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ABSTRACT: Cytochrome P450 enzymes are highly diversified biocatalysts
associated with steroid biosynthesis, xenobiotic metabolism, biosynthesis of
natural products, and industrial oxidation reactions. A typical P450 catalytic
cycle requires sequential transfer of two electrons from NAD(P)H to the
heme-iron reactive center for O2 activation. For the most abundant bacterial
Class I P450 systems, this important process is usually mediated by two redox
partner proteins including an FAD-containing ferredoxin reductase (FdR) and
a small iron−sulfur protein, ferredoxin (Fdx). However, it is often unclear which
pair of Fdx and FdR among multiple redox partners is the optimal one for a
specific Class I P450 enzyme. To address this important but underexplored
question, herein, a reaction matrix network with 16 Fdxs, 8 FdRs, and 6 P450s
(against 7 substrates) was constituted. By analyzing the reactivity profiles of
896 P450 reactions, together with phylogenetic analysis, redox potential
measurements, structural simulations, and Fdx-P450 molecular docking, we provide important mechanistic insights into the
recognition and interactions between bacterial Class I P450 enzymes and redox partners.
KEYWORDS: cytochrome P450 enzymes, redox partners, electron transfer, protein−protein interaction, ferredoxin,
ferredoxin reductase

■ INTRODUCTION

Ubiquitous cytochrome P450 enzymes (P450s or CYPs) form a
superfamily of heme-containing biocatalysts with tremendous
diversity and functional versatility.1,2 In nature, CYPs catalyze
numerous reactions that are involved in steroid biosynthesis,
xenobiotic metabolism, and biosynthesis of diverse natural
products.1,3,4 For biotechnological applications, P450s are useful
metalloenzymes to mediate regio- and stereoselective oxidation of
diverse substrates.5,6 Most CYPs require two electrons shuttled
from NAD(P)H to the heme-iron catalytic center by redox
partner proteins to generate reactive species.4 With some excep-
tions,7 there are two major classes of redox partner systems. For
the most abundant Class I P450 enzymes including most bacterial
and mitochondrial P450s, their redox partner systems consist of a
small iron−sulfur ferredoxin (Fdx) and an FAD-containing ferre-
doxin reductase (FdR), forming the electron transport pathway of
NAD(P)H → FdR → Fdx → P450. By contrast, the eukaryotic
membrane-bound Class II P450s normally recruit a single FAD/
FMN-containing flavoprotein that is referred to as cytochrome
P450 reductase (CPR) to shuttle reducing equivalents.
In the pregenomic era, the natural redox partners of bacterial

P450s were mostly unknown. Thus, practically, surrogate redox

partners, such as spinach Fdx/FdR, bovine adrenodoxin
(Adx)/adrenodoxin reductase (AdR), putidaredoxin (Pdx)/
putidaredoxin reductase (PdR) from Pseudomonas putida, and
the RhFRED reductase domain from Rhodococcus sp., acting
either in separation or as artificially fused proteins, have been
widely used in reconstitution of P450 activities both in vitro
and in vivo7−10 However, the use of these heterologous redox
partners sometimes may fail or often compromise the P450
catalytic activities7,11 which are crucial for synthetic applica-
tions of CYPs.
In the current postgenomic era, the explosive genome

sequencing data have revealed that, unlike eukaryotes whose
genome usually contains a single (sometimes two) CPR-
encoding gene(s),12 bacterial genomes often have a larger
number of genes that encode multiple Fdxs and FdRs. For
example, Streptomyces coelicolor A3(2) has six Fdx genes and
four FdR genes;13 Corynebacterium glutamicum ATCC 13032
possesses three Fdx genes and three FdR genes;14 and the
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cyanobacterium Synechococcus elongatus PCC 7942 holds seven
Fdx genes and one FdR gene.15 Notably, microorganisms have
evolved distinct types of Fdxs and FdRs (Tables S1 and S2),
and these redox proteins can serve many different physiological
processes.16−18 Thus, it is often unclear which pair of Fdx and
FdR is the optimal redox partner proteins for a specific bacterial
Class I P450 enzyme unless their coding genes and the P450
gene exist in the same operon;19 even so, it remains unproven
whether these cotranscribed redox partner genes necessarily
encode the best Fdx/FdR pairs for their neighboring CYPs.
Surprisingly, few studies7,20−24 have been carried out to

address the above and the following important questions about
the functional pairing between prokaryotic Class I P450s and
redox partners, either homologously or heterologously: (1) Are
there any P450 preferred types of Fdx and FdR in microor-
ganisms? (2) If yes, what are the recognizing factors of the
P450-specific Fdx and FdR? (3) Are there any general princi-
ples to guide the selection of appropriate redox partners to sup-
port a certain P450 enzyme? To resolve these problems that
were previously underexplored, in this study, we chose six
bacterial Class I P450 enzymes, including P450cam (CYP101A1)
from P. putida, MycG (CYP107E1) from Micromonospora
griseorubida, PikC (CYP107L1) from S. venezuelae, CreJ
(CYP288A2) from C. glutamicum, CYP105AS-1 from Amycola-
topsis orientalis, and P450sca2 (CYP105A3) from S. carbophilus,
to constitute a reaction matrix network with 16 Fdxs and 8 FdRs
(Tables S1 and S2), which represent the full sets of Fdx/FdR
from S. coelicolor A3(2),13 S. elongatus PCC 7942,15 and
C. glutamicum ATCC 13032.14 By analyzing the reactivity
profiles (substrate conversions and product distributions) of
896 P450 reactions, together with phylogenetic analysis, redox
potential measurements, structural simulations, and Fdx-P450

molecular docking, we provide new mechanistic insights into
interactions between bacterial Class I P450 enzymes and redox
partners.

■ RESULTS
Among the selected P450s, the multifunctional P450 enzyme
MycG is responsible for the C14 hydroxylation and the C12
C13 epoxidation of the 16-membered ring macrolide antibiotic
mycinamicin IV (1), giving rise to mycinamicin V (2)
and mycinamicin I (3), respectively. MycG epoxidizes 2 to
the final product mycinamicin II (4), while it cannot further
modify 3.25−27 Moreover, we recently reported that MycG is
also able to catalyze the unnatural N-demethylation of 1 when
partnered with the isolated RhFRED, yielding N-demethylated
mycinamicin IV (5)28 (Scheme 1A). PikC with innate
substrate flexibility has two natural substrates including the
12-membered ring macrolide YC-17 (6) and the 14-membered
ring macrolide narbomycin (7).8 Physiologically, PikC hydrox-
ylates 6 at either C10 or C12 almost equally, yielding methymycin
(8) and neomethymycin (9), respectively. The hydroxylation of 7
by PikC predominantly occurs at C12, leading to the production
of pikromycin (10) (Scheme 1B).29 CreJ is the central biocat-
alyst of the 4-cresol biodegradation pathway.14 Supported by its
cognate redox partners CglFdx0526 (i.e., CreF) and CglFdR0525
(i.e., CreE), this catabolic P450 enzyme is capable of successively
oxidizing 4-methylphenyl phosphate (11, the activated form of
4-cresol) to benzylalcohol-4-phosphate (12), benzylaldehyde-
4-phosphate (13), and benzoate-4-phosphate (14) (Scheme 1C).
The prototypical P450cam selectively converts (1R)-(+)-cam-
phor (15) into 5-exo-hydroxy-camphor (16)30 and further to
5-ketocamphor (17) (Scheme 1D).31 With regard to
CYP105AS-1 and P450sca2, both P450 enzymes catalyze the

Scheme 1. Reactions Catalyzed by (A) MycG, (B) PikC, (C) CreJ, (D) P450cam, and (E) CYP105AS-1 and P450sca2a

aThe oxidative functional groups installed by P450s are colored in red.
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oxidation of mevastatin (18) to pravastatin (19), 6-epi-
pravastatin (20), and 3-α-pravastatin (21) to various extents
(Scheme 1E).10,32

To constitute a systematic P450 reaction matrix network,
each individual P450 reaction was in vitro carried out using
128 (16 × 8) different Fdx/FdR combinations, in the presence
of NADPH. Spinach Fdx/FdR, Pdx/PdR, and the stand-alone
form of RhFRED were used as references. As shown in Figure 1
(see Tables S3−S16 for detailed data), seven kinds of reactions
catalyzed by six P450 enzymes showed distinct reactivity
patterns. It is worth noting that the use of NADPH or NADH
generated similar reactivity patterns (data not shown) although
the sequence analysis suggests different cofactor preference of
the eight FdRs (Table S2, Figure S1), indicating that the
transfer of hydride ion from NAD(P)H to FdR is not the rate-
limiting step under our reaction conditions (see the Supporting
Information). The positive reaction percentages of seven
matrices ranged from 0 to 42.2% (0−22.6% if only counting
the reactions with the substrate conversion ratios higher than
5%, the same below), with P450cam and CYP105AS-1 being the
tested P450s with the lowest and the highest redox partner
flexibility. CglFdx0526 turned out to be the Fdx with the
widest spectrum of activities, which supported 53.6% (41.4%)
of the tested reactions. Interestingly, CglFdx0526 and the other
two wide-spectrum Fdxs including SelFdx1499 and SelFdx0338
are all Fe2S2 ferredoxins. Although the Fe3S4 ferredoxin
ScoFdx0773 also showed activities in a significant portion of
reactions, it was not able to support the two sets of PikC reac-
tions. As the most flexible FdRs, SelFdR0978 and CglFdR0525
were able to support 45.5% (31.2%) and 49.1% (16.1%) of
tested reactions, respectively.
Importantly, in addition to the reference redox partners, only

4 out of 128 pairs of redox partners including SelFdx1749/
SelFdR0978, SelFdx0338/SelFdR0978, SelFdx2581/
SelFdR0978, and SelFdx1499/SelFdR0978 were active in all
P450 reactions except for the highly specific P450cam reactions,

with the final pair being optimal in terms of overall substrate
conversions. Remarkably, there was not an Fdx or an FdR that
is totally inactive in all reactions, indicating that all used redox
partners are functional proteins.
Specifically, none of the 128 tested redox partner combina-

tions gave a detectable product for 15 oxidation by P450cam
(Figure 1, Table S3), while the cognate redox partners Pdx/
PdR supported the reaction with 96.2% substrate conversion.
By contrast, spinach Fdx/FdR and RhFRED only showed mar-
ginal supporting activity toward P450cam (Table S10). These
results are consistent with previous studies indicating that the
interaction between Pdx and P450cam is highly specific.33,34

In addition to the normal electron transfer role, Pdx also serves
as an effector to induce the productive structural change of
P450cam.
CglFdx0526 and CglFdR0525 are considered cognate redox

partner proteins for CreJ since their coding genes are located
within the same operon.35−37 This native combination led to
97.7% conversion of 11, while CglFdx1057/CglFdR0525 and
CglFdx2856/CglFdR0525 from the same host bacterium only
resulted in approximately 3.1% and negligible level of 11
consumption, respectively (Table S4). The eight tested FdRs
all generated positive reactions when coupled with CglFdx0526
(Figure 1). When partnered with CglFdR0525, only 43.8%
(12.5%) of Fdxs gave positive results, suggesting that Fdx is
likely a more important factor than FdR with respect to recon-
stitution of an active P450 reaction system. This is unsurprising
because Fdx instead of FdR directly interacts with the P450
enzyme. Interestingly, the hybrid group of CglFdx0526/
SelFdR0978 and the heterologous groups of SelFdx0338/
SelFdR0978 and SelFdx1499/SelFdR0978 led to complete
substrate conversions, which suggests surrogate redox partners
could be superior to the cognate ones. Regarding the products
distribution, the alcohol product 12 was observed to be the
main product with fluctuated yields in all positive reactions
(Table S11).

Figure 1. P450 reaction matrix network (upper panel) formed by 6 bacterial P450 enzymes (against 7 substrates), 16 Fdxs, and 8 FdRs, whose
phylogenetic trees are displayed aside. The reference reactions are shown in the lower panel. The intensities of red colors indicate the differential
substrate conversion ratios. Abbreviations: Sco, Streptomyces coelicolor; Sel: Synechococcus elongates; Cgl: Corynebacterium glutamicum. The asterisk
represents the unique thioredoxin-like SelFdx0898 that is arbitrarily assigned as Branch E.
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CYP105AS-1 and P450sca2 (CYP105A3), which are 28.5%/
41.2% identical/similar to each other, share the common func-
tionality of hydroxylating 18 to 19−21.10,32 Since compound
19 is a clinic drug to lower the cholesterol level, the biotrans-
formation from 18 to 19 has great industrial significance.38

The reactivity patterns of these two CYP105 family members
are quite similar (Figure 1), suggesting a possible correlation
between protein sequence similarity, P450 functionality, and
the selectivity toward redox partners. Among the 128 reactions,
42.2% (22.6%) and 32.0% (13.3%) of Fdx/FdR combinations
supported the activity of CYP105AS-1 and P450sca2, respec-
tively (Tables S5 and S6). The lower positive ratio of P450sca2
is mainly because of the differential behaviors of ScoFdx3867,
which specifically supported the activity of CYP105AS-1 for
unknown reasons. When SelFdR0978 was coupled with
SelFdx0338 or SelFdx1499, the conversion rates of 18 by
CYP105AS-1 reached 99.6% and 98.2%, respectively (Table S5),
while the corresponding percentage numbers for P450sca2 were
42.7% and 58.2% (Table S6). Overall, the catalytic efficiencies of
CYP105AS-1 were almost always higher than those of P450sca2
when they were incubated with the same pairs of Fdx/FdR.
These results might be explained, at least in part, by the large
difference in the midpoint redox potentials of these two P450s
with substrate bound (−130 mV for CYP105AS-1 vs −253 mV
for P450sca2, Table 1) because a P450 enzyme with higher redox

potential is more inclined to accept electrons from an Fdx with
more negative redox potential.39

Unlike P450sca2 that mainly produced 19 in all positive
reactions, the main products of CYP105AS-1 were 20 and 21
in a majority of positive reactions (Tables S12 and S13).
Strikingly, a new product (22) was observed when CYP105AS-
1 was in companion with either SelFdx0338/SelFdR0978 or
SelFdx1499/SelFdR0978 (Figure 2A, trace (ii) and (iii))
compared to RhFRED as a control,32 which only led to the
production of 20 and 21 (Figure 2A, trace (iv)). The structure
was determined as R-195 by high-resolution mass spectrometry
(C18H24NO5, [M + H]+: obsd 321.1703, calcd 321.1697)
(Figure S2) and 1H NMR analysis40 (see the Supporting
Information). This compound was previously reported to be a
hepatic metabolite of 19 upon the 6-β-hydroxy-dehydrogen-
ation activity of 3-hydroxysteroid dehydrogenase in rat hepato-
cytes.41 It is the first time to observe 22 as a bioconversion
product of a bacterial P450 system. Mechanistically, 19 and/or
20 could be further oxidized to the 6-keto intermediate R-104

(Scheme 1E), followed by spontaneous deesterification and
aromatization, giving rise to 22.
For MycG, 31.2% (18.8%) of Fdx/FdR combinations were

capable of supporting the oxidation of 1 with varying efficiencies
that ranged from 0.5% to 99.6% (Table S7). The two ferredoxin
reductases including SelFdR0978 and CglFdR0525 demon-
strated significantly broader spectra of activities than the rest of
the FdRs. In particular, when SelFdR0978 was coupled with
SelFdx1749, SelFdx0338, SelFdx2581, SelFdx1499, or
CglFdx0526, >99.0% substrate conversion of 1 was achieved.
For SelFdR0978, the selection of different Fdxs led to a broad
range of substrate conversion rates and different product
distributions (Table S14), again indicating the important role
of Fdx in modulating the activity of P450s. The main product
was found to be the final product 4 in a majority of the
SelFdR0978 group of reactions, while the intermediate 2 was
the dominant product in most cases when CglFdR0525 was
used to source electrons from NAD(P)H. These results sug-
gest that CglFdR0525 might not be as efficient as SelFdR0978
in transferring electrons to support the MycG activity. It is
noteworthy that no demethylated product was observed in all
tested reactions, as previously identified when MycG was part-
nered by the stand-alone form of RhFRED or an engineered
Rhodococcus-spinach hybrid RhFRED-Fdx reductase.28

PikC recognizes both 6 and 7 as natural substrates.29,42,43

Surprisingly, the same P450 enzyme showed distinct reactivity
patterns toward different substrates (Figure 1). When 6 was
used as substrate, the ratio of positive redox partner combi-
nations was 24.2% (10.9%), while the corresponding rate was
only 9.4% (5.5%) for the PikC reaction using 7 as substrate
(Tables S8 and S9). Specifically, CglFdx0526 supported four
(one) out of eight reactions of 6 but failed to reconstitute any
reactions of 7. These results illustrate that the substrate plays
an important role in affecting the selectivity of P450 toward
Fdx. We reason that the binding of different substrates might
induce differential conformational changes of the interaction
interface between P450 and Fdx. Indeed, some differences in
conformation and charged surfaces can be seen on the proxi-
mal side of PikC upon binding of 6 or 7 (Figure S3). More-
over, it is well-known that the binding of substrate induces the
shift of P450 redox potential to a more positive value, thereby
favoring the electron transfer from Fdx to heme-iron.44 Experi-
mentally, the redox potential of 6-bound PikC was 25 and 38 mV

Table 1. Midpoint Redox Potential Values of the Studied
P450s in the Presence and Absence of Corresponding
Substrates

enzyme substrate midpoint redox potential (mV)

MycG − −175
MycG 1 −92
PikC − −123
PikC 6 −85
PikC 7 −110
CreJ − −147
CreJ 11 −133
P450cam − −289
P450cam 15 −154
CYP105AS-1 − −129
CYP105AS-1 18 −130
P450sca2 − −250
P450sca2 18 −253

Figure 2. HPLC analysis (240 nm) of the representative oxidative
reactions catalyzed by (A) CYP105AS-1 and (B) PikC when
partnered with different Fdxs in the presence of SelFdR0978 and
NADPH. (A) (i) negative control, (ii) SelFdx0338, (iii) SelFdx1499,
and (iv) the reference reaction using RhFRED as redox partner.
(B) (i) negative control, (ii) SelFdx1499, and (iii) the reference reac-
tion using spinach Fdx and FdR as redox partners.
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higher than those of 7-bound and substrate-free PikC (−85 mV
vs −110 mV vs −123 mV, Table 1), which may also partially
explain why the 6-bound form of PikC was able to work with
more redox partners and showed higher activities than the
PikC−7 complex.
With regard to the product distributions of PikC/6 reac-

tions, the ratios between 8 and 9 ranged from 1:0.9 to 1:2.3
(Table S15). In particular, the combination of SelFdx1499 and
SelFdR0978 resulted in 48.6% conversion of 6 into four pro-
ducts including 8, 9, and two dioxygenation products 23 and 24
(Figure 2B, trace (ii), whose m/z values were measured to be
486.3072 (C25H43NO8, [M + H]+: calcd 486.3061) and
468.2958 (C25H41NO7, [M + H]+: calcd 468.2956) (Figure S4),
respectively, under the positive ion mode by HRMS. The m/z
value of 23 is 16 amu greater than that of 8 or 9, suggesting a
double-hydroxylation product, which was further identified as
novamethymycin,45 a known compound derived from 8, based
on analysis of its 1H NMR spectrum46 (see the Supporting
Information). Similarly, compound 24 with the m/z value
that is 2 amu less than that of 8 and 9 was identified as
ketomethymycin by HRMS and 1H NMR analysis46 (see the
Supporting Information). Notably, 24 was previously reported
by Sherman and co-workers,46 where it was proposed to stem
from dihydroxylation of 6 at the C12 position and followed by
spontaneous dehydration of the germinal diol intermediate.
The production of 23 and 24 cannot be simply explained by
overoxidation due to the higher efficiency of electron transfer,
since no such dihydroxylated products were detected when 6
was completely consumed by increasing the reaction time in
the presence of SelFdx1749/SelFdR0978. Collectively, the
results suggest that SelFdx1499 might enable the second round
of hydroxylation by inducing some specific conformational
changes of PikC to favor the productive binding of 8 and 9.
Apparently, no common reactivity patterns were observed

when the six selected P450s partnered with the same sets of
Fdxs/FdRs (Figure 1). The redox partner specificity of a P450
could be either high (P450cam) or low (CYP105AS-1). None-
theless, the phylogenetic analysis of these Fdxs and FdRs
provides some important insights into the interactions between
these redox partners and P450s. Specifically, the FdRs studied
in this work form three major branches in the phylogenetic tree
(Figure 1). SelFdR0978, the most efficient FdR, is found to be
monophyletic from other FdRs. Multiple protein sequence align-
ment reveals a common motif 197SLCVRQL203 of SelFdR0978,
which is the distinguishing feature of the plastidic-type in the
family of plant-type FdRs47 (Figure S1). Four highly conserved
motifs mapped in the active site of AdR are found in
CglFdR2658, CglFdR2719, and ScoFdR0681, indicating that
they are AdR-like FdRs in the family of GR-type (GR:
glutathione reductase) FdRs.48 The rest of the four FdRs fall
into the bacterial-type with the conserved sequence GXG(A)-
I(V)XP (Figure S1).49 Based on the data of catalytic activities
(Figure 1), one may deduce that the plastidic-type FdR is more
likely to be an efficient FdR in sourcing and transferring
electrons for Fdxs.
The phylogenetic analysis of Fdxs shows that the 16 sequences

are divided into five branches (Figure 1, Figure S5, Table S1).
Branch A has four putative Fe3S4 Fdxs and one putative Fe4S4
Fdxs that contain only one Fe3/4S4 cluster, among which
SelFdx1749 is predicted to be an Fe4S4-type ferredoxin with the
cysteine ligands arranged in a CX2CX2CXnCP motif, which is
the so-called “classic Fe4S4 cluster binding motif”,50 while
Fe3S4 Fdxs have a similar classic motif except that the second

Cys is normally replaced by an Asp.51 Branch B clusters five
predicted Fe7S8 Fdxs probably with two iron−sulfur clusters.52
Identification of a conserved motif of CX2CGXCX3CP in
subunit II and a second common motif of CX7C in subunit I
provides the evidence for a hybrid Fe3S4/Fe4S4 cluster in these
7Fe-containing proteins.18 The remaining six putative Fe2S2
Fdxs form three branches: Branch C belongs to the plant-like
Fdxs with the conserved motif of CX4CX2CX29C,

17,53 while
Branch D includes two vertebrate-type ferredoxins.54 SelFdx0898
is classified as a thioredoxin-like Fdx in that it contains a unique
motif of CX8CX38CX3C as thioredoxin.55 Due to the scarcity and
sequence uniqueness of thioredoxin-like Fdxs,56 SelFdx0898 was
not used for establishment of the phylogenetic tree but arbitrarily
assigned to Branch E. Interestingly, the majority of positive
combinations, especially those showing high and broad spec-
trum of supporting activities, are well lined with the Fe2S2
Fdxs, including SelFdx0338, SelFdx1499, and CglFdx0526.
Notably, Fdxs from the same host organisms could be clus-
tered in distinct branches, suggesting that these genes might
have undergone highly divergent evolution or horizontal gene
transfers in the long evolutionary history.
Previous studies have shown that Fdxs differ widely in their

redox potentials. For example, the midpoint redox potential of
Pdx was reported to be −230 mV,57 spinach Fdx −415 mV,58

and Adx −270 mV.59 In this study, the midpoint redox poten-
tials of 16 Fdxs were recorded by protein-film voltammetry
with glassy carbon electrode.60 The Em value of Pdx was mea-
sured to be −243 mV, which is in good agreement with the
previous report.57 The Em values of 16 Fdxs were determined
to be ranging from −216 to −249 mV, with the only exception
of SelFdx0898 being −438 mV (Table S17). However, no
correlation between Em values and Fdx activities was observed.
For instance, SelFdx0898 with the lowest Em turned out to be
an unsatisfactory Fdx (Figure 1). Thus, our results suggest that
the redox potential of ferredoxins might not be the key
determinant for the P450-supporting activity of an Fdx.
Next, we sought to understand the relationship between the

type of Fdx and the productive recognition between an Fdx
and a P450 enzyme. It has been well-known that the P450−
Fdx recognition is primarily dependent on electrostatic inter-
actions, in particular, the interactions between the negatively
charged amino acids on the iron−sulfur side of Fdx and the
positively charged residues that are located on the P450 proxi-
mal side.61 Mapping of the electrostatic surfaces of P450cam,
CreJ, CYP105AS-1, P450sca2, MycG, and PikC revealed that a
group of highly conserved Arg and His residues (Figures S6
and S7) form a positively charged rim around a depression that
is close to the center of the proximal surface (Figure 3A).
These structural features are believed to be crucial for electro-
statically steering the transient docking of the negatively
charged Fdx, leading to the “encounter complex” to initiate the
unidirectional electron transfer from Fdx to P450.62−64

Since all the crystal structures of 16 Fdxs have not been
solved, we elected to model the structures of these small iron−
sulfur proteins using SWISS-MODEL65 and Phyre2,66 and all
modeled structures were successfully validated by Verify 3D.67,68

As results, 13 complete Fdx structures were successfully simu-
lated; however, the structures of ScoFdx7110, SelFdx0698, and
SelFdx1749 were only partially modeled (Figure 3B, Figures S8
and S9). Importantly, there exists a negatively charged surface
surrounding the hydrophobic FeS cluster in the Fdxs that
shows high and wide-spectrum activities. Detailed structural
analysis and molecular simulations of the P450−Fdx complex
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structures using ZDOCK Server69 (ZDOCK 3.0.2) uncovered
more structure−function relationships.
First, a compact (α + β) fold that is typical for Fe2S2 ferre-

doxin53,54,70 is observed in both plant-type and vertebrate-type
Fdxs, as demonstrated by the 3D structures of spinach Fdx71

and Pdx33 (Figures S10 and S11), respectively. Electrostatic
surface analysis shows that the Fdxs with broad spectra of
P450-supporting activities including SelFdx1499, SelFdx0338,
and CglFdx0526 (Figure 1) all have a classic anionic convex
surface that is supposed to dock with the basic concave surface
of the P450 proximal side.61,63 Specifically, a highly negatively
charged surface is formed around the iron−sulfur cluster loop
of SelFdx1499. By contrast, the corresponding regions of
SelFdx0338 and SelFdx2581 are found to be moderately and
slightly negatively charged, respectively (Figure S8). Thus, this
negatively charged extent seems to be roughly consistent with
the P450 flexibility of the Branch C Fdxs (Figure 1), again
underlining the importance of electrostatic surface potential
of Fdxs for P450 recognition. Furthermore, SelFdx1499,
SelFdx0338, and SelFdx2581 all contain the conserved motifs
of Helix1−3 (Figure S12). A population of conserved acidic
amino acids is found on Helix1 and Helix3 of the three plant-
like Fdxs. However, the acidic triad of D68D69D70 on Helix2

that contributes to the highly negatively charged surface of
SelFdx1499 is replaced by P67E68P69 in SelFdx0338 and R72R75
in SelFdx2581 (Figure S12). The variations of Helix2 could
account for their differential binding behaviors with P450s, and
hence their reactivity spectra.
Second, although the vertebrate-type (Branch D) and the

plant-type (Branch C) Fdxs share the fundamental (α + β)
folding and a similar binding mode of Fe2S2 cluster, the
location and orientation of Helix2 in Branch D Fdxs differ
significantly from those in the plant-type Fdxs.53,54 Moreover,
there exists an additional Helix4 in Branch D Fdxs. Structural
simulations and electrostatic surface analysis present some
similarities between CglFdx0526 and Pdx33,72 (Figures S8, S9,
and S11). The influence of residue variations near the iron−
sulfur cluster on the redox potential of Fdxs and hence the rate
of electron transfer has been demonstrated by site-directed muta-
genesis of other vertebrate-type ferredoxins such as Adx73−75 and
PuxB.76 Consistently, a number of acidic amino acids on Helix3
that include E65, E66, E68, E69, and D78 (Figure S13) form a
strong anionic binding zone in CglFdx0526, which might
account for its high activity and wide spectrum. By contrast,
SelFdx0698 harbors many positively charged residues on the
FeS cluster orientation surface (Figure S8), which may explain

Figure 3. Electrostatic surface analysis and interprotein docking of P450s and Fdxs. (A) Electrostatic surfaces of the six P450 enzymes: P450cam/15
(PDB ID: 2CPP), CreJ/11 (PDB ID: 5XJN), CYP105AS-1 (substrate-free, PDB ID: 4OQS), P450sca2 (modeled structure with PDB ID: 3CV8 as
template), MycG/1 (PDB ID: 2Y46), and PikC/6 (PDB ID: 2C6H). (B) Electrostatic surfaces of the representative modeled Fdxs and spinach Fdx
(PDB ID: 1A70) and Pdx (PDB ID: 1PDX). (C) The highest scored docking models of the six representative Fdxs in complex with PikC/6. The
structures of P450-Fdx complexes are shown as cartoon and shaded surface with PikC in gray and Fdxs with different colors (same below).
(D) The highest scored docking models of SelFdx1499 in green in complex with the six individual P450s in different colors. Note: Positively and
negatively charged surfaces are colored in blue and red, respectively. Heme and substrates are shown as sticks in red and yellow, respectively. The
distances (Å) between the iron−sulfur cluster and heme-iron are indicated by dashed red lines.
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its poor activities. The charge distribution of the thioredoxin-
like ferredoxin SelFdx0898 is quite unique. The negatively
charged iron−sulfur cluster loop surrounded by a number of
basic residues is unlikely to effectively interact with a typical
positively charged proximal surface of P450 due to electrostatic
repulsions. The sporadic activities of SelFdx0898 toward the
PikC/6 reactions might be due to a possible special interaction
site on the surface of PikC.
Third, it seems difficult to rationalize the reactivity profiles

of the Fdxs that belong to Branch A and B solely based on the
modeled structures. Nonetheless, ScoFdx0773 and ScoFdx3867
in Branch A, which gave moderate activities in supporting a
significant portion of P450 reactions (Figure 1), are found to
possess a similar charge distribution pattern on the P450 con-
tacting surface to that of CglFdx0526 (Figures S8 and S9).
To further investigate the Fdx−P450 interactions, molecular

simulations of the select number of complex structures were
performed with ZDOCK analysis.69,77 As a result (Figure 3C,
Figures S14 and S15), the four “good” Fdxs including
SelFdx1499, SelFdx0338, SelFdx2581, and CglFdx0526 unan-
imously form a productive “encounter complex” with PikC, in
which the distances between the iron−sulfur cluster and heme-
iron in the most likely docking modes range from 12.4 to 13.2 Å.
Comparatively, other complexes, especially those with the
narrowest reactivity spectra, demonstrate significantly longer
corresponding distances as exemplified by PikC/ScoFdx7676
(>20 Å, Figure 3C). Two extreme examples are the PikC/
ScoFdx7676 and PikC/SelFdx0898 complexes, in which the
Fdx could dock with the distal face rather than the proximal
side of the P450 enzyme (Figure S15). These simulation
results are consistent with the well-accepted theory that an
interprotein electron transfer that is robust and resistant to
mutational changes and minor perturbations should have a
distance within 14 Å between the electron donor and accep-
tor.18 Thus, longer iron−sulfur cluster to heme-iron distances
would dramatically decrease the electron transfer rate and
hence the catalytic efficiency of the paired P450 enzyme. It is
also noteworthy that a majority of Fdxs in Branch A and B can
form the complexes through a binding surface other than the
FeS cluster loop region (Figures S14 and S15). The formation
of these nonproductive “encounter complexes” suggests that
the competition between the unfavorable negatively charged
surface and the desired iron−sulfur cluster orientation surface
during P450 recognition and binding could lead to the slower
rate and narrower spectrum of an Fdx of these two classes of
ferredoxins.
As one of the superior Fdxs, SelFdx1499 was modeled to be

in complex with each of the six P450 enzymes (Figure 3D).
In all cases, the Fe2S2 cluster is positioned at a working distance
(12−16 Å) via geometric complementation and specific elec-
trostatic interactions, thereby establishing the electron transport
pathway. The unsuccessful SelFdx1499 reactions might be due
to its poor docking with FdRs. Notably, these effective Fdx-
P450 recognitions can be achieved by different binding modes
(Figure 3D). For example, in the PikC/SelFdx1499 complex,
E95 (Helix3 of Fdx) interacts with R62 and H349 (Helix A of
PikC); D29, E32, and E33 (Helix1 of Fdx) interact with K105
and R109 (Helix C of PikC) through electrostatic contacts
(Figure S16). In the MycG/SelFdx1499 complex, D69 and
D70 (Helix2 of Fdx) electrostatically interact with K100 (Helix C)
and R105 (Helix D) of MycG, respectively (Figure S16).
These results are in good agreement with the cognition that
every interacting interface of an encounter complex might be

unique since multiple positively charged residues and the spe-
cific contour of a P450 proximal surface would allow it to use a
different group of residues to interact with each individual pro-
miscuous redox partner.78 The highly negatively charged sur-
face of SelFdx1499 might provide it with more opportunities to
form an effective interface with various P450 enzymes. In the
case of CglFdx0526 (Figure S17), the enriched acidic residues
of Helix3 probably make it a very good docking surface toward
the proximal face of P450s.
Finally, we practiced the knowledge deduced from this study

by predicting the optimal homologous Fdx for PikC. Based
on genome searching, there are seven Fdxs encoding genes
(Table S1) on the genome of S. venezuelae ATCC 1543979,80

(the host microorganism of PikC), among which the only
Fe2S2-containing SvnFdx1948 was predicted to be the best
ferredoxin for PikC. The molecular docking results (Figure S18)
also supported this prediction. Upon heterologous expression in
E. coli BL21(DE3) and purification of all SvnFdxs, the activities
of PikC against 6 were evaluated in vitro using the plastidic-
type SelFdR0978 and each individual SvnFdx as redox partners.
As predicted, SvnFdx1948 gave the highest substrate conver-
sion of 95% compared to other SvnFdxs; as a control, SelFdx1499
led to complete substrate conversion (Figure 4).

■ DISCUSSION
The redox partners mediated electron transfer is often the rate-
limiting event in a P450 catalytic cycle.78,81 FdR, the two-
electron carrier, accepts a hydride from NAD(P)H and reduces
two equivalents of Fdx in turn. Fdx, the one-electron carrier,
directly interacts with P450 and sequentially delivers two
electrons for the reductive scission of O2 by P450. Therefore, a
working electron transport pathway requires effective protein−
protein interactions of both FdR/Fdx and P450/Fdx, and
appropriate potential differences that allow the correct flow
direction of electrons.
Despite limited successes in semirational engineering of the

P450/Fdx interface,10,76 rational optimization of the inter-
action between P450 and Fdx remains challenging due to the
lack of intensive understanding of the mechanisms for protein−
protein recognition and intermolecular electron transfer.

Figure 4. Substrate conversion ratios of the PikC/6 reactions when
partnered with SelFdR0978 and different SvnFdxs from Streptomyces
venezuelae ATCC 15439. SelFdx1499 was used as positive control,
whose serving reaction’s substrate conversion ratio is arbitrarily
assigned as 100%.
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Structural characterization of P450−Fdx complexes has the
advantages in addressing this challenge at molecular levels;
however, there have been only two available crystal structures
of such a complex including the artificial fusion of CYP11A1-
Adx73 and the cross-linked CYP101A1-Pdx.82

This study sought to reveal some regular patterns of bacterial
P450−redox partner interactions, by which the effective identifi-
cation of cognate redox partners or optimal surrogate redox
partners from multiple Fdx/FdR combinations for the
prokaryotic P450 of interest could become possible. Thus, six
P450s (seven substrates) that feature high specificity (P450cam),
functional convergence (CYP105AS-1 and P450sca2), multi-
functionality (CreJ and MycG), and substrate flexibility (PikC)
were selected. Together with 16 Fdxs and 8 FdRs from three
prokaryotic microorganisms, a P450 reaction matrix network
consisting of 896 P450 reactions was constituted and com-
prehensively analyzed.
A proper distance between the FAD of FdR and the iron−

sulfur cluster of Fdx is required for the formation of a transient
FdR−Fdx complex.48 The crystal structures of plastidic-type
FdRs83 and GR-type proteins84,85 revealed that the distance
between FAD and the FeS cluster in the plastidic-type com-
plexes is significantly shorter than that in the GR-type com-
plexes (6−8 Å vs 10 Å), suggesting a possible reason for the
higher electron transfer efficiency of the former when Fdx
binds to the concave surface of FdR. It was also reported that
plastidic-type FdRs display higher catalytic turnover rates (200−
600 s−1) than the bacterial-type counterparts (2−38 s−1).86,87

These previous studies might explain the higher efficiency of
the plastidic-type SelFdR0978 (Figure 1).
The important finding for Fdx-P450 interactions is that the

Fe2S2 Fdxs appear to be the specific type of Fdxs favored by
different bacterial Class I P450s, according to the reactivity
data (Figure 1) and simulation results (Figure 3). This is
further supported by the following facts. First, Falkowski and
co-workers reported an interesting finding that Fe2S2 Fdxs and
heme-binding domains might have a single common ancestor,88

which suggests functional connections and coevolution of these
two protein families. Second, the most efficient native Fdx for
PikC was proven to be the only Fe2S2 Fdx SvnFdx1948 based
on in vitro experiments (Figure 4). Third, FdxH, one of the
Fe2S2-containing Fdxs from S. avermitilisMA4680, was recently
identified as the optimal endogenous redox partner for
CYP105D7 based on in vitro activity reconstitution, gene dis-
ruption, and mRNA expression profile analysis.89 Fourth, the
most popular surrogate ferredoxins including spinach Fdx, Pdx,
and Adx all belong to the Fe2S2 type. However, many
Streptomyces spp. only possess non-Fe2S2 Fdxs

13,90 due to some
unknown evolutionary reasons. Thus, we hypothesize that the
in vivo activity of a Streptomyces P450 enzyme could be improved
by introduction of a gene that encodes a more efficient Fe2S2
type Fdx into the bacterial genome. More experiments are
required for testing this industrially important hypothesis,
which are currently ongoing in our laboratory.
Mechanistically, the Fe2S2 cluster can be placed at an

appropriate position for effective electron transfer through
geometric complementation and the electrostatically steered
interactions (Figure 3, Figures S14 and S15). The convex
hydrophobic iron−sulfur cluster loop of an Fdx also plays an
important role in expelling the water molecules residing
around the concave of proximal surface of the P450, thus
driving the P450−Fdx binding entropically.18 Interestingly, all
four “good” Fdxs including SelFdx1499, SelFdx0338,

SelFdx2581, and CglFdx0526 seem to follow this binding
logic (Figure 3B). However, some special interactions within
the encounter complex must also be taken into account due to
the molecular diversity of Fdxs and P450s, which indeed com-
plicates the explanation and the prediction of the supporting
activity of an Fdx toward a specific P450 enzyme. In the well-
studied P450cam/Pdx/15 system, the binding of Pdx results in
P450 structural changes that are required for catalytic activity.91,92

In the meantime, the conformational changes of P450 induced
by substrate binding may also influence the docking mode of
Pdx.93 In this study, PikC/6 and PikC/7 showed distinct reac-
tivity patterns against the identical suites of Fdxs/FdRs, which
reinforces the mutual impacts among P450, substrate, Fdx, and
FdR.
Taken together, we suggest that a certain bacterial P450

enzyme might have evolved to favor a specific combination of
Fdx and FdR among multiple redox partner proteins toward a
specific functionality, although some other redox partners
could be functionally complementary.94,95 In other words, the
selectivity and redundancy of Fdxs in a microorganism likely
coexist. This could be physiologically important since the
expression levels and catalytic activities of redox partners need
to be continuously tuned without losing the balance between
specificity, affinity, and efficiency in order to adapt to different
developmental stages and ever-changing environments. By con-
trast, a small number of P450 enzymes such as P450cam

34 and
P450SU1

96 show very high selectivity toward Fdx, likely due to
their highly specialized functions. The naturally P450−redox
partner fusion proteins represent an extreme with the fixed
selectivity.97,98

It has widely been accepted that the optimal redox partners
for a P450 enzyme should be homogeneous ones, especially the
cotranscribed redox partners, due to possible coevolution.99

However, this postulate has not been tested experimentally.
In the reaction matrix network (Figure 1), the cognate and
cotranscribed redox partners CglFdR0525/CglFdx052635 only
represented one of the five best CreJ companions, suggesting
that the endogenous electron transfer chain may not neces-
sarily be the best choice for a specific CYP. Heterologous
redox partners could also form an efficient hybrid electron
transport pathway. This finding could be important for optimi-
zation of the biosynthetic pathways that involve P450-catalyzed
step(s) in industrial strain improvement.
Recently, we reported an exceptional finding that the use of

the surrogate redox partner RhFRED not only altered the
catalytic efficiency and product distribution of MycG but also
led to the change of the type and site-selectivity of MycG reac-
tions, giving rise to a number of unnatural N-demethylation
products.28 An open question is whether this phenomenon has
generality. In this study, no similar demethylation products
were observed in the tested MycG reactions. Although novel
products 22 and 24 were observed in CYP105AS-1/18 and
PikC/6 reactions (Figure 2), respectively, they are virtually
overoxidation products, and the reaction type and selectivity
did not change. Therefore, the unique behavior of MycG/
RhFRED seems not to be general at least based on the current
evidence. It also suggests that, unlike Fdxs, RhFRED might
interact with a P450 enzyme via an alternative interface.
In conclusion, the efficiency of the electron transport path-

way in a bacterial Class I P450 system is determined by mutual
interactions of five elements including P450, Fdx, FdR,
substrate, and NAD(P)H. The substrate binding initiates the
P450 catalytic cycle and induces structural changes of P450
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including the conformational changes of the Fdx docking
interface that is located on the proximal side, which in turn
affects the P450's preference toward Fdx via electrostatic inter-
actions and steric complementation. Similar interactions
between Fdx and FdR, and the efficiency of FdR in sourcing
electrons from NAD(P)H, could also influence the overall
electron transfer rates and the catalytic efficiency. In addition
to the key productive protein−protein interactions, appropriate
redox potential differences among P450, Fdx, and FdR are also
important factors to be considered.
Based on our results, there seem to be no strict rules to

guide the selection of redox partners for a specific P450 reac-
tion. For an important P450 reaction, we suggest that the best
way to determine the optimal redox partners might be the
activity screening using various Fdx/FdR combinations before
the transient protein−protein interactions and the redox
potentials of all components could be accurately calculated
and evaluated. Nonetheless, Fdx-P450 molecular docking
could provide useful information for predicting workable
Fdxs for a specific P450 enzyme, especially when the crystal
structure of the P450 enzyme is available. Finally, several
empirical rules could be proposed for further examinations:
(1) the plastidic-type FdR and the Fe2S2 Fdx are more likely to
provide high electron transfer efficiency for a bacterial Class I
P450 enzyme; (2) the native redox partners are not necessarily
the optimal choices for a P450 of interest; (3) it is not neces-
sarily better to use the most efficient redox partner for a
specific P450 reaction since the undesired overoxidation could
occur; and (4) redox partners could be utilized to generate
more oxidative derivatives.
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