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Abstract: Bacterial cytochrome P450s (P450s), which catalyze
regio- and stereoselective oxidations of hydrocarbons with high
turnover rates, are attractive biocatalysts for fine chemical
production. Enzyme immobilization is needed for cost-effec-
tive industrial manufacturing. However, immobilization of
P450s is difficult because electron-transfer proteins are
involved in catalysis and anchoring these can prevent them
from functioning as shuttle molecules for carrying electrons.
We studied a heterotrimeric protein-mediated co-immobiliza-
tion of a bacterial P450, and its electron-transfer protein and
reductase. Fusion with subunits of a heterotrimeric Sulfolobus
solfataricus proliferating cell nuclear antigen (PCNA) enabled
immobilization of the three proteins on a solid support. The co-
immobilized enzymes catalyzed monooxygenation because the
electron-transfer protein fused to PCNA via a single peptide
linker retained its electron-transport function.

Enzymes are widely used in the food industry, detergents,
organic syntheses, analysis, and research.[1] The effective use
of enzymes, especially in industrial organic synthesis and in
biosensors, requires immobilization techniques that enable
the enzymes reuse, continuous operation, and easy separation
from products.[2] Immobilization methods are classified into
three groups:[3] 1) binding to a prefabricated support, 2) car-
rier-free insolubilization by cross-linking, and 3) entrapment
(encapsulation) in a polymer network or membrane device.
Support binding is most widely used, because supports
insolubilize enzymes and provide additional physical and
chemical properties (mechanical strength, filterability, mag-
netism, static electric charges, and hydrophilic/hydrophobic
balance), and various supports with functional moieties that
readily attach enzymes are commercially available.[4] Except
for encapsulation in microcapsules, which has mass-transfer

limitations, enzymes have to be tightly fixed to prevent
leakage. Although multienzymatic reactions, which can
produce valuable compounds with multiple chiral carbon
centers, functional groups, and/or high-energy bonds, have
attracted much interest in metabolic engineering and syn-
thetic biology,[5] single enzymes have mainly been targeted for
immobilization. The use of immobilization in multienzymatic
reactions is not difficult[6] and has been achieved by immobi-
lization of multiple enzyme mixtures and assembly of
separately immobilized single enzymes. However, conven-
tional immobilization methods are not always suitable for
immobilizing multienzymatic systems.

Cytochrome P450 monooxygenases (P450s), which have
physiologically important roles in various organisms, are
generally coupled to reductases. P450s catalyze regio- and
stereoselective oxidations of C@C and C@H bonds with
molecular oxygen under atmospheric conditions, and are
promising environmentally friendly biocatalysts for fine
chemical manufacturing.[7] In fact, P450-catalyzed reactions
are increasingly attractive for chemical synthesis, for example,
a sequential two-step hydroxylation of vitamin D3 to an active
metabolite known as calcitriol,[8] enantioselective epoxida-
tions of alkenes,[9] and decarboxylation of fatty acids to
alkenes.[10] The heme at the active site accepts two electrons
per reaction cycle to generate an active species. The heme
protein scaffold cannot directly withdraw electrons from
natural small reducing agents, such as NAD(P)H, but accepts
electrons from an electron-transfer protein/domain, such as
ferredoxin and flavodoxin, which is in turn reduced by its
specific reductase/domain by NAD(P)H. Bacterial P450s,
which have higher catalytic activities than eukaryotic P450s,
generally require isolated electron-transfer proteins and
reductases.[11] Their monooxygenation reactions are strongly
coupled to reductions of electron-transfer proteins by their
reductases.

The interacting regions of electron-transfer proteins with
P450s also interact with reductases, requiring these proteins to
shuttle between P450s and reductases even when immobi-
lized. Tight binding of the proteins to solid supports prevents
monooxygenation reactions catalyzed by bacterial P450s. In
fact, covalent co-immobilization on solid supports of P450s
and their electron-transfer proteins and reductases has not
been reported. Adsorption of bacterial P450-containing cell-
free extracts on ion-exchange supports has been reported,[12]

but the enzymes leaked from the supports. To overcome these
problems 1) the P450, electron-transfer protein, and reduc-
tase should be aligned close to each other and 2) the electron-
transfer protein must retain its mobility to carry electrons
from the reductase to the P450 in three-protein co-insolubi-
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lization. Herein, we propose a heterooligomeric protein-
mediated immobilization method for multienzymatic systems
linked with a carrier protein.

We previously reported heterotrimeric protein-mediated
complex formation of a bacterial P450, and its specific
ferredoxin and ferredoxin reductase.[13] The proliferating
cell nuclear antigen (PCNA) from Sulfolobus solfataricus is
a heterotrimeric protein composed of three distinct subunits,
PCNA1, PCNA2, and PCNA3 (Figure 1a). PCNA3 cannot

interact with PCNA1 or PCNA2 individually but binds to
a heterodimer of PCNA1 and PCNA2 with high affinity
(KD = 200 nm).[14] Consequently, a Pseudomonas putida P450
(P450cam) fused to PCNA3 exclusively formed a heterotri-
meric protein complex with equimolar amounts of P. putida
ferredoxin reductase (putidaredoxin reductase, PdR) and
ferredoxin (putidaredoxin, PdX) fused to PCNA1 and
PCNA2, respectively. The complex, in which PdX carries
electrons from PdR to P450cam by transient interactions with
PdR and P450cam, showed P450cam monooxygenase activity.

The PCNA-assembled protein complexes of P450 and
electron-transfer-related proteins (PUPPETs) are expected
to completely retain their monooxygenase activity on immo-
bilization through PCNA. However, it is difficult to selec-
tively conjugate the PCNA domain of a PUPPET with
chemical reagents or place it on a solid support after complex
formation. We therefore attempted to sequentially construct
PUPPETs on solid supports; one PCNA subunit is directly
immobilized on the solid support followed by binding of
another subunit fused to PdX and PdR along with the other
subunit fused to P450cam to the immobilized subunit (Fig-
ure 1b). PCNA2 was directly immobilized on the solid
support, because surface plasmon resonance analysis
showed that among the three subunits, PCNA2 immobilized
by amine coupling gave the highest accumulation yield of the
heterotrimer (Figure S1 in the Supporting Information).

First, molecular assembly of P450cam, PdX, and PdR on
free PCNA2 was confirmed. We prepared a PCNA1 fusion
protein, PdR-PCNA1G108C-PdX, in which PdR and PdX are

genetically linked at the N- and C-terminus of the G108C
variant of PCNA1, respectively, and a PCNA3 fusion protein,
P450cam-PCNA3R112C/T180C, in which P450cam is genetically
linked at the N-terminus of the R112C/T180C variant of
PCNA3. Cysteine substitutions were introduced to stabilize
the heterotrimeric complex by forming disulfide bonds
between the subunits in the PCNA heterotrimer.[15] The
UV/Vis spectra of the fusion proteins had characteristic
absorption peaks from their component proteins (Figure S2),

suggesting that PdR, PdX, and P450cam
in the fusion proteins retained their cofac-
tors, which play central roles in their
functions. PdR-PCNA1G108C-PdX alone
showed cytochrome c reduction activity
(Figure S3), reflecting reduction of
PdX as a result of intramolecular reduc-
tion by PdR in the fusion protein. The
PUPPET prepared from PdR-
PCNA1G108C-PdX, the L171C variant of
PCNA2 (PCNA2L171C), and P450cam-
PCNA3R112C/T180C, in which the PCNA
subunits were covalently linked by
disulfide bonds (Figure 2A), showed
much higher activity (8.8 X
102 nmol min@1 (nmol of P450cam)@1)
than equimolar mixtures of PdR-
PCNA1G108C-PdX and P450cam-
PCNA3R112C/T180C (Figure 2B). The activ-
ity had a linear relationship with the
PUPPET concentration. This clearly

shows that P450cam, PdX, and PdR can be assembled on
PCNA2 with sufficiently close proximity for efficient electron
transfer from PdR to P450cam through PdX.

Next, P450cam, PdX, and PdR were assembled on
immobilized PCNA2. PCNA2L171C was immobilized on mag-
netic beads using a standard amine coupling method. PdR-
PCNA1G108C-PdX and P450cam-PCNA3R112C/T180C were
loaded on PCNA2L171C-immobilized beads. The beads
heated in Laemmli buffer at 98 88C released the two fusion
proteins (Figure 3 A), indicating that they were immobilized
on the magnetic beads through PCNA2L171C. The immobilized
PUPPET hydroxylated d-camphor with 99% coupling effi-
ciency, the ratio of d-camphor consumption to NADH
consumption (Table S1). The specific activity (7 X
102 nmol min@1 (nmol of P450cam)@1), which was calculated
from the initial NADH consumption rate and coupling
efficiency, was similar to that of P450cam in the free complex
of PdR-PCNA1G108C-PdX, PCNA2L171C, and P450cam-
PCNA3R112C/T180C. The PdR, PdX, and P450cam assembled
on immobilized PCNA2L171C were not in direct contact with
the beads and behaved like those assembled on free
PCNA2L171C. In contrast, P450cam directly co-immobilized
with PdX and PdR on beads through amine coupling did not
hydroxylate d-camphor because direct immobilization inacti-
vated PdR (Figure S4).

Disulfide bonds between the PCNA subunits contributed
significantly to retention of P450cam on the beads. PCNA1
dissociated slowly from the immobilized PCNA2, but the wild
type PCNA3 dissociated rapidly from the PCNA1:PCNA2

Figure 1. Co-immobilization of PdR, PdX, and P450cam using S. solfataricus PCNA. A) Stepwise
heterotrimerization of S. solfataricus PCNA. B) Selective assembly of PdR, PdX, and P450cam
on an immobilized PCNA subunit (PCNA2 in this study).
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heterodimer immobilized through PCNA2 (Figure S1). PdR-
PCNA1G108C-PdX was retained on the immobilized
PCNA2L171C though there is no disulfide bond between
PCNA1G108C and PCNA2L171C (Figure 3A, lane 3). P450cam-
PCNA3, which cannot form disulfide bonds with PCNA1G108C

and PCNA2L171C, was washed out during immobilization, and
therefore little was retained. In contrast, disulfide bond
formation between PCNA1G108C and PCNA3R112C/T180C, as well
as PCNA2L171C and PCNA3R112C/T180C, greatly improved the
assembly yield of P450cam (Figure 3A, lane 1).

Disulfide bond formation also contributed to the reus-
ability of the immobilized PUPPET, which showed d-
camphor hydroxylation activity even in the 10th cycle,
though the activity decreased with cycle number (Figure 3B).
SDS-PAGE analysis showed that P450cam-PCNA3R112C/T180C

was completely retained on the beads with PdR-PCNA1G108C-
PdX even after the 10th cycle (Figure 3A, lane 2). The
decrease in the activity is therefore probably caused by
inactivation of PdR, PdX, and/or P450cam, as previously
reported.[16]

Our approach was also useful for immobilization of a self-
sufficient P450. CYP102A1 (P450 BM3), a cytochrome P450

from Bacillus megaterium, is easily handled and a target for
various biotechnological applications,[17] because the enzyme
has a heme protein scaffold, an electron-transfer domain, and
a reductase domain in a single polypeptide chain and does not
require auxiliary proteins.[18] Recently, immobilization of
P450BM3 through specific binding site introduction for
cost-effective use of the enzyme has been reported.[19] We
attempted to immobilize this P450 BM3 by fusion to PCNA.
P450BM3 fused to PCNA3R112C/T180C was immobilized on
magnetic-bead-bound PCNA2L171C with the assistance of
PCNA1G108C. The catalytic activity of the indirectly immobi-
lized P450 BM3 was much higher than that of the directly
immobilized one, and the immobilized P450BM3 had good
reusability (Figure 4). The C-terminal half domain containing
FAD and the N-terminal half domain containing heme and
FMN of P450BM3 were reassembled on the beads by fusion
to PCNA1G108C and PCNA3R112C/T180C, respectively. However,
the reassembled P450BM3 showed lower activity and reus-
ability than intact P450BM3 on the beads (Figure S5). This is

Figure 2. Molecular assembly of PdR, PdX, and P450cam on free
PCNA2. A) SDS-PAGE analysis of PdR-PCNA1G108C-PdX (lane 1),
PCNA2L171C (lane 2), P450cam-PCNA3R112C/T180C (lane 3), and PUPPET
(lanes 4 and 5). Proteins were denatured in Laemmli buffer with 2-
mercaptoethanol (lanes 1–4). PUPPET was denatured in Laemmli
buffer without 2-mercaptoethanol (lane 5). B) Initial activities of com-
plex (open circles) and equimolar mixtures of PdR-PCNA1G108C-PdX and
P450cam-PCNA3R112C/T180C (closed circles). Initial reaction rates were
plotted against protein concentrations. Error bars represent standard
deviations of three replicates.

Figure 3. Reusability of immobilized PUPPET. A) PCNA2L171C-immobi-
lized beads loaded with PdR-PCNA1G108C-PdX and P450cam-
PCNA3R112C/T180C (lane 1), the beads after 10 cycles of reaction (lane 2),
and PCNA2L171C-immobilized beads treated with PdR-PCNA1G108C-PdX
and P450cam-PCNA3 (lane 3) analyzed by SDS-PAGE. B) d-Camphor
consumption by immobilized PUPPET up to 10 cycles. Reaction
mixture containing 1 mm d-camphor and 0.5 mm NADH was incu-
bated at room temperature for 10 min and analyzed by GC. Error bars
represent standard deviations of three replicates.
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probably because of inferior electron transfer between the
split FAD and heme-FMN domains, and instability of the split
domains.

In conclusion, we have developed a heterotrimeric pro-
tein-mediated enzyme immobilization method that can be
used for a bacterial multicomponent P450 system. Fusion to
S. solfataricus PCNA subunits enabled P450cam to form
a complex with PdX and PdR on magnetic beads through the
PCNA heterotrimer. The P450cam co-immobilized with PdX
and PdR showed monooxygenase activity because PdX was
linked via a single peptide linker and retained its function as
a shuttle molecule for carrying electrons from PdR to
P450cam in the complex. PCNA-mediated immobilization
avoids enzyme inactivation caused by physical and/or chem-
ical interactions with the support during immobilization,
unlike direct immobilization on solid supports. Our approach
was used to immobilize a self-sufficient P450 containing both
heme and electron-transfer domains in one polypeptide

chain. Bacterial P450s can catalyze unusual reactions includ-
ing desaturation,[20] tetrahydrofuran ring formation[21] and
oxidative decarboxylation of fatty acids[10] in addition to
typical monooxygenase reactions, such as hydroxylation,
epoxidation, and dealkylation. Protein engineering has ena-
bled unnatural catalysis, fulfilling the demand for practical
chemical synthesis.[22] For example, engineered P450cam
enzymes can catalyze alkane hydroxylation,[23] aromatic
hydroxylation,[24] and indole oxidation to indigo.[25] Along
with the recent progress in P450 catalysis, successful immobi-
lization of bacterial P450 systems without significant loss of
catalytic activity will greatly enhance their advantages as
catalysts for chemical synthesis. Furthermore, PCNA-medi-
ated enzyme immobilization is a useful method that can be
applied to other multienzymatic reaction systems requiring
carrier proteins, such as non-ribosomal peptide synthetases.[26]
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