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Highlights

¢ A novel endoglucanase-exoglucanase fusion with hybrid carbohydrate-binding
module (CBM) was constructed.

e The fusion protein improves degradation of cellulose filter paper compared to
the mixture of unfused endoglucanase and exoglucanase.

o Degradation of cellulose filter paper results in release of cellobiose and
cellotriose.

e The hybrid CBM retains the ability to bind to microcrystalline cellulose.

o Citrobacter freundii expressing the fusion protein is able to grow at the expense
of cellulose filter paper, to a greater extent than when expressing the two
unfused proteins.



Abstract

Effective degradation of cellulose requires multiple classes of enzyme working
together. However, naturally occurring cellulases with multiple catalytic domains seem
to be rather rare in known cellulose-degrading organisms. A fusion protein made from
Cellulomonas fimi exo- and endo- glucanases, Cex and CenA which improves
breakdown of cellulose is described. A homologous carbohydrate binding module
(CBM-2) present in both glucanases was fused to give a fusion protein CxnA. CxnA or
unfused constructs (Cex+CenA, Cex, or CenA) were expressed in Escherichia coli and
Citrobacter freundii. The latter recombinant strains were cultured at the expense of
cellulose filter paper. The expressed CxnA had both exo- and endo- glucanase
activities. It was also exported to the supernatant as were the non-fused proteins. In
addition, the hybrid CBM from the fusion could bind to microcrystalline cellulose.
Growth of C. freundii expressing CxnA was superior to that of cells expressing the
unfused proteins. Physical degradation of filter paper was also faster with the cells
expressing fusion protein than the other constructs. Our results show that fusion
proteins with multiple catalytic domains can improve the efficiency of cellulose
degradation. Such fusion proteins could potentially substitute cloning of multiple

enzymes as well as improving product yields.

Keywords: Biomass conversion; multicatalytic cellulases; cellulose; Citrobacter

freundii; Cellulomonas fimi



1. Introduction

About 75% of the total biomass of lignocellulosic materials is made of cellulose and
hemicellulose, making cellulose the most suitable feedstock for production of biofuels
and renewable feedstock chemicals [1-3]. Cellulose can be degraded naturally and
used as a source of energy by various bacteria and fungi. Such organisms produce
endo-B-1,4-glucanases (EC 3.2.1.4), exo-p-1,4-glucanases or cellobiohydrolases (EC
3.2.1.91) and B-glucosidases (EC 3.2.1.21) [4, 5]. The combined action of these
enzymes results in saccharification of cellulose. Endoglucanases and
cellobiohydrolases break the long cellulose into short-chain units (cellobiose and other
short oligonucleotidesaccharides) which are hydrolysed by B-glucosidases into
glucose [4, 6]. The endoglucanases and cellobiohydrolases usually consist of two
functional units, the catalytic domain (CD) which hydrolyses the B-1,4-glycosidic bonds
in cellulose and a non-catalytic CBM which binds to cellulose. In addition to their
substrate binding function, CBMs have been shown to improve the enzymatic activity
of their cellulases. CBMs may loosen individual cellulose chains from the cellulose
surface prior to hydrolysis or enhance the solubilisation of individual glucan chains of
the cellulose surface. In addition, some CBMs also serve as thermostabilizing domains
[7-10].

The cellulases of Cellulomonas fimi are well studied, and the genome has been
sequenced [11]. Two of the best studied cellulases of C. fimi are the endoglucanase
CenA and the bifunctional exoglucanase/xylanase Cex. The N-terminal family-2 CBM
of CenA, unlike those of other endoglucanases, has been shown to disrupt the
structure of cellulose fibres, resulting in the release of fine cellulose particles without
any detectable hydrolytic activity [12]. Cex possesses a homologous CBM at its C-
terminus. The N-terminal GH10 catalytic domain of Cex hydrolyses cellulose and
cellotetraose to release cellobiose from non-reducing chain ends [13, 14], and has also
been shown to possess endoglucanase activity as well as activity against xylan [15-
17]. In both CenA and Cex, the CBM is linked to the respective catalytic domain by a
proline-threonine (PT) linker. Whist the PT linker acts as a flexible tether, the CBM
anchors the catalytic domains onto amorphous, semi-crystalline and crystalline
cellulose chains enabling the catalytic domains to hydrolyse nearby cellulose chains
[18-22]. In addition the CBM initiates mobility and facilitates the diffusion of the

catalytic domain [23].



Gene fusion is an essential tool in systems and synthetic biology, and has been widely
used in the production of synthetic bifunctional enzymes [24-27]. In cellulose
hydrolysis, gene fusion has been used in studying functions and effectiveness of
various CBMs [28-30] as well as to create enzymes with multiple activities [31-33].
Warren and colleagues described a fusion of Cex and CenA made by the use of
restriction enzymes. Although the resulting fusion had both endoglucanase and
exoglucanase activities, it lacked the flexible PT linkers of both enzymes and all of the
CBM of Cex, and most of the CBM of CenA. It did not bind to cellulose, but, like native
CenA and Cex, was translocated to the periplasm when expressed in E. coli [34]. A
xylanase-endoglucanase gene fusion of Clostridium thermocellum xynX gene and an
enhanced Erwinia chrysanthemi PY35 cel5Z::Q gene has been constructed using

restriction independent overlapping [32].

Although various fusions of cellulases have been reported, their effectiveness for
cellulose degradation in vivo has not been examined. It has been previously
demonstrated that recombinant Citrobacter freundii (a close relative of E. coli
possessing the native ability to assimilate cellobiose) expressing CenA and Cex is able
to grow at the expense of crystalline cellulose [35, 36]. Here, the preparation of a Cex-
CenA fusion protein retaining all the essential properties for effective cellulose

degradation is described.

2. Methods

2.1 Bacteria strains and growth conditions

Escherichia coli JM109 was used as host for initial cloning, activity testing and
secretion experiments. Citrobacter freundii NCIMB 11490 (ATCC 8090) was used as
host strain for cellulose utilization experiments. We chose C. freundii because it is a
close relative of E. coli and has natural ability to utilize cellobiose and hence eliminating
the requirement for the supply of B-glucosidase to cultures. Luria agar (LA) [37]
supplemented with chloramphenicol was used for all plate cultures unless otherwise
stated. Our initial experiments showed that 40 ug/ml chloramphenicol slowed down the
growth of C. freundii constructs. A lower concentration of 15 pg/ml was found to be
optimal and was used for C. freundii cultures whereas 40 ug/ml was used for E. coli
cultures. For liquid cultures, Luria broth (LB) [37] or M9 minimal medium [38]
supplemented with 0.1% w/v yeast extract was used. All organisms were grown at

37°C. In addition, liquid cultures were incubated with shaking at 200 rpm. Cellulose



degradation experiments were conducted using M9 minimal medium supplemented
with Ford’s Gold medal blotting paper (2 cm squares, approx. 50 mg each) or Whatman
GBO003 pure cellulose blotting paper (1 cm squares, approx 30 mg each). Cultures
containing filter paper were agitated vigorously for 1 minute every 24 hours on a vortex
mixer. Aliquots of the culture were taken from time to time, serially diluted with
phosphate buffered saline (PBS) and plated on LA without antibiotics. Colonies on the
dilution plates were counted, averaged and plotted as growth curves. The total growth

of cells was estimated by calculating the area under the growth curves.

2.2 Molecular biology procedures

Design and construction of genetic parts were done in accordance with the BioBrick
assembly standard [39]. The strains, plasmids and oligonucleotides used in this study
are described in table 1. PCR was performed using Kod Polymerase (Novogen)
according to manufacturer’s protocol. 'For amplification of GC rich genes, glycerol
(10% v/v) was included in reaction mixtures, and the initial denaturation step in each
cycle was extended to 60 s. The PCRs were performed in 50 pL of reaction with 1 yL
of the supercoiled plasmid DNA and 1x reaction buffer with 1 mM MgCl,, 0.2 mM each
of dNTPs, 1 U of KOD DNA polymerase and 0.4 uM each of forward and reverse
primers. Thermal cycling was performed at 95°C for 1 min; followed by 30 cycles of
95°C for 20s, 65°C for 10s, 72°C for 20s/kb; followed by 72 °C for 1 min. Expected
product sizes and specific extension times have been provided in the supplementary
material (sup. table 1). DNA sequencing was performed by the Sanger sequencing
method using the BigDye® Terminator v3.1 cycle sequencing kit (Life Technologies)

according to the manufacturer’s protocol.

2.3 Construction of the fusion protein

The gene encoding the fusion protein was constructed from previously prepared
pSB1C3 plasmids containing BBa_K523016 (PuctlacZ'a+tRBS+cex) and
BBa_K523015 (Piac + lacZ'a + RBS + cenA). The lac promoter was BBa_J33207 and
ribosome binding site was BBa_J15001 [40]. An Ncol restriction site was introduced
into the CBM of the two constructs by PCR such that the amino acid sequences were
not changed. The cenA construct was amplified using the forward primer cenAfNcol
and reverse primer pSBNXS3insr2. Likewise the cex construct was amplified using the
forward primer pSBNX3insf2 and reverse primer cexrNcol. Primer sequences are
provided in table 1. PCR amplifications were performed using KOD hot start DNA
polymerase (Novagen) using the MJ Research PTC-200 DNA Engine Thermal Cycler.
The amplified PCR products were each purified using the QIAquick PCR purification
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kit (QIAGEN GmbH, Germany). The purified DNA products were then digested with
Ncol (New England Biolabs, Inc.) for one hour and purified. The purified products were
ligated overnight at 16°C in a 30 uL reaction volume containing 10 pL of each digested
product, 3 yL T4 DNA ligase buffer (with ATP), 1 uL T4 ligase, 1 uL T4 polynucleotide
kinase (PNK) and 5 pL nuclease free water. The ligation product was used as a
template for PCR with primers pSBNX3insf2 and pSBNX3insr2 using KOD
polymerase. PCR products were electrophoresed on 0.8% agarose gels in 1X TAE
buffer. Electrophoresis was performed at 100 V, 50 mA for 40 minutes using the Bio-
Rad mini-sub cell horizontal electrophoresis system. The gel was post-stained with
SYBR-Safe nucleic acid stain (1 yL 10 000 x stock in 50 ml deionized water) for 20
minutes and visualized on the Life Technologies Safe Imager 2.0. Bands were excised
and purified using the QIAquick gel extraction kit (QIAGEN GmbH, Germany). The
purified products were digested with EcoRI and Pstl at 37°C for one hour. The plasmid
pSB1C3 was also digested with EcoRI/Pstl. Plasmid digests and PCR product digests
were ligated together as described above and cloned into E. coli JM109. White clones
were tested for Cex and CenA activities as described below. Positive clones were
grown overnight in 5ml Luria broth supplemented with 40 pg/ml chloramphenicol.
Plasmid DNA was isolated using the QIAprep spin miniprep kit (QIAGEN GmbH,
Germany) and tested for insert size. Constructs with the right sizes were confirmed by
Sanger sequencing performed by Edinburgh Genomics, University of Edinburgh, UK.

All procedures were performed according the respective manufacturers’ protocols.

2.4 Enzyme activity assays

Enzyme activity within cells harbouring cloned genes were tested qualitatively using 4-
methylumbelliferyl B-D-cellobioside (MUC) [20] and carboxymethyl cellulose (CMC)
[41] substrates. To detect endoglucanase activity in E. coli or C. freundii harbouring
cenA or cxnA genes, bacterial colonies were grown on LA with appropriate antibiotics,
0.38 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) (Melford) and 0.2% wl/v
Carboxymethyl cellulose (Sigma Aldrich). The plates were incubated at 37°C. After 24
hours of incubation the plates were stained and washed with 0.1% w/v Congo red
solution and 1M NaCl respectively. Staining and washing was done by flooding the
plates for 15 minutes during each step. Positive recombinants with endoglucanase
activity were surrounded by a cleared zone against a red background. For
exoglucanase activity in E. coli or C. freundii harbouring cex or cxnA genes, 4-
Methylumbelliferyl p-D-cellobioside (MUC) substrate was used. LA plates
supplemented with appropriate antibiotics, 0.38mM IPTG were spread with 100 pl of
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10 mM MUC and allowed to dry. Bacterial colonies were streaked onto the plates and
incubated at 37°C overnight. Following incubation, long wavelength UV (364 nm) lamp
was shone onto the plates to reveal fluorescent methlylumbelliferone (4-MU) released

when exoglucanase hydrolyses MUC.

Quantitative assays were performed on cell lysate or supernatants using the MUC
assay (exoglucanase activity) and the Azo CM-cellulose assay (Megazyme, Ireland).
Exoglucanase activity was tested by adding 50 ul of cell lysate to a UV grade cuvette
(Fisher Scientific, CXA-110-005J). PBS (1.450 ml) containing MUC (final concentration
0.2mM) was added. The cuvette was covered with parafilm and inverted about 6 times
to mix. Fluorescence was measured using the UV filter in the Modulus™ Single Tube
Multimode Reader (Turner BioSystems, Inc.), after which the reaction was incubated
at 37°C for 60 minutes and fluorescence measured again. A blank solution was
prepared like samples but with distilled water. The value of blanks was subtracted from
samples. Dilutions of 4-MU were prepared and measured as a standard curve to

determine the concentration of 4-MU released in samples (supplementary figure 1a).

For quantitative determination of endoglucanase activity, the Azo CM-cellulose assay
was performed according to manufacturer’s protocol with modifications. Cell lysate (0.4
ml) or supernatant (0.4ml) to be tested was added to 0.4 ml of Azo-CM cellulose
reagent. The mixture was mixed by vortexing after which 300 ul was collected into a
1.5 ml tube (time 0) and the reaction stopped by the addition of 750 pl of absolute
ethanol. The remainder was incubated at room temperature for 60 minutes. The
stopped reaction was vortexed and centrifuged at 15,000xg for 10 minutes. The
supernatant containing depolymerized low molecular weight substrate dyed fragment
was collected into a cuvette and the absorbance determined at 600 nm using distilled
water as blank. Dilutions of Remazol Brilliant Blue R were prepared and measured as

a standard curve to determine the amount of dye released (supplementary figure 1b).

2.5 Protein expression and electrophoresis

E. coli JIM109/pSB1C3-BBa_K523015, E. coli JM109/pSB1C3-BBa_K523016, E. coli
JM109/pSB1C3-BBa_K523025, E. coli JM109/pSB1C3-BBa_J15509 and E. coli
JM109/pSB1C3-BBa_J33207 were grown overnight in 5ml LB cultures with 40 pg/ml
chloramphenicol. Following incubation, the cultures were used to inoculate 50 ml fresh
LB pre-warmed to 37°C in a 1:100 dilution. Cultures were grown to ODggo of about 0.6

and induced by adding IPTG to a final concentration of 0.38 mM. To make cell lysates,
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cells were harvested after 16 hours by centrifugation (11 300 x g, 20 min) and washed
twice with phosphate buffered saline (PBS), pH7 (1.5 mM KH2PO4, 5.1 mM Na;HPO4,
154 mM NaCl). The culture supernatant was stored at -80°C and assayed for enzyme
activity. The cell pellet was washed, resuspended in 5 ml PBS and sonicated for 5
pulses at 10 ym (amplitude) for 20 seconds on ice using the Soniprep 150 ultrasonic
disintegrator (MSE, UK). The sonicated samples were centrifuged as before and the
supernatant was collected as cell-free lysates. Samples were either analysed

immediately or stored at -80°C overnight.

The cell extracts were analysed by electrophoresis using Mini-PROTEAN® TGX™
precast gels under non-denaturing conditions. The gels were run in 1x Tris-Glycine
buffer (0.25M Tris, 1.92M Glycine; pH 8.3) at 40 V for 3 hours. For endoglucanase
activity, gels were hand-prepared according to the manufacturer’s instructions for
Mini-PROTEAN system with modifications. CMC (0.2% w/v) was incorporated into
the gels. After electrophoresis, the gels were rinsed once in distilled water. They
were then flooded with 0.1% w/v Congo red solution and incubated at room
temperature on a rotary shaker (80 rpm, 45 min). This was followed by washing in
1M NaCl with shaking. Gels to be assayed for exoglucanase activity were immersed
in 10 mM MUC and incubated at 37°C for 1 hour. Due to poor migration in native-
PAGE gels (described further in results) lysates were also analysed by agarose gel
electrophoresis on 5% w/v agarose gels using Tris-borate buffer (90 mM Tris base,
90 mM Boric acid, pH 8.44).

2.6 Preparation of periplasmic fractions

To investigate the location of expressed proteins, cell fractions (cytoplasmic and
periplasmic) were prepared as described in [42]. Briefly, the cells were centrifuged and
resuspended in osmotic shock buffer (100 mM Tris—HCI, pH 8.0, 0.5 mM
ethylenediaminetetraacetic acid (EDTA), 0.5 M sucrose, and phenylmethylsulfonyl
fluoride (PMSF) (20 ug/mL)). The suspension was incubated on ice and centrifuged.
Pellets were warmed to room temperature and resuspended in ice-cold water for the
osmotic shock. The cell were then centrifuged and the supernatant collected as the
periplasmic fraction. The cell pellets were resuspended in PBS and sonicated, and
prepared as described earlier for the cytoplasmic fraction. Expression of the
recombinant proteins from E. coli JM109 cells was performed as described above in
M9 medium [38] supplemented with 0.02% yeast extract and 40 pug/ml

chloramphenicol.



2.7 Cellulose degradation experiments

C. fimi NCIMB11490 (ATCC8090) was transformed with pSB1C3-BBa_K523025 or
pSB1C3-BBa_J15509 and selected on plates containing chloramphenicol. Initial
experiments showed that 40 ug/ml chloramphenicol slowed growth, hence 15 pg/ml
was used. Enzyme activity was confirmed for all constructs on agar plates. M9 minimal
medium supplemented with 1 g/l yeast extract and a main carbon source was used for
cellulose degradation experiments. Cellulose degradation experiments were
conducted using M9 minimal medium [38] supplemented with filter/blotting paper
(Whatman® GB003, 0.8 mm, 300 gsm or Ford 428 mill 0.2 mm, 148gsm) as the main
carbon source. For each construct, 7 ml cultures were set up in 30 ml McCartney
bottles with either two 1.5 cm squares of Ford 428 paper (approx. 66 mg) or 1 cm
squares of Whatman’s paper (approx.. 60 mg). Inocula were prepared from overnight
cultures grown in LB. The cultures were centrifuged at 6000 g for 10 minutes at 4°C.
The supernatant was discarded and pellets were re-suspended in M9 medium to make
a 10x concentrate. Each tube was inoculated to a density of 0.1 ODeoo after which
chloramphenicol (15 pg/ml) and IPTG (0.38 mM) were added. In a separate
experiment using conical flasks, four 1.5 cm squares of Ford 428 paper were added to
20 ml culture. All other culture constituents were proportional to those prepared for the
bottles. The bottles and flasks were grown at 37°C on a rotary shaker (200 rpm).
Positive (with glucose) and negative (no carbon) controls were also set up. In addition,
a vector control (C. freundii NCIMB11490/pSB1C3-BBa_J033207) was included in all
experiments. Previous experiments indicated that vigorous agitation for one minute per
day was helpful in the breakdown of bulk insoluble substrates such as filter paper
(manuscript submitted for publication). Hence, cultures containing filter paper were
agitated vigorously (maximum speed) for 1 minute every 24 hours on the Genie 2
vortex mixer (Scientific Industries, Inc.). Colony counts were prepared by serial dilution

in sterile PBS and subsequent plating on LA without antibiotic.

2.8 Thin layer chromatography

One millilitre aliquots were collected from the cellulose utilization cultures and analysed
by thin layer chromatography (TLC) [43]. The aliquots were concentrated using a DNA
Speed Vac (DNA 110, Savant Instruments, Inc. USA) using the low drying rate
overnight. The concentrate was resuspended in 100 pl 5% v/v chlorobutanol. To

assess the sugar, three microliters of the resuspended samples were loaded as spots
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onto 20 cm x 20 cm TLC Silica Gel 60 plates (Merck KGaA, Germany) alongside a
master mix standard (MMS) containing the seven main cell wall monosaccharides
(galacturonic acid (GalA), galactose glucose, mannose, arabinose xylose and
rhamnose). The plates were allowed to dry at room temperature and run in a TLC tank
with 5:2:2:1:1 EPPAW buffer (ethlyacetate, propanol, pyridine, acetic acid and water).
The TLC was run for 3 hours and air dried overnight in a fume hood. The plates were
developed by dipping into thymol solution (56 mg thymol, 95 ml ethanol, 5 ml H2SO,).

Colour development was achieved by heating plates in an oven (105°C, 5 min).

3. Results

3.1 Generation of the fusion protein.

By analysis of the CBM sequences of Cex and CenA, a consensus sequence
PWNGSIP was found. It was determined that an Ncol site could be introduced into
both without changing the amino acid sequence (supplementary figure 2). The two
plasmids containing each of the fusion partners were amplified by the respective
primers, digested with Ncol and ligated together. The ligation product was used as a
template for PCR which yielded two products; a larger around 3.1 kb and a smaller
around 2.1 kb. The larger was presumed to be correct and was purified from gel. The
smaller was presumed to be a mixture of Plac-lacZa-cenA and Plac-lacZa-cex from
intact template which had made it through the purification. The 3.1 kb fragment was
gel purified and digested with EcoRI/Pstl and ligated into pSB1C3 (replacing mRFP,
BBa_J04450) pre-digested with the same enzymes (figure 1). E. coli JM109 competent
cells were transformed and white colonies selected from plates containing
chloramphenicol. The resulting fusion protein had the catalytic domains of Cex at the
N-terminus and CenA at the C-terminus. In between these was a new chimeric CBM

(CBM CxnA) generated as a result of the fusion (supplementary figure 2).

3.2 Cellulase activity of the expressed gene-fusion

E. coli JIM109/pSB1C3-BBa_K523025, showed fluorescence on MUC plates as well
as zones of clearing on CMC plates indicating Cex and CenA activities respectively
(figure 2; A & B). Both activities were also detected in cell lysates on agar plates (figure
2; C & D) and also by electrophoresis of cell lysates on non-denaturing (native) PAGE
gels. On native-PAGE gels (4% stacking, 12% resolving) however, the proteins did not

migrate through the gels (precast or in-house prepared), but remained at the junction
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between the stacking and resolving gels. Similarly, no migration was observed in 4 -
15 % precast gradient gels with proteins remaining in the wells. Electrophoresis was
therefore repeated using 5% agarose gels in Tris-borate buffer (pH 8.44) (Figure 2; E
& F). Unexpectedly, the active proteins migrated towards the cathode, rather than the
anode, although the predicted isoelectric points (pl) of the proteins (Cex, pl 6.18; CenA,
7.56; CxnA 6.19) were lower than the pH of the buffer. Activity spots due to CenA and
Cex migrated further than those due to CxnA, indicating that both activities were
associated with a protein of a different size from either CenA or Cex, as expected
(figure 2; E& F).

3.3 Investigation of the ability of the fused CBM to bind to cellulose

To determine whether the fused CBM of CxnA could bind to cellulosic substrate, the
crude protein extracts were incubated with and without microcrystalline cellulose
(avicel) and the reduction in activity due to binding to cellulose was determined.
Binding of the enzymes to 20 mg/ml and 200 mg/ml of avicel in PBS was also tested.
There was no significant difference between the enzyme bound to 20 mg/ml and 200
mg/ml of avicel. Unbound enzyme activity was 4.5% and 38% for non-fused and fused
(CxnA) enzymes (figure 3). The remaining activity was recovered when the avicel pellet
was resuspended in PBS and assayed. No significant difference (p>0.33) was found
between the activity obtained before addition of avicel and the activity recovered from
the resuspended avicel. There was however significant differences (p<0.01) between
the activity recovered from the supernatant after binding and that obtained prior to

addition of avicel.

3.4 Investigation of extracellular secretion/leakage of expressed proteins

Secretion of cellulase is important for accessibility and hydrolysis of substrate. To
determine whether CxnA was secreted into the culture supernatant, the enzyme
activity levels in culture medium (extracellular), periplasmic and cytoplasmic protein
extracts of recombinant C. freundii were compared. About 20% of the exoglucanase
activity was found in the extracellular fraction of both CxnA and non-fused enzymes
(figure 4). A similar result was obtained with E. coli (data not shown).The maijority of

enzyme activity was however located in the periplasmic fraction.
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3.5 Growth of Citrobacter freundii utilizing cellulosic substrates

Growth of C. freundii NCIMB11490/pSB1C3-BBa_K523025 (fused) was higher than
C. freundii NCIMB11490/pSB1C3-BBa_J15509 (non-fused) (figure 5; a, b & c¢). This
observation was consistent irrespective of the filter paper used. Physical destruction
of filter paper was faster with cells expressing the fused enzyme as opposed to cells
expressing the non-fused. In shake flasks (100 ml conical flasks, 62 mm base
diameter, foam stopper), significant destruction of filter paper (Ford 428) was seen at
day 7 for the cells expressing the fused construct. In McCartney bottles (30 ml capacity,
28 mm base diameter, and plastic screw cap) however physical destruction was
observed earlier (day 3; supplementary figure 4). Physical destruction of filter paper
was faster for cells expressing the fused enzyme than cells expressing the non-fused
enzymes. By day 5 however, filter paper was broken down in cells expressing both

fused and non-fused enzymes whereas those of the vector control were not destroyed.

3.6 Release of sugars from cellulose filter paper

To determine whether the filter paper was being hydrolysed by cells expressing the
recombinant cellulases, aliquots of the cultures were taken at various time points and
analysed using thin layer chromatography. Spots corresponding to cellobiose and
cellotriose were detected indicating that the expression of the gene fusion led to the
hydrolysis of cellulose in the filter paper. On day 17 only the cells expressing the fusion

protein showed extra spots (figure 6, supplementary figure 3).

4. Discussion

In order to test synergistic effects of co-localization of different enzyme domains for
microbial cellulose hydrolysis, there was a need to design and test simple enzyme
complexes with multiple enzyme activities. Several cellulases have been isolated and
characterized. However, finding a combination of cellulases that will enable strains to
utilize crystalline cellulose as a carbon source is challenging. The expression of C. fimi
exoglucanase/xylanase Cex and endoglucanase CenA in C. freundii which allows the
recombinants to grow on cellulosic substrates has been described earlier [35, 36, 40].
Fusion enzymes catalysing the same multistep sequential reaction have been shown
to demonstrate superiority over the individual native enzymes [44]. Cellulases with co-
localized domains are exemplified by the multienzyme machines known as
cellulosomes. Co-localization improves synergy between domains resulting in effective

degradation of cellulose [45-47].
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The fusion protein CxnA was found to bind cellulose. Binding however was not as great
as that of the native CBM. The reason for this is unclear but could be due some small
changes in the conformation of the chimeric CBM. Further engineering of the CBM
could potentially improve binding as well as help to understand requirements and
process of binding. In addition to binding, it has been suggested that CBMs enhance
the cellulose degradation by loosening individual chains from the cellulose surface
[10]. The ability of the chimeric CBM of CxnA to do this has not been determined.

Enzyme activity was detected in all fractions (cytoplasmic, periplasmic and culture
media). The mechanism by which E. coli and C. freundii secrete these proteins from
the periplasm is not clear. Secretion however indicates that the signal peptides of the
cellulases are recognized by the E. coli and C. freundii Sec pathway. The ability of
cellulolytic organisms to effectively secrete cellulases into the medium is necessary to
enhance degradation of cellulosic substrates. There have been previous reports of Cex

and CenA secretion in E. coli [48].

Synergy in other cellulase fusions has been reported [24, 30, 32]. Fusion of Cex and
CenA was reported earlier [34]. Though this fusion contained both exoglucanase and
endoglucanase activities, it was unable to bind to cellulose because it lacked an intact
CBM. Furthermore, it was not tested whether the fusion could hydrolyse cellulosic
substrates. To check whether the new fusion protein could hydrolyse cellulose better
than non-fused ones, Citrobacter freundii was transformed with the fusion as well as
with the individual cellulases. The ability of the transformants to utilize filter paper for
growth was tested. C. freundii was chosen because it is a close relative of E. coli with
native ability to assimilate cellobiose. Furthermore, it is not considered pathogenic
(Advisory Committee on Dangerous Pathogens, UK) although it is capable of causing
nosocomial infections in the immunocompromised. By using C. freundii, there was no
need to include a B-glucosidase to the cultures or clone it into the constructs. From
previous experiments, it was determined that C. freundii required a small amount (0.1%
w/v) of yeast extract to help it grow and reach sufficient numbers to produce the initial
enzymes to break down cellulose. It was observed that all the cultures (including
negative controls) grew similarly within the first 48 hours. However, numbers of live
cells within the negative control cultures dropped from this point forward whereas the
number of live cells within the cultures expressing the cellulases continued to increase.

Cultures expressing the fused enzyme increased about 50% more than the cultures
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expressing the non-fused enzymes. This was confirmed when the total growth was

expressed as the total area covered by the growth curves.

In order to assess the hydrolysis of the filter paper and production of cellobiose,
aliquots of the cultures were analysed over time. It was observed that the cellulases
enabled cells expressing them to produce cellobiose and cellotriose in culture from day
2. Production of these products was observed for the cultures until day 17 when the
cultures expressing the non-fused proteins no longer showed free cellobiose.
Furthermore, the colony counts of the non-fused cultures had also reduced by about
90%. Physical degradation of filter paper by the fusion constructs started earlier than
the non-fused constructs. These results are evidence that the fused protein improves
degradation of the filter paper releasing more cellobiose such that there is still a
detectable quantity to support growth at a time when the non-fused constructs no
longer show detectable cellobiose. The fused constructs may perhaps be more stable
than the unfused enzymes making it stay active for a longer period. The stability of the
enzymes was not determined. Here we have described improved -cellulose
degradation by our fused construct in vivo using cell growth and physical degradation.
Fusion proteins can lead to increased effectiveness due to substrate channelling even
if the measured activities of the two individual partners decreases. This was reported
earlier from our lab [49] as well as is shown in this study. Presently assays to measure
quantitative cellulose degradation in vivo are not available. We are in the process of
evaluating some assays we have developed to be able to better quantify cellulose
degradation. Follow-on studies on liberation of sugars from cellulosic biomass by
purified enzyme are being undertaken. These studies will help improve our

understanding of how fusion proteins can be used to improve biocatalysis.

5. Conclusions

This work has demonstrated that fusing homologous domains of two different enzymes
can give a new gene fusion which when expressed is functional and may be more
effective than the native proteins. Co-localization of the catalytic domains of cellulases
may enhance the overall catalytic activity of both enzymes. Such fusions could
potentially replace cloning of multiple enzymes for improved biomass conversion and
downstream processing. The apparent leakage of the C. fimi cellulases from E. coli is
an interesting finding. Further investigations to understand the mechanism of secretion
will provide useful insights into how to enhance extracellular secretion of cellulases

and other proteins.
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Figures

Figure 1: lllustration of the design and construction of the exoglucanase-

endoglucanase fusion

(A) Fusion parts were amplified from BioBrick plasmid pSB1C3 containing
BBa_K523016 (PictlacZa+RBS+cex) and BBa_K523015 (Plac + lacZa + RBS +
cenA) using primers PSBNX3insf2/cexrNcol and cenANcol/ PSBNX3insr2
respectively. (B) The two PCR products were purified and digested with Ncol restriction
enzyme in a single tube. The digests were purified and ligated with T4 DNA ligase.
The ligation was purified and used as template for PCR with primers pSB1NX2insf2
and pSB1NX3insr2. (C) PCR was performed, the product was purified, digested with
EcoRI/Pstl restriction enzymes and cloned into pSB1C3 pre-digested with the same
enzymes. E. coli JM109 competent cells were transformed and positive clones

selected from plates containing Chloramphenicol.

Figure 2. Enzyme activity in cells expressing cex, cenA, cxnA and non-fused

cex+cenA

Exoglucanase activity (A, C & E) is detected by fluorescence of 4-MU following
incubation of samples (whole cells or lysates) with MUC. Endoglucanase activity (B, D
& F) is detected by the formation of a halo following incubation of samples (whole cells
or lysates) with CMC followed by Congo Red stain and destaining with NaCl. A & B
shows activity in whole cells; C & D shows activity in cell lysates on agar plates; E & F
shows activity from cell lysates following electrophoresis on agarose gels. Enzymes
were expressed by cells growing on plates and could also be detected from crude cell
lysates run on a 5% horizontal agarose gel. Exoglucanase and endoglucanase
activities determined by MUC and Congo Red assays respectively. Vector control (VC)
is pSB1C3-BBa_J33207.

Figure 3: The gene fusion retained its property of binding to cellulose

The ability of the chimeric CBM to bind to cellulose was tested by incubating 50 pl of

crude lysate with 20 mg/ml avicel at 0°C for 1 hour. The avicel was separated by
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centrifugation. MUC assays were performed on aliquots of samples taken before
addition of avicel (no avicel), supernatant after binding test and avicel is separated
(unbound) and then in a resuspended pellet (bound). The Azo-CMC endoglucanase
activity did not work in the presence of avicel. Three biological replicates were

performed.

Figure 4: Enzymes were secreted/leaked into the culture supernatant

Secretion/leakage of proteins from the periplasm into the supernatant was investigated
by comparing enzyme activities obtained from culture supernatant, cytoplasm and
periplasmic fractions. Cytoplasmic and periplasmic fractions were resuspended in
equal volumes and diluted to 1x equivalent of extracellular fraction. The activities from
all fractions were statistically different (p<0.01) for all of the constructs. Three biological

replicates were used. Error bars indicate standard error of the mean.

Figure 5: C. freundii expressing the gene fusion grew better and physical

destroyed filter paper faster than the non-fused genes

C. freundii with pSB1C3-BBa_J15509 (Cex+CenA1.0) or pSB1C3-BBa_K2523025
(CxnA1.0) or pSB1C3-BBa_J33207 (VC) cultured with the Ford 428 (A: conical flasks
& B: McCartney bottles) and the GB003 (C) blotting papers. The cultures were grown
with shaking at 200 rpm and monitored daily. In addition, cultures were vortexed for
one minute (highest speed on Genie 2 Vortex Mixer, (SLS, UK)) daily. Growth was
monitored by performing viable counts on serial dilutions. Three biological replicates

were used.

Figure 6: Spots of hydrolysed sugars correspond to cellobiose and cellotriose

Aliquots (1 ml) of the growing cultures were taken at various time intervals and
concentrated to about 100 ul in a speedvac. The concentrate was resuspended in 100
ul chlorobutanol after which 5 pl was analysed on silica gel TLC plates. Light arrows

point to spots of cellobiose whereas dark arrows point to spots of cellotriose.

-21 -



ASENXinsi2, cerheon]

Cnth
\ PCR products ]
|
Ncol Digest
(B) |
Purification
:
Ligation
Q'-\' '} 4(" Jr A4
& g 4,
© g7, ’
{D({GH18] (W:4rB CD(GH6 ’
4 pSBNX3insf2, pSBNX3insr2

Fig 1

-22-



Fig 2

Hm No Cellulose

] Unbound
61 mm Pellet
2-
0-

Amount of Enzyme (U/L)
N

-\.
& eﬁ\v

¥ \a <
. O 3

¢
5

Gene Expressed

Fig 3

-23-



Hl No Cellulose
] Unbound
T = Pellet

Amount of Enzyme (U/L)
N

g O
? ® &~ Qe:‘\\?~ N
&
Gene Expressed
Fig 3
51 .
Hl Cytoplasmic
24_ (1 Periplasmic
) -
E’ [ Extracellular
Eal M
N
C
w _
G 24
I=
>
£ 1
! R | |
0' T . | E— T T T
X \g g Ny O
P C 3 o 3
? G* kS
S
Expressed Gene
Fig 4

-24 -



ACCEPTED MANUSCRIPT

A. B
8.0x10° - Cex-CenA & Cex-Cenh
- CaA & CxnA
E 6.0x 108 - \C f =+ \VC
g g
_g 4.0x108
: £
O 2.0x10% o
oL N
0 2 4 6 8 5 10 15 20
Culture duration (days) Culture duration (days)
C. 80x10° @ CexCenA
4 CxnA
_ 60x10° *
E’ 4.0x108
§
2.0x102 é; 2
0 2 4 6 8
Culture duration (days)
Fig5
.4
M —MAMS marier
1 —CarAwith YE
Rhamnass
2 —CaxtConAwlth YE
3 —CarAwith YE+FP
4 — Cax+CanAwithYE+HFP
Xyloss
5 —Ci-4 marker
Arabinose
Mannose
Glucasa
Galacioss
GalA

YE = 0.1% Yeast Extract
Doy 0 Day 7 Day 17 FP = Filter Paper

Fig 6

-25-



Tables

Table 1: Plasmids, DNA parts and primers used

Plasmids /

Parts Relevant characteristics Reference
pSB1C3 High copy number BioBrick plasmid, pMB1

origin, CmR [50]
BBa_ J33207 lac promoter plus sequence encoding N-

terminal 77 amino acids of LacZ [50]
BBa_J15001 Strong synthetic ribosome binding site [50]
BBa_K523015 | Cellulomonas fimi endoglucanase A (CenA),

BBa_J33207, BBa_J15001 [50]
BBa_K523016 | Cellulomonas fimi exoglucanase (Cex),

BBa_J33207, BBa_J15001 [50]
BBa_K523025 | fused cex and cenA with BBa_J33207 and

BBa_J15001 This study
BBa_J15509 not-fused cex and cenA with BBa_J33207 and

BBa_J15001 [40]
Primers
cenAfNcol 5'-cctgecatggaacggeagceatcccgace-3' This study
cexrNcol 5'-cgttccatggggegttgeggaccgtcacg-3' This study
pSB1NX3insf2 | 5'-aaataggcgtatcacgagge-3’ This study
pSB1NX3insr2 | 5'-cagtgagcgaggaagcctge-3’ This study
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