have
created a number of promoters that switch genes “on” and
“off” based on presence of oxygen.

Action of FNR in
Response to Oxygen
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Reporter Gene Selection
The typical reporter gene used for experiments changing the rate of protein production in E. coli is Red
Fluorescent Protein (RFP), typically using pFTV (Flexible Test Vector). However, the fluorescence of RFP
requires oxygen, and the designed promoter should only activate transcription under anaerobic
conditions. In order to efficiently measure the expression of the gene under anaerobic growth
conditions, an anaerobic fluorescent protein6 was introduced via restriction digest by XbaI and SpeI,
followed by ligation into pFTV1.1.
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Promoter Insertion and Testing
Promoters were digested by XbaI and BamHI and inserted into digested pFTV1.1+AFP plasmid, replacing
the original, constitutive σ70 promoter for RFP in FTV1.1. These promoters were the transformed into E.
coli, and grown under a layer of oil while monitored for emissions by a spectrophotometer.

Promoter Sequences
Natural Promoters, using part of the promoter sequence for the E. coli gene dcuC.
1: ACACATGGATCCTATTATTTGATCTTTATCAACCGCTAAATATGCGTTTTGATCTTCATCAATAAAAACAGCAACTTCAATGTCTTAATTCTAGAATAT
2: ACACATGGATCCTATTATTTGATCTTTATCAACCGCTAAATATGCGTTTAATGACTACGACTTAAAAACAGCAACTTCAATGTCTTAATTCTAGAATAT
3: ACACATGGATCCTATTATTAATGACTACGACTCCGCTAAATATGCGTTTTGATCTTCATCAATAAAAACAGCAACTTCAATGTCTTAATTCTAGAATAT
4: ACACATGGATCCTATTATTTGATCTTTATCAA-CGCTAAATATGCGTTTTGATCTTCATCAATAAAAAACAGCAACTTCAATGTCTTAATTCTAGAATAT
5: ACACATGGATCCTATTATTTGATCTTTATCAACCGCTAAAATATGCGTTTTGATCTTCATCAATAAAAACAGCAACTTCAATGTCTTAATTCTAGAATAT

█ - BamHI restriction site
█ - FNR consensus binding site
█ - Modification to sequence
(relative to 1)
█ - XbaI restriction site
█ - +1 location
█ - Alpha subunit binding site

Synthetic Promoter, using part BBa_J23113 from the Registry of Standard Biological Parts.3
1: CCGCGGATCCTATATTGATAAAGATCAACCGCTAAATATGCGTTTTGATAAAGATCAACTGATGGCTAGCTCAGTCCTAGGGATTATGCTAGCTCTAGAATAT
2: CCGCGGATCCTATATTGATAAAGATCAACCGCTAAATATGCGTTGTTAGTATTATGGCCTGATGGCTAGCTCAGTCCTAGGGATTATGCTAGCTCTAGAATAT
3: CCGCGGATCCTATAGTTAGTATTATGGCCCGCTAAATATGCGTTTTGATAAAGATCAACTGATGGCTAGCTCAGTCCTAGGGATTATGCTAGCTCTAGAATAT
4: CCGCGGATCCTATATTGATAAAGATCAACCGCTAAATATGCGTTTATTGATAAAGATCAACTGATGGCTAGCTCAGTCCTAGGGATTATGCTAGCTCTAGAATAT
5: CCGCGGATCCTATATTGATAAAGATCAACCGCTAAATATGCG--TTGATAAAGATCAACACTGATGGCTAGCTCAGTCCTAGGGATTATGCTAGCTCTAGAATAT
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We tested a number of dyes as
possible qualitative indicators of
anaerobic cellular activity and
oxygen concentration. Dyes such
as DCPIP and methylene blue
can act as oxygen acceptors for
cells deprived of oxygen, and
change color upon reduction. In
the presence of oxygen, they
become oxidized, and revert.
This competing reaction causes
the gradient shown.

Verification of Promoter Assembly by
Gel Electrophoresis
Assembled promoter
was loaded into a 3%
agarose gel and run
alongside the
oligonucleotides used
for assembly and a
50bp ladder to verify
presence of sufficient
product.

