
CHAPTER ELEVEN

Expression of Cellulolytic Enzyme
as a Fusion Protein That Reacts
Specifically With a Polymeric
Scaffold
Priya Katyal*, Yongkun Yang†, Olga Vinogradova*, Yao Lin†,1
*University of Connecticut, Storrs, CT, United States
†Polymer Program, Institute of Materials Science, University of Connecticut, Storrs, CT, United States
1Corresponding author: e-mail address: yao.lin@uconn.edu

Contents

1. Introduction 260
2. Materials 265

2.1 Personal Protective Equipments 265
2.2 Equipments 265
2.3 Reagents 266

3. Methods 266
3.1 Molecular Cloning of Fusion Protein 266
3.2 Expression and Purification 267
3.3 Conjugation of Cel48F-Cutinase 269
3.4 Cellulase Activity Assay of the Fusion Protein 271

4. Future Outlook 274
Acknowledgments 274
References 274

Abstract

The formation of higher-order assemblies of multiple proteins or enzymes is a general
mechanism to achieve more sophisticated biological function in biological systems. For
example, cellulosomes are large complexes consisting of multiple cellulolytic enzymes
that rely on the concerted actions of different enzymes built onto a common protein
scaffold to facilitate the breakdown of the polymeric substrate, cellulose. One strategy
for mimicking these highly effective nanomachines may involve the use of synthetic
scaffolds that can react to and organize multiple engineered enzymes to promote
synergistic action between the enzymes on the scaffold. As an example of the earlier
strategy, we describe here an approach for the expression of cellulolytic enzymes with
a serine esterase tag, and the rapid reaction between the tag and the end-functionalized
polymers to form enzyme–polymer–enzyme multienzyme conjugates. In principle,
this general and versatile supramolecular approach may be used to organize specific
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cellulolytic enzymes onto synthetic scaffolds to formmultienzyme complexes to poten-
tially work in synergy for enhanced biological activities. Best reaction conditions, good
activities of the armored cellulolytic enzymes and the design of optimal protein linker in
the fusion protein are discussed in detail. If other reactive tags are included on the
enzyme in future, multiple types of synergistic enzymes may be positioned at specific
sites on a designed polymer scaffold that mimics the complex structure and enhanced
function of natural cellulosomes. This type of nanoarmoring of multiple enzymes on a
nanoscale might also enhance enzyme stability, when compared to the unprotected
enzymes.

1. INTRODUCTION

The successful synthesis and characterization of fusion proteins assem-

bled onto a polymer nanoscaffold at defined locations/geometries, as a

test case for the assembly of large, catalytic supramolecular assemblies,

are described here. Recent discoveries in chemical biology have revealed

that higher-order assemblies of multiple intracellular proteins, also known

as “signalosomes,” are capable of rather sophisticated, machine-like func-

tion in signal transmission and transduction (Bienz, 2014; Wu, 2013).

Formation of higher-order protein assemblies may be a general mechanism

for cells to achieve and regulate specific biological functions (Norris et al.,

2007; Wilson & Gitai, 2013). Interestingly, extracellular proteins and

enzymes can also form higher order, structured assemblies or machines in

order to accomplish more challenging tasks (Amar et al., 2008; Norris

et al., 2007).

Cellulosome, for example, is a multienzyme complex comprising of

a noncatalytic protein scaffold (scaffoldin) onto which a number of cellulo-

lytic enzymes are anchored and organized into a large enzyme assembly

(Bayer, Belaich, Shoham, & Lamed, 2004; Fontes & Gilbert, 2010). The

presence of similar and different multiple catalytic units in the cellulosomes

make them function in a concerted fashion to catalyze the conversion of

highly complex, insoluble, lignocellulose polymeric substrates into soluble

sugars, which is an arduous and challenging task for individual cellulolytic

enzymes (Moraı̈s et al., 2012). The enhanced functions of multiple copies

of the same enzyme and different enzymes that are present in the cellu-

losome make it a formidable biocatalyst to match, where the function of

one enzyme could depend on the function of another. The product from

one enzyme, for example, might generate the necessary reactive site for

another enzyme and thus function in a concerted fashion before the
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biocatalyst is desorbed from the substrate surface. Mimicking such highly

efficient, multicatalytic nanomachines is of considerate importance in devel-

oping new and more efficient green processes for applications in a variety of

enzyme-based technologies (Mitsuzawa et al., 2009; Moraı̈s et al., 2012;

Wilson, 2009).

However, the design and scale-up of large enzyme/protein/scaffold

structures such as scaffoldins to serve as a framework to attach specific

enzymes is challenging, but one promising alternative approach is the use

of synthetic polymers or nanoparticles as scaffolds to organize multiple,

synergistic enzymes into higher-order complexes. This can be done by

specific high affinity binding or by selective chemical conjugation of the

polymer scaffold to particular sites on the enzymes (Kamat et al., 2013;

Sun & Chen, 2016; Zhang et al., 2013; Zheng et al., 2015). The use

of polymer scaffold may have certain advantages for the assembly of

multiple enzymes into functional biocatalysts over naturally occurring

scaffoldins.

Numerous methods, for example, have been employed to prepare a vari-

ety of protein–polymer conjugates as described in this volume, or protein–
nanoparticle conjugates in the previous volume of this series (Vol. 571,

2016) in support of this strategy, and these approaches include but not lim-

ited to: (1) the utilization of free reactive thiol, carboxyl, or amine groups

that are naturally present on enzymes and proteins for coupling to specific

reactive groups placed on the polymer/nanoparticle (Dieterich et al.,

2007; Nilsson, Kiessling, & Raines, 2000; Rabuka, Rush, deHart, Wu, &

Bertozzi, 2012); (2) incorporation of unnatural amino acids into the primary

sequence of the enzyme for site-specific coupling to the scaffold (de Graaf,

Kooijman, Hennink, & Mastrobattista, 2009; Dieterich et al., 2007); or

(3) the use of a fusion protein carrying a protein or enzymatic tag that

can covalently conjugate with multiple desired moieties on the scaffold

and provides a good synthetic control to form large assemblies of

protein–polymer conjugates of specific size, shape, or structure (Los et al.,

2008; Rabuka et al., 2012; Sunbul & Yin, 2009; van Vught, Pieters, &

Breukink, 2014). These nanoarmored enzymes in the supramolecular com-

plex may also be more stable than individual enzymes due to the presence of

polymeric scaffold surrounding the enzymes.

In this chapter, we outline the strategy of engineering a cellulase–
cutinase fusion protein, and the attachment of the fusion protein to a

synthetic, water-soluble polymer where the two ends of the polymer

are functionalized with a chemical moiety that reacts irreversibly with
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cutinase. Together, these form cellulase–cutinase–polymer–cutinase–
cellulase biocatalysts in an optimized enzyme to polymer molar ratio

(e.g., 2:1) or they form cellulase–cutinase–polymer complexes if polymer

is used in a large excess, under complete synthetic control. These supramo-

lecular enzyme–polymer complexes are fully active, further verifying the

success of the earlier strategy.

The strategy of using fusion proteins with enzymatic tag that reacts

with synthetic scaffolds containing suicide inhibitors positioned at strategic

locations on the polymer scaffold confers many advantages in building

artificial analogs of multienzyme assemblies (Sunbul & Yin, 2009; van

Vught et al., 2014). The reaction, for example, specifically takes place at

the catalytic site of the enzyme, resulting in the formation of highly specific,

efficient, and stable covalent adducts between the fusion protein and the

scaffold. Being selective and irreversible, the resultant complexes may

not require subsequent purification steps, which can be especially challeng-

ing for the preparation of large protein–scaffold complexes (Hodneland,

Lee, Min, & Mrksich, 2002). Other advantages include: (1) the use of

end-functionalized polymers with the suicide inhibitors attached at specific

location which can have different or distinct architectures such as linear,

branched, star, or comb type to systematically explore the polymer scaffold

structure and enzyme arrangement on the function of the multienzyme

complex (González-Toro & Thayumanavan, 2013; McRae et al., 2012;

Tao et al., 2009a, 2009b) and (2) the use of mild conditions in aqueousmedia

for the coupling of the fusion protein with the polymer scaffold, as compared

to other chemical reactions (Nwe & Brechbiel, 2009). The challenge

associated with the use of such fusion proteins is to express the protein of

interest with specific tags, without decreasing enzymatic activity of the

corresponding fusion protein.

We have used the recombinant DNA technology to form the desired

fusion protein, and the technology involves manipulation of DNA at the

molecular level, along with rational design of the fusion construct, and

using optimal conditions for the fusion protein production. Work in this

area by numerous groups have provided effective solutions in expressing

engineered proteins with full retention of functionality (Lambertz et al.,

2014; Miller & Baxter, 1981). We expressed target proteins with an enzy-

matic tag that reacts specifically, irreversibly, and rapidly with synthetic

scaffolds and these were shown to facilitate a modular design, good adapt-

ability, and in certain cases, orientation of the target proteins on the

scaffolds (Gauthier & Klok, 2010; Hodneland et al., 2002; Thordarson,
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Le Droumaguet, & Velonia, 2006). Controlling the enzyme position,

orientation, and composition of the catalytic complex is important in

optimizing function.

Herein, we demonstrate the use of cutinase, a highly stable enzyme,

that can be fused to a variety of target enzymes by recombinant DNA

technology, as a bridge to attach cellulase to the polymer scaffold (Fig. 1).

The cutinase tag is a 22 kDa serine esterase, consisting of a Ser–His–Asp cat-
alytic triad (Martinez, De Geus, Lauwereys, Matthyssens, & Cambillau,

1992). The catalytic serine residue at the active site of the enzyme forms

an irreversible covalent conjugate with phosphonate-functionalized oligo-

mers or polymers (Bonasio et al., 2007; Dijkstra et al., 2008; Galbiati

et al., 2015; Kwon, Han, Karatan, Mrksich, & Kay, 2004; Mannesse

et al., 1995; Modica, Skarpathiotis, & Mrksich, 2012).

We discuss the design of a fusion protein comprising of cutinase tag

with our target enzyme, a cellulase (Cel48F, family 48), from Clostridium

cellulolyticum cellulosome (Fontes & Gilbert, 2010; Parsiegla et al., 2000)

and the method to prepare functionally active Cel48F-cutinase fusion pro-

tein that can be site specifically linked with phosphonate-functionalized

polymers (Fig. 1). For simplicity, we only show the characterization and

analysis performed on the reaction of the fusion proteins to bifunctionalized

synthetic scaffolds. By precisely controlling the number of reactive groups

on the polymers (e.g., in a brush-like polymers), one may tune the number

of cellulolytic enzymes being conjugated to the scaffold. In the current

design, the polymer is end-labeled with two phosphonate tags so that one

or two enzyme–cutinase moieties would react with one polymer scaffold,

under complete synthetic control.

Advantages associated with this approach are its modular nature to

extend the strategy to numerous other enzymes and the flexibility of

decorating the polymeric scaffold with different functional groups and the

use of different scaffold geometries to produce a variety of geometrical struc-

tures for the assembly. Additionally, the present assembly design mimics

the natural cellulosome where the dockerin domain (unit that binds to

scaffoldin) is replaced by the cutinase domain and scaffoldin is replaced

by the synthetic polymer. If other reactive tags (e.g., SNAP tag, Keppler

et al., 2003; aldehyde tag, Rabuka et al., 2012; and dehalogenase tag,

Los et al., 2008) are included for bioorthogonal conjugation, multiple

types of synergistic enzymes may be positioned at specific sites along

the designed polymeric scaffold to mimic the structure and function of

natural cellulosomes (Fig. 2).
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Fig. 1 Conjugation of cutinase-tagged Cel48F with bisphosphonate end-functionalized polymer. The fusion protein prepared from Cel48F
(pink) and cutinase (green). A linker of (GGGGS) repeat, present within the two domains, provides the optimal flexibility to the two enzymes.
The fusion protein reacts with the bifunctional ends of the polymer to form a protein–polymer–protein complex, with the release of
p-nitrophenol.



2. MATERIALS

2.1 Personal Protective Equipments
Laboratory coat, nitrile gloves, safety glasses, fume hood, and UV blocking

face shield. Properly labeled chemical waste receptacles and secondary

containers, and biohazard sharps container are required as necessary.

2.2 Equipments
Heating block (Fisher Scientific Isotemp 125D), Incubator (NewBrunswick

Scientific), Benchtop mini centrifuge (Fisher Scientific accuSpin MicroR),

1.5 mL microcentrifuge tubes, 50 mL Falcon tubes, French Press, €AKTA
system (Amersham Biosciences), Magnetic stir bar, Stirrer, Gel electropho-

resis apparatus, Gel imaging system with BioRad GelDoc system, Resource

Q column (GE Healthcare #17-1177-01), Spectrophotometer, nutator

mixer (Labnet Rocker 25), Micropipettors, Pipettor tips, dialysis bags, clips,

precast gels, glass cuvettes, and amicon filters.

Fig. 2 Developing an artificial cellulosome by replacing a linear polymeric scaffold with
a brush-like polymeric scaffold. Brush like polymers decorated with reactive moieties
(shown as blue ends) can be tagged with cellulase–fusion proteins. The color generated
by the release of the leaving groups (for example, p-nitrophenolate, in this specific case,
shown as yellow) can be used to monitor the extent of conjugation in real time, as the
conjugation reaction progresses.
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2.3 Reagents
Kanamycin, agar plates, isopropyl β-D-1-thiogalactopyranoside (IPTG),

lysozyme, Terrific broth modified EZmix powder (Sigma), glycerol, Tris

base, Tris maleate, sodium chloride, imidazole, calcium chloride,

dithiothreitol (DTT), phenylmethylsulfonyl fluoride (PMSF), 2�
Laemmli sample buffer (Bio-Rad Catalog #1610737), electrophoresis

buffer, and Avicel (PH101, Fluka, Buchs, Switzerland). Origami 2

(DE3) chemically competent cells were purchased from EMDBiosciences.

Ni-NTA agarose was purchased from Qiagen (Catalog #30230).

Complete-Mini EDTA-free protease inhibitor tablets were purchased

from Roche Applied Science.

3. METHODS

3.1 Molecular Cloning of Fusion Protein
The Cel48F-cutinase fusion protein was constructed by fusing the N-termi-

nus of cutinase domain to the C-terminal end of catalytic domain of Cel48F,

a cellulolytic enzyme (Fig. 1A). The newly constructed fusion protein has a

C-terminal His tag with the two enzymes separated by a (GGGGS)2 linker

(Fig. 3). The N- and C-termini of Cel48F enzyme are opposite to the cat-

alytic active site (Parsiegla et al., 2000), thus modification of either end

would be suitable for conjugation.When cutinase is fused to a large cellulase

domain, a flexible linker of (GGGGS) repeat at its N-terminus provides the

optimal flexibility to the two enzymes, as compared to the construct without

the (GGGGS) repeat. Compared to (GGGGS)1, the cutinase activity is

about an order of magnitude higher in the fusion protein with

(GGGGS)2 linker. Longer linkers of 3–4 repeats of (GGGGS) might further

improve the cutinase activity within the fusion protein; however, care must

be taken, as longer linkers are susceptible to proteolysis (Huang & Shusta,

2006) andmay detach the enzymeCel48F from the cutinase tag in the fusion

protein or from the enzyme–polymer assembly.

The Cel48F plasmid was synthesized by GenScript Corporation, which

was further ligated with DNA coding for the cutinase insert, as described

previously (Modica et al., 2012). The product was cloned into pET26b vec-

tor via NdeI and XhoI, and the resulting plasmid (pCel48F-Cut) was trans-

formed in Origami2 (DE3) strain. The transformed cells were placed

on LB-agar plate supplemented with kanamycin (50 μg/mL) for 16–18 h
at 37°C.
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3.2 Expression and Purification
Expression

1. Pick a single colony from the agar plate and suspend it in 50 mL Terrific

Broth having Kanamycin (50 μg/mL) antibiotic. Allow it to grow for

12–16 h at 37°C with shaking at 225 rpm. This is referred to as seed

culture.

2. Inoculate 1 L of autoclaved Terrific Broth with 10 mL of seed culture

(1:100 dilution). Grow at 37°C with shaking at 225 rpm till it reaches

OD¼0.6. Transfer the flask at 18°C and allow it to cool for an hour.

Induce it with 20 μM IPTG. Grow at 18°C with shaking at 225 rpm

for 16 h.

3. Harvest cells by centrifuging at 4000 rpm for 40 min. Discard the super-

natant and store the pellet at �20°C or use it immediately for further

purification.

Useful tips

• The same seed culture can be used to prepare multiple batches, when

expressed the same day. The cell pellets can be stored at�80°C for long

term storage.

Fig. 3 Sequence of Cel48F-cutinase. The Cel48F (red) is linked with cutinase (green) by
the (GGGGS)2 linker.
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• Lower temperature and lower IPTG concentrations help in expression

of Cel48F-cutinase as a soluble protein which otherwise is expressed in

inclusion bodies. Once OD¼0.6 has been obtained, the flask should be

cooled by using ice or by placing in a cold room, till the shaker reaches

the desired temperature.

Purification

1. Resuspend the frozen pellet in 50 mM Tris, pH 8.0, 300 mM sodium

chloride (lysis buffer). Add 3 mg lysozyme, 1 tablet of EDTA-free pro-

tease inhibitor, and 1 mM of PMSF. Incubate the cell suspension at

room temperature for 20 min.

2. Lyse the cells using French press. Repeat the cell lysis cycle for four

times. Remove the insoluble cell debris by centrifugation at

8000 rpm for 1 h at 4°C.
3. Preparation of affinity column: Take 2 mL Ni-NTA agarose resin in

affinity column and decant the supernatant. Continue to wash the resin

3–5 times with lysis buffer to completely remove ethanol.

4. Load the lysate onto the affinity column and incubate with Ni-NTA

agarose resin at 4°C for 1 h on a nutating mixer.

5. Wash the resin sequentially with 20 mL of lysis buffer with increasing

concentrations of imidazole, ranging from 5 to 500 mM.

6. Check the fractions with SDS-PAGE (200 V, �35 min).

7. Pool the fractions containing the target protein and dialyze against 1 L

of dialysis buffer (20 mM Tris, pH 8.0) at 4°C.
8. Further purify the protein using Resource Q column on FPLC. Run a

linear gradient (0–100%B) in 12 CV; 1.5 mL/fraction at a flow rate of

2 mL/min, using buffer A (20 mM Tris, pH 7.5) and buffer B (20 mM

Tris, pH 7.5, 1 M NaCl).

9. Check the fractions on SDS-PAGE (an example is shown in Fig. 4).

10. Pool the fractions that contain the desired protein.

Useful tips

• If French press is not available, the cells can be lysed using Bug Buster

solution, with sonication.

• The Ni-NTA beads can be washed, equilibrated, and incubated in a

Falcon tube. Alternatively, His–Trap columns can be used with liquid

chromatography system.

• Handling the protein at 4°C prevents its degradation and helps its

long-term stability. The protein solution can be stored in 1 mL aliquots

at �20°C. The aliquots should be thawed on ice or at 4°C.
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3.3 Conjugation of Cel48F-Cutinase
Conjugation of Cel48F with polymeric scaffold via the cutinase tag offers cer-

tain advantages including site specificity and formation of conjugates, which

are resistant to hydrolysis. Apparently, one of the biggest challenges in con-

jugating polymers with cutinase-tagged fusion proteins is their access to the

catalytic serine at cutinase active site. We investigated the conjugation of

p-nitophenyl phosphonate-functionalized polymer with Cel48F-cutinase

using UV–vis absorption spectroscopy. The rate constant of the reaction

between the enzyme and the phosphonate polymerwas obtained by following

the release of p-nitrophenolate (λmax¼401 nm) as a function of reaction time.

Kinetic study for conjugation

1. Prepare 4 μM of Cel48F-cutinase in 20 mM Tris, pH 8, 100 mMNaCl.

2. Prepare 0.1M stock solution of EG10 bisphosphonate polymer in

DMSO. Dilute the stock solution to 200 μM using the same buffer as

above. At 1:50 ratio, the dimer formation is suppressed.

3. The polymer was added just before the UV analysis.

4. Monitor the release of p-nitrophenolate from the reaction at 401 nm

using high throughput UV spectrophotometer for 15 min.

The resulting kinetic trace (Fig. 5) was fit to a pseudo first-order equation

and the effective second-order rate constant was obtained by dividing these

quantities by the concentration of excess ligand. The rate constant was

�37 M�1 s�1, confirming that cutinase domain in our engineered construct

is capable of reacting with the phosphonate-functionalized polymers.

Fig. 4 SDS-PAGE gel of different fractions obtained after anion exchange of
Cel48F-cutinase.
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Useful tips

• Amicon filters with 3 kDa cut-off were used for buffer exchange and

caution should be taken to prevent protein aggregation during the buffer

exchange.

• Hydrolysis of polymer, indicated by yellow color is observed even in the

absence of protein. Thus, it is extremely important to perform a blank

run (buffer with the polymer) simultaneously with the actual experi-

ment, which is then subtracted from the data obtained from the

actual run.

• The polymer should be added once everything is set. While adding the

polymer, gently mix the polymer into the solution by pipetting the liq-

uid up and down.

• A double beam UV–vis spectrophotometer or a high throughput

UV–vis spectrophotometer eases data analysis.

Finding optimized conditions for the conjugation reaction

We further verified the conjugation of cutinase fusion protein with bifunc-

tionalized polymer by varying the concentration of the polymer. We expec-

ted Cel48F-cutinase to conjugate at the two ends of the polymer linker and

assemble into a dimeric assembly at low mole ratios while single site attach-

ment is expected when the polymer is in excess.
1. Incubate 500 μL protein (5 mMTris maleate, pH 6, 100 mMNaCl) with

EG10 polymer at 25 and 37°C at different E:L ratio: 1:0, 1:1, 1:2, 2:1,

4:1, 1:10, 1:20.

Fig. 5 Ligand functionalization of Cel48F-cutinase with EG10 bisphosphonate (polymer)
and release of p-nitrophenolate as monitored by its absorbance at 401 nm. Data were fit
to pseudo first-order kinetics (solid line) and divided by the concentration of excess spe-
cies to yield the effective second-order rate constant.
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2. Aliquot 50 μL of samples after 6, 24, 48, and 72 h.

3. Prepare 1:1 dilution of sample with Laemmli buffer.

4. Heat the samples at 70°C for 5 min.

5. Load 25 μL to the mini-protean gel and run at 200 V for 35 min.

SDS-PAGE analysis indicated that dimeric protein assemblies were formed

at different protein: polymer ratios (Fig. 6). The lanes at 1:1, 1:2, 2:1, 4:1

ratios show the presence of an additional band of higher molecular weight,

that is attributed to the dimeric protein–polymer conjugate (E2L). When a

higher concentration of polymer was used, no dimerization was observed

(as in the case of 1:10 and 1:20) (data not shown). Theoretically, two moles

of enzyme should react with one mole of bifunctionalized polymer so that

the optimized mole ratio is 2:1. However, presumably due to some hydro-

lysis of the phosphonate moiety in solution, we observed an optimal ratio

of 1:1, where a slightly higher concentration of polymer is required to facil-

itate a better yield for dimers. No dimerization was observed in the absence

of polymer (lane 1:0), demonstrating that the dimer formation is a result of

site-specific conjugation with the linker, resulting in the formation of

enzyme–linker or enzyme–linker–enzyme conjugates.

Useful tips

• The protein solution can be diluted to the appropriate concentration and

the same diluted solution can be used for all the samples by keeping the

enzyme concentration constant.

3.4 Cellulase Activity Assay of the Fusion Protein
As we fused a cutinase tag onto the cellulase, it would be necessary to con-

firm the functionality of the protein, in particular its hydrolytic activity to

breakdown cellulose. The activity of the Cel48F enzyme can be determined

by high performance liquid chromatography (HPLC) analysis of the reaction

products or by ferricyanide assay, using Avicel as a substrate. Avicel is hydro-

lyzed into simple sugars including glucose, which reacts with ferricyanide,

and ferrous ammonium sulfate to give Prussian blue color. The color inten-

sity was monitored at 690 nm, which is proportional to the amount of sol-

uble sugars released upon Avicel hydrolysis (Park & Johnson, 1949).

Cellulase activity assay

1. Perform buffer exchange of Cel48F-cutinase with 20 mM Tris maleate,

pH 6.0, 100 mM NaCl, 1 mM CaCl2 using amicon filter (mol. wt.

cut-off 30 kDa).

2. Incubate the protein with EG10 polymer at 1:1 ratio.
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Fig. 6 SDS-PAGE analysis of Cel48F-cutinase with bifunctional polymer. The samples were incubated at different enzyme: linker (E:L) ratios for
6, 24, 48, and 72 h. The dimerization (E2L) was observed at pH 6.0, at (A) 25°C and (B) 37°C. Gel images were cropped and resized for pub-
lication purpose only.



3. Incubate 1 μM of protein in free and conjugated state with 4 mL of

microcrystalline cellulose (Avicel PH101, Fluka, Buchs, Switzerland)

at 20 mg/mL in 20 mM Tris maleate, pH 6.0, 1 mM CaCl2 at 37°C.
4. Aliquot 0.6 mL at 0, 1, 5, and 24 h, centrifuge, and transfer the super-

natant to a new 1.5 mL Eppendorf tube. Examine for soluble reducing

sugars using ferricyanide assay.

Fig. 7 compares the absorbance at 690 nm at different time intervals by the

same amount of proteins, either in the free state or in the conjugated state

with bifunctionalized polymer. The hydrolytic activity of Cel48F is retained

upon conjugation (red squares) and is comparable to that of the free enzyme

(black diamonds).

Useful tips

• Set up the reaction in a falcon tube, which allows better mixing of

cellulose.

• Cellulose tends to settle at the bottom of the tube. Before withdrawing

the sample, gently mix the contents of the tube to ensure resuspension of

any settled cellulose.

• Thewithdrawn sample is collected in a microcentrifuge tube. Centrifuge

the tubes long enough so that Avicel forms a pellet at the bottom of the

Fig. 7 Avicel hydrolysis by Cel48F-cutinase in free state (black diamonds) or conjugated
with the polymer (1:1, red squares). Sugar release was followed by the ferricyanide assay
after incubation at 37°C. The final enzyme concentration was 1 μM in both free and con-
jugated states.
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tube. Carefully transfer the clear supernatant to a new microcentrifuge

tube. If the Avicel particles are being withdrawn with the pipette, it is

advised to centrifuge the sample again.

4. FUTURE OUTLOOK

This chapter describes a strategy to create cutinase-tagged cellulase

that is capable of conjugating with functionalized polymers to form

higher-order enzyme–polymer nanoarmored complexes. The conjugated

enzyme (Cel48F–cutinase–polymer) activity is comparable to that of its free

form. Themethodmay be easily adapted to include other enzymes, proteins,

or polypeptide tags. Attaching other types of cellulases that work synergis-

tically with Cel48F enzyme on the same scaffold may lead to enhanced

enzyme activities/stabilities for cellulose to sugar conversion. Developing

brush-like polymers having multiple reactive chain ends that can be used

to conjugate with differently tagged cellulases, using bioorthogonal chem-

istry, will be interesting. The approach described here may ultimately lead to

the preparation of multicatalytic nanomachines that can act in concert to

carry out complex sequences of enzymatic reactions in a highly

effective way.
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