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Abstract
Ecological power management is currently facing three major challenges: the storage of electrical power, the development of renewable energy resources and the increase of
atmospheric carbon dioxide due to the use of fossil fuels. Especially, when considering the decreasing fossil fuel reserves and the increasing consumption, new solutions are
urgently needed. Therefore, we developed a concept to face these three challenges by engineering Escherichia coli.

The concept comprises a biofuel production from carbon dioxide where the energy is supplied from external electricity. For the uptake of electrical power we developed an
electrophilic E. coli that can be supplied with electrons by a mediator-based uptake and a feed-in loop within the citric acid cycle. The feasibility was tested in a self-made
bioreactor.

Furthermore, the idea to complete the whole Calvin cycle in E. coli by characterizing the three missing enzymes, including the RuBisCO was tested. Additionally, we deployed a
bacterial microcompartment from cyanobacteria for carbon dioxide fixation under aerobic conditions and characterized a Bio-bricked pathway of the isobutanol production to
complete our concept.

Moreover, an antibiotic-free selection system based on the iGEM standard plasmid pSB1C3 was developed. This system could reduce the use of antibiotics within the iGEM
community and beyond.
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Introduction
The major challenges of an ecological power management include the storage of electrical power, the development of renewable energy resources that are not timely and locally
synced with demand, and the increase of atmospheric carbon dioxide. Furthermore, alternatives to fossil fuel are required as the amount of available crude oil is decreasing [1] .

From Carbon Dioxide To Biofuel

               

     



One of the biggest current challenges of an ecological power management is the transport and storage of electricity [2]. The use of regenerative sources like solar or wind power
has risen significantly over recent decades. The problem of these sources is the fluctuating availability that leads to the fact that most of the required energy is still covered
through traditional energy sources like coal or nuclear power. This means that the energy produced by renewable sources mainly acts as a surplus that cannot be stored efficiently
at present. A further problem is that the lowest portion of the generated energy is needed at the production location and part of the energy will be lost during the transport to its
destination. One idea to increase the efficiency of storage and transportation is the use of microorganisms. They can use the energy to generate biomass or other transportable
and storable products. E. coli was selected in this project due to its superior accessibility by genetic engineering methods.

There are several approaches to feed microorganisms with electrons in order to support microbial respiration. One promising technique is the direct transfer of electrons to
microorganisms. Bacteria that can directly accept electrons from electrodes for the reduction of terminal electron acceptors are called electrotrophes or electrode oxidizing
bacteria. The possibility of electron transfer to microorganisms was investigated e.g. for Geobacter sp. [3]. The combination of biocatalysts and electrochemical reaction steps is
potentially of great relevancy as bio-electrochemical processes can be supplied with redox-equivalents without the need of a co-substrate. Furthermore, electrons can be regarded
as one of the cheapest redox equivalents available [4].

Comments

Direct electron transfer in bacteria is very complex and not completely understood so far. Therefore, indirect electron transfer based on a mediator that is reduced at the electrode
within an electro biochemical reactor and reoxidized by bacterial cells is much more feasible [5]. E. coli as a Gram-negative bacterium has two membranes with a periplasmatic
space between them, which has to be overcome for a successful electron transfer. Most promising mediators to address this challenge are neutral red, bromphenol blue and
cytochromes. To supply the cells with electrons, different bioreactor concepts are available. One is to operate a separated batch reactor termed H-cell [4].

Another major energy-related problem is the increased quantity of carbon dioxide (CO ) in our atmosphere, which evolved, over the last centuries by the use of fossil fuels to
generate energy. The annual global emission has increased by 80% between the years 1970 and 2004 [6] and climate change is considered nowadays as one of the biggest
challenges for decades to come [7]. About 80% of the industrial emission results from combustion of coal, oil and natural gas. Several approaches to tackle this problem were
already formulated to capture emitted CO  in metals [8]. An additional factor leading to rising amounts of CO  in our atmosphere is industrial livestock farming that generates
methane and carbon dioxide as site products [9]. Moreover, the typical balance between consumption and production of CO  is destabilized by a decreasing total forest area and
increasing emissions [10]. Plants consume CO  during the photosynthesis that is split into a light-dependent and a light-independent reaction, the Calvin cycle, also known as the
reductive pentose pathway. The products of the light-dependent reaction, ATP and NADPH, are used by the Calvin cycle to produce higher sugars by simultaneous incorporation of
CO .

Comments

Different approaches for an oxygen insensitive carbon dioxide fixation in E. coli have been investigated, like the 3-hydroxypropionate cycle [11], the use  of a CO  fixing
microcompartment from cyanobacteria [12] and the carbon dioxide fixation with RuBisCO itself [13]. However, these approaches were carried out using different glycolytic carbon
substrates as main source. By completing the Calvin cycle in E. coli with the three missing enzymes sedoheptulose-1,7-bisphosphatase (SBPase), phosphoribulokinase (PrkA),
and ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) we want to enable the cells to use inorganic carbon dioxide as the main carbon source. To avoid undesired side
reactions of the RuBisCO in the presence of oxygen [14] and to achieve a more efficient CO  fixation we wanted to introduce a bacterial microcompartiment called carboxysome
from Halothiobacillus neapolitanus [12]. Within this microcompartment, a CO  enrichment is achieved in the presence of the carboxy anhydrase [12].

Comments

The CO  fixation via the Calvin cycle generates 3-phosphoglycerate (PGA) [15]. This is transformed to pyruvate during the glycolysis. Pyruvate is an important substance in the
central metabolism. It serves as a precursor for the synthesis of a variety of industrially relevant products like isobutanol, isoprene, putrescine, or even antibiotics. We selected
isobutanol as the final product. The corresponding biosynthesis pathway starts with pyruvate and involves five enzymes of which three already exist in E. coli [16]. Applications of
isobutanol include lube oil additives, conversion to isobutyl acetate, direct solvent, and conversion to amino resins, isobutylamines, or acrylate and methacrylate esters [16–19]. It
can also be considered as a biofuel or an additive for petrol and is therefore a well suited product for this proof of concept study.

A general important aspect of synthetic biology is to prevent the uncontrolled interaction between the genetically modified organisms, the environment and the mankind.
Therefore, many projects lead to the development of sophisticated biosafety systems [20]. As antibiotic resistances are used in laboratories to select for successfully genetically
modified organisms [21–24] our approach aims to reduce the spread of antibiotic resistances by controlling the bacterial cell division. Therefore, we implemented an antibiotic-
free selection system by constructing BioBricks for the complementation of a D-alanine auxotrophic E. coli strain. In E. coli D-alaine is synthesized by two alanine racemases (Alr
and Dadx). The absence of both alanine racemases leads to a strict dependence on D-alanine due to a missing crosslinkage of the peptidoglycan layer, which is normally
performed between meso-diaminopimelic acid and D-alanine [25]. Since a lack of D-alaine has bacteriolytic effects we used its complementation by the alanine racemase for an
antibiotic-free selection system and for molecular cloning without antibiotics.

Comments

In summary, we engineered an electrophilic E. coli strain together with an electro biochemical bioreactor. In addition, we constructed BioBricks for the carbon dioxide fixation in
aerobic bacteria and for the isobutanol production in E. coli. Furthermore, we developed an antibiotic-free selection system based on the iGEM standard plasmid pSB1C3. Besides
our new findings, we were able to reproduce and confirm several published results.

Comments

elias_robinson: Consider formalizing the sentence on electrotrophes; sounds a bit like a high school biology teacher talking as it is. Also remove "e.g." from the next
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Materials and Methods
Basic molecular biology techniques
All detailed protocols used in this work are available online [26]. Therefore, we provide only brief descriptions of the important methods here. Descriptions of basic molecular
biology techniques like cloning can be found exclusively online [26]. If not stated otherwise we used E. coli KRX (Promega) for the experiments.

Anaerobic cultivation
The anaerobic cultivation was carried out in gas-tight 15 mL tubes additionally sealed with parafilm. All media and buffer were degassed with nitrogen gas (N ) via a sparger
before starting cultivation. Inoculation and sampling took place in a two-hand Glove Bag (Atmos Bag, Sigma Aldrich ). The preculture was grown under aerobic condition at 37°C
until it reached an OD  of 0.6 to 0.8. Cells were washed two times with oxygen-free PBS buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na HPO , 2 mM KH PO , pH 7.4) and then
again with degassed medium. The tubes were cultivated in a shaker at 37°C and 180 rpm. Sampling took place once a day. Growth was analyzed by measurement of OD  and
HPLC analysis of the supernatant was performed to measure fumarate, succinate and glucose. After sampling the tubes were overflowed with nitrogen gas, tightly closed and
sealed with parafilm again for further cultivation at 37°C.

Biolog analysis
The strains to be analyzed were grown at 37°C overnight on a BUG+B (Biolog Universal Growth Medium + 5% sheep blood) agar plate by streaking out for single colonies. Single
colonies were picked with a sterile swab and transferred into a sterile tube containing 10 mL of 1x IF-0a solution to adjust transmittance of 42%. 1.8 mL of this suspension was
mixed with 9 mL solution B (144 µL dye mix A for Gram-negative bacteria, 1.856 mL ddH O, 8 mL 1.2x IF-oa solution). Afterwards, 100 µL of this mixture were loaded in each well
of the Biolog  PM plate (96 wells). The plate was incubated for 48 h in the OmniLog PM system (Biolog, Inc.).

H-cell reactor cultivation
The electrochemical behavior of engineered E. coli strains was analyzed in a separated H‑shaped batch reactor. In this set up two bottles are connected by a flange with an ion
exchange membrane in the middle, separating the anodic and cathodic chambers. As the separator a polymer electrolyte Nafion  proton exchange membrane was used. A
detailed pretreatment protocol is available online [26]. The reactor was operated with a three-electrode system. This system contains a working-, a counter- and a reference
electrode which allows measurement and setting of a specific potential at the working electrode. A silver/silver chloride electrode served as reference with a known constant
potential versus a standard hydrogen electrode. For the control of the voltage difference between the working and the reference electrode a potentiostat from the company
Gamry  was used. This device allowed to perform cyclic voltammetry assays for the characterization of mediated electron transfer.

The strains to be analyzed were grown at 37°C overnight in minimal M9 medium with 50 mM xylose as carbon source. The cathodic space of the H-cell reactor was filled with
500 mL M9 medium (50 mM xylose) supplemented with neutral red to a final concentration of 100 µM. Previous to inoculation the medium was degassed with nitrogen gas. The
anodic space was filled with phosphate buffer. The cultivation started by inoculation to an OD  of 0.1 from the pre-culture at 37°C and an airflow of 0.75 standard liters N  per
minute. The experiments were performed with scan limits from -800 mV to 700 mV at different scan rates and step limits. Additionally, different electrode materials (carbon fleece,
carbon fabric and platinum) and sizes were tested.

Seduheptulose-1,7-bisphosphate assay
The validation of the seduheptulose-1,7-bisphosphatase (SBPase) activity was carried out based on the description of the initial enzyme characterization [27]. Required assay
substrates were not commercially available. Therefore, transketolase (Tkt) and fructose bisphosphate aldolase (Fba) were used for the substrate formation. The enzymes Tkt, Fba
and SBPase were expressed in E. coli KRX using pET16 expression plasmids with 100 µM IPTG for induction. Enzymes were purified via His-tag. The enzyme concentrations were
adjusted based on Bradford assay results. The negative control was performed by adding no enzyme to the substrates to ensure that all observed products in the other reactions
were generated by Tkt, Fba and SBPase. The assay itself consisted of three reactions. The first reaction included the Tkt that catalyzed the reaction of fructose-6-posphate (F6P)
and glyceraldehydes-3-phosphate (GAP) to erythrose-4‑phosphate (E4-P). For the second reaction Fba was added to convert E4-P with DHAP to sedoheptulose-1,7-bisphosphate
(SBP). In the last reaction the SBPase (GlpX) was added resulting in the final product, sedoheptulose-7-phosphate (S7-P).

RuBisCO assay
The assay was carried out based on published descriptions [28]. Crude protein extracts were incubated at 37°C in presence of ribulose-1,5-bisphosphate (Ru-BP) and CO  was
gassed in constantly. Samples were taken every five minutes and analyzed for changes in substrate and product concentrations via HPLC.

SDS-PAGE and MALDI-TOF-MS
Cultures of E. coli with the designated plasmid were cultivated at 37°C. Gene expression of the plasmid was induced at OD  0.6 to 0.8 by adding 1 mM IPTG (Ptac) or 0.1%
rhamnose (T7), respectively. Afterwards, the incubation temperature was reduced to 20°C for protein expression. Cells were harvested and proteins were extracted via chemical
cell destruction. A standard SDS-PAGE was used to separate the proteins. Afterwards, the proteins in the desired size ranges were extracted and digested by trypsin. Finally,
MALDI-TOF-MS was applied to identify the peptide fragments.

Isobutanol production and quantification
E. coli with BBa_K1465306 and BBa_K1465307 was grown in LB media with 30 µg/mL chloramphenicol for the production of isobutanol. Samples for both constructs were taken
at different time points during the cultivation. To identify the optimal cultivation temperature two separate cultivations were performed at 37°C and 30°C, respectively. GC-MS was
applied for the isobutanol quantification in the supernatant of the cultures. Finally, the isobutanol production was calculated based on a calibration curve.

The loss of isobutanol due to evaporation was studied by comparing flasks that were opened with different frequencies. All flasks started with the same initial amount of
isobutanol and were incubated at 37°C over 20 h. One group was opened 10 times during incubation while the other flasks were only opened once at the end. Afterwards,
isobutanol was quantified via GS-MS as described before.

Antibiotic-free selection system
Our antibiotic-free selection plasmid (BBa_K1465401) encoding the alanine racemase (Alr) was transformed in different concentrations into E. coli DH5α ∆alr ∆dadX. After
regeneration the cells were streaked out either onto LB plates for the antibiotic-free selection via complementation of the D-alanine auxotrophy or onto LB plates containing
30 µg/mL chloramphenicol and 3 mM D-alanine as a control, respectively. Successful transformation events could be observed by the red color of colonies caused by the reporter
RFP, while false-positive colonies remained white.

Rozak: This is a nicely written background section which covers some interesting ideas! It's amazing how many ways synthetic biology touches on renewable energy. I'm
glad to see you developing some of these concepts in your research.

bpucker: Thank you very much for your feedback.

2
®

600 2 4 2 4

600

2
®

®

®

600 2

2

600



 

Results and Discussion
Electron transfer
We engineered an E. coli strain to accept electrons stimulating its metabolism by focusing on an indirect electron transfer via a mediator. This electron transfer system consists of
multiple steps. First, the reduced mediator has to cross the outer membrane of the E. coli cell wall. After crossing the periplasmatic space, the mediator adsorbs at the inner
membrane of the E. coli cell wall and functions as an electron donor for the membrane associated fumarate reductase. In this step succinate is produced in the cytoplasm by the
reduction of fumarate into succinate. Under oxygen limitation the C4 carboxylate transporter DcuB is responsible for the fumarate import and succinate export. To avoid the
succinate export in our project, this antiporter was deleted. The generation of succinate creates a loop into the citric acid cycle, because succinate is reoxidized again by the
succinate dehydrogenase. The succinate dehydrogenase catalyzes the transfer of electrons to FAD  generating FADH , which enters the electron transport chain. The electron
transport facilitates proton translocation over the inner bacterial membrane. The proton motoric force is used by ATP synthase. Generated ATP and reductive power in the
bacterial cell lead to an increasing metabolic activity.

In order to allow the mediator to cross the outer membrane, the outer membrane porine encoding gene oprF (BBa_K1172507) from Pseudomonas fluorescens was expressed in
E. coli. Therefore, oprF was integrated in the bacterial chromosome by replacing dcuB, which encodes the C4 carboxylate transporter. The successful knockout of dcuB and
simultaneous insertion of oprF was shown with PCR analysis and DNA sequencing. The functionality of the outer membrane porin OprF in E. coli KRX ∆dcuB::oprF was
investigated via NPN-Uptake-Assay [29]. 1‑N‑Phenylnaphthylamine (NPN) changes fluorescence activity between aqueous and hydrophobic milieus. There is only minor
fluorescence in aqueous solution, but the transport in the hydrophobic periplasmatic space causes an increased fluorescence. So NPN fluorescence is a good indicator for
membrane permeability [30]. An increased amount of the membrane porine OprF leads to an increasing membrane permeability. The results are shown in Fig. 1. Compared to
E. coli KRX wild type an increased fluorescence emission can be observed for oprF expressing strains and an advanced membrane permeability can be demonstrated for these
strains. The successful deletion of dcuB was also shown with phenotypic investigation via Biolog  analysis and anaerobic cultivation in M9 minimal media with fumarate
supplemented. The results are shown in Fig. 1. The results of the anaerobic cultivation of E. coli KRX ∆dcuB::oprF showed no excretion of succinate in contrast to the E. coli KRX
wild type. This is caused by the deletion of the antiporter gene dcuB, which is responsible for fumarate uptake and succinate export under anaerobic or oxygen-limiting conditions.

The next step of the electron uptake system is the membrane associated fumarate reductase that converts fumarate into succinate by transferring electrons from the mediator in
the periplasmatic space on fumarate. The fumarate reductase gene frd was overexpressed under the control of the T7 promoter. The expression was shown via SDS-PAGE and
MALDI-TOF-MS analysis. Functionality was tested by anaerobic cultivation in M9 minimal medium with fumarate supplemented (Fig. 1). Growth and succinate production was
compared to E. coli KRX wild type. In the case of fumarate in the medium fumarate respiration takes place under anaerobic conditions [31]. About 72 hours after induction of the
cells, the impact of frd expression becomes clear. The succinate production increased and reached a higher final concentration compared to the wild type with similar growth.
Furthermore, an increased fumarate consumption could be observed in the frd overexpressing strain after induction. This shows functionality of the fumarate reductase in E. coli
KRX. These findings were confirmed with a Biolog  experiment.

Fig1. Characterization of an electrophilic E. coli strain in H-cell reactor. (A) The results of the NPN-Uptake-Assay showed an increased membrane permeability for the oprF
expressing strains compared to the E. coli wild type. (B) The anaerobic cultivation in M9 minimal medium with 50 mM glucose showed a significant decrease of succinate export

in case of E. coli ∆dcuB::oprF compared to E. coli wild type. (C) The anaerobic cultivation in M9 minimal medium with 50 mM xylose and 50 mM fumarate showed a higher
succinate production and fumarate consumption in case of E. coli wild type with overexpressed frd (BBa_1465102) compared to E. coli wild type. (D) Results of the Biolog®

experiment showed a lower respiratory activity for E.coli with BBa_1465102 and E. coli ∆dcuB::oprF with BBa_1465102 in comparison to E. coli wild type (E) Picture of a self-made
H-cell reactor for electricity supported bacterial growth. (F) The constructed strain E. coli ∆dcuB::oprF with overexpressed fumarate reductase (BBa_K1465102) showed a higher

electron uptake during cultivation in the electro biochemical reactor compared to the E. coli wild type.

Finally, the fumarate reductase frd was expressed in E. coli KRX ∆dcuB::oprF to increase the electron uptake. The electro biochemical behavior of E. coli KRX with deleted C4
carboxylate antiporter DcuB, expressed porin OprF and overexpressed fumarate reductase frd was shown in an H-cell reactor (Fig. 1). In this experiment an increase electron
uptake of 72% compared to E. coli KRX wild type has been observed.

Calvin cycle in E. coli
As previously mentioned, E. coli lacks the three enzymes SBPase, PrkA and RuBisCO to enable a functional Calvin cycle. To close the first gap in the cycle, the SBPase (GlpX) from
Bacillus methanolicus [27] was chosen as it is one of the best characterized enzymes for this function. Therefore, the protein coding sequence of glpX was cloned into pSB1C3
(BBa_K1465228). SBPase activity was validated in an enzyme assay (Fig. 2). Hence, a comparison between different temperatures (37°C and 50°C) in an in vitro assay was
performed to investigate the different enzymatic activities to show the feasibility for E. coli (Fig. 2). SBPase activity was observed at 37°C but the activity was higher at 50°C. The
observed difference in the SBPase activity between 37°C and 50°C is probably due to its origin from the thermophilic B. methanolicus [32].
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Fig. 2 SBPase activity in enzyme assay. (A) Tkt and Fba were added successively to allow the formation of the substrate SBP. Finally, the SBPase was added to produce S7-P via
dephosphorylation of SBP. (B) Reactions with all enzymes carried out at 37°C (top) and 50°C (bottom) showed the functionality at cultivation temperatures of E. coli.

To add the second enzyme function, the prkA coding sequence obtained from Synechococcus elongatus was synthesized to remove restriction sites incompatible with the iGEM
standard and to optimize the codon usage for E. coli (BBa_K1465201). Expression of prkA in E. coli via BBa_K1465212 leads to an accumulation of Ru-BP that cannot be further
metabolized and is therefore cell toxic [12,33]. A protein extract of this expression strain loaded onto a SDS-PAGE revealed a band between 35 kD and 40 kD, representing the PrkA
that has a molecular size of approximately 38 kD. MALDI-TOF-MS analysis of the extracted and digested PrkA identified three peptides. However, it was not possible to show the
enzyme functionality in an in vitro assay. A possible explanation is the light dependent activation of the PrkA in plants. The light triggers the photo system I in photosynthetic
active organisms. These triggers reduce ferredoxine. In the following reaction thioredoxin is reduced while ferredoxin is oxidized again. The reduced thioredoxin is able to break
disulfides. The PrkA activation is triggered by thioredoxin that might not be sufficiently present in E. coli. It would be possible to activate the PrkA by adding DTT to the enzyme
assay [34]. 

Finally, the coding sequence of the actual carbon dioxide fixing enzyme, the RuBisCO, was cloned either under the control of a Ptac (BBa_K1465213) or a T7 promoter. The
presence of both subunits were confirmed using SDS-PAGE and MALDI-TOF-MS. RuBisCO activity was validated via an in vitro assay measuring the consumption of Ru-BP and the
production of PGA. These two metabolites are the substrate and product of the RuBisCO, respectively. The substances are clearly separable via HPLC with a retention time of 14.4
min for Ru-BP and 12.6 min for 3-PGA, which was verified by using comparable standards (Fig 3). Cell extracts of KRX wild type and KRX carrying the construct BBa_K1465202
were compared over time (Fig. 3). No change of the PGA peak was observed in the wild type cell extract after Ru-BP was added. However, the cell extract of our engineered strain
showed RuBisCO activity by the consumption of Ru-BP and the production of PGA. It appears that the reaction is not completed after 15 min, because there is still Ru-BP
detectable. This may be due to the low reaction rate and high K  value of the RuBisCO [35]. However, a number of cellular reactions yields PGA. This explains the small amount of
PGA in both cell extracts. Nevertheless, conversion of Ru-BP to PGA is a specific reaction catalyzed by RuBisCO. This is confirmed by the lack of PGA accumulation in the wild type
cell extract containing Ru-BP but no RuBisCO. Finally, it can be concluded that the RuBisCO is functionally expressed and active, showing the highly specific conversion of Ru-BP to
PGA over time. The comprehensive characterization of the RuBisCO could be further improved by utilizing C marked substances [36–38].

Fig. 3 RuBisCO assay. (A) HPLC and MS results of Ru-BP and PGA analysis. (B) Detection of Ru-BP after addition of Ru-BP to the culture in E. coli wild type cell extract (top) and E.
coli wild type cell extract without prior addition of the substrate (bottom). (C) Consumption of Ru-BP and production of PGA in E. coli carrying BBa_K1465202 encoding a RuBisCO.

Protein-based microcompartment functions as carboxysome
As a bacterial microcompartment, which could be used as a local enrichment atmosphere of CO  we further investigated the carboxysome from H. neapolitanus [39]. We provided
different subunits of the carboxysome (BBa_K1465202 – BBa_K1465223) and further investigated the codon optimized synthetic carboxysome (BBa_K1465223). It encodes the
shell proteins CsoS1ABC and CsoS4AB as well as the shell associated protein CsoS2. A bottom up construction approach enabled the identification of the essential parts. We
used a translational fusion of one of the sequences encoding the shell proteins CsoS1A and GFP (BBa_K1465222) as an indicator of correct protein folding. A concentrated
subcellular localization of the GFP fluorescence shows the positions of carboxysomes within the cells (Fig. 4). This reporter function of GFP was identified and used for this
purpose before [40,41]. Additionally, we analyzed the functions of different shell proteins with incomplete functional characterization [42]. The assembly of the carboxysome was
achieved without the expression of csoS1D, another coding sequence that is located on the plasmid pHnCBS1D. The resulting CsoS1D is probably responsible for the pore size in
the carboxysome shell [12,43]. Nevertheless, it seems that it has no essential function in protein folding.

Fluorescence of GFP fusion proteins was quantified by photometric measurements (Fig. 4). The signal intensity of the E. coli wild type (negative control) is compared to cells
carrying different constructs. E. coli cells constitutively expressing gfp under the Ptet promoter served as a positive control and lead to the highest fluorescence signal. The
expression of csoS1A::gfp together with the shell protein encoding genes csoS1BC and csoS4AB (BBa_K1465222) did not yield any fluorescence. However, the combined
expression of csoS2 and the shell protein encoding genes csoS1A::gfp-csoS1BC and csoS4AB (BBa_K1465223) results in detectable green fluorescence. From these results we
deduce that the correct folding of the shell proteins and the assembly of the whole carboxysome is dependent on the presence of the shell associated protein CsoS2.

High resolution microscopy revealed the subcellular localization of carboxysomes within the cells (Fig. 4). Most of the cells seem to have only one carboxysome, but there are also
some cells that carry two. Additionally, we could detect some cells forming a filament located at the membrane of the cell (Fig. 4). These filaments might be formed because of a
high gene expression of the plasmid [12]. The T7 promoter could explain this observation due to the high transcription rate of the T7 polymerase. Estimation of the carboxysome
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size resulted in about 0.3 µm for the entire protein structure. This value is almost double the size compared to previous works that reported a size of approximately 0.136 µm (+/-
0.036) [12]. Our BioBricks might be useful to future iGEM projects focusing on other oxygen sensitive reactions like nitrogen fixation.

Fig. 4 Carboxysome characterized by fluorescence of integrated fusion proteins. (A) Fluorescence microscopy picture of E. coli wild type (negative control), (B) E. coli with
constitutive gfp expression (positive control) and (C) expression of pSB1A2-T7:csoS4AB-csoS1C-csoS1A::gfp-csoS1B (BBa_K1465222). (D) and (E) High resolution microscopy

images of E. coli carrying BBa_K1465223 (encoding a carboxysome with GFP tag on a shell protein). (F) Results of photometric fluorescence measurements of E. coli wild type (i,
negative control), E. coli with constitutive gfp expression (ii), E. coli with BBa_K1465222 (iii, no csoS2) and E. coli with BBa_K1465223 (iv, encoding a carboxysome with GFP tag

on a shell protein).

Isobutanol production pathway
Five enzymatically catalyzed steps are required to produce isobutanol from pyruvate in E. coli [16]. We used existing BioBricks containing the coding sequences for the
α‑acetolactate synthase (AlsS) of Bacillus subtilis, the ketol-acid reductoisomerase (IlvC) and Dihydroxyacid dehydratase (IlvD) of E. coli and the α-ketoisovalerate decarboxylase
(KivD) of Lactococcus lactis to construct the plasmid BBa_K1465302. The last step of the isobutanol production pathway is catalyzed by the endogenous alcohol dehydrogenase
of E. coli (AdhE). Additionally, we tested the alcohol dehydrogenase (adhA) of L. lactis by adding it to BBa_K1465302 to further enhance the isobutanol production
(BBa_K1465303). This alcohol dehydrogenase was identified as an alternative enzyme for the last step in the 2-keto-acid pathway that is responsible for the isobutanol production
[44]. For cultivation experiments the combined coding sequences were placed under control of the Ptac promoter (BBa_K731500) resulting in the plasmids BBa_K1465306 and
BBa_K1465307, respectively.

Cultivation experiments were performed to quantify the isobutanol production of BBa_K1465306 and BBa_K1465307 carrying strains. A reduced growth for the bacteria
expressing the genes of the plasmids compared to the wild type or the uninduced control was observed (Fig. 5). This was probably due to the high burden of additional protein
biosynthesis. Moreover, both introduced pathway versions (BBa_K1465306 and BBa_K1465307) led to a production of 13 to 40 mg/L isobutanol within 20 hours depending on the
specific cultivation conditions (Fig. 5).

To quantify the impact of isobutanol evaporation during the sampling process, the amount of isobutanol in flasks opened ten times and flasks opened only at the end of the
experiment was compared. However, no significant difference was found between the differentially treated flasks as about 50% isobutanol was lost in both cases.

Fig. 5 Isobutanol production. (A) The growth of two engineered E. coli strains compared to the wild type and (B and C) the isobutanol production of those engineered E. coli
cultures are shown. The isobutanol production based on either BBa_K1465306 or BBa_K1465307 demonstrated the functionality of both constructs at (B) 37°C and (C) 30°C,

respectively.

Antibiotic-free selection
One important part of iGEM is human practices. Participants consider different aspects of their project and possible impacts on humanity and the environment. We identified the
frequent use of antibiotics as a major issue and started the construction of an antibiotic-free selection system for the iGEM community. Moreover, when thinking of an application
of the project outside the laboratory, it is crucial to keep antibiotic resistance from spreading out.

The double deletion of the constitutive alanine racemase (alr) and the catabolic alanine racemase (dadX) in both, the E. coli DH5α and KRX strains, resulted in the genotypes KRX
∆alr ∆dadX and DH5α ∆alr ∆dadX, respectively. Both strains showed a strict D-alanine auxotrophy that could be complemented by our plasmid (BBa_K1465401). This plasmid
carries the constitutively expressed alanine racemase. Additionally, this plasmid contains the coding sequence of a chloramphenicol acetyltransferase for chloramphenicol-
resistance and RFP (BBa_J04450) as a reporter to distinguish between successful transformated cells and false positives.

The comparison between the chloramphenicol selection and the antibiotic-free selection revealed a threefold difference in transformation efficiency favoring the antibiotic-free
selection system. Comparable results were obtained for different plasmid concentrations leading to the assumption that chloramphenicol inhibits the early cell formation, while a
lack of D-alanine within the antibiotic-free selection can be compensated by intracellular storage of D-alanine. This is supported by the observation that even an antibiotic-free
selection without any D-alanine complementation results in some countable colonies. However, it should also be mentioned that the rate of reversion is about 3.27*10  ± 2.27*10-7 -
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, which might be due to a point mutation of metJ [45]. Although the experiments were performed with the relatively small plasmid BBa_K1465401 (4.2 kb) and might be even
more challenging for more complicated cloning approaches, it did not escape our notice that this antibiotic-free selection system is feasible for other bacteria where the
peptidoglycan is also cross-linked by D-alanine, such as Listeria monocytes [46], Corynebacterium glutamicum [47], or B. subtilis [48].

 

Conclusions
We designed and tested different setups in order to cultivate and analyze the constructed electrophilic E. coli strain. Further experiments will determine whether the electron
uptake of the electrophilic strain can power the reconstructed Calvin cycle in E. coli. Although we were able to verify the function of all missing parts of the whole Calvin cycle
separately, it remains challenging to verify their combined function as well as inside the electrophilic strain. Additionally, further characterization of the RuBisCO integrated in the
carboxysome will reveal if the anaerobic conditions will increase the efficiency of the carbon dioxide fixation. Moreover, we constructed and validated a synthetic pathway for the
production of isobutanol based on BioBricks. Unfortunately, the final combination of all subparts of the project could not be shown during the competition. Nevertheless,
confirmed BioBricks for biofuel production and microcompartments with anaerobic conditions will be very useful to future iGEM teams.

Finally, we demonstrated an initial step for a real world application of the system by establishing an antibiotic-free selection plasmid. This selection system is now available to the
whole iGEM community and could contribute to a significant reduction of antibiotic use in future synthetic biology projects.
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Comments

PLOSFeedback: Hi @bpucker (/user/bpucker) Thanks for your submission to the PLOS iGEM Project. Our editorial team have reviewed your article and have the following
feedback: This work looks at the electrical production of biofuel from carbon dioxide with the assistance of E Coli, a very interesting and topical idea. From the point of
view of developing this into a scientific paper, it is a little unclear how the second part (antibiotic free selection) relates to the first (the design of an electrophilic bacteria).
These could lead to two different papers. However, the results may be slightly preliminary in either to be considered for PLOS ONE at this time, and may warrant further
investigation. If we can provide any support of clarifications don't hesitate to get in contact - collections@plos.org

bpucker: Hi Thanks for the feedback. We stopped working on this topic at the time of the Giant Jamboree in 2014 and are well aware that the presented results are
insufficient for submission to PLOS ONE. This work was submitted as an iGEM report.
PLOSFeedback: Great, thanks Boas! It certainly meets those criteria and we can get it posted on PLOS Collections and added to the Collection :)
bpucker: Thank you very much!
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