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Fusion to Hydrophobin HFBI
Improves the Catalytic Performance
of a Cytochrome P450 System

Sebastian Schulzt, Dominik Schumacher’, Daniel Raszkowski’, Marco Girhard
and Vlada B. Urlacher*

Institute of Biochemistry, Heinrich Heine University Disseldorf, Disseldorf, Germany

Cytochrome P450 monooxygenases (P450) are heme-containing enzymes that oxidize
a broad range of substrates in the presence of molecular oxygen and NAD(P)H. For their
activity, most P450s rely on one or two redox proteins responsible for the transfer of elec-
trons from the cofactor NAD(P)H to the heme. One of the challenges when using P450s
in vitro, especially when non-physiological redox proteins are applied, is the inefficient
transfer of electrons between the individual proteins resulting in non-productive con-
sumption of NAD(P)H — referred to as uncoupling. Herein, we describe the improvement
of the coupling efficiency between a P450 and its redox partner — diflavin reductase — by
fusing both enzymes individually to the hydrophobin HFBI — a small self-assembling
protein of the fungus Trichoderma reesei. The separated monooxygenase (BMO) and
reductase (BMR) domains of P450 BM3 from Bacillus megaterium were chosen as a
P450-reductase model system and individually fused to HFBI. The fusion proteins could
be expressed in soluble form in Escherichia coli. When HFBI-fused BMO and BMR were
mixed in vitro, substantially higher coupling efficiencies were measured as compared with
the respective non-fused enzymes. Consequently, myristic acid conversion increased up
to 20-fold (after 6 h) and 5-fold (after 24 h). Size exclusion chromatography demonstrated
that in vitro the hydrophobin-fused enzymes build multimeric protein assemblies. Thus,
the higher activity is hypothesized to be due to HFBI-mediated self-assembly arranging
BMO and BMR in close spatial proximity in aqueous solution.

Keywords: cytochrome P450 monooxygenase, P450 BMS3, CYP102A1, diflavin reductase, fusion protein,
hydrophobin, HFBI

INTRODUCTION

Cytochromes P450 are heme-containing monooxygenases that catalyze selective oxidations of a
vast variety of organic molecules. Among the substrates of P450s are fatty acids, alkanes, steroids,
terpenes, and antibiotics (Bernhardt, 1996; Bernhardt and Urlacher, 2014). The significance of these
enzymes in biological, pharmacological, and biotechnological processes has been demonstrated
in a large number of publications and emphasized in many reviews (Wong, 1998; Guengerich,
2008; Julsing et al., 2008; Jung et al., 2011; Podust and Sherman, 2012; Urlacher and Girhard, 2012;
Bernhardt, 2013; Munro et al., 2013).

For their activity, P450s require electrons ultimately derived from the cofactor NAD(P)H. Most
P450s are not able to accept these electrons directly, but rely on redox proteins that transfer electrons
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from NAD(P)H to the heme. Therefore, P450s can generally
be considered as multi-protein systems composed of a heme-
containing monooxygenase component and either two redox
proteins (a ferredoxin or flavodoxin, and a flavin-dependent
reductase) or a diflavin cytochrome P450 reductase (Hannemann
et al.,, 2007; McLean et al., 2015). Due to this multi-component
nature of P450 systems, their biotechnological applications are
mainly restricted to whole-cell processes.

An exceptional group of P450s is represented by the self-
sufficient flavocytochromes, in which the heme-containing
monooxygenase is naturally fused to its redox partner in one
polypeptide chain. This arrangement enables efficient electron
transfer within these enzymes resulting in catalytic efficiencies
that cannot be matched with other P450 systems (Girvan et al,,
2006; McLean et al., 2007). Self-sufficient P450s, therefore,
demonstrate in most cases higher catalytic activities among
P450 systems (Munro et al., 2013). For example, the highest
ever measured turnover rate of a P450 of 17,100 min™' was
reported for conversion of arachidonate by the self-sufficient
P450 BM3 (CYP102A1) from Bacillus megaterium (Noble et al.,
1999). In addition, by expression of P450 BM3 on the surface of
Escherichia coli cells with the Autodisplay system, which allowed
several re-uses of the catalyst, a total turnover number of up to
54,700 could be reached - the highest value reported for a P450
to date (Strohle et al., 2016).

Consequently, one approach to reduce the complexity of
P450 multi-protein systems is the construction of “artificial”
self-sufficient fusion proteins. A number of mammalian, plant,
and bacterial P450s have been fused either to their cognate redox
partners or to “foreign” heterologous redox proteins if cognate
ones could not be identified [reviewed in Hlavica (2009) and
Sadeghi and Gilardi (2013)]. For example, in a recent study,
the “artificial” fusion of Panax ginseng cytochrome P450-type
protopanaxadiol synthase (PPDS) and Arabidopsis thaliana
NADPH-cytochrome P450 reductase (ATR1) was described
(Zhao et al., 2016). When expressed in Saccharomyces cerevisiae,
the PPDS-ATR1 fusion enzymes conferred a 4.5-fold increase
in catalytic activity and 71.1% increase in protopanaxadiol
production compared with PPDS and ATRI1 co-expression
(Zhao et al,, 2016). In another recent study, a plant P450 fla-
vonoid 3’-hydroxylase (F3'H), was functionally expressed as
a fusion protein with a P450 reductase (CPR) in E. coli and
successfully employed to produce eriodictyol - a flavonoid with
anti-inflammatory and antioxidant activities — from L-tyrosine
(Zhu et al., 2014).

However, the generation of artificial fusion proteins is, on the
onehand, restricted to an equimolar ratio of redox partner(s):P450
(1:1) and, on the other hand, can significantly restrict the struc-
tural flexibility of the individual proteins. Therefore, such artifi-
cial fusions do not necessarily end up showing improved catalytic
performance (Sibbesen et al., 1996; Cao et al., 2000).

Especially with regard to biocatalytic applications of P450s,
in which high catalytic activities are required, efficient P450-
reductase interactions are of tremendous importance (Munro
et al., 2007; Bernhardt and Urlacher, 2014). In search for a
method that allows for site-specific protein targeting and higher
flexibility of the partner proteins, an approach called “PUPPET”

has been introduced to improve interaction of P450s with redox
proteins (Hirakawa and Nagamune, 2010). PUPPET is based on
a fusion approach employing the self-assembling heterotrimeric
“proliferating cell nuclear antigen” (PCNA) as a scaffold and has
been used for P450cam from Pseudomona putida and its cognate
redox proteins putidaredoxin reductase (PdR) and putidare-
doxin (Pdx) (Hirakawa and Nagamune, 2010). Compared with
an equimolar mixture of non-fused P450cam:PdR:Pdx in vitro,
PUPPET displayed a substantially higher catalytic activity, which
was explained by improved electron transfer due to the extreme
proximity of the P450 and redox partner proteins within the
formed complex. However, the trimeric complex dissociated
at low concentrations, a problem that was solved by selective
introduction of covalent disulfide bridges (Hirakawa et al,
2013). PUPPET is also applicable for P450s whose cognate redox
partners are not yet identified, as demonstrated for CYP119
from Sulfolobus solfataricus (Suzuki et al., 2014). The PCNA-
mediated heterotrimerization of CYP119/PdR/Pdx enhanced
CYP119 activity, explained by the authors as a result of high
local concentrations of the two redox proteins PAR/Pdx toward
CYP119. However, a limitation of PUPPET is that due to the
trimeric nature of PCNA, this method is restricted to equimolar
concentrations of redox proteins and P450.

It has been demonstrated in many studies that substrate
turnovers by P450s were greatly improved by using the electron
transfer proteins in molar excess (Girhard et al., 2010; Bell et al.,
2012; Cheng et al., 2012; Brill et al., 2014), which is likely due to
the higher probability of a P450 to encounter the redox partners in
solution. At the same time, the requirement of a high molar excess
of redox proteins (e.g., more than 10 times excess of iron-sulfur
proteins for class I P450s) is a critical bottleneck in practical P450
applications (Hirakawa et al., 2007).

In view of this requirement, we aimed to establish a novel
system that does not underlie the restrictions of equimolar redox
protein:P450 concentrations. To achieve this goal, a self-assem-
bling protein is required capable of forming multimers larger
than dimers or trimers in solution. We chose hydrophobins,
small fungal proteins of about 100 amino acids with a ubiquitous
presence of eight cysteine residues forming four disulfide bonds
(Wosten and de Vocht, 2000; Bayry etal., 2012). Hydrophobins are
amphiphilic molecules comprising a hydrophilic protein part as
well as a hydrophobic patch region, which enables these proteins
to self-assemble in aqueous solutions as multimers, e.g., tetramers
(Szilvay et al., 2006), as well as at hydrophilic-hydrophobic inter-
faces into organized monolayer membranes (Linder, 2009; Ley
etal., 2015) (Figure 1A). The self-assembly in aqueous solution is
likely based on hydrophobic-hydrophobic interactions between
the hydrophobic patches of hydrophobin monomers (Hakanpaa
et al., 2006; Szilvay et al., 2006).

The intensively studied hydrophobin HFBI from Trichoderma
reesei (Nakari-Setdld et al., 1996; Hakanpdi et al., 2006) was
applied as self-assembling component in our study, as formation
of multimers of a fusion protein consisting of an endoglucanase
and HFBI in solution has been described and putative decamers
have been suggested (Linder et al., 2002).

Forthis proof-of-conceptstudy, we used the individual domains
of P450 BM3 from B. megaterium. The holoenzyme P450 BM3 is

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

July 2016 | Volume 4 | Article 57


www.frontiersin.org/Bioengineering_and_Biotechnology
http://www.frontiersin.org
http://www.frontiersin.org/Bioengineering_and_Biotechnology/archive

Schulz et al.

Fusion of Hydrophobin to P450 and Reductase

A HFBI self bl 8
SEII=aSIamBLy N-terminal fusions (HFBI-BMO & HFBI-BMR)
hydrophilic — O‘\ hydrophobic patch ’ ° 239 ? i
H,N— Hiss— HFBlI,; g7 [GGGGS]rI BMR,75.104 |>COOH
on hydrophobic supports
w C-terminal fusions (BMO-HFBI & BMR-HFBI)
on hydrophilic supports
. . Non-fused proteins (BMO & BMR)
in aqueous solution
HoN — Hisg BMO, ;, COOH
88 HN— His,—] BMR 500 |-cOOH
Mixture of non-fused proteins in solution Mixture of HFBI-fused proteins in solution
BMO:BMR = 1:1 BMO-HFBI:BMR-HFBI = 1:1
NADP* NADPH R-H,0, R-OH, H,0 . @ i
QO
NADP*
@ o(:—l» H,0,
@ BMO
R-OH,H,0 R-H, O, NADPH NADP*
BMO AW
BMO:BMR = 1:5 BMO-HFBI:BMR-HFBI = 1:5
NADPH  NADP*
BMR
‘ NADP*  NADPH =
BMR S/ )
R-H, 0, NADPH AL s ’
/\
—'H;OZ
R-OH, H,0 BMO @ NADP*
R-H,0, R-OH, H,0
R-H, 0, 9 NADPH
NADP* NADPH @
R-OH, H,0 BMO NADP*
(=) : (o)
0, = H,0,
R-OH, H,0 R-H, O,
FIGURE 1 | (A) Self-assembly of HFBI at hydrophobic or hydrophilic supports reverses the supports’ wettability; self-assembly in aqueous solution is based on
hydrophobic-hydrophobic interactions between the hydrophobic patches of HFBI monomers. (B) Schematic drawing of HFBI-fused and non-fused proteins.
Subscript numerals in ‘BMO’ and ‘BMR’ indicate amino acid positions based on the respective holoenzyme P450 BM3. Hiss: N-terminal hexa-histidine tag.
(C) Schematic drawings of the BMO/BMR system (the dimensions of the individual proteins are not scaled). Since non-fused BMO and BMR diffuse freely in solution
and encounter each other by coincidence (left side), uncoupling reactions result in electrons transferred to O, and lead to formation of reactive oxygen-species
(e.g., H205). In the hypothesized HFBI-fusion model (right side), BMO-HFBI and BMR-HFBI are arranged in close spatial proximity by self-assembly of HFBI resulting
in reduced uncoupling and improved catalytic performance. The illustrations show octa, tetra, and dimer formation as examples, but other multimeric assemblies are
also conceivable. R-H, substrate; R-OH, hydroxylated product.
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a natural fusion consisting of a heme-containing monooxygenase
(BMO) linked to an FAD-FMN-containing diflavin reductase
(BMR) (Narhi and Fulco, 1987). Earlier studies demonstrated
that the individual domains can be separated and when reconsti-
tuted in vitro, activity was observed (Boddupalli et al., 1992a), but
at drastically reduced levels as compared with the holoenzyme
(4,000 versus 0.5 mol min™" molpsso~' measured with palmitic acid
for the holoenzyme P450 BM3 versus BMO:BMR reconstituted at
a 1:10 ratio, respectively) (Sevrioukova et al., 1997).

Herein, the separated BMO- and BMR domains were
individually fused to the hydrophobin HFBI (Figure 1B). The
artificial fusion proteins were expressed in E. coli and purified.
Their combination in different molar ratios in vitro resulted in
increased coupling efficiencies and substrate conversions. These
improvements are hypothesized to originate from hydrophobin-
mediated self-assembly between BMO and BMR (Figure 1C).

MATERIALS AND METHODS

Generation of HFBI-Fused Proteins

Plasmids containing the genes coding for BMO;.» and
BMRy73-1000 inserted into pET-28a(+) were generated previously
(Girhard et al., 2007; Weber et al., 2010). The subscript numbers
refer to the amino acid positions in the holoenzyme P450 BM3
encoded by the cypl02al-gene (GenBank J04832), and are
counted including the first methionine.

The open reading frame of the hfbI-gene encoding full-length
HFBI,_o; from T. reesei (GenBank Z68124) was codon-optimized
for expression in E. coli and obtained as synthetic gene from
GeneArt (Germany).

Individual genes encoding BMO,_s75, BMRy73-1040 and mature
HFBL3_s; (lacking the N-terminal secretion signal) were amplified
by PCR and applied for the generation of HFBI-fused proteins.
Primers introduced a sequence encoding the flexible glycine-rich
linker [GGGGS].. Details of primer sequences and PCR are given
in the Tables S1-S4 in Supplementary Material. Fusion constructs
were generated by overlap-extension PCR (0ePCR). C-terminal
fusions (BMO-HFBI and BMR-HFBI) were generated by a
one-step 0ePCR in which all reaction ingredients were present in
the initial reaction mixture. For generation of N-terminal fusion
constructs (HFBI-BMO and HFBI-BMR), a two-step 0ePCR
was applied in which the terminal primers were added after the
first seven PCR cycles. Forward primers introduced an EcoRI
and reverse primers a Xhol restriction site enabling ligation into
the expression vector pET-28a(+). All genes were cloned in pET-
28a(+) and carried an N-terminal Hise-tag. The resulting plas-
mids were propagated in E. coli DH5a and gene sequences were
confirmed by Sanger sequencing (GATC-Biotech, Germany).

Protein Expression

The E. coli strain Shuffle T7 Express was used for expression of all
enzymes, except for the holoenzyme P450 BM3 that was expressed
using strain BL21(DE3) (both strains from New England Biolabs,
Germany). Four hundred milliliters of cultures (Lysogeny broth
containing 30 pg ml~* kanamycin) were grown at 37°C, 180 rpm
on an orbital shaker until the optical density at 600 nm (ODego)

reached ~0.8. At this point, expression was induced with 100 pM
isopropyl B-p-1-thiogalactopyranoside (IPTG). In case of P450
expressions (holoenzyme P450 BM3, BMO-HFBI, HFBI-BMO
and BMO), the cultures were supplemented with 80 pg ml™!
5’-aminolevulinic acid and 100 pM FeSO,. After induction, pro-
tein expression was done at 30°C, 140 rpm. Cells were harvested
by centrifugation (18,000X g, 30 min, 4°C). The cell pellets were
resuspended in 50 mM potassium phosphate buffer (KP;), pH 7.5
containing 5% (v/v) glycerol, and 100 pM phenylmethylsulfonyl
fluoride (PMSF), disrupted by sonication on ice (3 X 1.5 min,
1 min intermission), and cell debris was removed by centrifu-
gation (49,000x g, 30 min, 4°C). The supernatants (cleared cell
lysates) were recovered and stored at —20°C until purification.

Protein Purification, SDS-PAGE,

and Immunodetection

Protein purification was done by immobilized metal ion affin-
ity chromatography (IMAC) using a HisTrap FF crude column
(2 x 5ml) onan AKTApurifier system (GE Healthcare, Germany).
The column was equilibrated with 50 mM KP;, pH 7.5, 500 mM
NaCl prior to loading of the protein sample. Non-specifically
bound proteins were washed off the column with three column
volumes (CV) of the same buffer and five CV of the buffer con-
taining 7.5-25 mM imidazole. The protein of interest was eluted
with buffer containing 200 mM imidazole.

Purified proteins were desalted with a HiPrep 26/10 desalt-
ing column (GE Healthcare) and eluted in 50 mM KP;, pH 7.5,
25 mM NaCl, 5% (v/v) glycerol. Protein samples were concen-
trated by ultrafiltration (30 kDa molecular weight cutoff) and
stored at —20°C.

Proteins were visualized by SDS-PAGE (Laemmli, 1970) as
well as Western blotting in combination with immunodetection
using an antibody recognizing the Hise-tag epitope. Semi-dry
transfer of proteins onto nitrocellulose membranes was con-
ducted with 2 mA/cm? for 30 min. Membranes were blocked
with TBST [50 mM TrisHCI, pH 7.5, 150 mM NaCl, 0.1% (v/v)
Tween 20] containing 1% (w/v) skimmed milk powder for 1 h
and incubated for another 1.5 h with an Anti-Hiss-peroxidase
conjugate (Anti-Hiss-peroxidase mouse IgG, Roche Diagnostics,
Germany) according to the manufacturer’s instructions. After
three washing steps with TBST, the precipitating BM Blue POD
substrate (Roche Diagnostics) was applied for immunodetection
following the supplier’s instructions.

Size Exclusion Chromatography

Assembly of BMO-HFBI/BMR-HFBI was analyzed by size exclu-
sion chromatography (SEC) on a 16/60 Superdex 200 prep grade
column (GE Healthcare) with a bed volume of 120 ml and a sepa-
ration range of 10-600 kDa. The column was equilibrated with 3
CV of 50 mM KP;, pH 7.5, 5% (v/v) glycerol prior to loading 1 ml
of protein samples. Samples containing an equimolar mixture of
BMR-HFBI and BMO-HFBI (53 pM each) were incubated for
30 min at 30°C prior to loading. Proteins were eluted at a flow
rate of 0.5 ml min~" in 1.5 CV buffer and detected by measuring
the absorbance at 280 nm. To estimate molecular weights, the
standard proteins apoferritin (equine spleen; 443 kDa), f-amylase
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(potato; 200 kDa), alcohol dehydrogenase (yeast; 150 kDa), albu-
min (bovine serum; 66 kDa), and carbonic anhydrase (bovine
erythrocytes; 29 kDa) (all from Sigma-Aldrich, Germany) were
used, whereas the exclusion limit of the column (> 600 kDa) was
determined by using blue dextran (elution volume 40.8 ml).

Determination of Protein Concentrations
The concentrations of diflavin reductase containing enzymes
were calculated from the absorbance at 452 and 466 nm with
€15 =10 mM~ cm™ and €466 = 10 mM~' cm™! (Sevrioukova et al.,
1996). Concentrations of P450 containing enzymes were calcu-
lated from CO-difference spectra with €450.490 = 91 mM™ cm™" as
described elsewhere (Omura and Sato, 1964b).

Total protein concentrations were determined using the
method described by Bradford (1976) and bovine serum albumin
as standard.

Cytochrome c Assay

Cytochrome c reducing activities of reductases were determined
in 96-microwell plates in total volumes of 200 pl containing
50 mM KP;, pH 7.5, and 100 pM cytochrome ¢ from equine heart
(Sigma-Aldrich). Reactions were started by addition of 100 pM
NADPH. The increase of absorbance at 550 nm was followed
and cytochrome ¢ reducing activities were calculated using
€550 =21 mM™' cm™. Specific activities are given in U mg™" of total
protein, where 1 U is defined as the amount of enzyme catalyzing
the reduction of 1 pmol cytochrome ¢ per minute. Cytochrome ¢
reducing activities of soluble protein fractions obtained from
E. coli cells lacking expressed heterologous reductase were sub-
tracted from the results.

Bioconversion of Myristic Acid

and Product Analysis

Conversions of myristic acid were performed at 30°C in a total
reaction volume of 300 pl. Samples contained 50 mM KP;, pH
7.5, 1 mM MgCl,, 2% (v/v) DMSO, 200 pM myristic acid, 4 mM
D-glucose 6-phosphate, and 3 U glucose 6-phosphate dehydro-
genase from Leuconostoc mesenteroides (Sigma-Aldrich) for
cofactor regeneration, 600 U catalase from bovine liver (Sigma-
Aldrich) to decompose hydrogen peroxide that can be produced
within the P450 catalytic cycle, 200 pM NADPH, 1 uM P450
(BMO-HFBI or BMO), and 1 or 5 pM reductase (BMR-HFBI
or BMR). Additionally, a reaction was set up that contained 1 pM
holoenzyme P450 BM3 instead of BMO and BMR.

Analysis of reaction products was done by gas chromatogra-
phy coupled with mass spectrometry (GC/MS). Samples were
acidified with HCI, extracted with diethyl ether, derivatized
with N,O-bis(trimethylsilyl)trifluoroacetamide containing 1%
trimethylchlorosilane, and analyzed, as described previously
(Girhard et al., 2013).

Measurement of NADPH Oxidation

Rates and Coupling Efficiencies

NADPH oxidation rates as well as coupling efficiencies were
determined in a total reaction volume of 1 ml. Samples contained
50 mM KP;, pH 7.5, 2% (v/v) DMSO, 200 pM myristic acid, 1 pM

P450 (BMO-HFBI or BMO), and 1 or 5 pM reductase (BMR-
HFBI or BMR). Additionally, a reaction was set up that contained
1 pM holoenzyme P450 BM3 instead of BMO and BMR.

Reactions were started by addition of 200 pM NADPH and the
absorbance decrease at 340 nm was followed. NADPH oxidation
rates were calculated using €35 = 6.22 mM™' cm™ and related to
the applied amount of P450 (nmol min™' nmolpsse™).

After NADPH was completely consumed, the samples were
prepared for GC/MS analysis as described above. The coupling
efficiencies were calculated as the ratio between the concentra-
tions of product formed and NADPH consumed.

RESULTS

Expression and Characterization

of HFBI-Fused Proteins

The two domains of P450 BM3, the monooxygenase domain
BMO and the diflavin reductase domain BMR were separated and
fused individually to hydrophobin HFBI. Fusion proteins were
constructed using the mature form of hydrophobin HFBI lacking
its N-terminal 22 amino acids-long secretion signal sequence.
HFBI was fused to BMO and BMR in two orientations: either at
their N-termini (designated as HFBI-BMO and HFBI-BMR) or
at their C-termini (designated as BMO-HFBI and BMR-HFBI)
(Figure 1B). We inserted a flexible [GGGGS], linker, because
this linker type is frequently used for the construction of fusion
proteins allowing for motility of separate domains (Lu and
Feng, 2008; Gruner et al., 2012; Chen et al., 2013; Bakkes et al.,
2015). Due to the large differences in molecular weights of HFBI
(7.5 kDa) and BMO or BMR (54 and 64 kDa, respectively), a
flexible but not too long linker was considered suitable to retain
the functional integrity of both domains; especially the self-
assembling capability of the rather small HFBI domain should
not be superposed by the larger BMO or BMR domains. The
separated non-fused BMO and BMR domains served as refer-
ence proteins for comparison of biochemical and biocatalytic
properties.

The four disulfide bridges present in hydrophobins stabilize
their structure as described for HFBII (Hakanpai et al., 2004). As
HFBI possesses a very similar overall structure (Hakanpia et al.,
2006), we used the E. coli Shuffle T7 Express strain optimized
for functional expression of proteins bearing disulfide bridges to
express the HFBI fusion proteins. The same strain has also been
applied for the expression of other HFBI fusion proteins earlier
(Gruner et al., 2012).

Expression of the C-terminal HFBI fusions, BMO-HFBI
(Figure 2A) and BMR-HFBI (Figure 2B) resulted in adequate
amounts of soluble protein. The N-terminal fusions HFBI-BMO
and HFBI-BMR were expressed at lower levels compared with the
C-terminal fusions. Western blot analysis indicated only a slight
soluble expression of HFBI-BMO (~30%) which was, however,
entirely absent in case of HFBI-BMR with all protein detected as
insoluble (Figures S1 and S2 in Supplementary Material).

Non-fused BMO was almost exclusively found soluble,
whereas ~50% of non-fused BMR built insoluble aggregates dur-
ing expression (Figure S3 in Supplementary Material).
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arrow. Approximately 10 pg total protein per lane. M, molecular weight marker.

FIGURE 2 | SDS-PAGE (top pictures) and immunodetection (bottom pictures) of C-terminal HFBI-fusion proteins expressed in E. coli Shuffle T7
Express. (A) BMO-HFBI and (B) BMR-HFBI. (1) Whole-cells before induction; (2) cells 1 h post-induction; (3) cells 2 h post-induction; (4) cells 3 h post-induction;
(5) cells 4 h post-induction; (6) purified BMO-HFBI or BMR-HFBI of cells harvested 18 h post-induction; (7) purified non-fused BMR or BMO of cells harvested 18 h
post-induction. BMO-HFBI (66 kDa) and BMR-HFBI (76 kDa) are marked with a full arrow. Non-fused BMO (57 kDa) and BMR (68 kDa) are marked with an open

Soluble protein fractions bearing the heme-containing
BMO domain were analyzed by recording CO-difference
spectra that provides a measure of functional P450 based
on correctly coordinated heme (Omura and Sato, 1964a,b).
Generally, the observations from SDS-PAGE and immuno-
detection were in good agreement with the measurement
of functional P450 in the soluble protein fractions. The
C-terminal BMO-HFBI fusion was expressed at 650 nmol 1™,
whereas no correctly folded P450 was detectable in the sam-
ples with the N-terminal HFBI-BMO fusion. For compari-
son, the non-fused BMO was expressed at a concentration of
1,100 nmol 17! (Table 1).

Soluble protein fractions containing the BMR domain were
assessed for their ability to reduce cytochrome c. Samples con-
taining the C-terminal BMR-HFBI fusion displayed a 29-fold
higher cytochrome ¢ reducing activity compared with that of the
N-terminal HFBI-BMR fusion, which showed a very low activity
0f0.03 U mg™". Non-fused BMR displayed a slightly higher activ-
ity compared with that of BMR-HFBI (Table 1).

Since adequate expression and activity were obtained for the
C-terminal fusion proteins only, BMO-HFBI and BMR-HFBI
were selected for all further experiments.

After IMAC-purification, SDS-PAGE of BMO-HFBI and
BMR-HFBI revealed protein bands of the expected molecular

TABLE 1 | Expression of BMO-enzymes and cytochrome c reducing
activities of BMR-enzymes (soluble protein fractions after cell lysis).

Enzyme Expression (nmol I-') Cytochrome c activity (U mg-")
BMO-HFBI 650 -

HFBI-BMO n.d. -

BMO 1,100 -

BMR-HFBI - 0.88

HFBI-BMR - 0.03

BMR - 1.04

n.d., not detectable; —, not measured.

masses. However, an additional band migrating slightly below the
expected one was visible for both fusions. Both bands remained
visible on a Western blot (Figure 2). As immunodetection was
done using an antibody directed against the Hise-tag epitope
located on the N-terminus, we suggest that the degradation of
fusion proteins occurred from their C-termini. If expressions
were conducted for longer time periods of 18 h, the degradation
was even more pronounced yielding higher ratios of truncated
than intact fusion proteins. Therefore, the expression times were
shortened to 2-6 h to ensure high yields of functional full-length
fusion proteins.

CO-difference spectra of purified BMO-HFBI and BMO
showed the characteristic P450 absorbance maximum around
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450 nm, indicating correctly coordinated heme; specifically, the
absorbance maximum was observed at 449 nm for both proteins
(Figure3A). Absorbance spectraof purified BMR showed maxima
at 383 and 457 nm, which is in good agreement with literature
data reporting maxima at 385 and 456 nm (Neeli et al., 2005).
Values for purified BMR-HFBI were very similar with maxima at
385 and 457 nm (Figure 3B). Both spectra indicate the presence
of two prosthetic groups, namely FAD and FMN. In contrast to
BMR, however, in the BMR-HFBI spectrum the 457 nm maxi-
mum was less pronounced compared with the 385 nm maximum
and had an additional plateau around 403-411 nm.

Myristic Acid Conversion by HFBI-Fused
Proteins

To assess the activity of HFBI-fused enzymes, myristic acid - a
well-studied substrate of the holoenzyme P450 BM3 (Boddupalli
et al., 1992b; Whitehouse et al., 2012) — was chosen as model
substrate. The holoenzyme P450 BM3 catalyzes the oxidation
of myristic acid at subterminal positions to give predominantly
the ®-1, -2, and ®-3 hydroxylated products (Figure S4 in
Supplementary Material).

In the first experiment, hydrophobin-fused BMO-HFBI and
BMR-HEFBI were mixed in vitro in equimolar ratio and conver-
sion of myristic acid was compared with those of non-fused BMO
and BMR. Conversion with BMO-HFBI/BMR-HFBI achieved
78 and 99% after 6 and 24 h, whereas for BMO/BMR only 3.9
and 19% conversion was observed within these periods of time,
respectively (Figure 4A).

As described in the Section “Introduction,” P450 systems can
generally be improved by using the electron transfer proteins in
a molar excess (Girhard et al., 2010; Bell et al., 2012; Cheng et al.,
2012;Brill etal.,2014). Thus, in a second experiment, myristicacid
conversion was assayed with fivefold molar excess of BMR-HFBI
over BMO-HEFBI. In this case, conversion with BMO-HFBI/
BMR-HFBI was almost complete after 2 h (97%), whereas reac-
tions with BMO/BMR required 6 h to convert the same amount of
myristic acid (Figure 4B). When comparing the reaction system

with equimolar P450:reductase ratios to those employing fivefold
excess of reductase, it can be stated that the improvement of the
system by fusion to HFBI was more pronounced if the proteins
were applied in equimolar ratio.

Next, we aimed to investigate whether the observed improve-
ments in myristic acid conversion could also be achieved if only
one of the partners was fused to HFBI. Hence, “cross-conversion”
experiments were performed, in which a HFBI-fused protein
was combined with the corresponding non-fused partner [(i)
BMO/BMR-HFBI and (ii) BMO-HFBI/BMR], and were con-
ducted using a fivefold molar excess of the reductase. In these
cases, the conversions of myristic acid reached 57-60% after 2 h
(Figure 4C), which is lower compared with the 97% reached with
both partners fused to HFBI (BMO-HFBI/BMR-HFBI), and
interestingly also slightly lower compared with the reaction with
non-fused BMO/BMR (74%).

For all reconstituted systems predominantly -1 hydroxylated
myristic acid and similar ratios of w-2 and -3 hydroxylated
products were observed, which is in agreement with the literature
data for the holoenzyme P450 BM3 (Boddupalli et al., 1992b;
Whitehouse et al., 2012). The product distributions of both fused
and non-fused systems were overall similar; thus, the fusion of
HFBI did not affect the regioselectivity of BMO (Table S5 in
Supplementary Material).

Catalytic Performance of HFBI-Fused
Proteins

The HFBI-fused proteins were analyzed in more detail regarding
NADPH oxidation rates and coupling efficiencies during myristic
acid hydroxylation (Table 2). When BMO-HFBI/BMR-HFBI
were applied in equimolar ratio, an NADPH oxidation rate of
4.2 nmol min~' nmolps~" was measured, and the coupling effi-
ciency between NADPH consumed and product formed reached
57%. A fivefold molar excess of BMR-HFBI resulted in a sixfold
increased NADPH oxidation rate (27.0 nmol min™' nmolps~")
compared with the equimolar reconstituted HFBI-system.
Strikingly, the coupling efficiency was increased to 93%.
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Wavelength [nm]

FIGURE 3 | Spectral properties of HFBI-fused and non-fused BMO and BMR. (A) CO-difference spectra of purified BMO-HFBI (solid line) and BMO (dotted
line). (B) Absorbance spectra of purified BMR-HFBI (solid line) and BMR (dotted line).
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FIGURE 4 | Conversions of myristic acid by reconstituted P450/
reductase systems in vitro. BMO-HFBI/BMR-HFBI (filled squares) in
comparison to BMO/BMR (open circles) (A) equimolar ratios (1:1 pM).

(B) Fivefold molar excess of reductase (1:5 pM). Mean + SD (n = 3).

(C) “Cross-conversion” experiment with a HFBI-fused and a corresponding
non-fused protein. BMO/BMR-HFBI (open diamonds) or BMO-HFBI/BMR
(open triangles), both with fivefold molar excess of the reductase (1:5 uM).
Mean + SD (n = 2).

In comparison, for the equimolar mixture of non-fused BMO/
BMR, the NADPH oxidation rate and coupling efficiency were
too low to be quantified. For the 1:5 mixture of BMO/BMR, the
NADPH oxidation rate reached 26.2 nmol min~! nmolpsso ™!, which

TABLE 2 | Catalytic performance of reconstituted P450-reductase systems.

Enzymes Ratio NADPH oxidation Coupling
P450:Reductase rate? efficiency (%)

BMO-HFBI/ 11 4.2 +0.1 57.4 +16.6

BMR-HFBI

BMO/BMR 11 n.d. -

BMO-HFBI/ 1:5 27.0+7.2 92.7 +4.8

BMR-HFBI

BMO/BMR 1:5 26.2+9.8 65.2 +16.3

Holoenzyme 368.6 + 52.3 91+ 1.1

P450 BM3

aInitial NADPH oxidation rate (nmol min=" nmolpaso™).

®Not detectable (NADPH consumption and substrate conversion were below the
detection limits).

°Due to non-detectable NADPH consumption and substrate conversion, the coupling
efficiency could not be determined.

is comparable to those of the fused enzymes; however, a much
lower coupling efficiency was measured in this case (Table 2).

The NADPH consumption rate of the holoenzyme P450 BM3
was still 14-fold higher (368.6 nmol min~' nmolpsse~!) than that
of the HFBI-fused system with fivefold excess of reductase and
100% conversion was achieved already within the first 5 min
of the reaction (data not shown), but remarkably, the coupling
efficiency was about the same (91%).

The myristic acid conversions obtained after 2 h with cofactor
regeneration (Figure 4) were in good agreement with the obtained
coupling efficiencies of the reconstituted systems. The highest
conversion of 97% was achieved with BMO-HFBI/BMR-HFBI
with fivefold excess of reductase (Figure 4B). For this system,
accordingly the highest coupling efficiency was determined. For
equimolar reconstituted systems, conversion after 2 h was only
detectable in reactions with BMO-HFBI/BMR-HFBI (49%)
which was accompanied with measurable NADPH oxidation
rates and coupling efficiency. By contrast, catalytic parameters
and conversion were not detectable when non-fused BMO/BMR
was reconstituted in equimolar 1:1 ratio.

Size Exclusion Chromatography

Experiments

We hypothesized that, in aqueous solutions, the self-assembling
capability of hydrophobins arranges the monooxygenase and
reductase domains in close spatial proximity, consequently
increasing the catalytic performance of the reconstituted system.
Indeed, the HFBI-fused enzymes displayed improved catalytic
performance compared with the non-fused enzymes indepen-
dently on the molar ratio employed. To gain a first hint, if this
improvement is in fact due to self-assembling of the HFBI-fusion
proteins, an equimolar mixture of BMO-HFBI/BMR-HFBI (66
and 76 kDa molecular weight of monomers) was analyzed by
SEC (Figure 5). The elution profile of the HFBI-fused enzymes
showed multiple peaks, which is indicative of a heterogeneous
protein population. The largest peak eluted at 43.6 ml, which cor-
responds to a molecular weight of ~530 kDa. The high-molecular
weight species are multimeric assemblies; here, putative hexa- to
octameric complexes are conceivable. Moreover, additional
peaks were detected corresponding to species with an apparent
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FIGURE 5 | Size exclusion chromatography of a mixture of BMO-
HFBI:BMR-HFBI in equimolar ratio (53 pM each). The void volume of the
column was 40.8 ml (>600 kDa). Molecular weights were estimated using a
linear calibration curve with standard proteins (for details refer to Section
“Materials and Methods”). Peak 1, ca. 530 kDa (43.6 ml); Peak 2, 276 kDa
(52.5 ml); Peak 3, 143 kDa (61.4 ml); Peak 4, 78 kDa (69.6 ml). Peaks eluting
between 100 and 120 ml (designated with asterisks) denote molecular
weights smaller than 29 kDa and likely represent degradation products.

molecular weight of 276 kDa (putative tetramer), 143 kDa (puta-
tive dimer), and 78 kDa (likely the monomers).

Although the exact compositions of the different multimeric
complexes formed by HFBI-fused enzymes - including the stoi-
chiometry in which the individual BMO and BMR components
are present — remained unidentified, the presence of octa- and
other multimers gives a good hint that the HFBI-fused proteins
are able to self-assemble in solution.

DISCUSSION

The capability of hydrophobin HFBI to self-assemble was analyzed
in this study for its potential to improve the catalytic performance
of a reconstituted in vitro system consisting of a P450 monooxy-
genase and its corresponding diflavin reductase. Therefore, the
HFBI moiety was fused individually to BMO and BMR.

It has been described previously that expression of hydro-
phobins in E. coli often leads to formation of inclusion bodies
(Espino-Rammer et al., 2013), which also accounts for derived
fusion proteins (Morris et al., 2013). Isolation from insoluble
protein fractions is conducted with denaturing agents followed
by oxidative refolding (Morris et al., 2013). Within this study,
expression of soluble and functional proteins was only possible in
case of C-terminal HFBI-fusion (BMO-HFBI and BMR-HFBI).
By contrast, expressions of fusion proteins bearing HFBI at their
N-termini yielded largely insoluble and non-functional proteins.
A similar expression strategy was employed using glutathione
S-transferase (GST) as N-terminal fusion partner leading to solu-
ble expression of GST-hydrophobin fusion proteins. GST was even
necessary to keep the class II hydrophobins HFBIV and HFBVII
in solution in in vitro experiments (Espino-Rammer et al., 2013).

Similarly, Morris et al. (2011) reported soluble expression of the
class I hydrophobin DewA from Aspergillus nidulans, which was
produced as a fusion protein with N-terminally located human
ubiquitin. In accordance to the literature, our data indicate that
soluble expression of HFBI in E. coli is favored by fusion of a highly
soluble large protein (like BMO or BMR) to the N-terminus of
HFBI.

Spectra of purified BMO-HFBI and BMR-HFBI were very
similar to that of their non-fused counterparts BMO and BMR.
The CO-difference spectrum of BMO-HFBI indicated a proper
incorporation of the heme group during expression of the fusion.
The absorbance spectrum of BMR-HFBI showed two specific
maxima indicative for FAD-FMN-bound diflavin reductases
(Sevrioukova et al., 1996; Neeli et al., 2005). The ratios of maxima
between BMR-HFBI and BMR were different, and BMR-HFBI
showed an additional shoulder at 403-411 nm. The observed
differences are probably due to the fact that HFBI was fused to
the C-terminus of BMR near the FAD coordination site. Similar
albeit less pronounced observations were made previously in
mutagenesis studies focusing on the NADPH-binding FAD-
region of BMR. In that case, the ratios between shorter and longer
wavelength maxima were also changed which was explained
by the exposure of FAD to the solvent (Neeli et al., 2005). The
shoulder at 403-411 nm might be explained by the presence of
a certain fraction of anionic FAD™ radicals (Miiller et al., 2014).

We observed that with increasing expression time HFBI-fused
proteins were not entirely expressed in intact full-length form.
Degradation products derived from C-terminal truncation were
frequently observed at longer expression times. On SDS-gels,
degradation products of BMO-HFBI and BMR-HFBI migrated
approximately at molecular masses comparable to those of non-
fused BMO and BMR, respectively. This is likely the result of
cleavage of the glycine-serine linker leading to HFBI-deficient
protein subspecies. Gycine-rich linkers were previously found to
be prone to proteolytic cleavage by E. coli peptidases (Kavoosi
etal., 2007) which might provide an explanation for our observa-
tion. Furthermore, degradation of fusion proteins bearing the
hydrophobin DewA were described as well (Wohlleben et al.,
2010). A systematic optimization of the linker sequence between
both fusion partners, e.g., by the recently described “DuaLinX”
method (Bakkes et al., 2015), may lead to enhanced stability of
the fusion proteins.

Catalytic activity of the BMO-HFBI/BMR-HFBI system was
higher as compared with that of the respective non-fused BMO/
BMR system. The catalytic performance was assessed in two ways:
(i) time-dependent substrate conversion using cofactor regenera-
tion and (ii) the assessment of catalytic parameters of reconsti-
tuted systems by measurements of initial rates under cofactor
limiting conditions. Both methods independently confirmed a
beneficial effect of the HFBI-fusion on catalytic performance.
This effect was more pronounced when reconstituted in equimo-
lar ratio, but also visible at a 1:5 ratio of BMO-HFBI:BMR-HFBI.
Furthermore, fusion to HFBI did not affect the regioselectivity of
BMO in myristic acid hydroxylation.

Remarkably, the coupling efficiency of the BMO-HFBI/
BMR-HEFBI reaction reached up to 93%, which is as good as that
of the holoenzyme P450 BM3. This improvement is hypothesized

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

July 2016 | Volume 4 | Article 57


www.frontiersin.org/Bioengineering_and_Biotechnology
http://www.frontiersin.org
http://www.frontiersin.org/Bioengineering_and_Biotechnology/archive

Schulz et al.

Fusion of Hydrophobin to P450 and Reductase

to originate from more efficient electron transfer from BMR to
BMO as result of HFBI-mediated assembly of the proteins in
close spatial arrangement in solution. Our SEC data support
this hypothesis, since high-molecular weight complexes were
observed for equimolar mixtures of BMO-HFBI/BMR-HFBI.
The elucidation of the exact nature of these multimeric complexes,
however, requires further studies.

In conclusion, the presented approach employing the hydro-
phobin HFBI to mediate P450-reductase interaction represents
a promising tool for the improvement of the catalytic perfor-
mance of multi-component P450 systems. Since redox partners’
ratios can be flexibly adjusted, the system can be fine-tuned
according to the needs of individual P450s. The hydrophobin
fusion approach might also be extended to other multi-enzyme
systems where arrangement of the individual enzymes in close
spatial proximity is a prerequisite to achieve high catalytic
activities.

AUTHOR CONTRIBUTIONS

VU, MG, and SS contributed to the conception of the work. DS,
DR, and SS produced the data of the work, whereas all authors

REFERENCES

Bakkes, P. ], Biemann, S., Bokel, A., Eickholt, M., Girhard, M., and Urlacher, V. B.
(2015). Design and improvement of artificial redox modules by molecular
fusion of flavodoxin and flavodoxin reductase from Escherichia coli. Sci. Rep. 5,
12158. doi:10.1038/Srep12158

Bayry, J., Aimanianda, V., Guijarro, J. I, Sunde, M., and Latge, J. P. (2012).
Hydrophobins - unique fungal proteins. PLoS Pathog. 8:¢1002700. doi:10.1371/
journal.ppat.1002700

Bell, S. G., McMillan, J. H., Yorke, J. A., Kavanagh, E., Johnson, E. O., and Wong, L.
L. (2012). Tailoring an alien ferredoxin to support native-like P450 monoo-
xygenase activity. Chem. Commun. (Camb) 48, 11692-11694. doi:10.1039/
c2cc35968e

Bernhardt, R. (1996). Cytochrome P450: structure, function, and generation of
reactive oxygen species. Rev. Physiol. Biochem. Pharmacol. 127, 137-221.

Bernhardt, R. (2013). “Cytochrome P-450," in The Encyclopedia of Biological
Chemistry, eds W. J. Lennarz and M. D. Lane (Waltham, MA: Academic Press),
607-612.

Bernhardt, R., and Urlacher, V. B. (2014). Cytochromes P450 as promising catalysts
for biotechnological application: chances and limitations. Appl. Microbiol.
Biotechnol. 98, 6185-6203. doi:10.1007/s00253-014-5767-7

Boddupalli, S. S., Oster, T., Estabrook, R. W,, and Peterson, J. A. (1992a).
Reconstitution of the fatty acid hydroxylation function of cytochrome
P-450BM-3 utilizing its individual recombinant hemo- and flavoprotein
domains. J. Biol. Chem. 267, 10375-10380.

Boddupalli, S. S., Pramanik, B. C., Slaughter, C. A., Estabrook, R. W, and
Peterson, J. A. (1992b). Fatty acid monooxygenation by P450BM-3: product
identification and proposed mechanisms for the sequential hydroxylation
reactions. Arch. Biochem. Biophys. 292, 20-28. d0i:10.1016/0003-9861(92)
90045-X

Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye binding.
Anal. Biochem. 72, 248-254. doi:10.1016/0003-2697(76)90527-3

Brill, E., Hannemann, E, Zapp, J., Briining, G., Jauch, J., and Bernhardt, R.
(2014). A new cytochrome P450 system from Bacillus megaterium DSM319
for the hydroxylation of 11-keto-beta-boswellic acid (KBA). Appl. Microbiol.
Biotechnol. 98, 1701-1717. doi:10.1007/s00253-013-5029-0

Cao, P.R., Bulow, H., Dumas, B., and Bernhardt, R. (2000). Construction and char-
acterization of a catalytic fusion protein system: P-450(11beta)-adrenodoxin

contributed to data analysis and interpretation. SS drafted the
manuscript. All authors revised the manuscript critically and
gave final approval of the version to be published.

ACKNOWLEDGMENTS

The authors thank Melanie Wachtmeister for technical assistance
and Dr. Patrick J. Bakkes for fruitful discussions.

FUNDING

We thank the Federal Ministry of Education and Research
(BMBF grant FKZ 031A166) for financial support. SS thanks
the Ministry of Innovation, Science, and Research of North
Rhine-Westphalia (Germany) and Heinrich-Heine University
Disseldorf for the scholarship within the CLIB Graduate Cluster
Industrial Biotechnology.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at
http://journal.frontiersin.org/article/10.3389/fbioe.2016.00057

reductase-adrenodoxin. Biochim. Biophys. Acta 1476, 253-264. doi:10.1016/
S0167-4838(99)00243-5

Chen, X., Zaro, J. L., and Shen, W. C. (2013). Fusion protein linkers: property,
design and functionality. Adv. Drug Deliv. Rev. 65, 1357-1369. doi:10.1016/j.
addr.2012.09.039

Cheng, Q,, Sohl, C. D., Yoshimoto, E. K., and Guengerich, E. P. (2012). Oxidation of
dihydrotestosterone by human cytochromes P450 19A1 and 3A4. . Biol. Chem.
287, 29554-29567. doi:10.1074/jbc.M112.390047

Espino-Rammer, L., Ribitsch, D., Przylucka, A., Marold, A., Greimel, K. J., Herrero
Acero, E,, et al. (2013). Two novel class IT hydrophobins from Trichoderma spp.
stimulate enzymatic hydrolysis of poly(ethylene terephthalate) when expressed
as fusion proteins. Appl. Environ. Microbiol. 79, 4230-4238. doi:10.1128/
AEM.01132-13

Girhard, M., Klaus, T., Khatri, Y., Bernhardt, R., and Urlacher, V. B. (2010).
Characterization of the versatile monooxygenase CYP109B1 from Bacillus
subtilis. Appl. Microbiol. Biotechnol. 87, 595-607. doi:10.1007/s00253-010-
2472-2

Girhard, M., Schuster, S., Dietrich, M., Dirre, P,, and Urlacher, V. B. (2007).
Cytochrome P450 monooxygenase from Clostridium acetobutylicum: a new
alpha-fatty acid hydroxylase. Biochem. Biophys. Res. Commun. 362, 114-119.
doi:10.1016/j.bbrc.2007.07.155

Girhard, M., Tieves, E, Weber, E., Smit, M. S., and Urlacher, V. B. (2013).
Cytochrome P450 reductase from Candida apicola: versatile redox partner
for bacterial P450s. Appl. Microbiol. Biotechnol. 97, 1625-1635. d0i:10.1007/
500253-012-4026-z

Girvan, H. M., Waltham, T. N, Neeli, R., Collins, H. E, McLean, K. J., Scrutton, N.
S., etal. (2006). Flavocytochrome P450 BM3 and the origin of CYP102 fusion
species. Biochem. Soc. Trans. 34(Pt 6), 1173-1177. doi:10.1042/BST0341173

Gruner, L. J., Ostermann, K., and Rédel, G. (2012). Layer thickness of hydrophobin
films leads to oscillation in wettability. Langmuir 28, 6942-6949. doi:10.1021/
1a204252y

Guengerich, E. P. (2008). Cytochrome p450 and chemical toxicology. Chem. Res.
Toxicol. 21, 70-83. doi:10.1021/tx700079z

Hakanpad, J., Paananen, A., Askolin, S. Nakari-Setild, T., Parkkinen, T,
Penttild, M., et al. (2004). Atomic resolution structure of the HFBII hydropho-
bin, a self-assembling amphiphile. J. Biol. Chem. 279, 534-539. doi:10.1074/jbc.
M309650200

Hakanpag, ], Szilvay, G. R., Kaljunen, H., Maksimainen, M., Linder, M., and
Rouvinen, J. (2006). Two crystal structures of Trichoderma reesei hydrophobin

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

July 2016 | Volume 4 | Article 57


www.frontiersin.org/Bioengineering_and_Biotechnology
http://www.frontiersin.org
http://www.frontiersin.org/Bioengineering_and_Biotechnology/archive
http://journal.frontiersin.org/article/10.3389/fbioe.2016.00057
http://dx.doi.org/10.1038/Srep12158
http://dx.doi.org/10.1371/journal.ppat.1002700
http://dx.doi.org/10.1371/journal.ppat.1002700
http://dx.doi.org/10.1039/c2cc35968e
http://dx.doi.org/10.1039/c2cc35968e
http://dx.doi.org/10.1007/s00253-014-5767-7
http://dx.doi.org/10.1016/0003-9861(92)90045-X
http://dx.doi.org/10.1016/0003-9861(92)90045-X
http://dx.doi.org/10.1016/0003-2697(76)90527-3
http://dx.doi.org/10.1007/s00253-013-5029-0
http://dx.doi.org/10.1016/S0167-4838(99)00243-5
http://dx.doi.org/10.1016/S0167-4838(99)00243-5
http://dx.doi.org/10.1016/j.addr.2012.09.039
http://dx.doi.org/10.1016/j.addr.2012.09.039
http://dx.doi.org/10.1074/jbc.M112.390047
http://dx.doi.org/10.1128/AEM.01132-13
http://dx.doi.org/10.1128/AEM.01132-13
http://dx.doi.org/10.1007/s00253-010-2472-z
http://dx.doi.org/10.1007/s00253-010-2472-z
http://dx.doi.org/10.1016/j.bbrc.2007.07.155
http://dx.doi.org/10.1007/s00253-012-4026-z
http://dx.doi.org/10.1007/s00253-012-4026-z
http://dx.doi.org/10.1042/BST0341173
http://dx.doi.org/10.1021/la204252y
http://dx.doi.org/10.1021/la204252y
http://dx.doi.org/10.1021/tx700079z
http://dx.doi.org/10.1074/jbc.M309650200
http://dx.doi.org/10.1074/jbc.M309650200

Schulz et al.

Fusion of Hydrophobin to P450 and Reductase

HFBI - the structure of a protein amphiphile with and without detergent
interaction. Protein Sci. 15, 2129-2140. doi:10.1110/ps.062326706

Hannemann, E, Bichet, A., Ewen, K. M., and Bernhardt, R. (2007). Cytochrome
P450 systems - biological variations of electron transport chains. Biochim.
Biophys. Acta 1770, 330-344. doi:10.1016/j.bbagen.2006.07.017

Hirakawa, H., Kakitani, A., and Nagamune, T. (2013). Introduction of selective
intersubunit disulfide bonds into self-assembly protein scaffold to enhance an
artificial multienzyme complex’s activity. Biotechnol. Bioeng. 110, 1858-1864.
doi:10.1002/bit.24861

Hirakawa, H., Kamiya, N., Tanaka, T., and Nagamune, T. (2007). Intramolecular
electron transfer in a cytochrome P450cam system with a site-specific branched
structure. Protein Eng. Des. Sel. 20, 453-459. doi:10.1093/protein/gzm045

Hirakawa, H., and Nagamune, T. (2010). Molecular assembly of P450 with
ferredoxin and ferredoxin reductase by fusion to PCNA. Chembiochem 11,
1517-1520. doi:10.1002/cbic.201000226

Hlavica, P. (2009). Assembly of non-natural electron transfer conduits in the
cytochrome P450 system: a critical assessment and update of artificial redox
constructs amenable to exploitation in biotechnological areas. Biotechnol. Adv.
27, 103-121. doi:10.1016/j.biotechadv.2008.10.001

Julsing, M. K., Cornelissen, S., Biihler, B., and Schmid, A. (2008). Heme-iron oxy-
genases: powerful industrial biocatalysts? Curr. Opin. Chem. Biol. 12, 177-186.
doi:10.1016/j.cbpa.2008.01.029

Jung, S. T, Lauchli, R, and Arnold, E H. (2011). Cytochrome P450: taming
a wild type enzyme. Curr. Opin. Biotechnol. 22, 809-817. doi:10.1016/j.
copbio.2011.02.008

Kavoosi, M., Creagh, A. L., Kilburn, D. G., and Haynes, C. A. (2007). Strategy for
selecting and characterizing linker peptides for CBM9-tagged fusion proteins
expressed in Escherichia coli. Biotechnol. Bioeng. 98, 599-610. doi:10.1002/
bit.21396

Laemmli, U. K. (1970). Cleavage of structural proteins during the assembly of the
head of bacteriophage T4. Nature 227, 680-685. doi:10.1038/227680a0

Ley, K., Christofferson, A., Penna, M., Winkler, D., Maclaughlin, S., and Yarovsky, I.
(2015). Surface-water interface induces conformational changes critical for
protein adsorption: implications for monolayer formation of EAS hydrophobin.
Front. Mol. Biosci. 2:64. doi:10.3389/fmolb.2015.00064

Linder, M, Szilvay, G. R., Nakari-Setild, T., Soderlund, H., and Penttild, M. (2002).
Surface adhesion of fusion proteins containing the hydrophobins HFBI and
HFBII from Trichoderma reesei. Protein Sci. 11, 2257-2266. doi:10.1110/
ps.0207902

Linder, M. B. (2009). Hydrophobins: proteins that self assemble at interfaces.
Curr. Opin. Colloid Interface Sci. 14, 356-363. doi:10.1016/j.cocis.2009.
04.001

Lu, P, and Feng, M. G. (2008). Bifunctional enhancement of a f-glucanase-xylanase
fusion enzyme by optimization of peptide linkers. Appl. Microbiol. Biotechnol.
79, 579-587. doi:10.1007/s00253-008-1468-4

McLean, K. J,, Girvan, H. M., and Munro, A. W. (2007). Cytochrome P450/
redox partner fusion enzymes: biotechnological and toxicological pros-
pects. Expert Opin. Drug Metab. Toxicol. 3, 847-863. doi:10.1517/17425255.
3.6.847

McLean, K. J., Luciakova, D., Belcher, J., Tee, K. L., and Munro, A. W. (2015).
Biological diversity of cytochrome P450 redox partner systems. Adv. Exp. Med.
Biol. 851, 299-317. do0i:10.1007/978-3-319-16009-2_11

Morris, V. K., Kwan, A. H., and Sunde, M. (2013). Analysis of the structure and
conformational states of DewA gives insight into the assembly of the fungal
hydrophobins. . Mol. Biol. 425, 244-256. doi:10.1016/j.jmb.2012.10.021

Morris, V. K., Ren, Q., Macindoe, L., Kwan, A. H., Byrne, N,, and Sunde, M. (2011).
Recruitment of class I hydrophobins to the air:water interface initiates a multi-
step process of functional amyloid formation. J. Biol. Chem. 286, 15955-15963.
doi:10.1074/jbc.M110.214197

Miiller, P, Bouly, J. P, Hitomi, K., Balland, V., Getzoff, E. D,, Ritz, T, et al. (2014).
ATP binding turns plant cryptochrome into an efficient natural photoswitch.
Sci. Rep. 4, 5175. doi:10.1038/srep05175

Munro, A. W, Girvan, H. M., Mason, A. E., Dunford, A.].,and McLean, K.J. (2013).
What makes a P450 tick? Trends Biochem. Sci. 38, 140-150. doi:10.1016/j.
tibs.2012.11.006

Munro, A. W,, Girvan, H. M., and McLean, K. J. (2007). Cytochrome P450 - redox
partner fusion enzymes. Biochim. Biophys. Acta 1770, 345-359. d0i:10.1016/j.
bbagen.2006.08.018

Nakari-Setild, T., Aro, N., Kalkkinen, N., Alatalo, E., and Penttild, M. (1996).
Genetic and biochemical characterization of the Trichoderma reesei hydropho-
bin HFBL. Eur. J. Biochem. 235, 248-255. d0i:10.1111/§.1432-1033.1996.00248 x

Narhi, L. O., and Fulco, A. J. (1987). Identification and characterization of two
functional domains in cytochrome P-450BM-3, a catalytically self-sufficient
monooxygenase induced by barbiturates in Bacillus megaterium. J. Biol. Chem.
262, 6683-6690.

Neeli, R., Roitel, O., Scrutton, N. S., and Munro, A. W. (2005). Switching pyridine
nucleotide specificity in P450 BM3: mechanistic analysis of the W1046H and
W1046A enzymes. J. Biol. Chem. 280,17634-17644.d0i:10.1074/jbc.M413826200

Noble, M. A., Miles, C. S., Chapman, S. K., Lysek, D. A., MacKay, A. C., Reid, G. A.,
et al. (1999). Roles of key active-site residues in flavocytochrome P450 BM3.
Biochem. ]. 339(Pt 2), 371-379. d0i:10.1042/bj3390371

Omura, T, and Sato, R. (1964a). The carbon monoxide-binding pigment of
liver microsomes. 1. Evidence for its hemoprotein nature. J. Biol. Chem. 239,
2370-2378.

Omura, T, and Sato, R. (1964b). The carbon monoxide-binding pigment of liver
microsomes. II. Solubilization, purification, and properties. J. Biol. Chem. 239,
2379-2385.

Podust, L. M., and Sherman, D. H. (2012). Diversity of P450 enzymes in the
biosynthesis of natural products. Nat. Prod. Rep. 29, 1251-1266. d0i:10.1039/
c2np20020a

Sadeghi, S. J., and Gilardi, G. (2013). Chimeric P450 enzymes: activity of artificial
redox fusions driven by different reductases for biotechnological applications.
Biotechnol. Appl. Biochem. 60, 102-110. doi:10.1002/bab.1086

Sevrioukova, I, Truan, G., and Peterson, J. A. (1996). The flavoprotein domain
of P450BM-3: expression, purification, and properties of the flavin adenine
dinucleotide- and flavin mononucleotide-binding subdomains. Biochemistry
35, 7528-7535. doi:10.1021/bi960330p

Sevrioukova, I, Truan, G., and Peterson, J. A. (1997). Reconstitution of the fatty
acid hydroxylase activity of cytochrome P450BM-3 utilizing its functional
domains. Arch. Biochem. Biophys. 340, 231-238. doi:10.1006/abbi.1997.9895

Sibbesen, O., De Voss, J.]., and Montellano, P. R. (1996). Putidaredoxin reduc-
tase-putidaredoxin-cytochrome P450cam triple fusion protein. Construction
of a self-sufficient Escherichia coli catalytic system. J. Biol. Chem. 271,
22462-22469. doi:10.1074/jbc.271.37.22462

Strohle, E. W, Kranen, E., Schrader, J., Maas, R., and Holtmann, D. (2016). A sim-
plified process design for P450 driven hydroxylation based on surface displayed
enzymes. Biotechnol. Bioeng. 113, 1225-1233. doi:10.1002/bit.25885

Suzuki, R., Hirakawa, H., and Nagamune, T. (2014). Electron donation to an
archaeal cytochrome P450 is enhanced by PCNA-mediated selective complex
formation with foreign redox proteins. Biotechnol. J. 9, 1573-1581. doi:10.1002/
biot.201400007

Szilvay, G. R., Nakari-Setild, T., and Linder, M. B. (2006). Behavior of Trichoderma
reesei hydrophobins in solution: interactions, dynamics, and multimer forma-
tion. Biochemistry 45, 8590-8598. doi:10.1021/bi060620y

Urlacher, V. B., and Girhard, M. (2012). Cytochrome P450 monooxygenases: an
update on perspectives for synthetic application. Trends Biotechnol. 30, 26-36.
doi:10.1016/j.tibtech.2011.06.012

Weber, E., Sirim, D., Schreiber, T., Thomas, B., Pleiss, J., Hunger, M., et al. (2010).
Immobilization of P450 BM-3 monooxygenase on mesoporous molecular sieves
with different pore diameters. J. Mol. Catal. B Enzym. 64, 29-37. doi:10.1016/].
molcatb.2010.01.020

Whitehouse, C. J. C., Bell, S. G., and Wong, L. L. (2012). P450(BM3) (CYP102A1):
connecting the dots. Chem. Soc. Rev. 41, 1218-1260. d0i:10.1039/c1cs15192d

Wohlleben, W., Subkowski, T., Bollschweiler, C., von Vacano, B., Liu, Y., Schrepp,
W,, etal. (2010). Recombinantly produced hydrophobins from fungal analogues
as highly surface-active performance proteins. Eur. Biophys. J. 39, 457-468.
doi:10.1007/500249-009-0430-4

Wong, L. L. (1998). Cytochrome P450 monooxygenases. Curr. Opin. Chem. Biol. 2,
263-268. doi:10.1016/S1367-5931(98)80068-9

Wosten, H. A., and de Vocht, M. L. (2000). Hydrophobins, the fungal coat
unravelled. Biochim. Biophys. Acta 1469, 79-86. doi:10.1016/S0304-4157
(00)00002-2

Zhao, F, Bai, P, Liu, T, Li, D., Zhang, X., Lu, W,, et al. (2016). Optimization of a
cytochrome P450 oxidation system for enhancing protopanaxadiol production
in Saccharomyces cerevisiae. Biotechnol. Bioeng. 113(8):1787-95 doi:10.1002/
bit.25934

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

11

July 2016 | Volume 4 | Article 57


www.frontiersin.org/Bioengineering_and_Biotechnology
http://www.frontiersin.org
http://www.frontiersin.org/Bioengineering_and_Biotechnology/archive
http://dx.doi.org/10.1110/ps.062326706
http://dx.doi.org/10.1016/j.bbagen.2006.07.017
http://dx.doi.org/10.1002/bit.24861
http://dx.doi.org/10.1093/protein/gzm045
http://dx.doi.org/10.1002/cbic.201000226
http://dx.doi.org/10.1016/j.biotechadv.2008.10.001
http://dx.doi.org/10.1016/j.cbpa.2008.01.029
http://dx.doi.org/10.1016/j.copbio.2011.02.008
http://dx.doi.org/10.1016/j.copbio.2011.02.008
http://dx.doi.org/10.1002/bit.21396
http://dx.doi.org/10.1002/bit.21396
http://dx.doi.org/10.1038/227680a0
http://dx.doi.org/10.3389/fmolb.2015.00064
http://dx.doi.org/10.1110/ps.0207902
http://dx.doi.org/10.1110/ps.0207902
http://dx.doi.org/10.1016/j.cocis.2009.04.001
http://dx.doi.org/10.1016/j.cocis.2009.04.001
http://dx.doi.org/10.1007/s00253-008-1468-4
http://dx.doi.org/10.1517/17425255.3.6.847
http://dx.doi.org/10.1517/17425255.3.6.847
http://dx.doi.org/10.1007/978-3-319-16009-2_11
http://dx.doi.org/10.1016/j.jmb.2012.10.021
http://dx.doi.org/10.1074/jbc.M110.214197
http://dx.doi.org/10.1038/srep05175
http://dx.doi.org/10.1016/j.tibs.2012.11.006
http://dx.doi.org/10.1016/j.tibs.2012.11.006
http://dx.doi.org/10.1016/j.bbagen.2006.08.018
http://dx.doi.org/10.1016/j.bbagen.2006.08.018
http://dx.doi.org/10.1111/j.1432-1033.1996.00248.x
http://dx.doi.org/10.1074/jbc.M413826200
http://dx.doi.org/10.1042/bj3390371
http://dx.doi.org/10.1039/c2np20020a
http://dx.doi.org/10.1039/c2np20020a
http://dx.doi.org/10.1002/bab.1086
http://dx.doi.org/10.1021/bi960330p
http://dx.doi.org/10.1006/abbi.1997.9895
http://dx.doi.org/10.1074/jbc.271.37.22462
http://dx.doi.org/10.1002/bit.25885
http://dx.doi.org/10.1002/biot.201400007
http://dx.doi.org/10.1002/biot.201400007
http://dx.doi.org/10.1021/bi060620y
http://dx.doi.org/10.1016/j.tibtech.2011.06.012
http://dx.doi.org/10.1016/j.molcatb.2010.01.020
http://dx.doi.org/10.1016/j.molcatb.2010.01.020
http://dx.doi.org/10.1039/c1cs15192d
http://dx.doi.org/10.1007/s00249-009-0430-4
http://dx.doi.org/10.1016/S1367-5931(98)80068-9
http://dx.doi.org/10.1016/S0304-4157(00)00002-2
http://dx.doi.org/10.1016/S0304-4157(00)00002-2
http://dx.doi.org/10.1002/bit.25934
http://dx.doi.org/10.1002/bit.25934

Schulz et al.

Fusion of Hydrophobin to P450 and Reductase

Zhu, S., Wu, J., Du, G., Zhou, J., and Chen, J. (2014). Efficient synthesis of eriodic-
tyol from L-tyrosine in Escherichia coli. Appl. Environ. Microbiol. 80, 3072-3080.
doi:10.1128/AEM.03986-13

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2016 Schulz, Schumacher, Raszkowski, Girhard and Urlacher. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) or licensor are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

12

July 2016 | Volume 4 | Article 57


www.frontiersin.org/Bioengineering_and_Biotechnology
http://www.frontiersin.org
http://www.frontiersin.org/Bioengineering_and_Biotechnology/archive
http://dx.doi.org/10.1128/AEM.03986-13
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Fusion to Hydrophobin HFBI Improves the Catalytic Performance of a Cytochrome P450 System
	Introduction
	Materials and Methods
	Generation of HFBI-Fused Proteins
	Protein Expression
	Protein Purification, SDS-PAGE, and Immunodetection
	Size Exclusion Chromatography
	Determination of Protein Concentrations
	Cytochrome c Assay
	Bioconversion of Myristic Acid and Product Analysis
	Measurement of NADPH Oxidation Rates and Coupling Efficiencies

	Results
	Expression and Characterization of HFBI-Fused Proteins

	Myristic Acid Conversion by HFBI-Fused Proteins
	Catalytic Performance of HFBI-Fused Proteins
	Size Exclusion Chromatography Experiments

	Discussion
	Author Contributions
	Acknowledgments
	Funding
	Supplementary Material
	References


