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ABSTRACT: A novel N-oxygenase-coated core—shell nano-
particle was generated through the coassembly of poly(4-
vinylpyridine) (P4VP) and arylamine N-oxygenase Cmll. The
resulting enzyme-hybridized particles, P4VP-Cmll, showed
excellent catalytic activities on the oxidation of two arylamine
substrates, i.e., p-aminophenol (pAP) and p-aminobenzoic acid
(pABA), using a surrogate redox system or a peroxide shunt as
co-oxidants. In comparison with the free enzyme, P4VP-Cmll
particles exhibited a significantly enhanced catalytic efficiency
when using pyridine nucleotide (NADH) and proper redox
mediators. Products at different oxygenation stages were
observed. On the contrary, the activity of the enzyme-
containing nanoparticles was very similar to the free enzyme

Polymer

when using the peroxide shunt. The enhanced catalytic efficiency of the P4VP-CmlI assemblies is attributed to a more efficient

electron delivery.

Bl INTRODUCTION

Nitro- and nitrosoaromatic compoundsl’2 are two important
classes of chemicals that have been widely used as
pharmaceuticals, pesticides, dyes, explosives, and building
blocks for synthesis and materials development.”~” Although
various synthetic methods have been developed over the
decades,"** safety concerns, a lack of regioselectivity, and the
resulting instability of the nitroso compounds under the harsh
preparatory conditions often limit their preparation. As with
other transformations, biocatalytic platforms that can be carried
out under mild reaction conditions have attracted significant
attention for synthetic applications for these compounds.”™"’
Arylamine N-oxygenases catalyze the six-electron oxidation
of aryl-amines to aryl-nitro compounds via hydroxylamine and
nitroso intermediates,'”~'® providing a novel tool for stepwise
synthesis of nitro- and nitrosoaromatic compounds. Among
these newly characterized enzymes, Cmll is a representative
arylamine N-oxygenase that utilizes a dinuclear-iron cofactor to
catalyze the formation of the bioactive nitro group of the
antibiotic chloramphenicol (CAM) via oxidation of the
arylamine precursor (NH,—CAM).'® The mechanism and
structure of Cmll reveal that the enzyme catalyzes N-
oxygenation through successive reactions with an atypical
(relative to other dinuclear oxygenases) and highly stable
peroxo-diferric intermediate that is generated from reaction of
the reduced diferrous protein with dioxygen.'” " Interestingly,
in addition to the final nitro-containing compound, nitroso
products can also accumulate in the enzymatic reaction with
native substrate, NH,—CAM."” Thus CmlI may be a promising
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biocatalyst for leveraging the synthesis of nitro- and nitro-
soaromatic compounds if the oxygenation process can be
controlled.

The use of N-oxygenases such as Cmll for synthetic
applications is restricted by low catalytic efficiency. A native
redox partner system that generates the diferrous form that
subsequently reacts with O, has yet to be identified. It has been
reported that the activity of Cmll, and AurF, a closely related
ortholog involved in aureothin biosynthesis, can be recon-
stituted using a surrogate redox system composed of reduced
pyridine nucleotide (NADH) and the redox-mediator phena-
zine methosulfate (PMS) (Scheme 1).'®*° However, the
uncoupled consumption of reducing equivalents likely results
in the generation of damaging reactive oxygen species that may
limit activity. An alternative method is to use H,O, to bypass
the need for reducing equivalents altogether and generate the
reactive peroxo species directly (Scheme 1). This approach has
been used to initiate turnover in various dinuclear-iron enzymes
(e.g, AurF, soluble methane monoxygenase (sMMO), and
toluene 4-monooxygenase (T4Mo)),21_24
enzyme activity have been reported. For example, recent studies
that have explored the shunt pathway in CmllI have shown that

and variable levels of

the addition of H,O, to the diferric enzyme does not readily
form the reactive peroxo-adduct that reacts with substrates.'®
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Scheme 1. Ilustration of the Reconstitution of CmlI Activity
Using NADH/PMS and Dioxygen or via a Peroxide Shunt
To Generate a Diferric-Peroxide Intermediate That Reacts
with Arylamine Substrates”

2+ 2+
naoHpns _~F€ Fe
(2 +2H) .
/ diferrous \<O

ea* Fe”

dlfernc

@)
- "'-Hzoz |
O

"?.-\‘_ " /3+ \ 3+
Fe™ Fe
S~

peroxo

H2N_©_R

“Reaction regenerates the diferrous form that can further oxidize the
hydroxylamine product.

Polymer—enzyme hybrids have served as an alternative
method for enzyme engineering. Upon polymer conjugation,
many enzymes can exhibit improved stability, pH, or
temperature tolerance and catalytic efficiency with different
mechanisms imparted by specific polymer structures.” " The
construction and characterization of pyridine-grafted polymer—
protein core—shell nanoparticles (PPCS-NPs) has been
systematically discussed in previous studies by our labora-
tory.>' *° The synthesis of PPCS-NPs is primarily entropically
driven, while the resultant nanoparticles are stabilized by
synergistic interactions between polymers and proteins. The
finely balanced microenvironment can help to preserve enzyme
conformation and function.’® With a robust one-step
coassembly protocol, the percentage of proteins bound on
the surface of the PPCS-NPs was >90% in comparison with the
initial amount of the protein used. The PPCS-NPs were found
to be typically stable in solution for about 1 to 2 weeks at room
temperature and 4 weeks at 4 °C. During the process, no
protein leaching has been observed.”® A broad range of
functional proteins and protein cages has been reported to
coassemble with specific polymers to form PPCS-NPs.**™**
Moreover, the pyridine-containing polymers can exhibit a high
electron affinity and favorable electron-donation properties
from the pyridine unit.””~*" Collectively, these studies indicate
that P4VP polymer assembly may be leveraged with Cmll to
improve its performance as a biocatalyst. In the present study,
we have generated P4VP-Cmll core—shell nanoparticles
through a coassembly process and tested their catalytic activity
with the arylamine substrates pAP and pABA. Interestingly, we
observed that different intermediate products accumulate with
these two substrates. We found that P4VP-Cmll showed
significantly higher activity on both substrates than the free
enzyme that is attributed to a more efficient electron delivery
process due to proximity of enzymes and cofactors. This step is
rate-limiting in many classes of oxidoreductases,”* and the
identification of native redox-delivery systems can be a major
bottleneck if the genes that encode them are located outside of
the immediate genetic locus. As a result, the P4VP—enzyme
assembly method may be generally applicable to leverage
oxidoreductase catalysis in a variety of synthetic platforms.

B EXPERIMENTAL SECTION

Materials. P4VP (M, 60000), p-aminophenol (pAP, >99.0%),
flavin mononucleotide (FMN), and riboflavin were purchased from
Sigma-Aldrich. Phenazine methosulfate (PMS, > 98.0%) and p-
aminobenzoate (pABA, >99.0%) were purchased from TCI America.
NADH sodium salt was purchased from EMD Millipore. Unless
otherwise noted, all chemicals and solvents used were of analytical
grade and were used as received from commercial sources. Water (18.2
MQ) was obtained from Milli-Q system (Millipore). Unless otherwise
noted, all buffers are 50 mM 3-(N-morpholino) propane sulfonic acid
(MOPS), pH 74.

Heterologous Expression and Purification of Cmll. The
Streptomyces venezuelae Cmll gene, cloned into the pVP91A expression
vector and characterized in previous studies,'® was used for protein
expression. This vector contains an eight-histidine tag at the N-
terminus to facilitate purification. Expression of Cmll was performed
in E. coli BL21 (DE3) in LB medium in the presence of 100 yg/mL
ampicillin. Cells were grown to an OD ~1.0 and induced with 150 M
IPTG and 50 uM FeCls, at which point the temperature was lowered
to 20 °C, and grown for an additional 15 h. Cells were harvested by
centrifugation for purification or stored at —80 °C for further use. The
protein was purified using nickel—nitriloacetic acid (Ni—NTA) affinity
chromatography as described previously'® and was subsequently
dialyzed against 50 mM MOPS pH 7.4 buffer and stored at —80 °C
until further use. Enzyme purity was assessed by SDS-PAGE, and the
iron-to-enzyme ratio was verified by the ferrozine assay (Figure S1).**

Synthesis of P4VP-Cmll Assemblies. A solution of P4VP in
ethanol (7.5 mgmL™', 0.1 mL) was slowly added to a solution
containing Cmll in 50 mM MOPS pH 7.4 (1.2 mg-mL™", 0.9 mL) with
stirring. After addition, the mixture was stirred for an additional 30
min. To study the influence of FMN reduction by NADH, the P4VP-
Cmll assemblies were prepared with a similar procedure but with
diluted P4VP (0.75 mg-mL™, 0.1 mL) and Cmll enzyme (0.12 mg:
mL™", 0.9 mL) in 50 mM MOPS pH 7.4. All of the assembled samples
were freshly prepared in the characterization and activity test.

Characterization of P4VP-Cmll Assemblies. The P4VP-Cmll
sample (20 pL) was centrifuged to collect the nanoparticles and
resuspended with the same volume of water, dropped onto a stub, and
dried in the hood, then coated with a thin layer of gold film using a
Denton Vacuum Desk II. The sputtered samples were fixed onto the
sample holder and placed in the vacuum chamber of the microscope
under low vacuum (1025 Torr) for imaging by the in-lens detector of
Zeiss Ultraplus thermal field-emission scanning electron microscope
(FESEM). For TEM analysis, the sample was diluted 100 times by
water, and 20 uL of diluted sample was dropped onto 300-mesh
carbon-coated copper grids and dried. The grids were then stained
with 20 L of uranyl acetate (2% w/v) for 5 min and observed with a
Hitachi H-8000 electron microscope. The size distribution of P4VP-
Cmll assemblies was measured with dynamic light scattering (DLS,
Zetasizer Nano ZS, Malvern Instruments). The mean value for the size
based on the intensity and the polydispersity index (PDI), a
dimensionless width parameter based on the cumulant analysis, were
detected.

Activity Assay of P4VP-Cmll Assemblies and Free Cmll. The
activity assay of both P4VP-CmllI and free Cmll was performed in a
reaction volume of 100 L. The final reaction mixture contained Cmll
(20 uM), the substrate pAP or pABA (1 mM), PMS or FMN or
riboflavin (12.5—125 M), NADH (1—10 mM), and 7% ethanol in
MOPS buffer. Reactions were performed at room temperature (23—25
°C) and were initiated by the addition of the substrate to the reaction
mixture. The specific activity was calculated during the first 10 min.
The PMS, FMN, and riboflavin reagent were freshly prepared and kept
in the dark until use. NADH and PMS or FMN or riboflavin were
added immediately before each reaction to minimize any possible side
reactions in the presence of oxygen.* P4VP-Cmll and CmlI reactions
were prepared and tested side-by-side for an accurate comparison of
activity. Reactions with pAP were measured by monitoring pNOP
product formation at an absorbance of 405 nm with a Molecular
Device SPECTRAMax plus 384 with a microplate reader using 0.33
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Figure 1. (a) Schematic representation of the preparation of PAVP-CmlI in MOPS buffer at pH 7.4. (b) FESEM image of P4VP-CmlI nanoparticles.
Inset shows an enlarged image of a single particle. (c) Size distribution of P4VP-Cmll nanoparticles based on DLS measurement.

Scheme 2. Schematic Representation of CmlI-Catalyzed Reaction with pAP and pABA as Substrate, Respectively
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cm path length. The activity assay with pABA was performed with the
same procedure, and the products were quantified by HPLC as
described below. The assays were performed in at least triplicate and
the averages were reported.

Peroxide-Shunt Assay. Peroxide-shunt experiments were per-
formed by the addition of H,O, to the solution containing enzyme and
substrate. Final reactions contained CmlI (20 uM), pAP or pABA (1
mM), 1.5% H,0, (v/v) and 7% ethanol in MOPS buffer (50 mM, pH
7.4). The activity was quantified by HPLC as described below. To
compare the stability and activity of the assembled enzyme complexes
with that of the free enzyme, a pretreatment time course study was
done with preincubation of P4VP-Cmll and free enzymes with 1.5%
H,0, (v/v) for 0, 1, 2, and S h; then, the activity test was followed.

HPLC and MS Analysis. Reactions with pAP were quenched by
trifluoroacetic acid (final concentration 2.5% v/v). Reactions with
PABA were quenched using acetic acid (final concentration 1% v/v).
After quenching, samples were centrifuged at 14 000 rpm at 4 °C for
15 min and the supernatant was collected. Because of the sensitivity of
aryl-nitroso compounds toward NADH,"* both P4VP-Cmll and free
CmlI-catalyzed reactions were analyzed by HPLC immediately after
quenching and centrifugation. The products were identified and
quantified using an Agilent 1100 series HPLC equipped with a
ZORBAX SB-C18 column. HPLC parameters were as follows: 25 °C;
solvent A, 1% acetic acid in water; solvent B, methanol; gradient, 10%

B for 2 min; then, from 10% B to 100% B over 18 min; flow rate, 0.5
mL/min. Detection of the products resulting from pAP metabolism
was done by UV absorbance at 305 nm. Those from pABA reactions
were monitored at 268 nm. Quantification was done based on the peak
area of the corresponding compounds. LC—MS with electrospray
ionization was carried out in Mass Spectrometry Center, USC to
identify the pHABA.

FMN Reduction Rate Test. 50 mM MOPS pH 7.4 buffer was
degassed for 30 min before it was used for P4VP-CmllI assembly, and
solutions of FMN (500 M), NADH (50 mM), and P4VP- and free
Cmll enzyme were degassed separately for 10 min and diluted with
MOPS buffer before each test. UV—vis absorption studies were
performed using an Agilent 8453 UV—vis spectrometer (1 mm path
length) with exposure to air.

B RESULTS AND DISCUSSION

P4VP-Cmll Synthesis and Characterization. A robust
one-step protocol for PPCS-NPs generation through coassem-
bly was described in detail in previous studies.” In brief, P4VP
polymer was dissolved in ethanol then added dropwise to CmlI
enzyme solution with vigorous stirring. After addition, the
mixture was stirred for an additional 30 min for equilibration
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Figure 2. Enzymatic activity analysis of P4VP-Cmll assemblies: 20 uM enzyme, 1 mM pAP or 1 mM pABA, 2 mM NADH and 25 yM PMS in
MOPS buffer (50 mM, pH 7.4). (a) HPLC analysis of the enzymatic oxidation products of pAP catalyzed with P4VP-Cmll. (b,c) Comparison of the
activity of P4VP-CmlI and free CmlI using pAP-based chromogenic assay; the signal at the first read was subtracted as background. HPLC analysis of
the oxidation products using pABA as the substrate with (d) free Cmll and (e) P4VP-Cmll as the catalyst and (f) the pure pABA. (gh) Activity
comparison based on the consumption of starting material pABA (g) and the production of the intermediate pHABA (h). Error bars represent the

standard deviation of the mean of triplicate samples.

(Figure la). Because of the high loading capacity of the PPCS-
NPs,*® in this work the equilibrated P4VP-Cmll sample was
used in the morphology test and enzymatic assay without a
further purification. On the basis of the FESEM (Figure 1b)
and TEM (Figure S2), P4VP-Cmll core—shell nanoparticles
could be successfully generated. On the basis of DLS analysis,
the average diameter of P4VP-Cmll nanoparticles was ~200
nm and the PDI was 0.107, showing considerable homoge-
neous nanoparticles formed (Figure 1c). This was consistent
with our previous research results.*”*°

Catalytic Activity Analysis of P4VP-Cmll. Aside from
reactions with the native NH,—CAM substrate, there is only
limited data that define the substrate scope for Cmll
reactions.'® From transient kinetics measurements, it is
known that the peroxo-Cmll adduct exhibits enhanced rates
of decay in the presence of arylamine compounds with different
para substituents including pAP, pABA, and L-pAPA (L-para-
aminophenylalanine).'"” However, the products for these
reactions have not been identified. In this study, pAP and
pABA were chosen as model substrates for characterizing
P4VP-Cmll activity. On the basis of reported catalytic
mechanism of Cmll, the nitro substituted compounds (pNP
and pNBA) should be produced as the final six-electron
oxidized products, while the analogous hydroxylamino (pHAP
and pHABA) and nitroso compounds (pNOP and pNOBA)
may be observed as intermediate products (Scheme 2)."” It was
reported that PSAAO, a closely related ortholog of AurF and
Cmll, could tolerate and even showed higher activity in the
presence of methanol.”’ We found that Cmll had similar

characteristics; that is, the presence of 7% ethanol increased the
enzyme activity by ~50% (data not shown). As a result, the
P4VP-Cmll NPs were tested in the 7% ethanol/MOPS
cosolvent without further purification after the coassembly.

The activity of P4VP-Cmll was reconstituted using a redox
system composed of NADH and the mediator PMS. The
activity was alternatively assessed with a peroxide-shunt method
using 1.5% H,0, (v/v). The pAP and pABA substrates tested
here have opposing electrophilicities at the para substitution
(Scheme 2). Very interestingly, while both pAP and pABA
could serve as substrates for Cmll, we observed that for pAP,
the intermediate product pNOP rather than the fully oxidized
pNP was accumulated for both the P4VP-CmlI- and free CmlI-
catalyzed reactions using either method (Figure 2a, Figure S4).
In contrast, when pABA was used as a substrate, the
intermediate product pHABA was accumulated with the
NADH/PMS method (Figure 2d—f) and pNBA was detected
with the peroxide-shunt method (Figure S6). For comparison,
the ortholog AurF was reported to have activity with pABA, but
no activity was observed with pAP.** AurF also exhibits product
distributions that depend on the turnover methods utilized,
which was attributed to different reaction steps being rate-
limiting.”

The mechanisms why intermediate products can escape from
the enzyme active center have not been well understood so far.
In this study, it could be attributed to the smaller size of the
two unnatural substrates relative to their native counterpart,
NH,—CAM, which may enable them to be released from the
enzyme active center prior to complete oxidation. The
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Figure 3. Enzymatic activity comparison of P4VP-CmllI and free CmllI with addition of catalase (a), with different PMS/NADH concentration (b),
with NADH/FMN or NADH/riboflavin system (c), and by peroxo-shunt method (d). For panel a, 25 uM CmlI was used in Cmll/NADH/PMS
reaction and 25 M Cmll and 1 M catalase were used in Cmll/NADH/PMS + catalase reaction. All reactions were done with 2.5 mM NADH, 125
UM PMS, 1 mM pAP, 7% ethanol in MOPS buffer (50 mM, pH 7.4). For panel ¢, 1 mM NADH and 12.5 uM FMN or riboflavin was used and the
reaction was stopped at 60 min. For panel d, 1.5% H,0, (v/v) was used. From panels b to d, the reactions were done with 20 uM enzyme, 1 mM
pAP in MOPS buffer (50 mM, pH 7.4). Error bars represent the standard deviation of the mean of triplicate tests.

proposed mechanism for Cmll catalysis invokes an ambiphilic
nature of the peroxo-Cmll oxidant, which could perform
electrophilic (for amine or hydroxylamino) or nucleophilic
oxidations (for nitroso) substrates, respectively.'” Each of these
would be expected to be highly sensitive to the nature of the
para substituent. As a result, product distributions and activity
would be expected to alter as we observed here.

With P4VP assembly, enzyme functionality was maintained.
It is noteworthy that the activity of enzyme assembly with
NADH/PMS method showed around 1.6 to 2.3 times increase
compared with the activity carried out via the peroxide shunt
method. In addition, the enzyme activity results showed near-
ideal enzyme activity behavior, especially in the early time
regime. For longer reaction time, it showed a biphasic behavior.
As a result of this more complex process, kinetics rates are not
calculated in this work. We still do not know the precise origins
for such phenomenon. However, a similar observation has been
also reported by another group.' To the best of our
knowledge, this study is the first report that, with different
substrates, products at different oxygenation stages can be
selectively enriched by Cmll. Continued investigation using a
wider substrate-scope may reveal new opportunities for
synthetic applications.

Activity Comparison of P4VP-Cmll and Free Cmll. To
compare the catalytic efficiency of P4VP-Cmll and free Cmll,
the free enzyme was tested under the same conditions used in
the preparation of P4VP-Cmll. For pAP with NADH/PMS

method, reactions were monitored by absorbance spectroscopy
(A = 405 nm) to monitor the production of pNOP (Figure 2b).
The specific activity of P4VP-Cmll was as much as five times
higher than that of the free enzyme (Figure 2c). For pABA, the
activity of P4VP-Cmll was ~1.6 times that of free enzyme, as
calculated by either the consumption of substrate (Figure 2g)
or by pHABA production (Figure 2h) through the HPLC
quantification.

The reaction of PMS and NADH has been reported to
produce hydrogen peroxide,”” which at high enough levels may
contribute to enzyme activity. To test this possibility, 1 gM
catalase was included in the Cmll/pAP/NADH/PMS reaction.
Only minor differences in activity were observed upon the
addition of the H,0, scavenger (Figure 3a). This suggests that
Cmll catalysis from pyridine nucleotide likely proceeds by a
reductive mechanism where the peroxo-adduct is formed from
electron transfer and subsequent O, binding. Under the
turnover conditions employed in this study and the rates of
turnover we measured, it is unlikely that superoxide has a
sufficient lifetime to support reactions prior to its decom-
position to hydrogen peroxide. Importantly, superoxide is
unlikely to generate the relevant peroxo-intermediate (from the
diferric resting state), which has been shown to be the reactive
species in CmlI (and by extension AurF) catalysis in previous
studies because it does not provide the two reducing
equivalents necessary.
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To further explore why P4VP-Cmll exhibits enhanced
turnover, the enzymatic activity assay with pAP was performed
at different NADH/PMS concentrations. As expected, when
both NADH and PMS were at higher concentrations (NADH
10 mM, PMS 125 uM), both P4VP-Cmll and free Cmll
showed higher activity due to faster electron delivery (Figure
S3). However, when the concentration of PMS was increased
from 125 uM but the NADH was kept at 2 mM, the difference
between the activities of P4VP-Cmll and free Cmll became
negligible due to the dramatically increased turnover of the free
enzyme (Figure 3b). This implies that the electron-transferring
process mediated by PMS could be facilitated in the P4VP-
CmlI reaction, and this difference was masked by increasing
PMS concentration. It is noteworthy that product formation
time course by Cmll showed a lag-phase, possibly due to a side
reaction between the nitroso intermediate and NADH/PMS.*°
Interestingly, this effect can be rescued in the P4VP-Cmil
catalyzed reaction (Figure S3). This phenomenon could be
attributed to potential interactions between P4VP polymer
scaffold and PMS, which is still under investigation.

FMN and riboflavin, common biological redox partners used
in a plethora of redox processes,"* " were utilized as an
alternative reducing system. As shown in Figure 3c and
consistent with the results from PMS, the activity of P4VP-
Cmll was higher (~30%) than the free enzyme with pAP
substrate. However, the overall efficiency was much lower than
that of the NADH/PMS couple.

On the basis of above data, we hypothesized that the origin
of the enhanced activity for P4VP-CmlI may derive from an
enhanced rate of electron delivery to form the diferrous cluster.
To test this, the activity of P4VP-Cmll and free Cmll was
compared to a peroxide-shunt method in which the reduction
process was bypassed (Scheme 1). The result showed no
significant activity difference between the P4VP-Cmll and free
CmlI (Figure 3d). This indicated that the enhanced activity of
P4VP using NADH was most likely from the enzyme reduction
step. To further identify the effect of H,O, on the stability and
activity of peroxo Cmll intermediate under assembled and free
conditions, the H,O, pretreatment study was performed. In this
test, both P4VP-CmlI and free CmlI were pretreated with 1.5%
H,0, (v/v) and aged for different times prior to the addition of
pAP. There was no significant difference between P4VP-CmlI
and Cmll, indicating uncompromised stability and activity of
both samples (Figure SS).

FMN Reduction Test in P4VP-Cmll and Free Cmll
Solutions. To further demonstrate that an enhancement in
electron transfer conferred higher activity in P4VP-Cmll, the
transfer of electrons from NADH to FMN was tested by optical
spectroscopy. NADH, in its reduced form, absorbs at 340 nm
and FMN, in its oxidized form, absorbs at 440 nm. The
reduction of FMN by NADH can thus be monitored by the
loss of absorbance at both wavelengths. The absorbance
spectrum of P4VP-CmlI has background contributions due to
scattering of the nanoparticles (Figure S7). As one could
expect, oxidation of NADH occurs for both P4VP-Cmll and
free Cmll due to the reaction of FMN and NADH. However,
P4VP-Cmll shows a much faster rate of NADH oxidation
(Figure 4a) and as a consequence significantly faster FMN
reduction (Figure 4b,c).

B CONCLUSIONS

We have generated P4VP-Cmll core—shell nanoparticles via a
facile self-assembly process and explored its activity with two
substrates pAP and pABA using both oxidative and reductive
turnover methods. Nitroso and nitro products could be
selectively produced with different substrates using different
cosubstrates to initiate the reaction. We found that the P4VP
assembly could significantly increase Cmll activity using NADH
as an electron source and appropriate electron mediators.
Because redox partners are required for the efficient turnover of
CmlI but have yet to be identified, reconstitution of the enzyme
activity in vitro is a major challenge. The P4VP polymer
assembly system improves the reduction of the enzyme in the
absence of protein-based redox partners and as a result shows
significant enhanced activity. P4VP is an inexpensive polymer
available on an industrial scale, and the polymer—enzyme
coassembly process is both robust and facile. The P4VP-Cmil
nanoparticles reported here could thus be easily used for
synthetic applications. Further investigations on a broad range
of substrates of P4VP-CmlI and an expansion of this strategy to
other oxidoreductases are currently underway in our
laboratories.
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