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ABSTRACT: Proteins designed for supramolecular assembly
provide a simple means to immobilize and organize enzymes
for biotechnology applications. We have genetically fused the
thermostable alcohol dehydrogenase D (AdhD) from
Pyrococcus furiosus to a computationally designed cage-forming
protein (03-33). The trimeric form of the 03-33—AdhD
fusion protein was most active in solution. The immobiliza-
tion of the fusion protein on bioelectrodes leads to a doubling
of the electrochemical operational stability as compared to the
unfused control proteins. Thus, the fusion of enzymes to the
designed self-assembling domains offers a simple strategy to
increase the stability in biocatalytic systems.
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B INTRODUCTION

The application of enzymes in various biotechnology
applications is continuing to expand because of their ability
to selectively catalyze a range of reactions under mild
conditions.'™ A critical challenge in the use of enzymes in
many applications is stability. Immobilization methods have
been explored as this approach can improve enzyme recycling,
and can lead to enhanced stability.”~® Recently, self-assembling
protein complexes have been explored for a range of
applications including biosensing, drug delivery, imaging, and
biocatalysis.”~"" These scaffolds can offer unique properties
such as high stability, tunable size, biocompatibility,'”"* and
the opportunity to be decorated with additional biomolecules
of interest, such as enzymes. Naturally occurring proteins have
been engineered, as well as virus-like particles formed by
heterodimeric and homotrimeric coiled-coil bundles,"* pep-
tide-based self-assembled cages composed of approximately
1500 copies of two types of peptides,"> and complexes formed
by positively supercharged green fluorescent protein fusions
and capsids with negatively charged surfaces.'®

Synthetic protein complexes have also been designed in
silico, via the creation of de novo protein—protein
interfaces."’ "> These protein cages can be used to organize
molecules in the interior or on the exterior of the assembled
complexes, making them promising templates for a variety of
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biotechnology applications, including biocatalysis. In this
study, a thermostable alcohol dehydrogenase enzyme was
genetically fused to a computationally designed cage-forming
protein, so that the enzyme would decorate the outside of the
cages. This design would provide a simple approach as it is
composed of a single self-assembling fusion protein that does
not require any further modification for supramolecular
coordination.”"

Alcohol dehydrogenase D (AdhD) is a 34 kDa thermostable
monomer from Pyrococcus furiosus that belongs to the aldo keto
reductase (AKR) superfamily.”” Tt has a canonical (a/f)s
barrel structure and broad substrate specificity with highest
activity toward secondary alcohols (e.g. 2,3-butanediol) and
ketones. AdhD can tolerate high temperatures (up to 100
°C),” and use both NAD(H) and NADP(H) as cofactors.
Kinetically it follows a reversible ordered bi bi reaction
mechanism where the cofactor binds first to the enzyme
followed by substrate binding.”*** These features make AdhD
a valuable enzyme for industrial biotransformations. Extensive
mutational studies have been performed in the cofactor and
substrate binding pockets of AdhD to alter its cofactor and
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substrate specificities.””~>” A crystal structure of AdhD has not
been solved yet; however, a homology model based on other
AKRs is shown in Figure 1A. O3-33 is a mutant version of the

Figure 1. Structures of proteins used to create the fusion protein. (A)
Homology model of AdhD bound to its substrate 2,3-butanediol
(red) and cofactor NAD" (green). The model was created using
prostaglandin F synthase from Trypanosoma brucei (1VB]) as a
template. (B) Cage monomer O3-33 (left) and a cage component
formed by three subunits (right), with the C-terminus of each
monomer highlighted in orange. (C) Quaternary cage structures
formed by 24 03-33 monomers (each trimer is shown in a different
color). All cage figures were rendered in PyMOL (PDB file 4DDF).

PduA tandem BMC domain shell protein from Salmonella
enterica.”® 03-33 was computationally designed to self-
assemble into a protein cage formed by 24 subunits with
octahedral symmetry.”” The structure of the designed cage-
forming monomer O3-33 is shown in Figure 1B. The 03-33
monomer assembles into a homotrimer and eight of these
trimers assemble into an octahedral protein cage as shown in
Figure 1C.

By fusing the cage-forming monomer O3-33 to AdhD, we
created an enzyme-decorated protein assembly. This complex
was assessed via kinetic analysis and in an electrochemical
system, where O3-33—AdhD protein assembly was used as an
anode configuration for biocatalytic oxidation reactions. The
results of this study demonstrate the use of designed protein
complexes as a means to organize enzyme co-localization,
which can benefit many biotechnology applications including
biocatalysis.

B RESULTS AND DISCUSSION

Construction of 03-33—AdhD. We generated an
enzyme/cage monomer of 53 kDa by genetically fusing
AdhD to the C-terminus of O3-33 using a flexible glycine—
serine linker as explained in the Experimental Section (Figure
S1A). This arrangement should allow for the AdhD enzymes to
be displayed on the exterior of the self-assembling cage
structure (illustrated in Figure S1B,C). A fully assembled cage
would display 24 AdhD molecules. Upon expression and
purification of the cage-enzyme fusion protein, we obtained
fractions from size exclusion chromatography (SEC) that
formed a large complex, termed assembly A, and a smaller
complex, termed assembly B. Their electrophoretic mobilities
were the same on denaturing sodium dodecyl sulfate
polyacrymalide gel electrophoresis (SDS-PAGE) gels but
distinctively different on blue native PAGE gels, where
assembly B migrated faster than assembly A. The apparent
molecular weights of the assemblies as well as the unmodified

03-33 cages determined from the native PAGE gels were
inconsistent with calculated values (Figure S2). As native
PAGE gels were unreliable, we performed chromatogram
analysis and compared the elution profiles of O3-33 by itself,
03-33—AdhD as well as a protein standard composed of six
different proteins (Figure S3), in order to understand the
assembly state of the fusion protein 03-33—AdhD. It is likely
that the fusion of the enzyme, which is larger than the cage
monomer (~19 kDa), may introduce steric hindrance to cage
formation, leading to the different assembly populations. On
the basis of the SEC purification, the large complex is most
likely aggregated material, which eluted as a single peak early in
the chromatograms (Figures S2 and S3). Assembly B is most
likely a trimer, as the location of its elution peak is consistent
with the trimeric molecular weight (159 kDa) based on the
elution profile of standard protein samples. The two different
enzyme assemblies (assembly A and assembly B) were
compared via steady-state kinetic analyses and bioelectrocatal-
ysis experiments. Control experiments were also performed
with purified AdhD and O3-33 samples that were mixed
together but not genetically fused.

Kinetic Analysis of 03-33—AdhD. AdhD follows the
ordered bi bi kinetic mechanism. Initial rate reactions were
performed at 45 °C in 50 mM glycine buffer (pH 9.3) with
varying concentrations of NAD" and 2,3-butanediol. The
activity of the large complex (assembly A) was found to be
lower than the smaller complex (assembly B) (Figure S4) and
full kinetic assays were therefore performed for assembly B
only (hereafter, all statements related to the fusion complex
refer to the assembly B trimers unless otherwise indicated).
The initial rate data were fit globally to eq 1

Ek.[Al[B]
v =
K\Kp + Ky[A] + K,[B] + [A][B] (1)

where E, is the total enzyme concentration, k,, is the turnover
number, K, is the cofactor dissociation constant, and K, and
Ky are the Michaelis constants for the cofactor (NAD") and
the substrate (2,3-butanediol), respectively. The dissociation
constant for the cofactor was previously measured for AdhD to
be 37 + 2 uM and was assumed to be unchanged for the fusion
protein.”® The results for the fusion protein complex and the
protein mixture, containing equimolar amounts of unfused
AdhD and O3-33, are presented in Table 1. Representative
enzymatic activities of 03-33—AdhD, O3-33 + AdhD mixed,
and O3-33 by itself are shown in Figure S5, where 03-33 did
not show any activity under the experimental conditions as
expected.

The k., value of the fusion enzyme decreased approximately
by twofold, whereas both Michaelis constants of the fusion

Table 1. Kinetic Parameters of the O3-33—AdhD Fusion
Protein Compared to AdhD Mixed with the 03-33 Cage-
Forming Protein®

parameter 03-33—AdhD 03-33 + AdhD
Ky (uM) 37 +£2 3742
ke (579 0.046 + 0.002 0.088 + 0.009
K, (uM) 140 + 20 20 + 7
Ky (mM) 140 + 10 38+8

“Reactions were performed at 45 °C in 50 mM glycine buffer (pH
9.3), in triplicate. The values are given as means + standard
deviations.
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Figure 2. Cyclic voltammograms obtained for the immobilized (A) fusion protein O3-33—AdhD and (B) O3-33 + AdhD protein mixture (O3-33
and AdhD proteins individually expressed and purified, mixed to an equal molar ratio compared to assembly B). Electrocatalytic oxidation of 2,3-
butanediol by immobilized proteins in the presence of 0 mM (black), 100 mM (blue), or 200 mM (red) 2,3-butanediol. Apparent turnover

numbers (TON,,
protein mixture, respectively.

) approximated from the CV’s are 0.0084 + 0.0001 and 0.0086 + 0.0002 s™" for the 03-33—AdhD complex and 03-33 + AdhD

protein were increased compared to the unfused and mixed
protein control group. The K, value (Michaelis constant for
the cofactor) increased by sevenfold, whereas the Ky value
(Michaelis constant for the substrate) showed a fourfold
increase. Thus, although the assembly B trimers were more
active than those of assembly A, the genetic fusion of the O3-
33 protein to the N-terminus of the AdhD enzyme led to a
decrease in the AdhD kinetic activity. This was unexpected as
the N-terminus is on the other side of the (a/f)s barrel from
the active site and prior fusions to the N-terminus have not
affected AdhD activity.”” Many groups have noted with other
proteins that immobilization can lead to detrimental impacts in
activity.””*" It is not clear from these data whether multimer
formation impacts the structure of the AdhD enzyme, but this
seems unlikely because of the high degree of structural stability
of the protein (both high temperatures and guanidine HCI are
required for denaturation). There is an increasing appreciation
that biomolecular fusions near active sites alter local micro-
environments, leading to impacts on catalytic activity,”> and
these effects may also explain the observed reduction in
catalysis.

Electrochemical Activity of 03-33—AdhD. The activity
of the O3-33—AdhD fusion protein complex trimers was
measured electrochemically by immobilizing the complexes on
glassy carbon (GC) electrodes with methylene green (MG)-
modified multiwalled carbon nanotubes (MWCNTSs), poly-
ethylenimine hydrogel, and the cross-linker ethylene glycol
diglycidyl ether (EGDGE). This forms a stable hydrogel
composite of a covalently linked polymer, an enzyme, and
MWCNTs .>*** The MWCNTSs provide high surface area,
thus increasing the overall electrical conductivity of the
system.”> > MG was incorporated as an electrocatalyst for
NADH oxidation.”****' All cyclic voltammograms (CVs)
reported herein were produced in the presence of 5 mM NAD*
and 100—200 mM 2,3-butanediol unless otherwise stated. As
shown in Figure 2A, the CVs obtained for the fusion protein
complex showed increased current densities in the presence of
100 mM (Figure 2A, blue solid curve; 160 + 20 A cm™?) and
200 mM (Figure 2A, red dashed curve; 180 + 30 yA cm™?)
2,3-butanediol, with an onset potential of —0.10 V, whereas a
protein-free control showed no catalytic activity in the
presence of the cofactor and the substrate (Figure S6). This
is consistent with oxidation of 2,3-butanediol by NAD*
forming NADH, which is then re-oxidized at the poly(MG)

20024

electrode to regenerate NAD'. The current measured is
directly proportional to the NADH being oxidized.

CVs were also produced for the mixtures of unfused AdhD
and 03-33 combined in equimolar amounts (Figure 2B), and
similar bioelectrocatalytic waves were observed in the presence
of 100 mM (110 + 10 yA cm™2) and 200 mM 2,3-butanediol
(130 + 10 yA cm™) at —0.10 V. In contrast to the kinetic
assay results, the catalytic oxidative current densities observed
for the fusion complex were generally higher than the 03-33 +
AdhD mixture in the presence of 2,3-butanediol.

From the CVs obtained in Figure 2, we estimated the
apparent turnover numbers (TONaPP) for the 03-33—AdhD
fusion complex and 03-33 + AdhD protein mixture (Table 2),

Table 2. Approximated Electrochemical Kinetic Parameters
of the 03-33—AdhD Fusion Protein Complex (Assembly B)
and AdhD Mixed with the 03-33 Cage-Forming Protein”

parameter 03-33—AdhD 03-33 + AdhD
Jmax (A cm™2) 72 +03 45+01
Ky (mM) 28 + 4 27 £3
TON,y, (s 0.0084 + 0.0001 0.0086 + 0.0002

“Imax is the maximum current density obtained at saturating
concentrations of the substrate, Ky is the apparent Michaelis constant
for the substrate (0—1000 mM 2,3-butanediol; 5 mM NAD"),
TON,,, is the apparent turnover number approximated from the CVs
(Figure 2; 5 mV sec™' scan rate; 100 mM 2,3-butanediol; 5 mM
NAD"). Reactions were performed at 25 °C in 50 mM glycine, 200
mM NaCl buffer (pH 9.3), in triplicate. The values are given as means
+ standard deviations.

taking into account the total amount of charge (Qr) (C)
generated for each complex with and without the substrate at a
sample interval of 0.20 s, the electroactive surface coverage
(mol cm™), and the electrode surface area (0.0707 cm?).
Approximated total turnover numbers extrapolated from the
CVs are 0.0084 + 0.0001 and 0.0086 + 0.0002 s~ for the O3-
33—AdhD fusion and 03-33 + AdhD mixture proteins,
respectively. These bioelectrocatalytic TON,,, values are
substantially lower than the k., values obtained via the
steady-state kinetic analysis of the protein complex in solution
(Table 1).

In these experiments, multiple steps are taking place.
Reactants must diffuse to the enzymatic active sites, catalysis
takes place, and cofactors are electrochemically reduced. The
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similar values of the fused and unfused enzymes suggest that
the differences in the kinetic rates are not rate-limiting in this
system. In other words, the decreased kinetic behavior of the
fused enzyme does not lead to decreased bioelectrocatalysis,
suggesting that one of the other mechanistic processes is rate-
limiting. It is likely that the immobilization of the enzymes
leads to transport limitations such that the diffusion of
reactants to or from the enzymes or electrodes limits the
activity of both electrode configurations.™

The attribution of similar bioelectrode performances to mass
transport limitations are consistent with our previous results in
the engineering of AdhD to use an alternative cofactor,
nicotinamide mononucleotide (NMN*). We previously
showed similar bioanode performance with NMN(H) and
NAD(H) as cofactors despite four orders of difference in the
kinetic rate parameters of the enzyme with these cofactors,
indicating that transport limitations govern the activity as
opposed to kinetic limitations in these systems.

Constant Potential Amperometry Measurements. To
further explore the bioelectrocatalytic ability of the fusion
protein, constant potential amperometry experiments were
carried out at a potential of 0.10 V versus saturated calomel
electrode (SCE). Figure 3 shows amperometric titration curves
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Figure 3. Amperometric titration curves of the immobilized fusion
protein complexes (blue curve) and protein mixture (red curve) with
0—1000 mM 2,3-butanediol and 5 mM NAD" (V,,, = 0.10 V). Data
points were fitted using the Michaelis Menten equation.

for the immobilized 03-33—AdhD trimeric fusion (blue curve)
and the unfused 03-33 + AdhD mixture (red curve) with 0—
1000 mM 2,3-butanediol and S mM NAD®. The data were fit
to the Michaelis—Menten equation to estimate the maximum
current densities (J,,,,) and apparent Michaelis constants (K)
for the substrate (Table 2). The apparent Ky value obtained via
amperometry for the fusion protein (28 & 4 mM) was 20% of
the value obtained using steady-state solution kinetics (140 +
20 mM), whereas the Kj value for the unfused protein mixture
obtained via amperometry (28 = 3 mM) was more similar to
the value obtained from kinetic analysis (20 + 7 mM).
Potentiostatic Stability of 03-33—AdhD. Finally, we
explored the changes in operational stability that result from
the formation of the fusion protein. Operational stability is a
critical potential limitation in biocatalytic systems as the
enzymes can denature and degrade during continuous
operation.””™** We hypothesized that fusion of AdhD to the
self-assembling protein would lead to increased stability of the
enzyme, thus increasing the operational stability in a
bioelectrocatalysis application. To explore this hypothesis, we

20025

performed a potentiostatic stability test, which is a more
rigorous stability test compared to galvanostatic tests, on the
03-33—AdhD trimeric fusion by subjecting the immobilized
catalysts to an 8 h constant application of potential (0.10 V vs
SCE) in the presence of 1000 mM 2,3-butanediol and S mM
NAD", while continuously stirring and measuring the resulting
current (Figure 4). The resulting currents are given in terms of

100 Vapp = 0.10 V (vs. SCE)

* Fusion Protein Complex
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¥ A=041:002s
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Figure 4. Potentiostatic stability experiments with the fusion protein
complexes and mixture of unfused proteins. Amperometric decay
rates obtained for the 03-33—AdhD complex (blue curve) and 03-33
+ AdhD mixture (red curve) are 0.41 + 0.02 and 0.81 + 0.04 s7%,
respectively, in the presence of 1000 mM 2,3-butanediol and 5 mM

NAD" (V,, = 0.10 V).

percent decomposition rates, using the initially measured
current at the time of substrate addition (1000 mM) as
baseline (100%) and calculating the decrease in current over
the course of 8 h. Likewise, a comparative current—time curve
was also produced for the unfused protein mixture and overlaid
in Figure 4 (red curve). The data clearly illustrate the
difference in operational stability of the fused and unfused
protein complexes. The fusion protein retained ~78% of its
activity in the first 30 min, ~41% after 2 h, and ~8% after S h
(Figure 4, blue curve). In contrast, the unfused 03-33 + AdhD
mixture lost almost half of its activity in the first 30 min
(~45%), maintained ~17% of its activity after 2 h, and ~2%
after S h (Figure 4, red curve). Using an exponential decay fit
(solid curves in Figure 4), the decay rates obtained for the
fusion complex and the mixed control proteins were 0.41 +
0.02 and 0.81 + 0.04 s™', respectively, further demonstrating
the enhanced operational stability afforded by the genetic
fusion of AdhD to a designed, multimeric protein. It is likely
that the oligomerization of the protein complex stabilizes the
AdhD enzyme and reduces denaturation of the enzyme in the
electrode configuration over time. The same analysis for
assembly A (Figure S7) showed that both assemblies showed
similar operational stability enhancements.

B EXPERIMENTAL SECTION

Plasmids, Chemicals, and Materials. Sodium chloride, glycine,
guanidine-hydrochloride (GdnHCI), MG, nicotinamide adenine
dinucleotide (NAD'), and 2,3-butanediol were purchased from
Sigma-Aldrich and used as received. EGDGE was purchased from
Polysciences Inc., and carboxyl-functionalized MWCNTs (COOH-
MWCNTs) were purchased from Cheap Tubes Inc. Octyl-modified
linear poly(ethylenimine) (C8-LPEI) was synthesized following a
previously reported procedure.* Isopropyl B-p-1-thiogalactopyrano-
side (IPTG), ampicillin sodium salt, and kanamycin were purchased
from Gold Biotechnology. Amicon centrifugal filters were purchased

DOI: 10.1021/acsami.9b04256
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from Millipore. SDS-PAGE, native PAGE gels and running buffers
were purchased from Invitrogen-Life Technologies. Restriction
enzymes and phusion high-fidelity DNA polymerase were purchased
from New England Biolabs. E. coli BL21(DE3) cell lines were
purchased from Bioline. All other reagents and materials were
purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise
stated.

Construction of the Fusion Plasmid. The construction of the
plasmid coding for the wild-type AdhD was described previously.”®
The wild-type AdhD gene was inserted into the pET29b-O3-33
plasmid®® (which encodes the 03-33 designed protein) via the Xhol
restriction site, which resulted in pET29b-03-33—AdhD-6xhis. The
gene coding for AdhD was amplified with the following primers:
forward—S5’" ATTATACTCGAGGGCGGCGG-
CAGCGGCGGCGGCAGCGGCGGCGGCAGCATGG-
CAAAACGCGTGAATGCATTTAACG 3'; reverse—S5’
TTAAATCTCGAGAAGCTTGTCCACGGAGCTCGAATT C 3.
The base pairs in bold indicate the Xhol restriction sites and the
underlined sequence introduced a 12-amino acid residue long
glycine—serine linker between the proteins. The resulting plasmid
was transformed into BL21(DE3) cells for expression. The full
protein sequence of the constructed cage fusion protein is given in
Table S1. The sequences of all constructs were confirmed via
sequencing services provided by Genewiz Inc. (Cambridge, MA).

Expression and Purification of Proteins. All proteins were
expressed in 1 L cultures of sterilized Terrific broth (24 g yeast
extract, 12 g tryptone, 4 g glycerol, 2.3 g KH,PO,, 16. 4 g K,HPO, in
1 L deionized water), inoculated with 10 mL overnight cultures. For
AdhD, the media was supplemented with 100 pg/mL ampicillin.
Kanamycin (50 pug/mL) was added to 03-33 and O3-33—AdhD
cultures. The cells were grown to an ODy, of 0.6 while shaking at 37
°C, and protein expression was induced with 0.5 mM IPTG.
Expression was carried out for 18—20 h at 25 °C, for 03-33 and for
the fusion protein. Cells expressing AdhD were incubated at 37 °C,
overnight. Cells were harvested by centrifugation at 5000g for 10 min.
AdhD pellets were resuspended in 35 mL of size exclusion buffer (20
mM Tris-HCl, 100 mM NaCl, pH 7.4) per L of culture. Cell
suspensions were incubated in a water bath at 80 °C for 1 h followed
by centrifugation at 15 000g for 30 min. The soluble fractions were
collected and concentrated via Amicon filters with 30 kDa molecular
weight cutoff. The concentrated samples were loaded onto SEC
columns and purified fractions were combined for further
investigation. 03-33 and 03-33—AdhD pellets were resuspended in
50 mL of HisTrap binding buffer (20 mM Tris-HCl, 150 mM NaCl
and 20 mM imidazole, pH 7.4) per L of culture. Soluble proteins were
collected via centrifugation at 15 000g for 30 min after the cells were
lysed by sonication with an ultrasonication probe in an ice bath for 6
min (S s on pulse and 2 s off pulse). The proteins were purified by
immobilized metal affinity chromatography using HisTrap columns
(GE Healthcare Life Sciences), where bound enzymes were eluted
with the elution buffer (20 mM Tris-HCl, 150 mM NaCl, 500 mM
imidazole, pH 7.4). Purified O3-33 fractions were used without
further purification. 03-33—AdhD fractions were combined, con-
centrated, and buffer-exchanged into 25 mM Tris-HCI, 200 mM
NaCl, pH 8.0. The concentrated samples were loaded onto the SEC
column (HiLoad Superdex 16/600200 prep grade from GE
Healthcare) and purified fractions were combined for further
investigation. For the rest of the experiments, the protein
concentrations were determined by measuring the absorbance at
280 nm and using the following extinction coefficients for 03-33,
AdhD and 03-33—AdhD: 15470, 52370 and 67840 M™! cm™,
respectively.

Activity Assays. The activity of the O3-33—AdhD fusion protein
was measured in the oxidative direction with different substrate and
cofactor concentrations, in S0 mM glycine buffer (pH 9.3) in a 96-
well plate. 2,3-Butanediol and NAD* concentrations were varied from
zero to 400 and 1 mM, respectively. 280 uL of the substrate solution
and 10 uL of the enzyme solution in the assay buffer were incubated
at 45 °C for 20 min. The reaction was initiated by the addition of 10
UL of the cofactor solution. The final concentration of 03-33—AdhD

in the assay mixture was 0.693 uM. NADH concentrations were
measured spectrophotometrically at 340 nm using the extinction
coefficient 6220 M™' cm™". 03-33 and AdhD proteins, individually
expressed and purified, were mixed to an equal molar ratio for
comparison to the fusion protein (one molecule of fusion protein per
one molecule of enzyme). The activity of this mixed sample was
measured in a similar way as described above where 2,3-butanediol
and NAD" concentrations were varied from zero to 100 and 0.2 mM,
respectively. The final enzyme concentration used in the kinetic assays
of the mixed sample was 0.1 uM. Data were collected in triplicate. In
order to estimate the steady-state kinetic parameters, initial rate data
were fit to the ordered bi bi equation (eq 1) using nonlinear least-
squares regression via Igor Pro software.

Electrode Surface Modification. Modification of the electrode
surfaces was carried out at 25 °C using 3 mm GC electrodes (CH
Instruments). The electrodes were mechanically polished in an
aluminum oxide-containing micropolish (Buehler) and thoroughly
rinsed with ultrapure water, air-dried, and utilized for subsequent
modifications. Protein immobilization on GC electrodes was carried
out following a previously reported protocol with modifications.*®
Two milligrams of COOH-MWCNT was added to a 67.5 uL C8LPEI
(10 mg/mL) solution and vortexed for S s, sonicated for 30 s, and the
vortex/sonication cycle was repeated three times. In a separate tube,
2.88 uL of MG (1.15 mM) was added to either the mixture (03-33 +
AdhD) or the fusion (0O3-33—AdhD) proteins (total protein
concentration is 3 mg/ mL) and vortexed for 5 s. This MG/protein
mixture was added to the solution containing the COOH-MWCNT
and C8LPEI and vortexed for 5 s. To this final solution, 4.05 uL of
EGDGE (10% v/v) was added and the mixture was vortexed for S s
and sonicated for 30 s. The resulting mixtures were coated onto GC
electrodes by adding 3 yL of the mixture and distributing evenly
across the electrode surface using a pipette tip. The MWCNT/MG/
03-33—AdhD-modified electrodes were air-dried and allowed to cure
at 4 °C for 2 h prior to use. Protein-free controls were also prepared
using the same immobilization protocol in the absence of the proteins.

Electrochemical Measurements and Data Analysis. Electro-
chemical measurements were performed using cyclic voltammetry
(CV) on a CH Instruments 611C Electrochemical Work Station (CH
Instruments), employing a step potential of 0.001 V, a potential range
of —0.40—0.30 V (vs SCE), and a scan rate of S mV/s, unless
otherwise specified. A three-electrode setup with an enzyme-modified
working electrode, SCE reference electrode, and platinum mesh
counter electrode, was utilized in a 3 mL glass cell containing 50 mM
glycine, 200 mM NaCl buffer, pH 9.3. All amperometric titrations
were performed via constant potential amperometry using the same
three-electrode setup with the potential held at 0.10 V (vs SCE) in 50
mM glycine, 200 mM NaCl buffer, pH 9.3. The amperometric
currents generated for the substrate-induced oxidation were utilized
for data analyses, where the values were normalized to the electrode
area (0.0707 cm®) and expressed as current density + standard error
of mean (SEM) in units of mA/cm® The error bars reported
represent the SEM made on three different electrodes. All positive
negative currents correspond to oxidations.

Bl CONCLUSIONS

In conclusion, we created an enzyme-decorated protein
assembly by genetically fusing the AdhD alcohol dehydrogen-
ase to the de novo designed O3-33 octahedral cage-forming
protein, and demonstrated its application in biocatalytic
oxidation reactions. It appears that the fusion of AdhD to
03-33 disrupted the formation of the protein cage in solution,
and it is not clear whether the designed protein cages were
more likely to form upon immobilization on the electrodes.
Further structural studies may shed light on how the addition
of AdhD affected the oligomeric state of the cage assemblies.
However, the steady-state kinetic results indicate that trimeric
complexes are more active than the larger (possibly
aggregated) species, although the trimers were less active

DOI: 10.1021/acsami.9b04256
ACS Appl. Mater. Interfaces 2019, 11, 20022—20028


http://pubs.acs.org/doi/suppl/10.1021/acsami.9b04256/suppl_file/am9b04256_si_001.pdf
http://dx.doi.org/10.1021/acsami.9b04256

ACS Applied Materials & Interfaces

Research Article

than the unfused control enzymes. Despite the loss of kinetic
activity, in immobilized bioelectrocatalytic studies, similar
turnover numbers suggest that these systems (fused and
unfused complexes) are limited by mass transfer and not
kinetic activity. The fusion of AdhD to the O3-33 self-
assembling protein approximately doubled the operational
stability of the immobilized thermostable AdhD enzyme.
Although the protein fusions do not appear to form the
anticipated 24-mer protein cage structures in solution, the
fusion of the enzyme to the self-assembling domains
demonstrates the value of using designed protein complexes
as a simple means to organize enzymatic activity, which leads
to enhanced operational stability that could be impactful for
many different biotechnology applications such as biosensors,
consumer products, environmental remediation, and industrial
catalysis.
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