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Fusarium head blight is a devastating disease in wheat caused by some fungal pathogens of the Fusarium
genus mainly F. graminearum, due to accumulation of toxic trichothecenes. Most of the trichothecene
biosynthetic pathway has been mapped, although some proteins of the pathway remain uncharacterized,
including an NADPH-cytochrome P450 reductase. We subcloned a F. graminearum cytochrome P450
reductase that might be involved in the trichothecene biosynthesis. It was expressed heterologously in
E. coli as N-terminal truncated form with an octahistidine tag for puriﬁcation. The construct yielded a
soluble apoprotein and its incubation with ﬂavins yielded the corresponding monomeric holoprotein. It
was characterized for activity in the pH range 5.5e9.5, using thiazolyl blue tetrazolium bromide (MTT) or
cytochrome c as substrates. Binding of the small molecule MTT was weaker than for cytochrome c,
however, the rate of MTT reduction was faster. Contrary to other studies of cytochrome reductase proteins, MTT reduction proceeded in a cooperative manner in our studies. Optimum kinetic activity was
found at pH 7.5e8.5 for bothMTT and cytochrome c. This is the ﬁrst paper presenting characterization of
a cytochrome P450 reductase from F. graminearum which most likely is involved in mycotoxin biosynthesis or some primary metabolic pathway such as sterol biosynthesis in F. graminearum.
© 2017 Elsevier Inc. All rights reserved.
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1. Introduction
Fusarium head blight is a devastating disease in wheat caused
by infection fungal pathogens of the Fusarium genus, particularly
Fusarium graminearum. The pathogen causes signiﬁcant yield losses
[1] due to the accumulation of trichothecene mycotoxins in the
cereal heads with deoxynivalenol as the dominant trichothecene
[2]. In addition, trichothecenes acts as virulence factors promoting
spread of the fungal pathogen within the cereal heads [3,4].
The trichothecene biosynthetic pathway has been mapped
extensively for F. sporotrichioides and F. graminearum [5e8]. TRI5
converts farnesyl pyrophosphate to trichodiene [6,9], which in turn
is converted to isotrichodermol by TRI4, an NADPH-dependent

Abbreviations: CYP, Cytochrome P450; CPR, NADPH-cytochrome P450 reductase; FgCPR, Fusarium graminearum NADPH-cytochrome P450 reductase with Nterminal truncation (D1-28) and His8-tag; Cyt c, Cytochrome c; MTT, thiazolyl blue
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cytochrome P450 (CYP) [10,11]. Other identiﬁed CYPs of the
trichothecene biosynthetic pathway are TRI1, TRI11 and TRI13,
which perform hydroxylation of C8, C15 and C4 positions on the
trichothecene skeleton, respectively [12e14]. Important CYPs
characterized from F. graminearum not part of the trichothecene
biosynthesis are three CYP51 paralogues [15], Fg08079 of the
butenolide biosynthesis [16] and CLM2 of the culmorin biosynthesis [17]. All of the above CYPs have been functionally characterized in fungi but have not yet been isolated and characterized
in vitro so far.
CYPs require an NADPH-cytochrome P450 reductase (CPR)
partner for electron transfer from NADPH to the CYP heme core.
CPR proteins contain ﬂavins, which mediate such electron transfer
in a highly regulated fashion [18,19]. For F. graminearum only two
CPR genes have been putatively identiﬁed (compared to 107 CYP
genes) [20]. Consequently, a single CPR must interact with
numerous CYPs and therefore be involved in several diverse
biosynthetic pathways. In eukaryotes, like Fusarium fungi, CYPs and
their reductase partners are membrane bound via an N-terminal
anchor, which is required for assembly and activity of CPR-CYP
pairs in some cases [21], even though some soluble truncated
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yeast and fungal CPRs retain their ability to reduce their CYP
partners [22e24].
Comparison of kinetics for CPRs from different sources can be
complicated since CPR-CYP complexes are highly variable and the
speciﬁc CYP partner for the CPR of interest is not always available.
Although not the natural substrate, in vitro reduction of Cyt c serves
as a general electron acceptor to compare the activity of different
CPR proteins [22,25,26]. Other commonly used electron acceptors
in activity studies of CPRs are ferricyanide [27], 1,1-diphenyl-2picrylhydrazyl [27], and thiazolyl blue tetrazolium bromide
(MTT), the latter having the best stability and highest molar absorptivity [27,28].
The best studied reductase from the Fusarium genus is the nitric
oxide reductase from F. oxysporum [29e31], but so far no NADPHcytochrome P450 reductases from Fusarium have been isolated
for characterization. In this paper we present the characterization
of a soluble N-terminally truncated CPR from F. graminearum.

(Qiagen). The unbound proteins (pass through) and the washed
proteins (Buffer A with 300 mM NaCl and 20 mM imidazole)
possessed only negligible amount of His-tagged proteins as evaluated by SDS-PAGE and western with anti-HIS5 antibodies (Qiagen,
data not shown). The bound proteins were eluted in 30 ml elution
buffer (30 mM Tris/HCl pH 7.5, 0.3 M NaCl and 300 mM Imidazole).
The puriﬁed FgCPR apo protein was incubated with FMN and FAD
(TCI Chemicals, Cambridge, MA) overnight at 4  C in 10 and 5 M
excess, respectively, based on the stoichiometry of a S. cerevisiae
CPR [35]. Unbound ﬂavins were removed by a second NiNTA puriﬁcation and the protein solution was concentrated by ultraﬁltration (Amicon Ultra-15 Centrifugal Filters, MWCO of 30 kDa; Merck
Millipore Ltd, Billerica, MA) and then dialyzed against Buffer A
without EDTA. Finally, the protein solution was ﬂash frozen in
liquid nitrogen (30 ml aliquots) and stored at 80  C until analysis.

2. Materials and methods

2.4.1. Purity, spectral analysis and aggregation state of FgCPR
Protein concentration was determined spectrophotometrically
from its absorbance at 280 nm (corrected for FAD and FMN
absorbance) and conﬁrmed by Bradford analysis. Flavin incorporation was assessed from spectral analysis (see Fig. 2) identical to
CPRs in other studies [24,36]. Protein purity was assessed by SDSPAGE. Brieﬂy, FgCPR samples were boiled in 2xSDS buffer (0.1 M
Tris (pH 8.0), 10 mM EDTA, 0.1 M DTT, 60% glycerol and 0.05%
Bromo Phenol Blue) for 10 min, cooled to RT and 15 ml boiled
sample was run on a NuPAGE 4e12% Bis-Tris Gel (ThermoFischer
Scientiﬁc, Roskilde, Denmark).
Protein aggregation state was assessed by size exclusion chromatography (100 ml of 1.33 mg/ml protein) on an Amersham
Superdex 200 HR 10/30 column (300  10 mm) using a 20 mM Tris,
1 mM TCEP, 10% ethylene glycol eluent (pH 7.5) with a ﬂow rate of
0.5 ml/min. Apparent molecular weight was determined from
comparison with protein markers (cytochrome c, carbonic anhydrase, bovine serum albumin, alcohol dehydrogenase and bamylase from Sigma, St. Louis, MO).

2.1. Selection of G-blocks for cloning of the His8-FgCPRD1-28
fragment
A CPR gene has been identiﬁed for the F. graminearum PH-1
strain [32]. Based on the ORF (~2200 bp), two G-block oligos
were designed as C-t and N-t part of the CPR (see Table S 1 in suppl.
mat.) with an internal overlap of 23 bp for initial PCR merging to get
the full length FgCPRD1-28 gene. Each G-block contained ﬂanking
sequences for restriction free (RF) cloning into a target vector. Gblocks, primers for cloning and Sanger sequencing were obtained
from Integrated DNA Technologies (IDT, Coralville, IA, USA) and
sequences are given in Table S 1 (of Suppl. Mat.).
2.2. Cloning and expression of the His8-FgCPRD1-28 construct
All cloning procedures were performed using RF cloning [33,34].
The FgCPRD1-28 gene fragment was puriﬁed by gel electrophoresis
from a 1% agarose gel stained with SYBR Green I. The FgCPRD1-28
fragment was cloned into a pTEV4 target vector with kanamycin
resistance (from Novagen) downstream a His8-tag (for details see
Suppl. Mat.). DH5a cells were transformed with the FgCPRD128:pTEV4 construct. LB culture was grown from a single DH5a
colony and plasmids were puriﬁed using a Spin Miniprep kit
(Qiagen). The resulting FgCPRD1-28 ORF was veriﬁed by Sanger
sequencing.
CODON þ cells (Stratagene) were transformed with the
FgCPRD1-28:pTEV4 plasmid. Transformed E. coli CODON þ single
colony was used to inoculate an overnight LB pre-culture which
was used to inoculate a 10 l main expression LB culture. When
OD600 reached 0.8e1 the 10 L culture was cooled to 16  C. Protein
expression was then induced with 1 mM IPTG and the culture was
incubated at 16  C for 24 h. Cells were harvested by centrifugation
at 3000 g (4  C). The pellet was frozen in liquid nitrogen and stored
at 80  C until lysis and protein puriﬁcation.

2.4. Protein characterization

2.4.2. Veriﬁcation of primary sequence by LC-MS based proteomics
50 mg FgCPR was denatured and reduced in 100 mM ammonium
bicarbonate buffer, pH 8.0 (ABC) containing 3.84 M guanidinium
chloride and 20 mM DTT, followed by alkylation with iodoacetamide (IAM, 23.8 mM). Excess IAM was then quenched with DTT.
The samples were desalted by immobilization on Supel-Tips C18
Micropipette tips (Sigma-Aldrich, Brøndby, Denmark) and the

2.3. Puriﬁcation of apo His8-FgCPRD1-28 and incorporation of
ﬂavins
All puriﬁcation steps were carried out on ice or at 4  C. Buffer A
was 50 mM Tris (pH 7.5), 0.1 mM EDTA, 1 mM TCEP, 10% glycerol.
Frozen cells were re-suspended in 40 ml ice-cold buffer A plus
50 mM NaCl and 0.5 mg/ml lysozyme. The cell suspension was then
lysed by sonication, clariﬁed by centrifugation (at 80000 g and 4  C
for 30 min) and the NaCl concentration of the supernatant was
brought to 300 mM prior to puriﬁcation on a 6 ml NiNTA column

Fig. 1. Analysis of FgCPR by SDS-PAGE and Coomassie R-250 staining of different
amounts of protein loaded (as indicated in red). Reference bands are given for protein
markers of 50 and 75 kDa from (SDS-prestained Precision Plus Protein Standards, All
Blue, BioRad Cat. Num #161e0373). (For interpretation of the references to colour in
this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 2. UV/vis spectrum of 8.2 mM FgCPR in 150 mM phosphate buffer (pH 7.5) conﬁrming the presence of fully oxidized ﬂavins from the peaks in the region 300e500 nm.

desalted fractions evaporated overnight. The dry pellet was redissolved in 100 mM ABC and incubated with 1 mg trypsin or
chymotrypsin (Pierce, ThermoFisherScientiﬁc, Hvidovre, Denmark)
at 37  C for 2 h. Nano-LC-MS/MS analysis and data treatment was
done as described in Dionisio et al. [37].
2.4.3. Flavin incorporation and stoichiometry
Samples (100 ml of 265 mg/ml FgCPR) were denatured in 1 M
citric acid (pH 1.6) and ultraﬁltrated to 25 ml in a VivaSpin 500 ultraﬁltration units (GE Healthcare, Brøndby, Denmark). The
concentrate was washed with citric acid followed by MQ and the
ﬂow-through (FT) fractions were pooled. The protein concentrate
was transferred with 2  250 ml MQ and quantiﬁed by Bradford
(using BSA as a standard). FTs (containing FAD and FMN) were
puriﬁed by SPE (Sep-pak Vac C18, Waters, Hedehusene, Denmark)
and analyzed (50 ml) by HPLC-DAD (from Agilent Technologies,
Glostrup, Denmark) on a Hypersil BDS C18 column, 250  2.1 mm
i.d., 5 mm (Fischer Scientiﬁc, Roskilde, Denmark) at 30  C using a
linear gradient of 10e37% B over 12 min with eluents A) 5 mM
ammonium acetate (pH 6.2) and B) MeOH and a ﬂow rate of
0.25 ml/min. FAD and FMN were detected at 450 nm and quantiﬁed
using external calibration curves. Results were corrected for ﬂavin
losses via recovery analysis calculated from mixed ﬂavin spikes
(800 ng/ml ﬁnal) in 1 M citric acid, analyzed as described above. All
samples were performed in triplicates and repeated once.
2.4.4. FgCPR kinetics
Reduction of MTT and cytochrome c (Cyt c) was performed in
96-well plates and analyzed using a BioTek Instruments Epoch
microplate spectrophotometer (Holm & Halby, Brøndby, Denmark).
Both assays were performed in 150 mM buffer (citrate for pH 5.5,
PIPES for pH 6.5, phosphate for pH 7.5, tricine for pH 8.5 and sodium
carbonate for pH 9.5) at 23  C with an NADPH regeneration system
(2.1 mM glucose-6-P (G-6-P), 0.7 mM NADPþ, 10 mM MgCl2 and 0.7
U Glucose-6-P-Dehydrogenase (G6PDH), all obtained from SigmaAldrich, Brøndby, Denmark) which was charged for 30 min prior
to initiation of the assay. For the MTT and Cyt c assays 20 nM FgCPR
and 5 nM FgCPR were used, respectively. MTT or Cyt c substrate
stock (10 times the ﬁnal concentration) plus NADPH regeneration
system in each buffer for the given pH were added to the wells and

the plate was read prior to initiation of the assays to determine the
initial absorbance (Al0c) for each concentration of substrate. Assays
were initiated by addition of FgCPR to a ﬁnal volume of 250 ml.
Samples were read every 10 s for 10 min at 610 nm and 550 nm for
MTT and Cyt c reduction, respectively. The difference in absorbance
was calculated according to DA ¼ Altc e Al0c where Altc is the
absorbance measured at time t for substrate concentration c.
Concentrations of reduced MTT and reduced Cyt c were calculated
from the extinction coefﬁcients, εred. MTT ¼ 11.3 mM1 and εred. Cyt
1
and a sample path length of 0.7 cm. Non-linear
c ¼ 21.1 mM
regression analysis was performed using GraphPad Prism software v. 7.02 (San Diego, CA, USA). All experiments were performed
in triplicate and repeated at least twice.

3. Results
3.1. Purity, spectral analysis and aggregation state of FgCPR
NADPH-cytochrome P450 reductases from Fusarium sequence
was selected from Uniprot.org (entry I1RZE7). This FgCPR sequence
was chosen since it was the best characterized gene sequence and
the only CPR sequence reviewed by experts for the Uniprot database. Submission of the full-length protein to TargetP server (http://
www.cbs.dtu.dk/services/TargetP/) shows that the ﬁrst 21 amino
acids might belong to a leader peptide (LP) addressing the sequence
to the secretion pathway. We removed this ER entry LP by PCR using
the delta G-block synthetic gene construct as described in the
Experimental section.
Forty milligrams of soluble N-terminally truncated (DN-t) protein was obtained from 16 g cells, which is considered a high
expression level. Purity of the protein was assessed by SDS-PAGE
analysis (see Fig. 1) with different amounts of protein loaded. Flavins were not incorporated into the apoform during expression in
E. coli but were incorporated in vitro by incubation of the apoprotein with free ﬂavins. UV/vis analysis (see Fig. 2) revealed associated
ﬂavins with the apo-proteins by spectra (in the region
300e500 nm) identical to that reported for other CPR ﬂavoproteins
[18,24].
Tryptic and chymotrypic digestion of the FgCPR proved that
protein sequence matched the expected sequence expressed from
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the FgCPRD1-28 ORF (see Figure S 1 in Suppl. Mat.). The FgCPR
eluted from the size exclusion column with a retention time of
26.5 min (see Fig. 3) corresponding to an apparent molecular
weight of 89 kDa. The theoretical molecular weight of FgCPR is
77 kDa indicating that the protein exists in monomeric form.
3.2. Protein-ﬂavin stoichiometry
Protein denaturation by heating or treatment with urea or
guanidine did not released the bound ﬂavins. Instead, citric acid
(pH 1.6) was used for ﬂavins release by temporary pH denaturation
of the ﬂavins binding pocket, and therefore, we could recover the
protein quantitatively using VivaSpin ultraﬁltration units. Recoveries of FAD and FMN, as assayed in the VivaSpin ﬂow through,
were determined to be 85% and 73%, respectively, by ﬂavin quantiﬁcations using HPLC-DAD. Protein concentration by Bradford was
determined to be 3.5 mM and FAD and FMN were quantiﬁed to
4.1 mM and 7.2 mM, respectively. This yields a ﬁnal stoichiometry of
1:1:2 (FgCPR:FAD:FMN) in agreement with that reported for the
yeast CPR by Lamb et al. [35].
3.3. FgCPR kinetics
Kinetics of the NADPH regeneration system for formation of
NADPH from NADPþ was virtually unaffected at pH 6.5e9.5. We
also tested pH 5.5 for the regeneration system, however, no activity
was observed for FgCPR at this pH for reduction of MTT or Cyt c with
the NADPH regeneration system (or free NADPH) (data not shown).
3.3.1. Cytochrome c assay
The kinetic data for Cyt c reduction by FgCPR were ﬁtted by nonlinear regression analysis (see Fig. 4 and Table 1) using the regular
Michaelis-Menten model of the GraphPad Prism software, from the
equation:

V¼

Vmax $S
Km þ S

The assay was also tested at pH 6.5, however, no activity was
observed below pH 7.5. Maximum binding (lowest Km) and Vmax

Fig. 4. Kinetic activity of FgCPR with cytochrome c as substrate at pH 7.5 (circles), 8.5
(squares) and 9.5 (triangles). V is given in nmoles/min/mg. Error bars are standard
errors.

Table 1
Goodness of ﬁt and kinetic parameters for FgCPR with cytochrome c as substrate.

R2
Vmax
Km

pH 7.5

pH 8.5

pH 9.5

0.976
6262 ± 274
43.9 ± 4.9

0.975
6359 ± 184
18.9 ± 1.9

0.972
2530 ± 160
74.6 ± 10

R2 is goodness of ﬁt for the kinetic data; Vmax is given in nmoles/min/mg CPR; Km is
given in mM.

was observed at pH 8.5. Since electrostatic interactions govern the
binding between many cytochrome proteins to their reductase
partners [38e41], the maximum rate and binding at pH 8.5 might
be explained by an optimal electrostatic interaction. Increasing the
pH further led to a decrease in both rate and binding of Cyt c.
Lamb et al. characterized full length and truncated yeast CPR
using an NADPH regeneration system comparable to our studies
except Lamb et al. did not include Mg2þ and they used 3 U of
G6PDH [22] (we used 0.7 U G6PDH). The velocity was 9 times

Fig. 3. Size exclusion chromatography of FgCPR obtained under conditions described in the experimental section. The apparent molecular weight (compared to protein markers)
was 89 kDa suggesting the protein to be monomeric.
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higher for their truncated S. cerevisiae CPR and the full-length
reductase exhibited a Vmax comparable to our FgCPR for the
reduction of Cyt c. Cyt c interaction with the S. cerevisiae reductase
at pH 7.5 was much stronger (Km of 1e1.5 mM) than in our studies
(Km of 44 mM). Furthermore, two full-length NADPH-cytochrome
P450 reductase proteins from Capsicum annuum exhibited kinetic
parameters similar to our studies [42], with a Km of 81 mM in
100 mM K-phosphate buffer (pH 7.6).
Microsomal cytochrome P450 reductase from Liza saliens liver
had strong binding of Cyt c with a KM of 7.69 mM and a rate 10 times
(Vmax of 47.6 mmol/min/mg) [43] compared to our FgCPR. Activity of
the L. saliens CPR was also studied as a function of pH and found an
optimum in the range pH 7.4e7.8 with a rapid decrease in activity
outside this range using free NADPH (ﬁnal concentration 162 mM)
as electron donor.
In our studies, FgCPR reduction of Cyt c by free NADPH (initial
concentration 400 mM) was most active for pH 7.5, while only minor or no activity could be observed at other tested pH values (data
not shown). When employing the NADPH regeneration system, the
optimum pH was 8.5 and the FgCPR still retained considerable
activity at pH 9.5. Reduction of Cyt c using free NADPH was best
described by an allosteric sigmoidal model (goodness of ﬁt 0.94)
and resulted in a much stronger association between FgCPR and Cyt
c (Km of 16 ± 2.5 mM). This suggests that components of the
regeneration system can alter binding of Cyt c to the FgCPR
compared to free NADPH. A reduction in Vmax from
6262 ± 274 nmol/min/mg with the NADPH regeneration system to
5198 ± 224 nmol/min/mg when free NADPH was used, most likely
due to a lack of NADPH regeneration.
4. MTT assay
Kinetic data for CPR with MTT as a substrate yielded the best ﬁt
using an allosteric sigmoidal model of the GraphPad Prism software
based on the equation

V¼

Vmax $Sh
EC50 h þ Sh

where V is the CPR velocity, Vmax is the maximum velocity for CPR
(nmoles/min/mg), S is the substrate concentration (mM), h is the hill
coefﬁcient and EC50 is S resulting in 50% Vmax (see Fig. 5 and
Table 2).
The sigmoidal ﬁt with corresponding hill coefﬁcients of 1.6e1.9
shows that the reduction of MTT by CPR proceeds in a cooperative
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Table 2
Goodness of ﬁt and kinetic parameters for FgCPR with MTT as substrate.

R2
Vmax
EC50
h

pH 6.5

pH 7.5

pH 8.5

pH 9.5

0.979
2374 ± 336
326 ± 59
1.7 ± 0.2

0.977
6260 ± 208
92.8 ± 5.7
1.8 ± 0.1

0.987
8510 ± 204
93.3 ± 4.1
1.9 ± 0.1

0.989
7425 ± 212
104 ± 5.7
1.6 ± 0.1

R2 is goodness of ﬁt for the kinetic data; Vmax is given in nmoles/min/mg CPR; EC50 is
given in mM, h is the hill coefﬁcient.

manner even at pH 6.5 which was the lowest pH value where our
FgCPR exhibited kinetic activity.
Yim et al. [28] observed a kinetic activity 3e4 times higher for
rat recombinant CPR compared to our FgCPR at pH 7.5 using an
NADPH regeneration system with components in concentrations
comparable to our study except Mg2þ. In our studies, Km for MTT
was higher than for Cyt c, but Vmax for MTT was less affected by
changes in pH. For pH 6.5 the velocity and binding to FgCPR for MTT
was signiﬁcantly decreased. This suggests that MTT binding is not
governed primarily by electrostatic interactions as for Cyt c. Vmax
for MTT reduction, on the other hand, was affected by pH.
5. Discussion
5.1. FgCPR activity compared to other CPRs at pH 7.5
In general, we observed lower kinetic velocity (Vmax) and
weaker binding (higher Km) compared to other truncated CPRs at
pH 7.5. The reduced activity of our FgCPR compared to other
truncated CPRs was initially suspected to stem from the N-terminal
His8-tag, which was uncleavable in spite of the presence of a TEV
cleavage site (data not shown). However, for the S. cerevisiae CPR,
the N-terminal region is located distinctly from all co-factor and
cytochrome binding sites [44], and the presence of the His8-tag
should not directly interfere with NADPH or Cyt c binding. This is
supported by studies of a tropinone reductase in which activity was
strongly reduced when His-tagged at the C-terminus (the substrate
binding site) but not with an N-terminal His-tag (opposite of the
active site) [45]. Thus, the N-terminal His8-tag should not inﬂuence
activity of the FgCPR in our studies.
Since microsomal full-length reductase exhibits a Vmax for Cyt c
reduction comparable to that of our FgCPR, we speculate that the
reduced rate of our FgCPR could be due to a non-optimal conformation of FgCPR. This would also explain the higher Km (for Cyt c)
for FgCPR compared to other CPRs. The comparison of a non-tagged
to the FgCPR for activity and structure (e.g. X-ray) could reveal such
information.
Another explanation might be that association with a membrane surface is more important for FgCPR for proper activity
compared to other CPR proteins. Future studies with preparation of
microsomal FgCPR could help clarify this.
5.2. Effect of substrate on kinetic activity

Fig. 5. Kinetic activity of FgCPR with MTT as substrate at pH 6.5 (diamonds), pH 7.5
(circles), 8.5 (squares) and 9.5 (triangles). V is given in nmoles/min/mg. Error bars are
standard errors.

Interaction of CYP proteins and CPRs is governed by electrostatics. In addition, since membrane anchors are required for activity of some CPR-CYP pairs [21], restrictions for a proper coalignment of such CPR-CYP pairs must apply. The small MTT only
carries a single (permanent) positive charge, which explains why
MTT binding to FgCPR is virtually unaffected by changes in pH.
Furthermore, compared to Cyt c, fewer restrictions on alignment of
MTT are required, which facilitates electron transfer and results in a
higher Vmax.
FgCPR reduction of Cyt c can be described using regular
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Michaelis-Menten kinetics, whereas for the smaller MTT an allosteric sigmoidal model yielded the best ﬁt. The reason for this is not
entirely clear, since MTT reduction by other CPRs was described
using a regular Michaelis-Menten model [28,46].
Our results from using Cyt c compared to MTT as substrates for
FgCPR show that the reductase retains activity at alkaline pH but is
sensitive to the type of substrate used.

5.3. Slightly alkaline pH yields optimal kinetics for the FgCPR
Theoretical pI values for Cyt c (equine heart) and FgCPR are 9.59
and 5.25, respectively, according to ExPASy [47]. At pH 9.5, Cyt c will
be neutrally charged and FgCPR negatively charged. This will
abolish most electrostatic interactions between FgCPR and Cyt c.
However, since FgCPR activity was still observed at pH 9.5, the
proteins must be able to interact with each other. Perhaps the
relatively high ionic strength (150 mM carbonate) partially shields
electrostatic repulsions at pH 9.5 still allowing binding between
FgCPR and Cyt c.
It is possible that the pH optimum for the membrane bound full
length FgCPR will be different than for the truncated FgCPR, since
kinetics differ for full length and truncated versions of yeast CPR
[22]. We also expressed and puriﬁed the full length FgCPR (data not
shown), but were unable to incorporate ﬂavins using the same
approach as for the truncated FgCPR. Alternatively, full length CPR
might be obtained from F. graminearum microsomes as for other
CPRs [43,48,49]. Kinetic studies of the full length CPR from
F. graminearum should be conducted with both detergent solubilization as well as reconstitution in liposomes mimicking the fungal
membrane to evaluate the inﬂuence of the membrane system on
protein activity. The sensitivity to substrate reduction illustrates
that using only MTT or similar small molecule substrates might not
be adequate for NADPH-cytochrome P450 reductase activity
studies (where the natural substrate is a CYP), but might sufﬁce for
other types of reductases.
Intracellular pH changes with fungal changes and function, e.g.
alkalinization of cytoplasm during cellular development of
C. albicans [50] and during formation of macroconidia of
F. culmorum [51]. In addition, the pH of the endoplasmic reticulum
in HeLa cells is permeable to Hþ transfer to/from the cytosol [52].
Menke et al. showed that F. graminearum cellular morphology
changes in vitro upon induction of trichothecene biosynthesis [53],
e.g. with development of toxisomes harboring CYPs and a CPR
involved in trichothecene biosynthesis [53].
Except for plants only one or two CPR genes have been putatively identiﬁed in eukaryotic species. The FgCPR characterized in
this paper could therefore behave as a redox partner to one of the
TRI proteins of the trichothecene pathway. This could also explain
its optimal kinetic activity at pH 8.5 in agreement with studies by
Menke et al. [53]. Alternatively, FgCPR might be a reductase partner
involved in sterol or fatty acid biosynthesis in F. graminearum.
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