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Design and improvement of 
artificial redox modules by 
molecular fusion of flavodoxin 
and flavodoxin reductase from 
Escherichia coli
Patrick J. Bakkes, Stefan Biemann, Ansgar Bokel, Marc Eickholt, Marco Girhard & 
Vlada B. Urlacher

A variety of fusion proteins between the versatile redox partners flavodoxin (FldA) and flavodoxin 
reductase (Fpr) from Escherichia coli was constructed with the aim to improve the electron transfer 
properties. The order in which FldA and Fpr were fused and the linker region between them was 
varied in a systematic manner. A simple molecular tool, designated “DuaLinX”, was developed that 
facilitated the parallel introduction of flexible glycine-rich and rigid proline-rich linkers between the 
fusion partners in a single cloning event. The fusion constructs were tested for their ability to transfer 
electrons to cytochrome c and cytochrome P450 109B1 from Bacillus subtilis. With CYP109B1, the 
performance of the constructs showed, independent of the domain order, a strong dependency on 
linker length, whereas with cytochrome c this phenomenon was less pronounced. Constructs carrying 
linkers of ≥15 residues effectively supported the CYP109B1-catalysed hydroxylation of myristic 
acid. Constructs carrying proline-rich linkers generally outperformed their glycine-rich counterparts. 
The best construct, FldA-Fpr carrying linker ([E/L]PPPP)4, supported CYP109B1 activity equally well 
as equivalent amounts of the non-fused redox partners, while cytochrome c reductase activity was 
~2.7-fold improved. Thus, to functionally connect redox partners, rigid proline-rich linkers may be 
attractive alternatives to the commonly used flexible glycine-rich linkers.

In Escherichia coli, the NADPH-dependent flavin adenine dinucleotide (FAD) containing flavodoxin/
ferredoxin reductase, Fpr (Fig. 1b) and its dedicated redox partner flavin mononucleotide (FMN) con-
taining flavodoxin, FldA (Fig.  1a) are required for the activation of key enzymes in the synthesis of 
methionine1, biotin2, pyruvate3 and deoxyribonucleotides4,5. Remarkably, the Fpr-FldA redox system has 
been shown in addition to be able to reduce a variety of non-physiological electron acceptors, which 
include cytochrome c6 and a number of cytochrome P450 monooxygenases (P450 or CYP). Although 
P450s have not been identified in E. coli to date7, Fpr-FldA can serve as a surrogate redox system for 
bovine CYP17A18,9, human CYP1A2 and CYP3A410,11, the isolated heme domain of CYP102A1 from 
Bacillus megaterium (P450 BM3)6 and CYP109B1 from Bacillus subtilis12.

The fact that Fpr and FldA can be highly expressed in a soluble and stable form in E. coli6,9,13 and that 
these enzymes can functionally interact with P450s, which are seminal targets of biotechnology14, makes 
them attractive candidates for protein engineering and biotechnological utilization. P450 enzymes are 
of biotechnological importance as they are able to catalyse the selective introduction of an oxygen atom 
from dioxygen into a wide variety of organic molecules14–16. The requirement for redox partner(s) has 
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Figure 1.  Generation of fusion constructs consisting of flavodoxin (FldA) and flavodoxin reductase 
(Fpr) from E. coli. (a) Ribbon representation of E. coli FldA (PDB 1AG9), with indicated N- (Ala2) and 
C-terminal (Ala176) residue. The aromatic residues surrounding the FMN cofactor (yellow) are shown 
as sticks. (b) Ribbon representation of E. coli Fpr (PDB 1FDR), with indicated N- (Ala2) and C-terminal 
(Trp248) residue. Tyr247 and Trp248 contribute to the binding of the cofactor FAD (yellow). (c) 
Representation of the genetic fusions constructed from E. coli fldA and fpr in two possible arrangements: AR 
(top) and RA (bottom), both containing an N-terminal His6-tag (black box) and a unique NcoI restriction 
that facilitates linker insertion between the fusion partners. (d) SDS-PAGE analysis of total cell extracts of 
E. coli BL21(DE3) cells harbouring either pET11a-hAR or pET11a-hRA, before (− ) and 3 h after induction 
with IPTG (+ ); M, marker proteins with indicated molecular weight (kDa). (e) Schematic representation of 
the DuaLinX procedure. DuaLinX are generated from complementary oligonucleotide pairs that form double 
stranded DNA linkers with NcoI-compatible overhangs (top panel and Table 1). DuaLinX of different lengths 
(5, 10, 15, 20 and 25 residues) were created and designed such that depending on the orientation of the 
DuaLinX after insertion, either glycine-rich (GGGGS)n or proline-rich ([E/L]PPPP)n linkers are generated 
(n =  1–5, respectively). As an example, the insertion of the G1/P1 (n =  1) linker in the AR construct 
is shown. (f) SDS-PAGE analysis of the fusion constructs purified by IMAC. Fusion protein (2 μ g) was 
loaded in each lane; w/o, without linker; G, (GGGGS)n linker and P, ([E/L]PPPP)n with numbers (n =  1–5) 
indicating the number of linker segments; (G5)2 indicates an AR fusion construct with two G5 linkers 
inserted in tandem.
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remained one of the challenging limitations in utilizing the full biosynthetic potential of P450 monoox-
ygenases14. To tackle this problem, artificial fusion proteins are frequently constructed with the aim to 
reduce the multi-component nature of P450 systems and to improve the electron transfer properties17–19. 
Such fusion constructs are often tailored after naturally occurring P450s with covalently attached redox 
partners, most of which are soluble enzymes20 that appear to have superior catalytic activities, with 
P450 BM3 as best served example21. P450 BM3 is a catalytic self-sufficient enzyme in which the heme 
domain is connected to the CPR-like reductase domain via a short peptide linker. P450 BM3 combines 
an unprecedented high monooxygenase activity with highly efficient electron transfer as evidenced by a 
kcat of 17,100 min−1 for the substrate arachidonic acid22,23.

Artificial fusions of redox partners and P450s are usually accomplished by introducing linker peptides 
between the individual components18,19,23. It has been generally recognized that a proper design of the 
linker is vital to the overall function of the fusion protein24. In many cases, the inherent properties of 
linkers occurring in natural multi-domain proteins25,26 have served as a basic guide to linker design24. 
For the construction of “artificial” fusion proteins two main types of linkers are often used: (i) flexible 
linkers, which mostly contain glycine and/or polar residues such as serine or threonine, and (ii) rigid 
linkers that are either of helical nature or enriched in proline residues24. Indeed, numerous studies have 
demonstrated that the linker length as well as linker composition are important for P450 fusion enzyme 
activity17–19, whereas in some cases the domain order proved to be more critical than the linker contri-
bution27. It is of note that in many cases, intuitively, short flexible linkers were chosen to connect the 
various redox partners27–31.

Here, we report the construction of a set of “artificial” fusion proteins consisting of the physiological 
redox partners Fpr and FldA from E. coli. To study the effects on electron transfer, a variety of fusion 
constructs was generated in which the order of the fusion partners, the linker length and the linker type 
were varied in a systematic fashion in an attempt to construct a single protein with improved electron 
transferring properties. To facilitate linker insertion between FldA and Fpr we developed a novel molec-
ular tool, termed “DuaLinX”, which allowed the parallel introduction of two distinct types of linkers in 
a single cloning event. These so-called “DuaLinX” are double stranded DNA linkers that depending on 
their orientation after insertion, code for either flexible (GGGGS)n or rigid ([E/L]PPPP)n linkers. The 
various fusion constructs were expressed in E. coli, purified, and tested in vitro for their ability to transfer 
electrons to cytochrome c and CYP109B1.

Results
Construction of molecular fusions between FldA and Fpr and implementation of DuaLinX.  The 
versatile redox partners Fpr and FldA from E. coli were engineered in a systematic manner through 
molecular fusion and a novel developed molecular tool that facilitated linker engineering, with the aim 
to construct a single redox module facilitating electron transfer. Several studies on fused redox enzymes 
have revealed that the order in which the fusion partners are connected as well as the linker region 
between them, can affect the overall activity of the fusion protein28–30,32. For this reason, the genes encod-
ing FldA and Fpr were fused directly through overlap PCR in two possible arrangements: fldA:fpr (AR) 
and fpr:fldA (RA) (Fig. 1c). To facilitate linker insertion between the respective fusion partners a unique 
NcoI restriction site was introduced at the gene fusion site (Fig. 1c). Here, in principle any desired double 
stranded DNA fragment can be inserted as long as it contains NcoI-compatible overhangs. The fusion 
genes were cloned into pET-11a to facilitate their expression in E. coli and contained nucleotides encod-
ing an N-terminal His6-tag to allow easy purification of the corresponding fusion proteins.

Since scientists have successfully employed both flexible- and rigid-type linkers to functionally con-
nect a large variety of fusion partners, we decided to introduce both these types of linkers in our fusion 
constructs; i.e. we tested the frequently used flexible (GGGGS)n linkers as well as rigid proline-rich 
linkers24. For this purpose, the palindromic nature of the NcoI recognition sequence and the comple-
mentarity of the codon triplets for glycine (GGU, GGC, GGA and GGG) and proline (CCA, CCG, CCU 
and CCC) were exploited to generate the fusion constructs with the desired linkers.

Complementary oligonucleotide pairs with NcoI-compatible overhangs were designed such that 
upon hybridization, the double stranded DNA linkers code for either a flexible glycine-rich or a rigid 
proline-rich linker depending on the orientation of the linker after insertion (Table 1 and Fig. 1e). These 
double stranded genetic elements, termed “DuaLinX”, were specifically designed to encode flexible 
(GGGGS)n and rigid ([E/L]PPPP)n linkers. To investigate the influence of the linker length on fusion 
protein activity DuaLinX of different lengths (n =  1–5) were created that code for linkers consisting of 5, 
10, 15, 20 and 25 amino acids, respectively. For simplicity the corresponding flexible glycine-rich linkers 
are termed G1–G5 and the rigid proline-rich linkers are termed P1–P5, respectively (Table 1).

The cloning procedure described above in principle also allows the insertion of multiple linkers in 
tandem, which results in an additional methionine between the linker segments. Note that such internal 
methionine is absent in the original DuaLinX (Table  1). For example, the AR-(G1)2 fusion construct 
contains a double insertion of the (GGGGS)1 linker, which results in an extended linker with amino acid 
sequence GGGGS-M-GGGGS (Fig. 1e), and thus differs from the original G2 linker (GGGGS-GGGGS).

To evaluate the insertion of the DuaLinX between the redox partners, the obtained fusion constructs 
were analysed for the orientation and the number of linkers after insertion (Table 2). Of the 71 confirmed 
clones, 56% carried a glycine-rich linker and 44% carried a proline-rich linker. This small preference 
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for linker insertion in the glycine orientation was observed for both the AR and RA fusion construct 
(Table 2). Importantly, when using a 1:3 molar ratio of vector to insert, the vast majority of clones (75%) 
contained a single linker insert, whereas 21% of the clones carried two linkers in tandem and only few 
clones were identified that contained a triple insert (4%). For example, the AR-(G5)2 fusion construct was 
obtained, which carries a double insertion of linker G5, thus generating a glycine-rich linker composed 
of 51 amino acids (Table  1). To demonstrate proof of principle, AR-(G5)2 was expressed, purified and 
tested for activity, along with the other constructs (see below).

Since insertion of multiple (up to three) DuaLinX had occurred under the tested conditions, it is 
expected that insertion would also occur in “mixed orientation”. These latter constructs could however 
not be identified. On the other hand, verification of the DNA sequence of several obtained constructs 
revealed a premature stop of the sequencing reaction that occurred at the linker insertion site. We 
hypothesize that these constructs carry multiple DuaLinX in mixed orientation. Due to the mixed ori-
entation of the linkers large palindromic DNA sequences are formed, which likely form secondary struc-
tures that interfere with DNA polymerase function. Therefore these constructs were not further pursued.

Expression and purification of the fusion constructs.  Upon induction with IPTG, the AR and 
RA fusion protein without linker were produced successfully in similar amounts (Fig.  1d). After cell 
lysis the majority of AR was found in the soluble protein fraction, while RA was predominantly found 
in the insoluble protein fraction (Supplementary Fig. S1). The AR and RA constructs carrying the dif-
ferent linkers were expressed at levels similar to those of the parental linker-less constructs and were all 
present predominantly in soluble form (Supplementary Fig. S1). Thus, in case of the RA construct, the 

g1 5’-CATGGGTGGCGGCGGTTC-3’

p1 5’-CATGGAACCGCCGCCACC-3’

G1/P1 →  GGGGS/EPPPP (n =  1, 5 amino acids)

g2 5’-CATGGGTGGCGGCGGTAGCGGCGGTGGTGGCTC-3’

p2 5’-CATGGAGCCACCACCGCCGCTACCGCCGCCACC-3’

G2/P2 →  GGGGS-GGGGS/EPPPP-LPPPP (n =  2, 10 amino acids)

g3 5’-CATGGGTGGCGGCGGTAGCGGTGGCGGCGGTTCTGGTGGCGGCGGTTC-3’

p3 5’-CATGGAACCGCCGCCACCAGAACCGCCGCCACCGCTACCGCCGCCACC-3’

G3/P3 →  GGGGS-GGGGS-GGGGS/EPPPP-EPPPP-LPPPP (n =  3, 15 amino acids)

g4 5’-CATGGGTGGCGGCGGTTCTGGCGGTGGTGGCAGCGGTGGCGGCGGTAGCGGCGGTGGTGGCTC-3’

p4 5’-CATGGAGCCACCACCGCCGCTACCGCCGCCACCGCTGCCACCACCGCCAGAACCGCCGCCACC-3’

G4/P4 →  GGGGS-GGGGS-GGGGS-GGGGS/EPPPP-LPPPP-LPPPP-EPPPP (n =  4, 20 amino acids)

g5 5’-CATGGGTGGCGGCGGTAGCGGTGGCGGCGGTAGCGGTGGCGGCGGTAGCGGTGGCGGCGGTTCTGGCGGTGGTGGCTC-3’

p5 5’-CATGGAGCCACCACCGCCAGAACCGCCGCCACCGCTACCGCCGCCACCGCTACCGCCGCCACCGCTACCGCCGCCACC-3’

G5/P5 →  GGGGS-GGGGS-GGGGS-GGGGS-GGGGS/EPPPP-EPPPP-LPPPP-LPPPP-LPPPP (n =  5, 25 amino acids)

(G5)2 →  GGGGS-GGGGS-GGGGS-GGGGS-GGGGS-M-GGGGS-GGGGS-GGGGS-GGGGS-GGGGS (2 ×  G5 in tandem: 51 amino acids)

Table 1.   DuaLinX: complementary oligonucleotide pairs forming double stranded DNA linkers 
encoding both glycine-rich and proline-rich amino acid sequences. Depending on the orientation after 
insertion the DuaLinX code for either (GGGGS)n or ([E/L]PPPP)n linkers. Underlined nucleotides indicate 
NcoI-compatible overhangs.

DuaLinX 
orientation

AR fusion constructs RA fusion constructs
All fusion 
constructs

(GGGGS)n

([E/L]
PPPP)n (GGGGS)n

([E/L]
PPPP)n

(GGGGS)n and 
([E/L]PPPP)n

Single inserts 18/36 (50%) 9/36 (25%) 14/35 (40%) 12/35 (34%) 53/71 (75%)

Double inserts 2/36 (6%) 5/36 (14%) 5/35 (14%) 3/35 (9%) 15/71 (21%)

Triple inserts 0/36 (0%) 2/36 (5%) 1/35 (3%) 0/35 (0%) 3/71 (4%)

Total inserts 20/36 (56%) 16/36 (44%) 20/35 (57%) 15/35 (43%) 71/71 (100%)

Table 2.   Evaluation of the number and orientation of the linkers after DuaLinX insertion. Constructs 
obtained after ligation of the five different DuaLinX employed in our studies ((GGGGS)n/([E/L]PPPP)n, 
n =  1–5) were analysed for the number and orientation of the linker inserts.
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introduction of a linker between the respective redox partners resulted in a substantial improvement of 
protein solubility (Supplementary Fig. S1), likely caused by improved protein folding. Finally, the fusion 
constructs were purified from the cytosol by immobilized metal ion affinity chromatography (IMAC). 
SDS-PAGE analysis demonstrated that the various fusion proteins were purified to near homogeneity 
(Fig. 1f).

We noticed a difference in migration behaviour between the AR and RA fusion constructs during 
SDS-PAGE analysis (Fig. 1d,f). Compared to the AR fusions, the RA constructs contain an extra alanine 
at the fusion site, which results from cloning of the NcoI restriction site (Fig. 1c), but this obviously cannot 
account for the observed difference in apparent molecular weight of ~6 kDa (Fig. 1d,f). DNA sequencing 
confirmed however that all fusion constructs were correct. Moreover, all constructs were purified via 
their N-terminal His6-tag without appreciable protein degradation (Fig. 1f) and were shown to exhibit 
electron transfer activity (see below). Notably, electrospray ionisation mass spectrometry (ESI-MS) anal-
ysis of selected fusion constructs confirmed the expected theoretical masses (Supplementary Fig. S2). 
We therefore attribute the observed difference in migration behaviour during SDS-PAGE to an intrinsic 
difference at the structural level caused by the different order in which FldA and Fpr are fused together.

Cytochrome c reductase activity of the fusion constructs.  It has previously been demonstrated 
that Fpr exhibits NADPH-dependent reductase activity towards cytochrome c, and that FldA can serve 
as a shuttle that delivers electrons from Fpr to cytochrome c, thereby enhancing cytochrome c reduction6. 
We therefore tested the different fusion constructs for their ability to reduce cytochrome c (Fig. 2 and 
Table  3). In control reactions purified Fpr (R) catalysed the reduction of cytochrome c with a turno-
ver number (kcat) of 42.2 ±  0.9 min–1, whereas FldA (A), which cannot accept electrons from NADPH 
directly, was incapable of reducing cytochrome c, as expected (Table  3 and Fig.  2). The cytochrome c 
reductase activity of the fusion proteins was related to the activity of non-fused Fpr, which was set to 
100% (Fig.  2). Whereas the kcat for Fpr incubated with stoichiometric amounts of FldA (enzyme ratio 
1:1) was 44 min−1, the AR fusion protein without linker exhibited a ~2-fold higher activity, with a kcat 
of 91 min−1. Thus in this case, the mere fusion of FldA to Fpr led to a substantial improvement of the 
cytochrome c reductase properties. In contrast, the RA construct, which harbours the redox partners in 
the reversed order, exhibited a kcat of 30 min−1, which is lower than that of the non-fused redox partners 
at a 1:1 stoichiometry.

For the majority of the fusion constructs carrying a linker, the cytochrome c reductase activity 
remained about equal to that of the parent construct without linker or showed an increased activity 
(Fig. 2). Noticeable exceptions to this are AR-(G5)2 and AR-P5 (with the longest linkers), which exhib-
ited activities that were even lower than that of the non-fused Fpr (Fig. 2). Overall, the AR fusion con-
structs outperformed their RA fusion equivalents (Fig. 2). In case of the RA constructs, the introduction 
of a linker had a general positive effect on the cytochrome c reductase activity. RA constructs carry-
ing the long G5 or P5 linker, exhibited high turnover numbers of 56 min−1 and 80 min−1, respectively, 
corresponding to a ~1.8- and ~2.6-fold improvement over the parental linker-less construct (Table  3). 

Figure 2.  Cytochrome c reductase activity of fusion proteins consisting of E. coli FldA and Fpr. 
Cytochrome c reductase activity was determined and the data presented are the average of two independent 
experiments, each carried out in triplicate, with indicated standard deviation. The activity of the fusion 
proteins was related to the activity of the non-fused Fpr (R), which was set to 100%. The activities of the AR 
and RA fusion proteins are shown in grey and black, respectively, with filled bars representing constructs 
harbouring glycine-rich linkers and dashed bars representing constructs harbouring proline-rich linkers.
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Intriguingly, regardless whether a linker was present or not, the cytochrome c reductase activity of most 
of the AR fusion constructs was intrinsically high, typically exceeding that of reactions carried out with 
the non-fused redox partners at a 1:1 stoichiometry (Fig. 2). Notably, AR-P4 exhibited the highest activity 
of all fusion constructs tested, with a kcat of 119 min−1 (Table  3 and Fig.  2). Thus, as compared to the 
parental AR construct without linker, the introduction of the P4 linker led to a further ~31% improve-
ment of cytochrome c reductase activity, which mounts up to a ~2.7-fold improvement as compared to 
the non-fused redox partners (at a 1:1 stoichiometry). A similarly high cytochrome c reductase activity 
was observed for AR-G2 (kcat of 112 min−1). Taken together the data indicate that the cytochrome c 
reductase activity of the Fpr-FldA redox system can be improved by covalent fusion of FldA and Fpr in 
combination with linker engineering.

In vitro activity of CYP109B1 in the presence of the fusion constructs.  It was previously shown 
that the Fpr-FldA redox system from E. coli is able to support the function of several P450 monooxygen-
ases, including CYP109B1 from B. subtilis investigated in our group12. Supported by NADPH regenera-
tion, the enzyme system consisting of Fpr, FldA and CYP109B1 at a respective stoichiometry of 1:10:1, 
was shown to convert ~52% of 200 μ M myristic acid within 2 h12. To unequivocally establish that both 
the reductase and flavodoxin domain of the fusion constructs are functionally active, the different fusion 
proteins were tested for their ability to support the activity of CYP109B1 in vitro (Table 3 and Fig. 3). 
For this purpose, the fusion proteins (4 μ M) were incubated in the presence of CYP109B1 (1 μ M), an 
NADPH-regenerating system and myristic acid (200 μ M) as a substrate.

In the presence of FldA and Fpr (1 μ M each), CYP109B1 converted ~30% of the myristic acid in 
200 min (Fig. 3). When FldA was omitted from the reaction, Fpr on its own was unable to support the 
conversion of myristic acid by CYP109B1 (Table  3 and Fig.  3). Thus, in contrast to the reduction of 
cytochrome c (Fig. 2), reduction of the heme-Fe of CYP109B1 requires both Fpr and FldA. When the 
concentration of both Fpr and FldA was increased to 4 μ M, which preserves the 1:1 Fpr:FldA stoichiom-
etry, ~63% of the myristic acid was converted, whereas in the presence of the 1:10:1 reconstituted system 
(10 μ M FldA), a conversion of ~84% was achieved (Table 3 and Fig. 3).

Comparison of the fusion proteins to the preferred 1:10:1 reconstituted system is not straightforward 
as the stoichiometry of Fpr and FldA within the fusion constructs is fixed at 1:1. Consequently, the 
fusion constructs (4 μ M) were compared to the system in which Fpr:FldA:CYP109B1 were present at a 
respective ratio of 4:4:1. Notably, the different fusion constructs were all able to support the conversion 
of myristic acid by CYP109B1, albeit with markedly different efficacies (Table 3 and Fig. 3). These results 
signify that both the Fpr and FldA domain of the fusion constructs are redox active.

In general, the AR fusion constructs were more effective in supporting myristic acid conversion by 
CYP109B1 than their RA counterparts (Fig.  3), which is consistent with the measured cytochrome c 
reductase activity (Fig.  2). The activity of the constructs without linker was however poor, supporting 
only 3% and 2% of myristic acid conversion in case of the AR and RA fusion construct, respectively. In 

Redox protein(s)

Cytochrome c 
reductase activity kcat 

(min−1)
Myristic acid 

conversion (%)

Myristic acid product distribution (%)

ω −1 ω −2 ω −3 ω −4 ω −5

FldA (A) 0 N.D. N.D. N.D. N.D. N.D. N.D.

Fpr (R) 42.2 ±  0.9 0 −  −  −  −  − 

Fpr +  FldA (1:1) 44.3 ±  2.8 30.0 ±  4.8 16.5 29.0 28.4 18.3 7.8

Fpr +  FldA (1:10) N.D. 84.3 ±  0.6 16.5 28.3 27.9 18.2 9.2

Fpr +  FldA (4:4) N.D. 62.6 ±  7.4 16.7 28.8 28.6 18.8 7.1

AR 90.7 ±  4.6 3.2 ±  0.3 +  +  +  +  − 

AR-G2 112.3 ±  1.7 4.5 ±  1.1 16.7 26.7 28.3 21.8 6.5

AR-G5 79.3 ±  6.1 21.0 ±  1.1 16.6 29.3 28.6 17.6 8.0

AR-P4 118.7 ±  9.6 62.7 ±  3.4 16.7 29.5 28.8 18.3 6.6

RA 30.2 ±  2.1 1.6 ±  0.4 +  +  +  +  − 

RA-G5 55.8 ±  1.2 12.9 ±  1.9 16.2 28.3 27.6 17.5 10.5

RA-P5 80.0 ±  5.9 39.8 ±  3.3 17.1 30.2 28.8 17.6 6.3

Table 3.   Catalytic properties of FldA, Fpr and selected fusion constructs. Cytochrome c reductase data 
are average values of two independent experiments, each carried out in triplicate, with indicated standard 
deviation. Myristic acid conversion data represent average values of at least three independent conversion 
reactions with indicated standard deviation. N.D., not determined; − , compound was not detected; + , 
compound was detected, but quantitative analysis could not be done due to low conversion of the substrate. 
The standard deviation for myristic acid product distribution was in all cases ≤ 2.7%.
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contrast, AR fusion constructs carrying in particular long linkers of ≥ 15 residues effectively supported 
CYP109B1 activity (Table 3 and Fig. 3). For example ~21% and ~63% conversion of myristic acid were 
measured in case of AR-G5 and AR-P4, respectively. Thus, AR-P4 supported CYP109B1 activity equally 
well as the non-fused redox partners that were mixed at a 4:4:1 stoichiometry (Table  3 and Fig.  3). A 
similar dependency on the linker length was observed for the RA fusion constructs. Here, the highest 
activities were obtained with the constructs RA-P4 and RA-P5, supporting ~32% and ~40% myristic acid 
conversion, respectively. On the other hand, even though the fusion constructs AR-P5 and AR-(G5)2 
both carry a long linker, they were unable to effectively support myristic acid conversion (Table 3, Fig. 3), 
which is consistent with the low cytochrome c reductase activity measured for these fusion proteins 
(Figs 2 and 3). Apparently the electron transfer ability of these fusion proteins is compromised, which 
might be caused by a protein folding defect.

CYP109B1 has been reported to hydroxylate fatty acids at subterminal positions yielding mono-
hydroxylated products; in case of myristic acid the positions C11 (ω −3) and C12 (ω −2) are preferred 
for hydroxylation12. The regioselectivity of myristic acid conversion by CYP109B1 was determined for 
reactions carried out with the various fusion constructs (Table 3). Quantitative analysis of the detected 
products revealed that the carbon atoms C11 (ω −3) and C12 (ω −2) were preferred for hydroxylation 
regardless whether FldA and Fpr were fused to each other or not, which is in agreement with the data 
published previously (Table 3)12. Thus molecular fusion of FldA to Fpr did not affect the regioselectivity 
of CYP109B1.

Discussion
The physiological redox partners Fpr and FldA from E. coli have been well characterized, both structur-
ally and functionally6,33,34. Intriguingly, the Fpr-FldA redox system has been shown to be functionally 
promiscuous as it can effectively deliver electrons to non-physiological partners, which include a variety 
of P450 enzymes6,8–11. Thus Fpr-FldA may potentially serve as a universal electron transfer system, which 
inspired us to generate a variety of fusion proteins between FldA and Fpr in an attempt to improve the 
electron transfer properties.

Simple molecular tools for the construction of fusion proteins with linkers that differ in length and 
amino acid composition are however rather scarce. A recent report describes the P-LinK method, which 
is a PCR based procedure for the generation of multiple fusion constructs with variable linker lengths 
(1–16 amino acids) that requires only a single cloning and transformation step35. In order to achieve a high 
diversity of fusion constructs we developed a simple molecular tool that enabled the parallel introduction 
of two distinct types of linkers encoded by a single genetic element (Fig. 1e). These so-called DuaLinX 
were designed to simultaneously code for flexible (GGGGS)n and rigid ([E/L]PPPP)n linkers, as deter-
mined by the orientation of the DuaLinX after insertion between the fusion partners (Fig. 1e and Table 1). 
To assess optimal linker length DuaLinX of different lengths (n =  1–5) were created. Fine-tuning of the 
length of these linkers can be easily accomplished by altering the number of complementary nucleotide 

Figure 3.  Myristic acid conversion by CYP109B1 supported by fusion constructs consisting of E. coli 
FldA and Fpr. Myristic acid conversion was determined and the data presented are average values of at 
least three independent conversion reactions with indicated standard deviation. Calculation of myristic acid 
conversion was done by GC/MS peak integration, with the total peak area of substrate plus products set 
to 100%. The activities of the AR and RA fusion constructs are shown in grey and black, respectively, with 
filled bars representing constructs harbouring glycine-rich linkers and dashed bars representing constructs 
harbouring proline-rich linkers.
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triplets coding for glycine/proline within the primer pairs that form the DuaLinX (Table 1). Moreover, 
DuaLinX can in principle be used with any proteins of interest and could therefore be combined with 
other established molecular tools such as “Molecular Lego”36,37, “LICRED”38,39 and “PUPPET”40 to further 
facilitate the construction of artificial fusions for P450 systems. Finally, the DuaLinX procedure is, to the 
best of our knowledge, the first method that enables the simultaneous generation of fusion constructs 
harbouring linkers of different type (flexible or rigid) and length (due to multiple linker insertion in 
tandem) in a single cloning event (Fig. 1).

It has previously been demonstrated that FldA, when present in excess to Fpr, can act as a single-electron 
shuttle that is able to stimulate the rate of Fpr-dependent cytochrome c reduction6. Interestingly, most 
of the AR fusion constructs exhibited a cytochrome c reductase activity that was substantially higher 
than that of the non-fused Fpr (Table 3 and Fig. 2). This stimulatory effect may indicate that the FldA 
domain of these fusion constructs effectively contributes to electron transfer. In a similar fashion, a 
fusion protein consisting of the mature forms of spinach leaf ferredoxin (N-terminal) and ferredoxin 
reductase (C-terminal) exhibited a high cytochrome c reductase activity and outperformed the non-fused 
redox partners41. In a different study, an artificial construct obtained by chemical crosslinking of FldA 
and Fpr exhibited reduced kinetics parameters for cytochrome c reduction as compared to the free redox 
partners6. We observed a similar effect when FldA was fused directly to the C-terminus of Fpr; the 
RA construct exhibited a ~32% lower cytochrome c reductase activity as compared to the non-fused 
redox partners (Table 3 and Fig. 2). In this respect, most AR constructs exhibited a higher cytochrome 
c reductase activity when compared to their RA equivalents, regardless whether a linker was present or 
not (Fig.  2). This phenomenon was also observed when CYP109B1 was used as the terminal electron 
acceptor. Typically, the AR fusion constructs were more effective in supporting myristic acid conversion 
by CYP109B1 than their RA equivalents (Fig. 3). Thus, the domain order of the fusion constructs sub-
stantially contributes to a productive supply of electrons to the terminal acceptor.

Examination of the crystal structure of Fpr (Fig. 1b) reveals that Tyr247 and Trp248 at the extreme 
C-terminus both play a role in the binding of the co-factor FAD33. Indeed, several studies on flavin 
reductases (EC 1.18.1.2) from different origins have revealed that replacement of the tyrosine residue 
that covers the isoalloxazine moiety of the cofactor by different amino acids leads to dramatic changes 
in nucleotide binding and electron exchange42–44. It can be envisaged that attachment of a protein at the 
extreme C-terminus of Fpr may impose structural restraints that could interfere with NADPH-binding 
and/or FAD-accessibility, which in turn would lead to a compromised reductase function of the Fpr 
domain. The observation that the RA fusion constructs typically exhibited lower activities than their AR 
equivalents (Figs 2 and 3), in which the C-terminus of Fpr is likely to be unrestraint, is consistent with 
this view.

However, the domain order of the fusion constructs was clearly not the only factor contributing to 
the effective delivery of electrons to the terminal acceptor. Whereas the AR and RA fusion construct 
without linker exhibited substantial cytochrome c reductase activity (Fig. 2), these constructs were only 
poorly able to support CYP109B1 activity (Fig.  3). As the reduction of Fe3+ to Fe2+ within the heme 
of CYP109B1 is absolutely dependent on both functional Fpr and FldA (Fig. 3), the low activity of the 
linker-less constructs might be attributed to impaired electron transfer from (i) the FldA domain to 
CYP109B1 and/or (ii) from the Fpr domain to the FldA domain. For the latter case it can be envisaged 
that electrons are transferred via either an inter- or intramolecular pathway. The electron transfer impair-
ment could however be alleviated by the introduction of a suitable linker between the fusion partners. 
Remarkably, the CYP109B1-mediated conversion of myristic acid showed, independent of the domain 
order of the fusion constructs, a strong dependency on the linker length, with constructs carrying long 
linkers (15, 20 or 25 residues) generally outperforming constructs with short linkers (5 or 10 residues) 
(Fig. 3). Thus for an efficient reduction of the heme-Fe3+ of CYP109B1, the length of the linker between 
the FldA and Fpr domain was more critical than the domain order of the fusion constructs. These 
results are in line with the notion that electron transfer between the protein-bound prosthetic groups 
of the redox partners relies on the distance between the redox centres45. The long linkers between FldA 
and Fpr may provide a more optimal spatial arrangement of the respective redox centres and may facil-
itate the shuttling of electrons from the FldA domain to CYP109B1. However, it remains to be deter-
mined whether the FldA domain receives electrons from the attached Fpr fusion partner or from the Fpr 
domain of another fusion construct.

It was shown previously that the reduction of the isolated heme domain of P450 BM3 by the Fpr-FldA 
redox system occurred via a ping-pong mechanism rather than by formation of a ternary complex6. In 
view of this, productive electron transfer by our fusion constructs likely requires a linker that provides 
sufficient conformational plasticity to allow the formation of an electron transfer complex between the 
FldA domain and the terminal electron acceptor CYP109B1. In this respect, flexible linkers are frequently 
employed to join domains/proteins that require a certain degree of movement or interaction for func-
tionality24, which seems especially relevant to artificial fusions of redox partners27–31. In particular flexible 
(GGGGS)n linkers have been successfully employed to generate a variety of biologically active recombi-
nant fusion proteins24,28,40. Consistent with these observations, all fusion constructs carrying (GGGGS)n 
linkers were shown to be redox active (Figs 2 and 3). Moreover, as compared to the constructs without 
linker, constructs carrying (GGGGS)n linkers of 15, 20 and 25 residues (n =  3–5) showed a considerable 
improvement in supporting the monooxygenase activity of CYP109B1 (Fig. 3). Nevertheless, in virtually 
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all cases fusion constructs carrying proline-rich linkers outperformed their glycine-rich counterparts 
as functional redox partners for CYP109B1 (Fig.  3). With cytochrome c as terminal electron acceptor 
a similar phenomenon was observed, but this was less pronounced (Fig.  2). For both CYP109B1 and 
cytochrome c the highest activity was obtained with the AR-P4 construct, which carries the rigid ([E/L]
PPPP)4 linker (Table 2 and Figs 2 and 3). Importantly, AR-P4 supported CYP109B1 activity equally well 
as the non-fused redox partners (at 4:4 stoichiometry), whereas cytochrome c reduction was improved 
~2.7-fold (Fig. 3). Similarly, the introduction of long proline-rich linkers (15, 20 or 25 residues) in the 
RA construct, which has a less optimal domain order, also resulted in a substantial improvement of 
enzyme activity (Figs 2 and 3). Apparently, the proline-rich linkers were better suited to generate fusion 
constructs capable of effectively reducing the terminal acceptor.

Analysis of inter-domain linkers from a large variety of fusion proteins that occur in nature has indi-
cated a high incidence of proline residues25,26,46. It is generally believed that the high frequency of proline 
residues results in structural rigidity and more effective isolation of the linker from the attached protein 
domains25,26. Since proline lacks an amide hydrogen to donate in hydrogen bonding, this is thought to 
reduce the interaction between the linker and the adjacent protein domains25. These observations may 
explain why fusion constructs carrying ([E/L]PPPP)n linkers outperformed their counterparts harbour-
ing (GGGGS)n linkers. However, a contribution of the glutamic acid and leucine residues of the ([E/L]
PPPP)n linkers cannot be excluded.

We propose that proline-rich linkers connecting redox partners may be attractive alternatives to 
glycine-rich linkers in accommodating the requirements for productive electron transfer. Herein, the 
rigid proline-rich linkers may function as a “placeholder” keeping the interaction partners at a distance 
suitable for electron transfer. In addition, undesired contacts between the linker and the attached redox 
partners are reduced as proline residues cannot form hydrogen bonds with surrounding amino acids25, 
which in turn may facilitate electron transfer.

Taken together the data indicate that Fpr and FldA, when fused together, retained their ability to 
transfer electrons and to functionally interact with cytochrome c and CYP109B1. Activity of the fusion 
constructs was substantially improved by linker engineering, which was greatly facilitated by the devel-
oped DuaLinX molecular tool. Our systematic approach revealed that the domain order, the linker length 
as well as the linker composition contributed to the overall activity of the fusion constructs. Thus, by 
covalent fusion and linker engineering, the multi-component nature of the Fpr-FldA redox system was 
successfully reduced, while maintaining (or even improving) the high electron transfer activity of the 
separate fusion partners, which presents an important step towards generating a universal electron trans-
fer system.

At present the exact nature of the electron transfer pathway(s) of the different fusion constructs 
remains unresolved. The FldA domain may receive electrons intramolecularly from the covalently 
attached Fpr domain, or may accept electrons intermolecularly from the Fpr domain of another fusion 
protein. This will be subject to further investigation.

Methods
Bacterial strains and chemicals.  E. coli DH5α  (F− supE44 Δ lacU169(ϕ 80lacZΔ M15) hsdR17 recA1 
endA1 gyrA96 thi-1 relA1) was purchased from Invitrogen (Karlsruhe, Germany) and used for molecular 
cloning purposes, whereas E. coli BL21(DE3) (F− ompT hsdSB(rB

− mB
−) gal dcm (DE3)) (from Novagen 

Darmstadt, Germany) was used for recombinant gene expression. General molecular biology manipula-
tions and microbiological experiments were carried out by standard methods47. In all cases bacteria were 
cultured in LB medium containing 100 μ g/ml ampicillin. Restriction enzymes, T4 DNA ligase, Phusion 
DNA polymerase, FastAP thermosensitive alkaline phosphatase and isopropyl-β -D-thiogalactopyranoside 
(IPTG) were obtained from Thermo Fischer Scientific (St. Leon-Rot, Germany). NADPH was from 
Codexis (Jülich, Germany) and glucose-6-phosphate dehydrogenase from Saccharomyces cerevisiae was 
obtained from Roche Diagnostics (Mannheim, Germany). All other chemicals were purchased from 
Sigma-Aldrich (Schnelldorf, Germany). Primers/oligonucleotides were from Eurofins MWG Operon 
(Germany).

Construction of fusion genes.  In brief, the E. coli gene fldA lacking its stop codon was directly 
fused to the 5’-end of fpr, which conveniently generates an NcoI restriction site right at the fusion site 
(Fig. 1c). The reverse construct was obtained in a similar fashion. Here, the fpr gene without stop codon 
was fused to the 5’-end of fldA and three extra nucleotides (GCC) were incorporated to generate the NcoI 
restriction site required for linker insertion, which results in an extra alanine residue between Fpr and 
FldA (Fig. 1c). Notably, the introduction of the NcoI recognition sequence (CCATGG) is facilitated by 
the presence of the start codon of the C-terminal fusion partner. The primers used to create the fusion 
genes are listed in Supplementary Table S1.

The genes encoding flavodoxin (fldA) and flavodoxin reductase (fpr) from E. coli JM1099 were fused 
by means of PCR with overlapping primers using pET11a-fldA12 and pET16b-fpr12 as corresponding 
DNA-templates. The used primers are listed in Supplementary Table S1. For the construction of fldA:fpr 
the respective single genes were amplified separately using primer pairs 1/2 and 3/4 (Supplementary 
Table S1). The obtained PCR products were gel purified and combined in a 1:1 ratio. This mixture then 
served as DNA-template in a second PCR reaction performed in the absence of additional primers. After 
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6 cycles, primers 1 and 4 were added to the reaction and PCR was carried out for an additional 30 cycles. 
The obtained fldA:fpr fusion product was then gel purified. For the construction of the inverse fusion 
a similar procedure was followed, using primer pairs 5/6 and 7/8 for the separate genes and primers 5 
and 8 to amplify the fpr:fldA fusion product (Supplementary Table S1). The fusion constructs fldA:fpr 
and fpr:fldA were subsequently cloned into pET11a (Novagen) using the restriction enzymes NdeI and 
BamHI. The sequence of the fusion genes was verified by DNA sequencing (GATC-Biotech, Konstanz, 
Germany). Finally, the 5’-ends of both fusion genes were modified to encode a His6-tag. To this end, a 
PCR was carried out on pET11a-fldA:fpr and pET11a-fpr:fldA with respective primer pairs 9/8 and 10/4 
(Supplementary Table S1). Subsequent cloning was carried out as described above and the fusion gene 
sequences of the resulting constructs, pET11a-hAR and pET11a-hRA, respectively were verified.

Linker (DuaLinX) generation.  Double stranded DNA linkers were generated from complementary 
pairs of commercially synthesized 5’-phosphorylated oligonucleotides that contained NcoI-compatible 
overhangs (Table  1). The complementary oligonucleotides as indicated were mixed (10 μ M each) in 
Tris-HCl, pH 7.5 (10 mM) supplemented with NaCl (50 mM) and heated for 5 min at 95 °C in a ther-
momixer. Hybridization of the oligonucleotides was initiated by switching off the heater and allowing 
the solutions to cool down to room temperature. To allow proper hybridization of the oligonucleotide 
pairs, the repetitive nature of the primers (g1–g5) for the (GGGGS)n linkers was reduced by shuffling 
the triplets used for glycine (GGT and GGC) and serine (TCC, AGC and TCT), which is particularly 
relevant for the long linkers. As a result the complementary primers (p1–p5) for the proline-rich linkers 
encode linkers with amino acid sequence ([E/L]PPPP)n. The double stranded DNA linkers thus created 
(DuaLinX) were then stored at − 20 °C until use.

Linker insertion, ligation and transformation.  Prior to linker insertion, the plasmids pET11a-hAR 
and pET11a-hRA were linearized by treatment with NcoI followed by dephosphorylation using FastAP 
according to the manufacturer’s guidelines. Linearized plasmid was mixed with linker at a 1:3 molar ratio 
using a final linker concentration of 10 nM; ligation was performed in the presence of 1U T4 DNA ligase. 
Ligation mixture (5 μ l) was mixed with E. coli DH5α  chemi-competent cells (50 μ l) for transformation. 
The isolated plasmids were verified for linker insertion by sequencing (GATC, Konstanz, Germany). For 
subsequent expression studies, the verified constructs (Supplementary Table S2) were used for transfor-
mation of chemi-competent E. coli BL21(DE3) cells.

Expression and purification of redox proteins.  Expression and purification of CYP109B1 was car-
ried out as described previously48. Flavodoxin was expressed from pET11a-his:fldA, whereas flavodoxin 
reductase was expressed from pET11a-his:fpr (Supplementary Table S2). Both redox proteins contain an 
N-terminal His6-tag. Expression conditions were as follows. Cultures were inoculated at an OD600 of 0.05 
and grown till an OD600 ~0.6 at 37 °C and 180 rpm. Expression was induced by the addition of IPTG to 
a final concentration of 0.1 mM. Expression of FldA was carried out at 25 °C for 4 h and expression of 
Fpr was performed at 20 °C for 6 h. For the expression of the various fusion constructs (Supplementary 
Table S2), cultures were inoculated at an OD600 of 0.08 and grown till an OD600 ~0.6 at 25 °C and 180 rpm. 
Expression was induced by the addition of IPTG to a final concentration of 0.1 mM and carried out for 
3 h. In all cases cells were harvested by centrifugation at 8,000 ×  g for 15 min at 4 °C. The supernatant 
was removed and the cell pellets were suspended in 8 ml buffer containing Tris-HCl, pH 7.5 (50 mM) 
and PMSF (0.1 mM). Cells were then disrupted by sonication on ice (four cycles of 1 min sonication 
followed by a 1 min pause) and cell debris was removed by centrifugation (20,000x g for 30 min at 4 °C). 
The soluble protein fraction was recovered and filtered through a 0.45 μ m filter and used for immobilized 
metal ion affinity chromatography (IMAC) purification. Purification of the various redox proteins was 
carried out as described in the Supplementary Information.

Determination of protein concentration.  The concentration of purified CYP109B1 was deter-
mined using the CO-difference spectral assay as described by Omura and Sato (1964) using ε 450–

490 =  91 mM−1cm−1 49,50. The concentration of Fpr was calculated by using the published extinction 
coefficient ε 456 = 7.100 M−1cm−1 6, whereas for FldA, ε 465 =  8420 M−1cm−1 1 was used. For the calculation 
of the fusion constructs concentration, the FldA extinction coefficient at 456 nm was determined first 
and found to be 8.040 M−1cm−1. The extinction coefficient of the fusion constructs was then obtained 
by addition of the ε 456 of Fpr and FldA, yielding ε 456 =  15.140 M−1cm−1 (for further explanation see 
Supplementary Information). Alternatively, the total protein concentration was determined by a Bradford 
based assay51 (Roti-Quant, Carl Roth, Germany), with bovine serum albumin as a standard.

Cytochrome c reductase activity assay.  Cytochrome c reductase activity was determined for reac-
tion mixtures containing Tris-HCl, pH 7.5 (50 mM), cytochrome c (50 μ M, equine heart, Sigma) and 
redox protein (20 nM) as indicated. Reactions were started by the addition of NADPH to a final concen-
tration of 100 μ M. The final reaction volume was 1 ml. Cytochrome c reductase activity was determined 
by measuring the increase in absorbance at 550 nm52. Reactions were carried out in triplicate and the 
data presented are the average of two independent experiments, with the activity of Fpr set to 100%. To 
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calculate kcat, a Δ ε 550 =  21,100 M−1 cm−1 was used for cytochrome c as provided by the manufacturer 
(Sigma53).

Myristic acid conversion and product analysis.  Reconstitution of CYP109B1 activity was carried 
out in vitro in the presence of the various redox proteins as indicated. For product identification and 
determination of substrate conversion, 200 μ l reaction mixtures were prepared, which contained Tris-HCl, 
pH 7.5 (50 mM), glucose-6-phosphate (4 mM), MgCl2 (1 mM), glucose-6-phosphate dehydrogenase from 
Saccharomyces cerevisiae (1 U, for regeneration of NADPH), CYP109B1 (1 μ M) and redox protein as 
indicated. Reactions were started by the addition of 44 μ l of a mixture containing NADPH, myristic 
acid and DMSO (10% (v/v)). The final concentrations of myristic acid and NADPH both were 200 μ M. 
Reaction mixtures were incubated for 200 min at 30 °C and 250 rpm in a thermo-shaker. Reactions were 
stopped by the addition of HCl (8 μ l, 37% (w/w)). The reaction mixtures were extracted two times with 
diethyl ether (0.5 ml). The organic phases were combined and then dried with anhydrous MgSO4. The 
dried organic phases (1 ml) were evaporated and the residues were dissolved in N,O-bis(trimethylsilyl)
trifluoroacetamide (40 μ l) containing trimethylchlorosilane (1% (v/v)) for derivatization. Samples were 
then transferred into GC vials, and incubated at 80 °C for 30 min prior to GC/MS analysis. Myristic acid 
conversion was analyzed on a GC/MS-QP2010 (Shimadzu, Tokyo, Japan) equipped with a FS-Supreme-5 
column (30 m ×  0.25 mm ×  0.25 μ m, CS-Chromatographie Service GmbH, Langerwehe, Germany) as 
described previously54. Estimation of myristic acid conversion and product distribution was done by 
GC/MS peak integration, with the total peak area of substrate plus products set to 100%. Presented 
myristic acid conversion data are average values of 3–6 independent conversion reactions with indicated 
standard deviation.
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