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Enzymatic fuel cells have received considerable attention because of their potential for direct conversion of
abundant raw materials such as cellulose to electricity. The use of multi-enzyme cascades is particularly attractive as they oﬀer the possibility of achieving a series of complex reactions at higher eﬃciencies. Here we
reported the use of a DNA-guided approach to assemble a ﬁve-component enzyme cascade for direct conversion
of cellulose to gluconic acid and H2O2. Site-speciﬁc co-localization of β-glucosidase and glucose oxidase resulted
in over 11-fold improvement in H2O2 production from cellobiose, highlighting the beneﬁt of substrate channeling. Although a more modest 1.5-fold improvement in H2O2 production was observed using a ﬁve-enzyme
cascade, due to H2O2 inhibition on enzyme activity, these results demonstrated the possibility to enhance the
production of gluconic acid and H2O2 directly from cellulose by DNA-guided enzyme assembly.

1. Introduction

have incorporated multi-enzyme cascades for more complete oxidization of fuels that are both abundant and renewable (Liu et al., 2013; Siu
et al., 2015; Sokic-Lazic et al., 2010).
Cellulose, one of the most abundant natural resources on earth, has
been the focus of considerable interest as a renewable energy source
(Liao et al., 2016). Although extensive research eﬀorts have been made
toward the development of glucose oxidase (GOX)-based fuel cells using
glucose as the fuel (du Toit and Di Lorenzo, 2014; Korkut and Kilic,
2016; Willner et al., 1996), progress toward the use of cellulose as a
substrate has been lagging. Recently, cellulose has been used as the fuel
in a microbial fuel cell (MFC) for the direct electricity generation (Ren
et al., 2007; Rezaei et al., 2007) using both cellulolytic and exoelectrogenic microorganisms. More importantly, it has been shown that
addition of cellulases to increase the hydrolysis of cellulose can substantially improve the overall power output to a level achieved using
the same amount of glucose (Rezaei et al., 2008). This result clearly
indicates the importance of cellulose hydrolysis on the overall fuel cell
performance.
Cellulosomes are multi-enzyme systems found in many anaerobic
bacteria for eﬃcient degradation of cellulose to glucose (Bayer et al.,
2004). Endoglucanases, excoglucanases, and β-glucosidases are organized in close proximity on a scaﬀold via the high-aﬃnity cohesindockerin interaction for synergistic digestion of cellulose (Bayer et al.,
2008). Inspired by cellulosome systems, synthetic protein scaﬀolds
based on cohesin-dockerin interaction have been developed for eﬃcient

Fuel cells are potential alternative to thermo-mechanical power
generation processes by directly converting chemical fuels into electricity. Even though the technology has been around for decades, fuel
cells are still not economically competitive because expensive and nonrenewable noble metals are typically used as catalysts. In addition,
metallic catalysts must be used at high temperatures and can be deactivated by trace amounts of impurities such as CO and sulfur in the fuels
(Kim et al., 2006). On the other hand, biofuel cells (Minteer et al., 2007;
Ramanavicius et al., 2008) that utilize enzymes can eﬀectively catalyze
redox reactions of abundant raw materials (e.g. glucose) to electrical
energy under ambient conditions and neutral pH. In contrast to noble
metals, enzymes are renewable and the cost of production can be very
low, as enzymes can be economically produced easily by large-scale
fermentation.
Past eﬀorts on enzyme fuel cells have been focusing on the use of an
individual enzyme to oxidize the substrate (Moehlenbrock et al., 2010).
Unfortunately, the use of a single enzyme often limits the number of
released electrons due to incomplete fuel oxidation. For instance, the
conversion of methanol to formaldehyde by alcohol dehydrogenase
releases only two of the six available electrons, while the complete
oxidation of methanol to CO2 using a sequential three-enzyme oxidation system generates six electrons for fuel-cell applications (Addo
et al., 2010). In an eﬀort to address this shortcoming, many researchers

⁎

Corresponding author.
E-mail address: wilfred@udel.edu (W. Chen).

http://dx.doi.org/10.1016/j.jbiotec.2017.10.006
Received 29 June 2017; Received in revised form 25 September 2017; Accepted 9 October 2017
Available online 10 October 2017
0168-1656/ © 2017 Elsevier B.V. All rights reserved.

Journal of Biotechnology 263 (2017) 30–35

Q. Chen et al.

supernatants were removed and the pellets containing ELP proteins
were resuspended in PBS and incubated on ice for resolubilization.
Centrifugation at 4 °C was used to remove insoluble proteins in the
pellet and the supernatant containing ELP proteins were collected for
DNA conjugation.
The DNA linkers were ordered with a 5′ amine group. They were
ﬁrst modiﬁed with a chlorohexane (CH) ligand (Promega P675A) for
HaloTag attachment by mixing the CH ligand and DNA linkers at a
molar ratio of 30:1. The mixture was incubated at room temperature for
4 h. To purify CH-conjugated DNA and remove excessive CH ligands, a
3000 DA ultraﬁltration column (Vivaspin 500, Sartorius Stedim
Biotech) was used for puriﬁcation. The puriﬁed DNA linkers were then
mixed with ELP puriﬁed cellulase components for conjugation via
HaloTag at a molar ratio of 3:1 overnight at 4 °C. The excessive DNA
linkers were removed by ELP puriﬁcation. 10% SDS-PAGE was used to
check the conjugation eﬃciency.
Glucose oxidase (GOX) from Aspergillus niger was purchase from
Sigma-Aldrich (G2133). The DNA linker for GOX was modiﬁed with a 5′
thiol group. Sulfo-EMCS (Sigma-Aldrich 803235) was used as the cross
linker for conjugation. Thiolated DNA linkers at 25 μM were incubated
with 25 mM DTT for 2 h at room temperature to reduce possible disulﬁde linkage between DNA linkers. A 3000 DA ultraﬁltration column
was used to purify DNA linkers. GOX at 50 μM was mixed with 5 mM
sulfo-EMCS in PBS buﬀer (pH 7.4) at room temperature for 6 h.
A 50 kDa centrifugal column (EMD Millipore, Amicon UltraUFC505096) was used to remove the excessive sulfo-EMCS. The treated
DNA linkers and puriﬁed GOx were mixed at 1:1 molar ratio for 2 h at
room temperature. The conjugation eﬃciency of DNA linker to GOx
was evaluated by 8% native gel running at 100 V for 1 h.

enzymatic reaction (Sun and Chen, 2016; Sun et al., 2014; Tsai et al.,
2009). However, truncation of protein scaﬀold becomes signiﬁcant
when scaﬀold sizes increase, which limits the complexity of synthetic
enzymatic systems (Morais et al., 2012).
DNA is a promising scaﬀold for immobilization of enzymes based on
its programmable hybridization rule and predictable hybridized structures (Pinheiro et al., 2011). More importantly, DNA scaﬀolds provide
the unique beneﬁt of site-speciﬁc enzyme organization, which could
have a signiﬁcant eﬀect when the diﬀusion of intermediates is the determining factor for cascade enzymatic reactions (Han et al., 2012;
Piperberg et al., 2009; Sun and Chen, 2016). Recently, a DNA-guided
approach for enzyme fuel cell applications has been reported in which
the mediator ferrocene and glucose oxidase (GOX) were coupled to a
gold electrode based on DNA hybridization (Müller and Niemeyer,
2008; Piperberg et al., 2009). By simply switching the positioning of
ferrocene on the DNA scaﬀold, a strong eﬀect on the rate of glucose
oxidation was observed. This example demonstrates the importance of
using DNA to control the order of assembly for enzyme fuel cell applications.
Motivated by these examples, our goal is to demonstrate the possibility of using site-speciﬁc organization of cellulases and GOX onto a
synthetic DNA template for the eﬃcient conversion of cellulose to
gluconic acid and H2O2 (Fig. 1). In our design, three cellulosomal
components, CelA (endoglucanase), CelE (exoglucanase), and CBM
(cellulose binding module), were used to ﬁrst convert cellulose to the
disaccharide, cellobiose, which was subsequently converted to glucose
by the last cellulosomal component, BglA (β-glucosidase) and ﬁnally to
gluconic acid and H2O2 by glucose oxidase (GOX). Although the synergistic eﬀect of synthetic cellulosome on cellulose hydrolysis has
been well documented (Tsai et al., 2013a; Tsai et al., 2013b), it was not
clear whether a similar beneﬁcial eﬀect could be obtained by channeling glucose between BglA and GOX by DNA-guided assembly. As the
current generated by GOX-based fuel cells depends on how fast H2O2 is
generated (Piperberg et al., 2009), we focused our investigation on the
eﬀect of enzyme assembly on enhancing H2O2 generation.

2.2. Proteins assembly onto the DNA template

2. Materials and methods

The sequences of DNA template and linkers are list in Table 1 with
the corresponding regions in same color coding.
To assemble DNA-conjugated proteins onto the DNA template, the
proteins and DNA template were mixed at 1:1 molar ratio for 1 h at
room temperature. Binding was detected by electromobility shift assays
by running the samples on a 0.8% agarose gel at 90 V for 30 min.

2.1. Protein expression and conjugation with DNA linkers

2.3. Measurements of enzyme activities

The four cellulosomal components (CelA-ELP-Halo, CBM-ELP-Halo,
CelE-ELP-Halo, BglA-ELP-Halo) were constructed as reported. (Sun and
Chen, 2016) All four proteins were expressed in E. coli BLR in TB
medium supplemented with 50 μg/ml kanamycin at 37 °C. The cultures
were transferred to 25 °C shaker for overnight leaky expression when
the OD600 reached 1. Cells were harvested and resuspended in PBS for
sonication. The cell debris was removed by centrifugation for 10 min at
4 °C. Two cycles of ELP puriﬁcation were conducted to purify the
proteins from cell lysis. 1 M Na2SO4 was added to protein samples to
induce inverse-phase transition of ELP. The proteins samples were incubated at 37 °C for 10 min and centrifuged for 10 min in 37 °C. The

To evaluate the H2O2 production rate from BglA and GOX, 50 nM
enzymes were incubated with 20 mM cellobiose (equivalent to 40 mM
glucose) and the H2O2 produced was detected kinetically at OD570 nm
using the glucose oxidase activity assay kit (Sigma MAK097).
To evaluate the glucose production rate from the four cellulosomal
components, 1 μM enzymes were incubated with 8 g/l phosphoric acid
swollen cellulose (PASC, equivalent to 40 mM glucose). PASC was
prepared from Avicel PH101 (Sigma) as previously described (Tsai
et al., 2009). The glucose concentration was measured using a glucose
(HK) assay kit (Sigma GAHK20) at various time points. The pH of the
reaction buﬀer was adjusted using 100 mM citric acid-sodium citrate
buﬀer.
To measure H2O2 production rate from the 5-enzyme system, 1 μM
enzymes were incubated with 8 g/l PASC. The H2O2 concentration
samples were collected periodically measured using the glucose oxidase
activity assay kit.
3. Results and discussion
3.1. Protein conjugation with DNA linkers
We have previously demonstrated that CelA (endoglucanase from
Clostridium Thermocellum), CBM (the carbohydrate binding module
from Clostridium Thermocellum), CelE (exoglucanase from Clostridium
Cellulolyticum), and BglA (β-glucosidase from Clostridium

Fig. 1. Schematic of a DNA-guided ﬁve-enzyme cascade for direct conversion of cellulose
to gluconic acid and H2O2.
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Table 1
List of DNA sequences used in this study.

conjugation eﬃciency was close to 100% in all cases as indicated by the
slower migrating DNA-protein conjugates as compared to unconjugated
proteins.
Since GOX from Aspergillus niger cannot be produced in large
quantities in E. coli without refolding (Witt et al., 1998), commercial
GOX was conjugated with a DNA linker via the well-known sulfo-EMCS
chemistry (Xin et al., 2013; You et al., 2011) (Fig. 2D). Size-exclusion
centrifugal column was used to remove excessive DNA linkers after
conjugation. Again, successful conjugation was conﬁrmed by native gel
and the conjugation eﬃciency was about 100% (Fig. 2E).

Thermocellum) can be assembled on the same DNA template via their
corresponding conjugated DNA linkers (Fig. 1) to achieve enhanced
hydrolysis of cellulose (Sun and Chen, 2016). In all cases, a self-labeling
HaloTag (Los et al., 2008) was used for covalent attachment of chlorohexane (CH)-modiﬁed DNA linkers in order to minimize enzyme deactivation. Based on protein sizes (Alzari et al., 1996; Hecht et al.,
1993), DNA linkers of 21 base pairs in length were used to assemble the
cellulosomal components and GOX onto a 105 bp template.
As reported previously, the four cellulosomal components were
fused to an elastin like polypeptides (ELP) tag at the N-terminus for easy
puriﬁcation, and a HaloTag at the C-terminus for speciﬁc conjugation to
DNA linkers (Fig. 2A) (Blackstock and Chen, 2014; Sun and Chen,
2016). The presence of ELP enabled the easy puriﬁcation of proteins
and protein-DNA conjugates using two cycles of thermal precipitation
and resolubilization (Kim and Chen, 2016). After expression and puriﬁcation of the cellulosomal components via ELP puriﬁcation (Fig. 2B),
3-fold molar excess of chlorohexane-modiﬁed DNA linkers were incubated with the corresponding puriﬁed proteins. Two more cycles of
thermal precipitation and resolubilization were used to remove excessive DNA linkers. Based on SDS-PAGE analysis (Fig. 2C), the

3.2. Enhanced H2O2 production by assembled BglA and GOX
Since the synergistic eﬀect of cellulosome on cellulose hydrolysis
has been demonstrated before (Tsai et al., 2010; Tsai et al., 2009), we
ﬁrst investigated the impact of enzyme assembly on the conversion of
cellobiose to gluconic acid and H2O2 by BglA and GOX. In this cascade
reaction, cellobiose is ﬁrst converted to glucose, which is sequentially
converted to gluconic acid and H2O2 by GOX (Fig. 3A). Since the reported Km for GOX is 10 mM (Karmali et al., 2004), this very low

Fig. 2. Protein conjugation with DNA linkers. (A) Conjugation of a DNA linker onto each cellulosomal component using the N-terminus HaloTag. (B) Expression and puriﬁcation of each
cellulosomal component. CL: cell lysate, P: puriﬁed protein. (C) Conﬁrmation of DNA conjugation onto the cellulosomal components by 10% SDS-PAGE. Presence of a slower mobility
band conﬁrmed the successful conjugation. (D) Conjugation of a DNA linker to GOX using the well-known EDC chemistry. (E) Conﬁrmation of GOX conjugation with a DNA linker by 10%
native acrylamide gel.
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Fig. 3. (A) Production of gluconic acid and H2O2 by BglA and GOX. (B) Conﬁrmation of BglA and GOX assembly on agarose gel. (C) H2O2 production for either assembled or unassembled
BglA and GOX. (D) The rate of H2O2 production for either assembled or unassembled BglA and GOX.
Fig. 4. Eﬀect of temperature (A) and pH (B) on glucose production by either unassembled (blue) or assembled (red) CelA,
CBM, CelE and BglA. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web
version of this article.)

3.3. Conversion of cellulose to H2O2 by the ﬁve-enzyme assembly

aﬃnity toward glucose may signiﬁcantly limit the cascade reaction due
to the very low local concentration of glucose. It is possible that the
direct channeling of glucose between BglA and GOX may partially
overcome this limitation.
To assess this possibility, the rate of H2O2 production was monitored for both assembled and unassembled BglA and GOX. The assembly of DNA-conjugated GOX and BglA onto the same DNA template
were ﬁrst evaluated by agarose gel (Fig. 3B). Due to the co-assembly of
BglA and GOX, the resulting complex migrated slower than the singleassembly complexes formed by hybridizing with either BglA or GOX
alone. For the control experiment where BglA and GOx were not assembled on the same DNA template, a DNA blocker that is complimentary to the corresponding DNA linker was added to prevent unspeciﬁc association of the two proteins and to avoid any potential
stabilization eﬀect by hybridization. The rate of H2O2 production from
cellobiose was monitored using a glucose oxidase activity assay kit
(Fig. 3C). Under this condition, barely any H2O2 production was detected for the unassembled enzyme mixture, while the production rate
was almost 11-fold higher for the assembled BglA/GOx complex
(Fig. 3D). This observation highlights the importance of site-speciﬁc
assembly in controlling enzyme proximity and in enhancing glucose
transfer between BglA and GOX for better H2O2 production.

After conﬁrming the beneﬁt of enzyme proximity on the conversion
of cellobiose, we further investigated the eﬀect of enzyme assembly on
the overall conversion of cellulose to gluconic acid and H2O2. The optimum reaction conditions for the ﬁve-enzyme system were ﬁrst explored. GOX has a reported reaction rate that is 1000-fold faster than
the cellulases used with an optimum reaction condition at pH 5 and
37 °C (Meng et al., 2014; Wong et al., 2008). As GOX is not the limiting
step in converting cellulose to H2O2, the reaction conditions of the
cellulosomal components were compared at room temperature and
37 °C and at pH values from 4 to 7.
Cellulose was supplied as the substrate and the glucose concentration was measured periodically to determine the glucose production
rate. While a 2-fold faster glucose production rate was observed for the
assembled enzymes at room temperature (Fig. 4A), a result consistent
with that reported previously20, the enhancement was only 1.5-fold at
37 °C. This result is not surprising as the beneﬁt of substrate channeling
is the more prominent at lower temperatures with less random diﬀusion
(Wheeldon et al., 2016). The eﬀect of pH was further investigated with
the assembled enzymes and the optimum condition was identiﬁed at pH
5 (Fig. 4B).
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Fig. 5. Enhanced H2O2 production from cellulose using an
assembled ﬁve-enzyme cascade. (A). Conﬁrmation of ﬁveenzyme assembly by agarose gel. (B) Comparison of H2O2
production using either the assembled or unassembled ﬁveenzyme system.
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Using the optimized conditions, we proceeded to evaluate the
conversion of cellulose to gluconic acid and H2O2 using the ﬁve-enzyme
assembly. Assembly of the ﬁve proteins onto a single DNA template was
evaluated by agarose gel and as expected, the complex migrated much
slower when more proteins were assembled on the DNA template
(Fig. 5A). After incubating with cellulose, the H2O2 concentrations were
measured periodically. Consistent with the increase in glucose production, the overall H2O2 production rate was improved by 1.5-fold
with the assembled enzymes. This improvement is signiﬁcantly lower
than the 11-fold enhancement observed using cellobiose as the substrate for the BglA and GOX bi-enzyme system. One plausible reason is
the well-known H2O2 inhibition on enzyme activity, which can play a
role in reducing the overall reaction rate and activity enhancement by
enzyme assembly (Bao et al., 2003). This inhibition eﬀect is further
supported by a signiﬁcantly lower level of glucose produced in 3 h
using the ﬁve-enzyme cascade (58.4 μM) vs the four-enzyme cascade
(233.3 μM). Nevertheless, our results demonstrated the possibility of
enhanced production of gluconic acid and H2O2 directly from cellulose
using a ﬁve-enzyme cascade assembled onto a single DNA template.
Further optimization is necessary to improve the overall enhancement
for more practical applications.
4. Conclusion
In conclusion, we demonstrated the direct conversion of cellulose to
gluconic acid and H2O2 using a ﬁve-enzyme cascade. Site-speciﬁc colocalization of BglA and GOX using DNA-guided assembly resulted in
over 11-fold improvement in H2O2 production, highlighting the beneﬁt
of substrate channeling. However, the level of enhancement is substantially less using the ﬁve-enzyme cascade, likely the result of activity
imbalance and H2O2 inhibition. It is expected that the removal of H2O2
can reduce the toxic eﬀect on enzyme activities, which can be accomplished by incorporating both an anode (GOX producing electron) and a
cathode in the cellulosic fuel cell system (Calabrese Barton et al., 2004;
Rasmussen et al., 2016). To match the higher reaction rate of GOX,
longer DNA templates can be generated to varying the ratio of cellulases and GOX in order to further ﬁne-tune the overall reaction rate
(Sun and Chen, 2016).
Acknowledgement
We would like to acknowledge the funding support from NSF
(CBET1264719, CBET1263818, and CBET1604925).
References
Addo, P.K., Arechederra, R.L., Minteer, S.D., 2010. Evaluating enzyme cascades for methanol/air biofuel cells based on NAD+-dependent enzymes. Electroanalysis 22,
807–812.

34

Journal of Biotechnology 263 (2017) 30–35

Q. Chen et al.

Tsai, S.L., DaSilva, N.A., Chen, W., 2013a. Functional display of complex cellulosomes on
the yeast surface via adaptive assembly. ACS Synth. Biol. 2, 14–21.
Tsai, S.L., Park, M., Chen, W., 2013b. Size-modulated synergy of cellulase clustering for
enhanced cellulose hydrolysis. Biotechnol. J. 8, 257–261.
Wheeldon, I., Minteer, S.D., Banta, S., Barton, S.C., Atanassov, P., Sigman, M., 2016.
Substrate channelling as an approach to cascade reactions. Nat. Chem. 8, 299–309.
Willner, I., Heleg-Shabtai, V., Blonder, R., Katz, E., Tao, G., Bückmann, A.F., Heller, A.,
1996. Electrical wiring of glucose oxidase by reconstitution of FAD-modiﬁed monolayers assembled onto Au-electrodes. J. Am. Chem. Soc. 118, 10321–10322.
Witt, S., Singh, M., Kalisz, H.M., 1998. Structural and kinetic properties of nonglycosylated recombinant Penicillium amagasakiense glucose oxidase expressed in
Escherichia coli. Appl. Environ. Microbiol. 64, 1405–1411.
Wong, C.M., Wong, K.H., Chen, X.D., 2008. Glucose oxidase: natural occurrence, function, properties and industrial applications. Appl. Microbiol. Biotechnol. 78,
927–938.
Xin, L., Zhou, C., Yang, Z., Liu, D., 2013. Regulation of an enzyme cascade reaction by a
DNA machine. Small 9, 3088–3091.
You, M., Wang, R.-W., Zhang, X., Chen, Y., Wang, K., Peng, L., Tan, W., 2011. Photonregulated DNA-enzymatic nanostructures by molecular assembly. ACS Nano 5,
10090–10095.
du Toit, H., Di Lorenzo, M., 2014. Glucose oxidase directly immobilized onto highly
porous gold electrodes for sensing and fuel cell applications. Electrochim. Acta 138,
86–92.

Rezaei, F., Richard, T.L., Brennan, R.A., Logan, B.E., 2007. Substrate-enhanced microbial
fuel cells for improved remote power generation from sediment-based systems.
Environ. Sci. Technol. 41, 4053–4058.
Rezaei, F., Richard, T.L., Logan, B.E., 2008. Enzymatic hydrolysis of cellulose coupled
with electricity generation in a microbial fuel cell. Biotechnol. Bioeng. 101,
1163–1169.
Siu, K.-H., Chen, R.P., Sun, Q., Chen, L., Tsai, S.-L., Chen, W., 2015. Synthetic scaﬀolds for
pathway enhancement. Curr. Opin. Biotechnol. 36, 98–106.
Sokic-Lazic, D., Arechederra, R.L., Treu, B.L., Minteer, S.D., 2010. Oxidation of biofuels:
fuel diversity and eﬀectiveness of fuel oxidation through multiple enzyme cascades.
Electroanalysis 22, 757–764.
Sun, Q., Chen, W., 2016. HaloTag mediated artiﬁcial cellulosome assembly on a rolling
circle ampliﬁcation DNA template for eﬃcient cellulose hydrolysis. Chem. Commun.
52, 6701–6704.
Sun, Q., Madan, B., Tsai, S.L., DeLisa, M.P., Chen, W., 2014. Creation of artiﬁcial cellulosomes on DNA scaﬀolds by zinc ﬁnger protein-guided assembly for eﬃcient cellulose hydrolysis. Chem. Commun. 50, 1423–1425.
Tsai, S.L., Oh, J., Singh, S., Chen, R.Z., Chen, W., 2009. Functional assembly of minicellulosomes on the saccharomyces cerevisiae cell surface for cellulose hydrolysis and
ethanol production. Appl. Environ. Microbiol. 75, 6087–6093.
Tsai, S.L., Goyal, G., Chen, W., 2010. Surface display of a functional minicellulosome by
intracellular complementation using a synthetic yeast consortium and its application
to cellulose hydrolysis and ethanol production. Appl. Environ. Microbiol. 76,
7514–7520.

35

