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ABSTRACT 13 

Background: Heme proteins and heme-derived molecules play an important role in several cellular 14 

processes. Therefore, their production and functional analysis is of great research interest. For the 15 

analysis of these molecules, high production yields are required. We recently reported the use of 16 

the probiotic E. coli strain Nissle 1917 (EcN) to sufficiently produce heme proteins. This strain is 17 

capable of taking up heme from the growth medium due to the outer membrane heme receptor 18 

ChuA which is absent in regular E. coli expression strains. Unfortunately, the strain lacks the gene 19 

for T7 RNA polymerase which is necessary for the expression of genes under the control of the 20 

T7-promotor, widely used in expression vectors like the pET or Duet series. 21 

Results: A new T7-promoter compatible EcN strain was constructed. Therefore, the gene for T7-22 

RNA polymerase under the control of a lacUV5 promoter was integrated into the malEFG operon 23 

of EcN. Test expressions of genes via T7 promoter-based vectors in the new EcN(T7) strain were 24 

successful. Expression in EcN(T7) efficiently resulted in the production of recombinant heme 25 

proteins in which the heme cofactor was incorporated during protein production. In addition, the 26 

new EcN(T7) strain can be used to co-express genes for the production of heme-derived molecules 27 

like biliverdin or other open-chain tetrapyrroles. We demonstrate successful recombinant 28 

production of the phytochromes BphP from Pseudomonas aeruginosa and Cph1 from 29 

Synechocystis sp. PCC6803 loaded with their cofactor biliverdin and phycocyanobilin, 30 

respectively.  31 

Conclusion: We present a new E. coli strain for sufficient production of heme proteins and heme-32 

derived molecules using T7-promoter based expression vectors. The new EcN(T7) strain enables 33 

the use of a broader spectrum of expression vectors as well as the co-expression of genes using the 34 

Duet expression vectors. Furthermore, the capability of feeding EcN and EcN(T7) with heme 35 

overcomes the rate limiting step in the recombinant heme protein production, i.e. heme biosynthesis 36 

of E. coli. Therefore, a higher heme saturation of heme proteins and also higher yields of heme-37 

derived molecules is obtained using the constructed strain.  38 
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BACKGROUND 43 

Heme and heme degradation products play important roles in several biological processes. First, as 44 

a cyclic tetrapyrrole cofactor in heme proteins it is involved in processes, such as electron transfer 45 

and cell respiration (cytochromes), oxygen binding and transport (hemoglobin, myoglobin), 46 

production and sensing of nitric oxide (NO synthase, heme/nitric oxide/oxygen (H-NOX) proteins) 47 

or signal transduction (CooA, FixL) [1-5]. Second, heme is a precursor molecule for the formation 48 

of open-chain tetrapyrroles. Some open-chain tetrapyrroles are important parts of light-harvesting 49 

pigments e.g. in cyanobacteria and algae [1-6] but also act as light-sensing chromophores in 50 

phytochrome-like photoreceptors in plants, algae, bacteria and fungi [7, 8] 51 

In order to analyze the function of all these proteins and heme-derived molecules, recombinant 52 

protein production in E. coli is a widely distributed method [9]. Therefore, many different strains 53 

have been established in the past to obtain proper folded and active proteins. However, the 54 

production of active and cofactor loaded proteins is often limited to the availability of the cofactor 55 

inside E. coli cells [10]. Therefore, methods are available to reconstitute the cofactor after protein 56 

production by adding the cofactor to the cell-free lysate or purified protein. The drawback of this 57 

method is a possible non-native incorporation of the cofactor into the protein. Therefore, several 58 

methods have been developed in the past to obtain correct folded and active proteins loaded with 59 

heme cofactor [11, 12]. Furthermore, the formation of heme-derived molecules in E. coli, such as 60 

phycobilins, is dependent on the heme biosynthesis of E. coli cells. For the production of higher 61 

yields of these molecules an increased heme availability inside the cell would be an advantage.  62 

We have previously shown that the E. coli strain Nissle 1917 (EcN) is able to take up heme from 63 

growth medium, thereby increasing the heme concentration inside the cell. Therefore, it can be 64 

used to successfully saturate proteins with heme cofactor during protein production. In this way, 65 

the cofactor is incorporated in a more native coordination than by adding the heme cofactor to the 66 

completely folded protein [13]. Unfortunately, the EcN strain lacks the gene for T7 RNA 67 

polymerase which is required for the use of T7 promoter-based expression vectors like the widely 68 

used pET system or Duet-vectors [14]. In order to overcome this limitation, we integrated the T7 69 

RNA polymerase gene under a lacUV5 promoter into the genome of EcN. Thereby an EcN(T7) 70 

strain was constructed which broadens the spectrum of possibilities to produce heme proteins as 71 

well as heme derived molecules in vivo. 72 
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MATERIALS AND METHODS 73 

Used strains and expression plasmids.  74 

E. coli Nissle 1917 (EcN) served as the parental strain for the construction of the new T7 strain. 75 

Test expressions were performed using E. coli BL21(DE3), EcN and EcN(T7) (Table S1). All used 76 

plasmids (Table S2) were verified via sequencing (GATC Eurofins genomics, Cologne; Seq-IT, 77 

Kaiserslautern).  78 

Construction of expression cassette 79 

Genomic DNA from E. coli BL21(DE3) was used as a template to obtain the T7-RNA polymerase 80 

gene. All used oligonucleotides are listed in the Supporting Information (Table S3). Via two PCR 81 

reactions overlapping primers (lac-op-fwd, lacUV5-HindIII-fwd) were used to add the lac operator 82 

and lacUV5 promoter to the 5’-end of the gene for isopropyl-β-D-thiogalactopyranoside (IPTG) 83 

inducible gene expression. As a selection marker for the following homologous recombination 84 

reaction a kanamycin resistance cassette with flanking FRT sites was amplified from pKD13 and 85 

ligated via a SalI restriction site to the 3’-end of the T7-RNA polymerase gene. The obtained 86 

lacUV5-T7-FRT-kan-FRT (T7/Kan) fragment was purified via gel extraction and cloned blunt 87 

ended into the plasmid pYP168 [15] via a SmaI restriction site. The derived plasmid pUC-T7-FRT-88 

kan was used as a PCR template to add 50 bp of homologous sequences from the malEFG operon 89 

of E. coli Nissle 1917 (T7-mal-fwd and T7-mal-rev) to the expression cassette at both ends. The 90 

fragment was purified via agarose gel extraction. 91 

Chromosomal insertion of T7-RNA polymerase via homologous recombination 92 

For the insertion of the T7/Kan expression cassette the λ-Red recombinase system was used as 93 

described before [16, 17]. The insertion cassette was introduced site-specific into the malEFG 94 

operon of E. coli Nissle 1917 via homologous recombination (oligonucleotides T7-mal-fwd & T7-95 

mal-rev). Insertion of the resistance cassette and loss of malEFG operon was verified by plating 96 

transformation reactions onto MacConkey agar plates containing 1% maltose and 50 µg/ml 97 

kanamycin. The kanamycin cassette was removed via flanked FRT recombination sites to obtain a 98 

markerless mutant using pCP20 [18]. The correct insertion of the T7 RNA polymerase gene was 99 

verified via sequencing (Eurofins Genomics). 100 

Test production of T7-RNA-Polymerase induced protein production. The expression vectors 101 

were transformed into BL21(DE3) as a positive control, EcN as a negative control and into the 102 

newly constructed EcN(T7) strain. Test productions were performed in 50 ml LB medium 103 
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containing appropriate antibiotics and 100 mM sorbitol. For Rdms_O216K LB high salt medium 104 

(0.5 M NaCl) without sorbitol was used. Cultures were incubated at 37 °C up to an OD600 of 0.7 105 

for BL21(DE3) and OD600 1.2 for EcN and EcN(T7). Before induction, cultures were cooled down 106 

to 17 °C. Expression was induced by adding 0.5 mM IPTG for pACYC-rdmS_O216K and 0.1 mM 107 

IPTG for pTD-ho1, pET-cph1 and pACYC-ho1-pcyA to the culture. Expression of bphP was 108 

induced with 200 ng/ml anhydrotetracycline. For the production of phycocyanobilin (PCB) and 109 

biliverdin (BV) for the holo-phytochrome increasing amounts of hemin (in DMSO) were added 2 110 

h after induction. Cultures were incubated at 17°C, 160 rpm overnight, harvested for 10 min, 9000 111 

rpm (Sorvall LYNX 6000, F14 rotor), 4 °C and stored at -20 °C. Samples were taken before 112 

induction and after overnight incubation and were diluted to an OD600 of 0.5. Cell pellets were 113 

disrupted via sonification and separated via SDS-PAGE. Subsequently, the separated proteins were 114 

stained with Coomassie Brilliant Blue or transferred to a PVDF membrane via semi-dry blotting. 115 

The production of StrepII-tagged proteins was detected using an anti-Streptactin AP conjugate and 116 

His6-tagged proteins were detected using an anti-His6 monoclonal primary antibody an anti-mouse 117 

IgG AP conjugate via color reaction.  118 

Production and purification of recombinant produced StrepII-tagged proteins. For 119 

purification of RdmS_O216K production was conducted in 2 l LB high salt medium. Cells were 120 

incubated as described before. Immediately after induction 10 µM hemin was added for the 121 

production of holo-protein. Cell pellets were suspended in buffer W (100 mM Tris/HCl, pH 8.0, 122 

150 mM NaCl, 1 mM EDTA, 10% glycerol) and 1 mM DTT, 0.25 mM 4-(2-aminoethyl) benzene-123 

sulfonyl fluoride, a spatula DNase I and lysozyme were added. Cells were incubated on ice for 30 124 

min and disrupted via Microfluidizer at 15.000 PSI. Cell debris were removed via 1 h centrifugation 125 

at 4°C and 19,000 rpm (Sorvall LYNX 6000, T29 rotor). A Strep-Tactin chromatography column 126 

(IBA GmbH, Göttingen) was used for affinity chromatography and was equilibrated with buffer 127 

W. For washing off unwanted proteins, 10 column volumes of buffer W were used. Elution of 128 

StrepII-tagged proteins was performed with buffer E (buffer W containing 2.5 mM D-129 

desthiobiotin). Elution fractions containing the desired protein were dialyzed against 20 mM TES 130 

buffer pH 8.0 containing 100 mM KCl and 10% glycerol. Proteins were concentrated using Amicon 131 

concentrator devices (molecular weight cut-off 100,000; Merck).  132 

UV-visible spectroscopy. UV-vis spectroscopy was performed using an 8453 UV-visible 133 

spectrophotometer (Agilent Technologies). Heme spectra were taken at room temperature in 20 134 

mM TES buffer pH 8.0 containing 100 mM KCl and 10% glycerol. Spectra were taken from 350-135 
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700 nm under oxidizing conditions. Phytochrome spectra were taken at 25°C using cell-free lysates 136 

(100 mM Tris/HCl pH 8.0, 150 mM NaCl, 1 mM EDTA). The BphP, samples were incubated for 137 

3 min with red light at 690 nm for Pfr spectra and 3 min with far-red light at 750 nm for Pr spectra 138 

as described previously [19]. The Pfr spectra were subtracted from the Pr spectra to obtain 139 

difference spectra. For Cph1, difference spectra were obtained in a similar way, expect that for red 140 

and far-red light filters of 630 and 730 nm were used, respectively [20]. To analyze the saturation 141 

of Cph1 with its chromophore, difference spectra were measured again after 30 min incubation 142 

with 400 µM phycocyanobilin for 30 min at room temperature.  143 

 144 
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RESULTS AND DISCUSSION 145 

Construction of the new EcN(T7) strain 146 

We have recently shown that E. coli Nissle 1917 (EcN) is a very suitable host for the production 147 

of heme proteins [13]. Within the present study, we went a step further and constructed a T7 148 

promoter compatible strain to overcome the limitation of recombinant protein production in EcN 149 

to expression vectors lacking the T7 promoter. To this end, the method of Albermann et al. was 150 

chosen [16] to obtain a stable chromosomal integration of a PCR fragment into EcN. This method 151 

uses non-essential sugar degradation genes for site-specific integration of recombinant genes. By 152 

monitoring the ability of sugar degradation, the gene integration can be detected on sugar 153 

containing indicator plates. Therefore, the malEFG operon of EcN was chosen as the site of 154 

integration. For an IPTG inducible expression of the T7 RNA polymerase, the gene was set under 155 

the control of a lacUV5 promoter and ligated to a kanamycin resistance cassette flanked by FRT 156 

recombination sites (Fig. 1). Homologous sequences to the malEFG operon of EcN were added at 157 

both sites for a double homologous recombination event. Integration of the PCR fragment was 158 

performed using the λ-Red recombinase system [17]. Integration of the T7/Kan fragment, 159 

therefore, led to a deletion of the malEFG operon. The kanamycin cassette was removed via the 160 

FRT sites using the FRT/Flp-recombination system [18] resulting in the new EcN(T7) ΔmalEFG 161 

strain (Fig. 1). After removing the kanamycin cassette and verification by sequencing the 162 

successful construction of the EcN(T7) was tested.  163 

T7-promoter dependent production of a heme protein. 164 

As EcN was shown to be an efficient strain for recombinant production of heme proteins, first test 165 

expressions were performed with the sensor kinase RdmS from M. acetivorans [21]. This protein 166 

contains a covalently bound heme cofactor. Experiments were performed with the O216K variant 167 

of RdmS as described previously [21]. Test expressions of rdmS-StrepII via the T7-promoter based 168 

vector pACYCduet1 resulted in a detectable expression and protein production for the commonly 169 

used E. coli strain BL21(DE3), which served as a positive control. In addition, expression and 170 

accordingly protein production was also observed in the newly constructed EcN(T7) strain. In 171 

comparison, the parental EcN strain was unsuitable for expression using the same construct due to 172 

the lack of T7 RNA polymerase (Fig. 2A). Production of RdmS-StrepII in EcN(T7) with 173 

concomitant addition of heme to the growth medium led to an efficient incorporation of the heme 174 

cofactor into the protein during production. UV/vis spectroscopy of purified RdmS-StrepII showed 175 
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a typical heme spectrum for RdmS with a Soret band at 408 nm displaying the Fe(III) state of the 176 

heme cofactor in RdmS (Fig. 2B). Therefore, the new EcN(T7) strain can efficiently be used for 177 

the production of heme proteins without heme reconstitution after protein production. 178 

EcN(T7), a new strain for the production of open-chain tetrapyrroles. 179 

We have previously shown the large scale production of the open-chain tetrapyrrole molecule 180 

phycoerythrobilin using a Duet based expression system and E. coli BL21(DE3) [22]. In a similar 181 

way, we tested the use of EcN(T7) for the production of the open-chain tetrapyrrole molecule 182 

phycocyanobilin (PCB). To do so, the genes encoding heme oxygenase Ho1 and the 183 

phycocyanobilin:ferredoxin oxidoreductase PcyA from cyanophages (pACYC-ho1-pcyA) was 184 

used to test the formation of biliverdin IXα (BV) and the following conversion to phycocyanobilin 185 

(PCB) [23]. Whereas test expression in the parental EcN strain resulted in the typical beige-colored 186 

cell pellet, the EcN(T7) cell pellets exhibited a bluish color indicating the formation of PCB as also 187 

observed for BL21(DE3) (Fig. 3A). Furthermore, addition of increasing amounts of hemin to the 188 

cultures led to a slightly stronger bluish color of the cell pellets.  189 

In a further approach, the new EcN(T7) strain was used to coexpress genes via two vectors using 190 

different inducible promoters. Coexpression of the genes for Ho1 (T7 promoter) and the 191 

phytochrome BphP (tet-promoter) from Pseudomonas aeruginosa resulted in greenish colored cell 192 

pellets indicating the formation of BV (Fig. 3B). As already shown for the formation of PCB, 193 

increasing amounts of added hemin to the cell culture resulted into a stronger coloring of the cell 194 

pellets. This observation led to the assumption that the ability of EcN(T7) (and the parental EcN 195 

strain) to take up heme from the growth medium resulting in a higher hemin supply for the 196 

conversion into open-chain tetrapyrroles. Especially for the production of heme-derived molecules 197 

in batch cultures, EcN(T7) might be an improved strain to obtain higher yields of product. 198 

However, coexpression of ho1 and bphP did not only lead to the formation of BV but also to the 199 

formation of holo-BphP. As bphP expression was induced via a tet-promoter, the protein was not 200 

only detectable in the T7 promoter dependent E. coli strains but also in the parental EcN strain via 201 

a fused StrepII-tag (Fig. 3C). Binding of BV as the red-light detecting chromophore of BphP was 202 

confirmed by difference spectra of the Pr and Pfr state of BV [19]. Typical difference spectra of 203 

holo-phytochrome were observed for the positive control BL21(DE3) and the newly constructed 204 

EcN(T7) strain whereas for the original EcN strain no difference spectrum was detectable (Fig. 4).  205 

In a similar way, we also tested the expression of holo-cyanobacterial phytochrome Cph1 [24]. 206 

Again, the use of EcN(T7) proved to be useful in the expression of holo-Cph1 through the 207 
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coexpression of genes for chromophore biosynthesis (ho1 and pcyA; see also Fig. 3) and apo-cph1. 208 

Coexpression of ho1, pcyA and cph1 resulted in typical colored cells for holo-Cph1. Comparison 209 

of difference spectra before and after incubation with PCB indicated a higher saturation of Cph1 210 

after production in EcN(T7) than in BL21(DE3) (Fig. 5). 211 

 212 

CONCLUSION 213 

Here we present a new method to produce recombinant proteins in E. coli. The Nissle 1917 strain 214 

was found to be an efficient production strain especially for heme dependent proteins. The 215 

integration of the T7-RNA polymerase gene driven by an IPTG inducible promoter allows the use 216 

T7 promoter-based expression systems. With its ability to take up heme from the growth medium, 217 

the strain is perfectly suited for the production of heme-dependent proteins. In addition, the strain 218 

enables high yield production of heme-derived molecules in batch cultures through feeding with 219 

external heme. All in all, the EcN(T7) strain broadens the spectrum of expression strains to produce 220 

recombinant heme proteins as well as other heme-derived molecules in E. coli. 221 

 222 

ABBREVIATIONS 223 

a: after induction; b: before induction; EcN: E. coli Nissle 1917; IPTG: isopropyl-β-D-224 

thiogalactopyranoside;  Pfr: far-red light absorbing phytrochrome form; Pr: red light absorbing 225 

phytochrome form  226 

 227 

  228 
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FIGURES 317 

Figure 1. 318 

 319 

 320 

Fig. 1 Construction scheme of T7 promoter compatible EcN strain. A lacUV5 promoter was added 321 

to the 5’ end of the T7 RNA polymerase gene and ligated to a kanamycin resistance cassette flanked 322 

by FRT recognition sites. The ligated fragment was amplified via PCR and homologous sequences 323 

to the malEFG operon were added to both ends. The fragment containing the T7 RNA polymerase 324 

gene as well as the FRT flanked resistance cassette were introduced into the chromosome of EcN 325 

via homologous recombination using the λ-Red recombinase system. The kanamycin cassette was 326 

removed via the FRT recognition sites resulting in the new strain EcN(T7). 327 

 328 

 329 

 330 
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Figure 2 331 

 332 

 333 

Fig. 2 Test expression of rdmS (T7 promoter) and UV/vis heme spectrum. A. SDS-PAGE and 334 

Western blot against the C-terminal StrepII-tag of rdmS test expression in the E. coli strains 335 

BL21(DE3), EcN and the newly constructed EcN(T7). Samples were taken before (b) and after (a) 336 

induction with 0.5 mM IPTG. Test expressions were performed at 17 °C overnight. B. UV/vis 337 

spectrum of 20 µM RdmS produced in EcN(T7) with addition of 10 µM hemin to the growth 338 

medium. Shown are the peaks for proteins at 280 nm and the heme Soret band at 408 nm. The inset 339 

shows an SDS-PAGE of the elution fractions of the affinity purified RdmS. Known molecular 340 

weights of standard proteins are marked. 341 

 342 

 343 

 344 

 345 
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Figure 3 346 

 347 

 348 

 349 

 350 

 351 

Fig. 3 Test expressions of the genes encoding for heme oxygenase Ho1 and 352 

phycocyanobilin:ferredoxin oxidoreductase PcyA. Expressions were performed with three E. coli 353 

strains: BL21(DE3), EcN and the newly constructed EcN(T7) strain. Different concentrations of 354 

hemin were added to the EcN(T7) cultures. T7-based expression was induced by 0.1 mM IPTG. 355 

A. Test expression of ho1 and pcyA for phycocyanobilin (PCB) production (T7 promoter). B. Test 356 

expressions of ho1 (T7 promoter) for biliverdin production and co-production of holo-phytochrome 357 

BphP (tet promoter) from Pseudomonas aeruginosa. C. Verification of BphP (~81 kDa) production 358 

via StrepII-tag (tet promoter). Samples were taken before (b) and after (a) induction with 359 

anhydrotetracycline at 17 °C overnight. Known molecular weights of standard proteins are marked. 360 

 361 

  362 
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Figure 4 363 

 364 

 365 

Fig. 4 UV/vis difference spectra of the phytochrome BphP from P. aeruginosa. BphP was co-366 

produced with the heme oxygenase HO1 (T7 promoter) for biliverdin production in E. coli 367 

BL21(DE3), EcN and EcN(T7). The calculated difference spectra were smoothed using a 25 points 368 

Savitzky-Golay filter. 369 

 370 

  371 
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Figure 5 372 

 373 

 374 

Fig. 5 Test expressions of the genes encoding for heme oxygenase Ho1, 375 

phycocyanobilin:ferredoxin oxidoreductase PcyA and cyanobacterial phytochrome Cph1 (all 376 

under control of T7 promoter). A. Test expressions were performed with three E. coli strains: 377 

BL21(DE3), EcN and the newly constructed EcN(T7) strain. Verification of Cph1 (~ 80 kDa) 378 

production via His6-tag. Samples were taken before (b) and after (a) induction with 0.5 mM IPTG 379 

at 17 °C overnight. Known molecular weights of standard proteins are marked. B. Colored pellets 380 

of test expressions of different combinations of PCB and holo-Cph1 in different E. coli strains. C. 381 

Difference spectra of holo-Cph1 produced in different strains. Spectra were taken from cell-free 382 

lysate and adjusted to the total protein concentration: holo-Cph1 before (solid line) and after 383 

incubation with additional PCB (dashed line). 384 

isopropyl-β-D-thiogalactopyranoside 385 


