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CHAPTER 8

Optimization of expression constructs for heterologous production of 
ECF transporters

Weronika Stanek, Nynke van der Veer, Dirk J. Slotboom

ABSTRACT

Most in vitro protein studies depend on the ability to obtain of large amounts of pure sample. 
Most often heterologous expression systems are used, for example Escherichia coli cells. 
Expression plasmids for the gene of interest are used to produce the extraneous protein in the 
new host. The vectors are engineered to give tight control over transcribed genes downstream 
specific promoters. 
A commonly used vector for production of whole complex ECF transporters is the p2BAD 
plasmid with two identical arabinose promoters, one for the expression of the genes coding 
for the ECF module, and the second for the S-component gene. p2BAD is a modified version 
of the pBAD-myc-his B 103. Unfortunately, the presence of two identical and very long DNA 
stretches increases the risk of recombination, and consequent loss of expression. 
The goal of the work described here was to develop an expression system for high yield 
production of ECF transporters without the problem of recombination. We were able to 
overcome recombination problems by using different approaches: modifying one of the 
promoter regions, separating genes into two different vectors and placing all 4 genes of ECF 
complex in one operon.
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INTRODUCTION

The beginning of molecular genetics can be attributed to Avery, MacLeod and McCarty1 
and their work in discovering the nature of “transforming principle” in Pneumococcus cell 
cultures. It was Lederberg2 who introduced the term plasmid describing an autonomously 
replicating extrachromosomal DNA molecules observed before but named differently. It 
was not until 1970s that methods allowing molecular cloning were developed. The use of 
restriction enzymes,3 DNA ligation,4 gel electrophoresis,5 and competent cell preparation6 
lead to the first genetically engineered vector.7 This work paved the way for successful protein 
engineering and overexpression with three major components: a correct gene, suitable vector 
and host organism. In the latter case, Escherichia coli is the most widely chosen host organism 
for overexpression of (membrane) proteins. Its high growth rates, low cost of culturing, and 
large number of available expression vectors makes the use of it encouraging. 
Expression vectors are plasmids used to introduce a gene of interest into host cells and 
allow production of the protein coded by that gene. The optimal combination of plasmid 
components (a properly inducible promoter, ribosomal-binding site, selection marker and 
origin of replication) assures that the plasmid is recognized, replicated in the host cell and the 
amount of mRNA can be tuned for high levels of translation. Additionally, a proper balance 
between transcription and translation rates prevents uncoupling of the translation machinery 
or causing transcription being rate-limiting. 
Our standard expression vector used for the ECF transporter overexpression, the p2BAD 
vector, is a derivative of pBAD24 vector (Chapters 2 – 7).8–13 The vector was especially 
designed for dual protein expression, and contains a duplication of the pBAD-myc-his B 
region from promoter to terminator, and two different multiple cloning sites (MCS) (Figure 
1). The two stretches of identical sequences are 313 base pairs, which raises the chance of 
DNA recombination.

Figure 1 Map of p2BAD vector with relevant plasmid features. p2BAD vector was constructed for a multiple 
gene expression from two independent multiple cloning sites (MCS1 and MCS2, in purple). The grey boxes indicate 
identical sequences of 313 base pairs long in the arabinose promoter regions (araBAD). Map generated in SnapGene.
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Homologous recombination is the process of nucleotide sequence exchange between two 
identical DNA duplexes. Homologous recombination takes place in all organisms, and helps 
to create genetic diversity, repair breaks in DNA,14 and is essential in eukaryotic cell division. 
The minimal length of the homologous DNA regions required for efficient recombination 
is on the level of 27 base pairs15 with the frequency of the events increasing linearly from 
a length of 100 base pairs. A central role in recombination (strand exchange) is played by 
a protein from the ATPase family, RecA.16 To reduce the probability of recombination of 
expression vectors engineered expression strains lacking the recA gene have been made. 
However, we already optimized our expression protocols using the strain MC1061, which 
still contains the recA gene. A change of strain would require the search for new suitable 
conditions of overexpression as well as a change of used vector. That’s why we decided to 
newly engineer the expression vectors that have lower chances of recombination than the 
p2BAD vector.
For heterologous production of multi-subunit protein complexes it may be difficult to 
obtain the right amount of each component of the complex. A procedure to simplify protein 
production could be the separate expression and purification of each protein and mixing 
purified proteins together afterwards. However, this approach may cause protein instability 
due to lack of mutual stabilizing interactions. It has been observed in ECF transporters that 
separate purification leads to decreased stability. Another possibility is co-expression of 
interacting proteins in one host cell, for which three main approaches have been used before. 
First, the use of a polycistronic vector in which genes for proteins of interest are clustered in 
one operon with a single promoter but RBSs proceeding each gene.17 In this case there could 
be an issue of differences in the expression levels due to different positions of specific coding 
regions relative to the promoter sequence, which may lead to a lower level of expression 
of the last gene.18 In the second approach multiple promoters allow for an independent 
transcription of the genes and may lead to the proper assembly ratios due to higher stability 
of RNA transcripts.19,20 In this case the promoter strengths must be optimized to produce the 
right amounts of mRNAs. Thirdly, proteins can be expressed from different vectors in the 
same cell.21 This approach solves the problem of different placement relative to promoter. 
Unfortunately, usually one of compatible vectors is dominant in copy number despite use of 
similar origins of replication.22 
In this chapter, we describe all the constructs created for overexpression of ECF transporters, 
as well as results of overexpression and transport activity of purified transporters. 

METHODS AND MATERIALS

Construction of expression vectors

All primers and plasmids used are listed below in Table 1.

Table 1 Primers to modify expression vectors and obtain final expression constructs

Primer name Primer sequence (5’→3’) Description

Fw_RhampACYS_AscI aaaGGCGCGCCTGGCCTCCTGAtgtcgTCAACAC To cut out rhamnose promotor from pACYS and add AscI

Rv_RhampACYS_KpnI CTAGAGGTACCCTCCTGAATTTCATTACGACCAGtc To cut out rhamnose promotor from pACYS and add KpnI

Rv_FolT2_NdeI CTcatatgTTATTTTTCAAACTGAGGATGTGACC Reverse to aplify FolT2 with NdeI after FolT2

SalI_FolT2_Fw CGATAAGTCGACATGAAAAGTGAATCAAAAGTCAGCAGC Forward primer to introduce SalI site in front of FolT2
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SalI_PanT_Fw CGATAAGTCGACATGTACGATTCTGAAGCCAGACAGAAG Forward primer to introduce SalI site in front of PanT

ThiT_XhoI_Fw CCATAGTAATTACTAATGACTCGAGCCGCGCCCTCATCCG QuikChange to introduce XhoI site into pACYS ThiT

ThiT_XhoI_Rv CGGATGAGGGCGCGGCTCGAGTCATTAGTAATTACTATGG QuikChange to introduce XhoI site into pACYS ThiT

ThiT_XbaI_Fw GAAATTCAGGAGGTGTCTAGAATGCATCACCATCACCACCATC Quikchange to introduce XbaI site into pACYS ThiT

Thit_XbaiI_Rv GATGGTGGTGATGGTGATGCATTCTAGACACCTCCTGAATTTC Quikchange to introduce XbaI site into pACYS ThiT

Fw_ECF_XbaI GGTTTCTAGAGGGCTAACAGGAGGAATTAACCATG To cut out ECF with XbaI site

Fw_ECF_KpnI TTGGTACCTTGGGCTAACAGGAGGAATTAACCAT To cut out ECF with KpnI site

Rv_ECF_SacI TTGAGCTCGGGTGGGATTTTCATTAATGCTTCCTTGT To cut out ECF with SacI site

p2BAD_SfuI_Fw GGGCTAACAGGAGGAATTAATTCGAACTGCAGACTAGTAAGCTTAGATC Quikchange to introduce SfuI-site after first araBAD 
promoter

p2BAD_SfuI_Rv GATCTAAGCTTACTAGTCTGCAGTTCGAATTAATTCCTCCTGTTAGCCC Quikchange to introduce SfuI-site after first araBAD 
promoter

Fw_SfuI_FolT2 CCTTCGAATGAAAAGTGAATCAAAAGTCAGCAGCAAG To cut out FolT2 with SfuI site

R_FolT2_HindIII CCAAGCTTTTATTTTTCAAACTGAGGATGTGACCAAAATTTTC To cut out FolT2 with HindIII site

p2BAD_AvrII_Fw GCGCTTCAGCCATACTTTTCATACTCCCCCTAGGCAGAGAAGAAACC Quikchange to introduce AvrII-site before first araBAD 
promoter

p2BAD_AvrII_Rv GGTTTCTTCTCTGCCTAGGGGGAGTATGAAAAGTATGGCTGAAGCGC Quikchange to introduce AvrII-site before first araBAD 
promoter

Fw_AvrII_RhaECF TTCCTAGGGTGAACATCATCACGTTCATCTTTCCCTG To cut out Rham ECF with AvrII-site

Rv_RhaECF_NotI TTGCGGCCGCGAGCTCGGGTGGGATTTTCATTAATGC To cut out Rham ECF with NotI-site

RV_ECF_linker1 GGTGAGTGCCTCCTATAATGGCGCGCCTTAATGCTTCCTTGTCGtgatcatc Reverse primer to introduce linker after EcfT

FW_linker1_FolT2 GGCGCGCCATTATAGGAGGCACTCACCATGAAAAGTGAATCAAAAGTCAGCAGCAAG Forward primer to introduce linker in front of FolT2

Fw_linker1_PanT GGCGCGCCATTATAGGAGGCACTCACCATGTACGATTCTGAAGCCAGACAGAAG Forward primer to introduce linker in front of PanT

RV_ECF_linker2 CATGGTTAATTCCTCCTGGGATCTTTAATGCTTCCTTGTCGTGATCATCAAAATTGTC Reverse primer to introduce linker after EcfT

FW_linker2_FolT2 AGATCCCAGGAGGAATTAACCATGAAAAGTGAATCAAAAGTCAGCAGCAAG Forward primer to introduce linker in front of FolT2

FW_linker2_PanT AGATCCCAGGAGGAATTAACCATGTACGATTCTGAAGCCAGACAGAAG Forward primer to introduce linker in front of PanT

Rv_FolT2_Acc65I TTGGTACCTTATTTTTCAAACTGAGGATGTGACCAAAATTTTCTAC Reverse primer to amplify FolT2 with Acc65I site

Rv_PanT_Acc65I TTGGTACCTTATTTTTCAAACTGAGGATGTGACCACCGAC Reverse primer to amplify PanT with Acc65I site

Constructs that we derived from the p2BAD plasmid with one of arabinose promoter regions 
replaced by a rhamnose promoter, where created as follow. The rhamnose promoter was 
amplified from pACYC 8xHis thiT construct. The upstream AscI restriction site and the 
downstream KpnI restriction site were introduced via PCR (Table 1). The insert, rhamnose 
promoter, and vector (p2BAD and p2BAD 10xHisTEV ecfAA’T, folT2-StrepII) were digested 
with AscI and HF-KpnI, purified from 0.8% agarose gel and ligated with three-fold excess of 
insert for 30 min at room temperature. The product was transformed into CaCl2 chemically 
competent E. coli MC1061 cells and plated on LB-agar plates supplemented with 100 μg/
ml ampicillin. The new plasmids with working name p2BR and p2BR 10xHisTEV ecfAA’T, 
folT2-StrepII (Figure 2B) were subsequently confirmed by DNA sequencing. The p2BR 
folT2-StrepII, 10xHisTEV ecfAA’T (Figure 2C) was the construct where the S-component 
is situated at the first MCS and ECF module in the second MSC (swapped comparing to 
p2BR 10xHisTEV ecfAA’T, folT2-StrepII). Primers were designed to introduce a SfuI 
restriction site after the arabinose promoter with QuickChange PCR protocol (Stratagene). 
For folT2-StrepII, primers were designed to amplify the gene with an upstream SfuI site 
and a downstream HindIII restriction site. For the ECF module amplification primers were 
designed to amplify the operon with a KpnI site (upstream) and a SacI site (downstream). 
The restriction and ligation reactions were performed as mentioned above. The p2RB, the 
single plasmid construct where the promoters are swapped, was constructed using p2BAD 
with an AvrII restriction site introduced before the first arabinose promoter (Figure 2D). 
The rhamnose promoter with the ECF module was amplified from p2BR: folT2-StrepII, 
10xHisTEV ecfAA’T with an upstream AvrII site and a downstream NotI site. The restriction 
and ligation were performed as mentioned above using appropriate sites in empty p2BAD. 
Afterwards folT2 was introduced using already existing XbaI and XhoI restriction sites. An 
overview of these constructs is depicted in Figure 2. 
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Figure 2 Schematic representation of constructs used in this study based on p2BAD plasmid (A). The starting 
point was the p2BAD vector (A) with the ecfAA’T operon in the first MCS and folT2 in second MCS; both under the 
control of a separate arabinose promoter. In the p2BR vector (C) the gene in MCSII is under control of rhamnose 
promoter, whereas in the p2RB vector (D) the gene in MCSI is preceded by a rhamnose promoter. In all these 
constructs at least one of the promoters is L-arabinose-inducible.

For the expression strategy with two separate plasmids to carry the genes for the ECF module 
and S-component, respectively, two vectors were chosen: pBAD24 with arabinose promoter 
and ampicillin resistance23 and pACYC with L-rhamnose promoter and chloramphenicol 
resistance.24 To clone folT2-StrepII into the pACYC vector the gene was amplified to be 
between SalI and NdeI restriction sites (Figure 2C). pBAD24 with folT2 or panT was cloned 
using Ligation Independent strategy(Figure 3A).25 The construct with the ecfAA’T operon in 
the pACYC vector was created by amplification with introduction of restriction sites XbaI 
upstream and NdeI downstream (Figure 3B).
Additionally, the pACYC construct with the rhamnose promoter replaced by the promoter of 
the arabinose metabolic operon was created (Figure 3E). To obtain this construct, arabinose 
promoter and folT2 were amplified between KasI and XhoI sites and ligated into pACYC 
treated with the same restriction enzymes.

Figure 3 Schematic representation of constructs used in this study based on the pBAD plasmid and pACYC 
plasmid. There are two options of gene content for each plasmid: ECF module or S-component. Generally, pBAD 
vectors have the arabinose promoter (A,D)and pACYC bear the rhamnose promoter (B,C). However, a modified 
pACYC vector with arabinose promoter was also constructed (E).
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The last set of constructs was based on the single plasmid strategy with all genes in one 
operon. The genes for the ECF module were separated from S-component by a linker (Figure 
4). Two linkers were tested; first, Linker 1: GGATCCATTATAGGAGGCACTCACCATG, 
was previously used in pACYC to connect ecfAA’T and niaX genes,26 and Linker 2 was 
designed to connect EcfT and RibU from Listeria monocytogenes in modified pET28 vector 
(Linker 2: AGATCCCAGGAGGAATTAACCATG).27 Each linker was inserted between the 
genes for the ECF module and S-component by overlap extension PCR28 of amplified two 
fragments. The subsequently obtained fragment and pBAD vector were cut with EcoRV and 
Acc65I and ligated together.

Figure 4 Schematic representation of constructs used in this study based on pBAD plasmid. The plasmids with 

all components in one operon were constructed with the ecfAA’T gene cluster preceding short linker and followed 
by S-component gene.

Expression and purification 

The overexpression in E.coli MC1061 cells was performed at 37˚C (if not stated otherwise) 
and 200 RPM in 2 L LB-Miller medium (Bacto trypton 10g/L, Bacto yeast extract 5 g/L, 
and NaCl 10 g/L) supplemented with 100 µg/mL ampicillin for pBAD based plasmids and/
or 30 µg/mL chloramphenicol for pACYC plasmids. At OD600 0.7 cells were induced with 
L-arabinose and/or L-rhamnose for pBAD and pACYC plasmids, respectively. For cultures 
induced with rhamnose temperature was either decreased to 25˚C or kept at 37˚C for the 
protein production. Cells were harvested after 2.5 h expression by centrifugation (6256 g at 
4˚C for 15 min). Crude membrane vesicles were prepared as described previously in Swier 
et al.10 
The protein purification of whole complex ECF-FolT2 or ECF-PanT was performed as 
described in Chapter 3. Solitary FolT2 grown either in L.Lactis NZ9000 strain (pNZ8048 
8xHis folT2) or in E.coli MC1061 (pACYC) was purified with the same protocol but with 
distinct buffers as described in 10.

Reconstitution ECF transporters into liposomes

Purified protein was reconstituted into proteoliposomes as described in Geertsma et al.29 A 
protein to lipid ration was 1:1000 (w/w) for the whole complex and 1:250 (w/w) for solitary 
S-component.
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Uptake assays

Obtained proteoliposomes were used in the uptake assay to confirm protein activity. The 
proteoliposomes were resuspended in 50 mM KPi pH 7.5 to a final concentration of 0.00125 
μg/μL. The assay was performed as described in Chapter 3. 

Western Blotting

To confirm correct subunit composition and expected size of expressed proteins Western 
blots against His-tag and StrepII-tag were performed. Prior to Western blot the proteins 
were separated by electrophoresis on 15% polyacrylamide gels. The semi-dry transfer to 
polyvinylidene (PVDF) membrane was followed by development of the Western blot 
according to protocol described previously.9

The expression analysis from small volume (25 mL) cell culture was performed under varying 
conditions in the same media composition. The cells were then pelleted at 5000 g at 4°C. 
Subsequently, the cells were resuspeneded in 0.5 mL buffer (50 mM potassium phosphate pH 
7.0, 10% glycerol, 1 mM MgSO4, 1 mg/ml DNAse, 1 µM PMSF) and ruptured with the glass 
beads (~300 mg) at 50 s-1 for 5 min in two repetitions. The supernatant was supplemented with 
5 mM EDTA and separated from glass beads and unbroken cells by pipetting. Subsequently, 
the supernatant was centrifuged at 175302.4 g for 30 min at 4°C. The samples were loaded 
on a polyacrylamide gel electrophoresis with ratios corresponding to the final optical density 
of the culture and separated by electrophoresis.

RESULTS

Our aim was to increase the yields of purified and active ECF transporter complexes, which 
required engineering diverse expression vectors for protein production from single or multiple 
plasmids. All the constructs were confirmed by DNA sequencing.

Expression from two different plasmids (pBAD ecfAA’T and pACYC folT2)

We constructed two compatible plasmids for expression of the operon with genes for the 
ECF module and the gene for the S-component FolT2, respectively. The ecfAA’T genes were 
cloned in the pBAD expression plasmid (that has the araBAD promoter, pBR322 origin of 
replication and ampicillin resistance marker), with an additional sequence coding for a His-tag 
at the N-terminus of EcfA (Figure 3D). The folT2 gene was cloned in the pACYC expression 
plasmid (with rhaB promoter, p15A origin and chloramphenicol resistance), with a sequence 
coding for a C-terminal StrepII tag (Figure 3C). The two plasmids we co-transformed to E. 
coli MC 1061 cells. To find optimal conditions for co-expression, a small scale expression 
with varying inducers concentrations and temperatures was performed. The outcome of the 
expression test was assessed on western blots using antibodies against StrepII-tagged FolT2 
and His-tagged EcfA. Comparison of expression levels of the ECF module based on His-tag 
visualisation revealed that the best conditions are 0.25 mM L-rhamnose and either 0.01% 
or 0.1% L-arabinose, at a temperature of 25°C (Figure 5). There were also multiple bands 
of unspecific binding of the antibody probably due to an old antibodies stock used or to the 
degradation of protein sample preparation.
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Figure 5 Western blots against His-tag with different conditions of overexpression of ECF-FolT2 from double 
plasmid system (pBAD + pACYC). The sizes of the bands of the PageRuler Plus molecular weight marker (in kDa) 
and the bands corresponding to EcfA (arrow) are indicated.

Only four conditions resulted in amounts of FolT2 that were visible on the western blot 
(detected via the StrepII-tag, Figure 6). The best conditions for S-components production 
were 0.01% L-arabinose, 0.25 mM L-rhamnose at 37°C and 0.1% L-arabinose, 2.5 mM 
L-rhamnose at 25°C.
 

Figure 6 Western blots against StrepII-tag with different conditions of overexpression of ECF-FolT2 from 
double plasmid system (pBAD + pACYC). The sizes of the bands of the PageRuler Plus molecular weight marker 
(in kDa) and the bands corresponding to EcfA (arrow) are indicated.

Based on the results presented above two conditions with different L-rhamnose concentration 
were chosen for larger-scale overexpression (2.5 mM or 0.25 mM L-rhamnose with 0.01% 
L-arabinose at 25°C or 37°C, respectively). Unfortunately, the protein purified from 1 L 
of cell culture were insufficient as visible on the chromatogram from the size exclusion 
chromatography step in the Figure 7. The pronounced aggregation peak suggests that the 
conditions of expression were inferior compared with the standard overexpression form 
the p2BAD vector. Nevertheless, SDS-PAGE analysis shown that all four components 
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of the complex, EcfA, EcfA’, EcfT and FolT2, were present in the elution peak (Figure 
7B). However, the band on the polyacrylamide gel corresponding to FolT2 did not stain 
well, which could indicate an insufficient level of expression of that membrane embedded 
component. In contrast, the second membrane component of ECF transporter, EcfT (T on 
the Figure 7) did stain well. The transport activity of the purified protein, reconstituted in 
proteoliposomes, was low (Figure 8). This experiment suggests that the production of FolT2 
from the pACYC vector was low.

Figure 7 Purification of ECF-FolT2 expressed from double plasmid system (pBAD ecfAA’T pACYC folT2). 
Size-exclusion chromatography profile (left) of transporter purified from p2BAD vector (solid line) and from double 
plasmid system (dotted line). SDS-PAGE gel (right) with fractions of purified ECF-FolT2; transporter components 
EcfA, EcfA’, EcfT and FolT2 are indicated with A. A’, T and S, respectively.

To overcome the issue of insufficient amounts of S-component co-purified, the extra, 
separately purified FolT2 was co-reconstituted with the purified complex. Figure 8 shows 
the results of an uptake assay after supplementation with FolT2, which was produced from a 
pBAD vector (Figure 3A). Addition of extra FolT2 restored the transport activity to the same 
level as found for reconstituted complexes produced from the p2BAD vector, showing that 
the double plasmid approach did not provide enough S-component for proper functioning of 
transporter. The experiment also indicated that the excess of ECF module, which was not in 
complex with an S-component, was still active after purification and reconstitution. Although 
activity could be restored in this way, supplementing purified complex with S-component is 
inconvenient and a better solution was sought.

While the production of FolT2 from a pBAD vector was possible (Figure 3A), the expression 
of FolT2 from pACYC vector could not be detected, which is consistent with the low protein 
yield when FolT2 was expressed from pACYC together with the ECF module expressed from 
the pBAD vector, and indicating that the pACYC vector is not suitable for S-components 
overproduction. 
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Figure 8 Transport of [3H]folate into proteoliposomes with reconstituted ECF-FolT2. Solid circles correspond 
to transporter purified from p2BAD expression, open circles correspond to folate transporter expressed from the 
pBAD plus pACYC system, whereas inverted triangles correspond to double plasmid system supplemented with 
solitary FolT2.

Expression from a single plasmid with two different promoters (p2BR) 

To test expression using a single plasmid with two separate transcription sites, a modified 
p2BAD vector with two different promoters was created (arabinose and rhamnose 
inducible promoters, Figure 2). The use of two different promoters prevents problems with 
recombination of homologues regions. Small scale cell cultures used to find conditions for 
expression did not reveal any condition yielding protein (Figure 9). 

Figure 9 Western blots against His-tag (left) and StrepII-tag (right) with different conditions of overexpression 
of ECF-FolT2 from the p2BR ecfAA’T, folT2 plasmid. The sizes of the bands of the PageRuler Plus molecular 
weight marker (in kDa) and the bands corresponding to EcfA (left) and FolT2 (right) are indicated with an arrow.

Nevertheless, a 2 L cell culture was grown at 37°C and induced with 0.01% L-arabinose 
and 250 µM L-rhamnose, which also did not bring a satisfactory protein yield (Figure 10A). 
Furthermore, the protein after reconstitution into proteoliposomes was not active. This led us 
to conclude, that rhamnose promoter is not suitable to maintain sufficient protein production 
for the ECF transporter complex.
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Figure 10 Purification of ECF-FolT2 expressed from single plasmid p2BR ecfAA’T, folT2 plasmid. Size-
exclusion chromatography profile (left) of transporter purified from p2BR vector. SDS-PAGE gel (right) with 
fractions of purified ECF-FolT2

Expression from two different plasmids both with arabinose promoter (pBAD ecfAA’T 
and p‘ACYC’ara folT2)

Given the advantages of two separate plasmids for creating separately mutants in the 
S-components and ECF module, further testing of two-plasmid systems was performed. We 
exchanged the weak rhamnose promoter for a stronger arabinose promoter (Figure 3E). In the 
resulting plasmid there were homologues sequences present (promoters), but only 166 base 
pairs long, which is almost half the length of the identical sequences in the original p2BAD 
plasmid. As a consequence, it should have decreased probability of recombination. 
A small scale expression test (Figure 11) indicated that higher L-arabinose concentrations are 
needed for production of high amounts of the S-component, whereas overexpression of the 
ECF module exhibited comparable protein yield throughout all tested inducer concentrations. 
Protein purification (Figure 12) resulted in protein amounts similar to those obtained from 
the p2BAD expression plasmid, with approximately equal amounts of all subunits (Figure 
12B). Additionally, the purified complex had high transport activity without the need for 
supplementing proteoliposomes with additional S-component (Figure 13). 

Figure 11 Western blots using antibodies against His-tag (left) and StrepII-tag (right) with different conditions 
of overexpression of ECF-FolT2 from two plasmids with arabinose promoters (pBAD ecfAA’T ‘pACYCara’ 
folT2).
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Figure 12 Purification of ECF-FolT2 expressed from two plasmids with arabinose-inducible promoter (pBAD 
ecfAA’T ‘pACYCara’ folT2). Size-exclusion chromatography profile (left) of transporter purified from double 
vector system. SDS-PAGE gel (right) with fractions of purified ECF-FolT2

Figure 13 Transport of [3H]folate into proteoliposomes with reconstituted ECF-FolT2 from the double 
plasmid system with only arabinose promoters. 

The promising results for the expression system for ECF-FolT with two plasmids, both 
containing arabinose promoters, raised the question whether this system may be universally 
suitable for production of ECF transporters. To answer this question other S-component 
genes from L.delbrueckii (PanT, CbrT and RibU) were cloned into the modified ‘pACYC’ 
vector. Overexpression was performed at 37°C and induction with 0.1% L-arabinose. The 
resulting protein purification chromatograms are presented in Figure 14A, B, and C. The 
chromatogram of ECF-PanT is identical to that of the protein produced from the p2BAD 
plasmid. The chromatogram of ECF-CbrT purified with the same protocol as for ECF-
FolT2 did not show a single protein peak (Figure 14B). However, the protein yield and the 
purification profile of ECF-CbrT was comparable with the results obtained using the p2BAD 
vector. In case of ECF-RibU, the purification profile had a pronounced aggregation peak and 
an additional peak at the smaller elution volume. However, the purification conditions for 
this protein have not yet been optimized and comparison with the protein produced using the 
p2BAD vector is not possible.
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Figure 14 Purification profiles of ECF transporters expressed from double plasmid system (pBAD ecfAA’T 
‘pACYC’ara S-component). Size-exclusion chromatography profiles of A) ECF-PanT, B) ECF-CbrT, and C) ECF-
RibU. Solid line indicate protein purified from double plasmid system, dotted line indicate protein purified from 
p2BAD overexpression.

Expression from a single plasmid with a linker between genes

To operate with two plasmids may be advantageous for engineering separate mutations in 
the ECF module and S-component, but routine expression is more convenient with a single 
plasmid system. Therefore, a new plasmid was constructed based on the pBAD vector. We 
designed the vector to have all genes in one operon. To reduce the chance of that production 
levels were low for the protein encoded by the last gene in the operon, we introduced a RBS 
containing linker between the ECF module gene cluster and the S-component gene. The 
two linkers tested differ in length and position of RBS (Figure 4). Overexpression was done 
at 37°C and induction with 0.001% L-arabinose. With both linkers complexes with equal 
presence of all four subunits were purified, but Linker 2 yielded a higher protein amount of 
the folate and pantothenate specific transporters (Figure 15). Furthermore, activity assays 
with the purified transporters showed higher activity of proteins expressed from the construct 
with linker 2 (Figure 16). It should be noted that the differences in protein yield between 
two types of linkers in expression vectors could cause different reconstitution efficiency 
because significant differences in volumes of purified proteins had to be used to obtain the 
same protein-to-lipid ratio, and consequently more detergent was carried over. Therefore, 
differences in protein reconstitution efficiency could have caused differences observed in 
the transport assays. Nevertheless, we concluded that linker 1 was not optimal for ECF 

A B

C
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transporters expression. Probably the amount of S-component or its fold were not proper. 

Figure 15 Purification profiles of ECF transporters expressed from single plasmid with linker (pBAD ecfAA’T, 
folT2 or panT). Size-exclusion profiles for ECF-PanT (left) and ECF-FolT2 (right), solid line correspond to proteins 
purified from pBAD with linker 1, line of dots to pBAD with linker 2, dashed line to standard purification from 
expression with p2BAD. The shift in the ECF-FolT2 purification profiles was caused by use of different columns 
and different purification systems (AKTA and BioRad).

Figure 16 Transport of [3H]pantothenate and [3H]folate into proteoliposomes with reconstituted ECF-PanT 
and ECF-FolT2. Solid circles correspond to transporter purified from p2BAD expression, open circles correspond 
to proteoliposomes loaded with Mg-ADP, solid triangles correspond to transporter expressed from pBAD with linker 
1, whereas empty triangles to pBAD with linker 2.
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DISCUSSION AND CONCLUSIONS

The main goal of current study was to establish an expression procedure delivering a 
high yield of pure and functional ECF transporter complexes. The reason we aimed for 
an alternative to the standard approach using the p2BAD plasmid (Chapters 2-7) was a 
problem of recombination of homologous regions in that vector during mutagenesis. The 
main challenge with the new expression plasmids was to find the right balance between the 
expression levels of ECF module and S-component. We used different strategies to achieve 
this goal, using either several combinations of two separate plasmids for ECF module and 
S-component expression or a single plasmid with all four components of ECF transporter. 
Additionally, the single vector approach could be further divided into ones expressing 
polycistronic mRNA or with multiple and short mRNAs. Each of the methods presented 
here has advantages and disadvantages, but the most important was to find the method most 
suitable for ECF transporter production. 
It was already shown that a protein production approach which facilitates combination of 
expression strategies may be rewarding.30 Therefore, we were not solely focused on single 
expression strategy. We used the natural occurrence of the ECF module genes in one operon 
in L.delbrueckii to our advantage and decided not to separate its genes. We explored options 
with the S-component gene localized either on the same plasmid as the ECF module or on a 
separate one.
Our E.coli strain of choice was strain MC106131 due to its versatility. That strain allows for 
plasmid storing and cloning as well as the expression of membrane proteins. Unfortunately, 
MC1061 has a gene encoding RecA, a ssDNA-dependent protein necessary for DNA 
recombination and repair. Therefore, plasmids with long stretches of identical nucleotide 
sequence are not preferable. The first attempt for improvement of expression was based in 
vivo studies of ECF transporters for which two vectors were used simultaneously: pBAD and 
pACYC (Chapter 2).9 The two plasmids are known to have moderate copy number in the 
cell due to the origins of replication (ORI) they contain. The ORI in pBAD vector, pBR322, 
usually produces 15 to 20 copies of vector per cell,32 whereas pACYC ORI, p15A, has 10 to 
12 copies.33 We hoped that the combination of plasmids would not burden bacterial cells too 
much and ensure the maintenance of the plasmids during divisions. Another aspect was the 
strength of used promoters. The arabinose promoter (from pBAD) is known to be a strong 
promoter,23 but the L-rhamnose-inducible promoter rha PBAD (from pACYC) is generally 
considered as a weaker one. The difference in strength was reflected in the results presented 
here. All the constructs based on rhamnose promoters failed to produce active protein. While 
the results may be explained by the weakness of the promoter, additionally E.coli cells may 
use L-rhamnose as a carbon source, which makes transcription induction hard to control.34 
Therefore, the pACYC vector was modified by removing it promoter together with regulatory 
genes rhaS and rhaR, and instead introducing the L-arabinose-inducible promoter, araBAD. 
The regulatory gene araC was not included since the amounts of AraC produced from second 
plasmid and chromosomal expression should be sufficient to activate transcription. 
It is also possible that low expression levels for genes under control of the rhamnose 
promoters were caused by carbon catabolite repression.35 When microorganisms are exposed 
to a mixture of sugars there is a hierarchical order to consume glucose first and other sugars 
later, most probably also with a defined order. The hierarchical behaviour is attributed to 
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repression of other sugar metabolic pathway genes by the presence of the preferred sugar. It 
was first observed by Jacques Monod in his thesis (Recherches sur la croissance des cultures 
bactériennes, 1942) that E.coli uses glucose first over lactose.36 A similar effect was observed 
with L-arabinose and D-xylose.37 In the latter case arabinose-bound AraC (regulatory 
protein of L-arabinose operon for arabinose catabolism) represses xylose metabolism. In our 
expression system, we use arabinose induction in cells unable to utilize arabinose as carbon 
source, but bearing the araC gene. Therefore, it is possible that supplementation of media 
with L-arabinose during induction was inhibiting L-rhamnose induction if there is natural 
preference for arabinose. However, we could not unequivocally confirm this possibility on 
the basis of the results obtained here, because production of solitary FolT2 under control of 
rhamnose promoter was also without success. It is possible that the observed effects were 
a combination of arabinose-induced repression and the use of a non-optimal vector (with 
rhamnose promoter) for full transporter production. However, in in vivo studies pACYC 
plasmid provided enough protein to support transport of dedicated substrates (Chapter 2).9 
Therefore, we conclude that the rhamnose promoter was not suitable for overproduction of 
ECF transporters. 
The codon optimization of the gene sequence for expression in E.coli was not considered in 
this study since the native version of genes that we used were capable over producing decent 
amounts of protein. However, possibly codon optimization could further increased production 
levels. Also the choice of affinity tags (histidine tag and StrepII tag) was not altered in this 
study but the identity and location of the tag could affect protein yields. Importantly, the tags 
used in this study did not interfere with transporter activity or stability. 
The arabinose-inducible promoter (araBAD) was more effective than the rhamnose-
inducible one. It was independent whether it was used in two separate plasmids, both with 
arabinose promoter, or if a policistronic vector was used with single promoter. Furthermore, 
we showed a longer distance between the RBS and the initiation site for translation was more 
effective for S-component production than a shorter distance. The proper distance between 
the Shine-Dalgarno (SD) sequence and the AUG start codon has been shown to be crucial 
for translation.38 In our constructs, a mismatched spacing could lead to the overproduction of 
ECF module with only trace amounts of S-component. 
Single plasmid expression systems require the use of only one selection marker whereas 
two-plasmid systems require two different selection markers, which may be an extra burden 
for the cells. Moreover, a suitable adjustment in the level of protein expression from two 
independent plasmids poses the problem of careful control over the cell culture. Especially 
given the high sensitivity to insufficient S-component levels on transporter stability and 
activity.
We did not test the possibility of expression using the p2RB vector (Figure 2D), which 
may be done in future. Nevertheless, we have found two systems that allow for genetic 
manipulation and overexpression in a labour-favourable manner. Furthermore, these two 
expression systems were not only specific to ECF-FolT2 transporter. We showed that other 
ECF transporters can also be expressed in the same way.
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