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Abstract

The development of multifunctional particles using polymeric scaffolds is an emerging technology for many nanobiotech-
nological applications. Here we present a system for the production of multifunctional complexes, based on the high affinity
non-covalent interaction of cohesin and dockerin modules complementary fused to decameric Brucella abortus lumazine
synthase (BLS) subunits, and selected target proteins, respectively. The cohesin-BLS scaffold was solubly expressed in high
yield in Escherichia coli, and revealed a high thermostability. The production of multienzymatic particles using this system
was evaluated using the catalytic domain of Cellulomonas fimi endoglucanase CenA recombinantly fused to a dockerin
module. Coupling of the enzyme to the scaffold was highly efficient and occurred with the expected stoichiometry. The
decavalent enzymatic complexes obtained showed higher cellulolytic activity and association to the substrate compared to
equivalent amounts of the free enzyme. This phenomenon was dependent on the multiplicity and proximity of the enzymes
coupled to the scaffold, and was attributed to an avidity effect in the polyvalent enzyme interaction with the substrate. Our
results highlight the usefulness of the scaffold presented in this work for the development of multifunctional particles, and
the improvement of lignocellulose degradation among other applications.

Key points

o New system for multifunctional particle production using the BLS scaffold

e Higher cellulolytic activity of polyvalent endoglucanase compared to the free enzyme
e Amount of enzyme associated to cellulose is higher for the polyvalent endoglucanase
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resource on the planet and is an excellent substrate for bio-
fuel production. The current industrial production of second
generation bioethanol involves the hydrolysis of lignocellu-
lose using non-complexed (free) cellulolytic enzymes (Wil-
son 2009). Despite the ongoing efforts, this process remains
non-competitive with fossil fuel due to the high recalcitrance
of the lignocellulosic substrate, and the low efficiency and
high cost of the enzymes used (Himmel et al. 2007). The
development of new strategies to enhance the enzymatic
degradation of lignocellulose is crucial for the economic
viability of biofuel production.

The multiple display of proteins in polymeric scaffolds
is an emerging technology with numerous biotechnologi-
cal applications. It could be used to increase the interaction

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00253-023-12581-6&domain=pdf
http://orcid.org/0000-0002-9052-2018

Applied Microbiology and Biotechnology

strength of domains with their target ligands through an
avidity effect (Pliickthun and Pack 1997; Gestwicki et al.
2002; Zhang et al. 2004; Banerjee et al. 2010), to increase
the immunogenicity of antigens for vaccine development
(Ludwig and Wagner 2007; Jennings and Bachmann 2008;
Mejia-Méndez et al. 2022), and to colocalize metabolic cas-
cade enzymes to increase their activity through synergistic
effects (Jgrgensen et al. 2005; Dueber et al. 2009; Agapa-
kis et al. 2012; Garbett and Bretscher 2014), among other
applications.

A paradigmatic example of a scaffold-based multienzy-
matic complex found in nature is the cellulosome produced
by some anaerobic microorganisms. Cellulosomes are the
most efficient machinery for degrading lignocellulose.
These multienzymatic complexes group different lignocel-
lulolytic enzymes on a scaffold protein through high-affinity
non-covalent interactions between cohesin and dockerin
domains present in the structure of the scaffold and enzymes,
respectively (Artzi et al. 2017). The enzyme diversity of
the cellulosome includes different types of endoglucanases,
exoglucanases, xylanases, and other enzymes. The cellulo-
some produced by Clostridium thermocellum has been one
of the most studied. It has been established that the cellu-
lose degradation activity of this multienzymatic complex
is approximately 12-fold higher than that of an equivalent
amount of its enzymes free in solution (Krauss et al. 2012).
Enzyme proximity and substrate targeting effects, produced
by the colocalization of different enzymes and cellulose
binding domains in the structure of the cellulosome, have
been proposed to explain the cellulolytic synergism of the
different cellulosomal modules (Bayer et al. 1983; Shoham
et al. 1999). The cellulosomes represent a useful machinery
for lignocellulose degradation. However, their production on
an industrial scale is problematic by difficulties in the pro-
duction and extraction of large amounts of these complexes
from their natural source and limitations in their recom-
binant expression. In particular, the recombinant expres-
sion yield of the natural scaffold protein is very low due
to its large size and repetitive nature (Gunnoo et al. 2016).
Extensive work has been done to understand the basis of the
increased activity of cellulosomes through the production of
designer cellulosomes (Mingardon et al. 2007a,b; Morais
et al. 2012; You and Zhang 2014; Arfi et al. 2014; Stern
et al. 2016; Davidi et al. 2016; Bayer 2017). In these stud-
ies, truncated or chimeric scaffold variants heterologously
expressed in bacteria and yeast have been used. However,
the production of large amounts of cellulosomes with simi-
lar size and activity as the natural ones has been limited.
Alternative approaches for the production of artificial cel-
lulosomes involve the use of nanoparticles (Blanchette et al.
2012; Lu et al. 2019), DNA (Sun et al. 2014; Sun and Chen
2016), and self-assembling oligomeric proteins (Mitsuzawa
et al. 2009; Morais et al. 2010) as scaffolds.
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Brucella abortus spp. lumazine synthase (BLS) is an
enzyme that catalyzes an intermediate step in the biosyn-
thesis of riboflavin, and exhibits remarkable structural fea-
tures that stimulated its use as scaffold for the display of
a variety of peptides and proteins (Zylberman et al. 2004;
Bonomi et al. 2010). It has a decameric structure formed by
a 17 kDa subunit arranged as a dimer of pentamers (Zylber-
man et al. 2004; Klinke et al. 2005, 2007). It is highly stable
and resistant to the action of proteases and chaotropic agents
like urea. Although it is possible to couple proteins to the
structure of BLS by recombinant fusion (Craig et al. 2005;
Bellido et al. 2009; Alvarez et al. 2013; Mejias et al. 2013;
Rossi et al. 2015; Hiriart et al. 2017; Berguer et al. 2022),
these constructs are frequently expressed as inclusion bod-
ies in Escherichia coli and require refolding steps that do
not always succeed. Non-covalent coupling methods using
heterodimeric partners recombinantly fused to the scaffold
subunits and target proteins are useful to overcome the prob-
lems associated with the concomitant folding and associa-
tion of protein modules on oligomeric particles (Jennings
and Bachmann 2008; Craig et al. 2012). A method using
heterodimeric coiled-coil peptides was successfully devel-
oped previously for the non-covalent coupling of proteins
to BLS structure (Craig et al. 2012). However, the scaffold
is expressed in inclusion bodies and a solubilization step in
urea is required prior to the coupling step.

In this work, we develop a novel system for the produc-
tion of multifunctional particles based on the non-covalent
coupling of proteins to BLS through high-affinity cohesin
and dockerin modules recombinantly fused to BLS and the
target proteins, respectively. To evaluate the usefulness of
the cohesin-BLS fusion (cBLS) as a scaffold for the poly-
meric display of enzymes, we used the catalytic module
of the Cellulomonas fimi endoglucanase CenA. The poly-
meric display of this enzyme on the ¢cBLS structure pro-
duced structurally and functionally stable multienzymatic
complexes with higher cellulolytic activity and higher cellu-
lose association properties for the insoluble phosphoric acid
swollen cellulose (PASC) and Avicel substrates, compared
to the non-complexed enzyme. These results make cBLS an
attractive scaffold for multifunctional particle development,
such as the production of artificial cellulosomes, and other
biotechnological applications.

Materials and methods

Molecular cloning

The coding sequence of C. thermocellum cohesin-2
domain of CipA (Uniprot ID: Q06851, region 181-328)

was obtained by gene synthesis (Genscript, Piscataway,
NJ, USA), and recombinantly fused to the sequence of the
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N-terminal end of BLS in the pET11a vector (Novagen,
Madison, WI, USA). For this aim, we replaced the coding
sequence of the first nine residues of BLS, by the coding
sequence of cohesin to obtain the petlla_cBLS construct
(GenBank Accession #0Q551415). The cassette mutagen-
esis strategy used to build this construct was similar to
the one used previously for the construction of other BLS
fusions (Laplagne et al. 2004), with Nsil/AfIlI sites added
to the 5 and 3’ ends of the fused target. The final construct
included a flexible and hydrophilic pentapeptide linker of
sequence GSGSG joining the cohesin and BLS modules.

The coding sequence of the catalytic domain of C. fimi
CenA endoglucanase (CenAP, Uniprot ID: P07984, region
160—449) was obtained by PCR amplification of a synthetic
biology construct from the Registry of Standard Biologi-
cal Parts (http://parts.igem.org/Main_Page, part#: BBa_
K118023), whereas the coding sequence of the dockerin
domain of endo-1,4-p-xylanase Xyn10B from C. thermocel-
lum (Uniprot ID: P51584, region 730-791) was obtained
by gene synthesis (Genscript, Piscataway, NJ, USA). The
recombinant fusion of this dockerin to the C-terminal end
of CenA‘P was done for the production of the CenA“Pd
fusion protein. We used Ndel/AflII restriction sites added to
the 5" and 3’ ends of CenA“P, and AfIII/Nhel sites added to
the 5" and 3’ ends of dockerin, and ligated both genes in the
pET11a vector. Primers were designed to include a histidine
tag at the N-terminal end of CenA“P, and a peptide linker of
sequence GSGSG joining CenAP and dockerin modules in
the final petl la_CenACPd construct (GenBank Accession
#0Q551414).

The codon usage of the cohesin and dockerin genes was
optimized for expression in E. coli. PCR amplifications were
performed using Pfu DNA polymerase (PB-L Productos
Biologicos, Bernal, Buenos Aires, Argentina). PCR products
and vectors, digested with Nsil, AfIII, and Nhel restriction
enzymes (NEB, Ipswich, Massachusetts, USA), were puri-
fied using Promega Wizard™ SV Gel and PCR Cleanup Sys-
tem (Promega, Madison, WI, USA). Ligation was performed
with T4 DNA ligase (NEB, Ipswich, Massachusetts, USA).
Competent E. coli DH5a cells (Thermo Fisher Scientific,
Waltham, MA, USA) were used for plasmid transformation
and amplification.

Protein expression and purification

The petlla_cBLS and petl la_CenA“Pd vectors were trans-
formed in BL21 (DE3) competent cells (Thermo Fisher Sci-
entific, Waltham, MA, USA) for protein expression. Cultures
of these clones in 0.5-1 L Luria—Bertani broth supplemented
with the appropriate antibiotic (100 mg/L of ampicillin) were
grown at 37 °C for approximately ~ 3 h, and after reaching an
OD at 600 nm of +0.7-1.0, the bacterial cells were induced
with isopropyl-1-thio-p-D-galactoside (IPTG). Induction of

CenAPd was carried out using 0.1 mM IPTG for 4 h at
20 °C, whereas cBLS induction was done with 1 mM IPTG,
overnight at 30 °C. Cells were harvested by centrifuga-
tion at 4500 x g for 15 min. The pellets were resuspended
in 15 mL of 50 mM Tris—HCI, pH 7.5 buffer, containing
1 mM phenylmethylsulfonyl fluoride (PMSF), and 5 mM
imidazole. Cells were sonicated, centrifuged at 25,000 X g
for 15 min, and the supernatant was filtered with a polyether-
sulfone (PES) syringe filter of 0.45 um pore size (Sartorius,
Goettingen, Germany). His-tagged CenA“Pd was purified by
affinity chromatography on a 1 mL HisTrap™ high perfor-
mance column, followed by a size-exclusion chromatogra-
phy step using a Superdex 200 column. cBLS was purified
using a Q-Sepharose anion exchange column, followed by
size-exclusion chromatography on a Superdex 200 column,
and monoQQ anion exchange chromatography steps. All col-
umns and media used for protein purification were from GE
Healthcare Bio-Sciences AB (Uppsala, Sweden). Chroma-
tographic purifications were done on a DIONEX Ultimate
3000 HPLC system (Thermo Fisher Scientific, Waltham,
MA, USA). The concentration of the purified proteins was
measured by UV absorbance at 280 nm, using the extinc-
tion coefficient calculated by the Protparam tool (https://
web.expasy.org/protparam/). The proteins were subsequently
frozen with liquid nitrogen and stored at — 80 °C.

CenA®d coupling to cBLS

Coupling of CenA“Pd to cBLS was carried out by incubating
both proteins in Tris-buffered saline (50 mM Tris, 150 mM
NacCl, pH 7.5) supplemented with 0.05% Tween 20 and
2 mM CaCl, (TBS-TC buffer) at 4 °C for 1 h. The produc-
tion of cBLS-CenA®Pd complexes of different multiplicity
(n) was carried out using different stoichiometric amounts
of CenA“Pd and cBLS. Equimolar amounts of CenA“Pd
and cBLS subunits were used for the saturation of cBLS
decameric scaffold, producing complexes with 10 CenA“Pd
molecules per decameric nanoparticle (CBLS—CenACDd(w)).
On the other hand, an excess of 10 cBLS subunits per 1
CenA®Pd molecule was used for the production of com-
plexes with an average of 1 CenA“Pd per decameric nano-
particle (cBLS-CenA“Pd, ).

Size exclusion chromatography coupled to static
light scattering (SEC-SLS)

The molecular mass (Mr) of the proteins and complexes used
in this work were determined on a PD2100 light scattering
instrument (Precision Detectors, Bellingham, MA, USA)
tandemly connected to a high-performance liquid chro-
matography system, including a Waters 486 UV detector
(Waters Corporation, Milford, MA, USA), and a LKB 2142
differential refractometer (LKB, Bromma, Sweden). The
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protein samples were run on a Superose 6 increase 10/300
GL column (GE Healthcare Bio-Sciences AB, Uppsala,
Sweden). cBLS, CenACPd, and ¢cBLS-CenAPd complexes
were eluted in TBS-TC buffer. All separations were per-
formed at a 0.5 mL/min flow rate. The elution was monitored
by measuring the static light scattering at 90° (SLS), the UV
absorption at 280 nm (UV ), and the refractive index (RI)
signals. The data was recorded on a personal computer and
analyzed with the Discovery32 software supplied by Preci-
sion Detectors (Bellingham, MA, USA). The Mr of each
sample was calculated by the analysis of the SLS, RI, and
UV signals, and comparison of the results with the ones
obtained for BSA as a standard (Mr 66.5 kDa). The UV
extinction coefficients at 280 nm of CenA“Pd and the cBLS
subunits (73,130 and 17,420 M~tem™!, respectively), were
calculated using the Protparam tool (https://web.expasy.org/
protparam/). The extinction coefficient of the decavalent
cBLS-CenACDd(IO) protomers (90,550 M~! cm™") was cal-
culated as the sum of the extinction coefficients of CenAPd
and the cBLS subunits.

CD (circular dichroism) spectrum and thermal
denaturation assay

The CD spectra in the far UV region (250-200 nm) of ¢cBLS,
CenA®Pd, and cBLS-CenACPd complexes in TBS-TC buffer
were measured on a J-810 spectropolarimeter (Jasco, Tokyo,
Japan) using quartz cuvettes of either 1 or 5 mm path length.
The results were expressed in units of molar ellipticity (°
cm? dmolpmt‘l) per dmol of protein subunits.

The heat-induced denaturation of the protein samples
was monitored by measuring the CD signal at 222 nm as
a function of temperature. The samples were slowly heated
from 20 to 95 °C at 4 °C/min using a Peltier device (Jasco,
Tokyo, Japan). The molar ellipticity at 222 nm was meas-
ured every 0.5 °C. The melting temperature (7,,) of each pro-
tein was calculated from the middle point of the unfolding
curve measured. Due to the irreversibility of the unfolding
transitions observed at the experimental conditions used, we
report apparent 7', values (Ty,,,,)-
Enzymatic hydrolysis assay

The enzymatic hydrolysis of cellulose was evaluated using
1.6% w/v carboxy-methyl cellulose (CMC), 0.4% w/v PASC
and 3.8% w/v Avicel as substrate. The CenA“Pd concen-
trations used in these assays were 0.10 pM, 0.21 pM, and
1.75 pM for CMC, PASC, and Avicel hydrolysis, respec-
tively, both for the complexed and non-complexed enzyme
samples. The reactions were carried out in TBS-TC buffer
at 40 °C under continuous stirring at 800 rpm on a Ther-
momixer (Dragon Lab, Beijing, China). Aliquots were
extracted at different time intervals. The enzymatic reactions
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were stopped by cooling the samples on ice, centrifuged for
10 min at 5000 x g at 4 °C, and the reducing sugars in the
supernatant were evaluated using the dinitrosalicylic acid
(DNS) assay (Miller 1959; Breuil and Saddler 1985). For
this, 150 pL of DNS were added to 100 pL of each sample
and boiled for 10 min. The absorbance was then measured
at 540 nm, and the reducing sugars were calculated using a
calibration curve with glucose as standard.

Enzymatic stability assays

Thermostability assays of CenA“Pd isolated and coupled
to cBLS were performed pre-incubating the samples at
40 °C in TBS-TC buffer for 48 h under continuous mixing
at 800 rpm on a Thermomixer (Dragon Lab, Beijing, China).
Aliquots were extracted at different time intervals, and the
residual activity of CenA“Pd was evaluated by incubating
the enzyme (0.10 pM) with 2% CMC in TBS-TC buffer for
10 min at 40 °C with continuous mixing at 800 rpm. The
reducing sugars produced were then evaluated using the
DNS assay, as described previously. The residual activity
measured was expressed as percent of the original activity
without treatment (time =0 h).

Pull-down assays

Briefly, 0.35 pM of CenA“Pd free or complexed with cBLS
(cBLS—CenACDd“O) complex) were incubated with 0.4%
PASC or 1% Avicel in TBS-TC buffer under continuous mix-
ing for 1 h at 4 °C. Samples were then centrifuged for 10 min
at 12,000 x g. The supernatants containing unbound proteins
were discarded, and the pellets were washed two times with
TBS-TC buffer to remove the protein nonspecifically bound
to cellulose. The pellets were resuspended in SDS-PAGE
sample buffer, boiled for 5 min at 95 °C, centrifuged for
1 min at 12,000 X g, and analyzed by SDS-PAGE electro-
phoresis (Laemmli 1970) on a 12% T 3% C polyacrylamide
gel. After staining, the intensities of the bands were analyzed
with ImagelJ software (Schneider et al. 2012). Control sam-
ples representing the total input of CenA“Pd and cBLS used
in the binding assays were included as reference. In addition,
a control sample of cBLS incubated with both cellulose sub-
strates was also included to test the non-specific binding of
the scaffold to cellulose.

Molecular modeling

The theoretical structures of CenA®Pd, ¢BLS, and the cBLS-
CenA“Pd complex were modeled using Modeller version
9.25 (Sali and Blundell 1993) and Swiss-PdbViewer Deep-
View v4.1 (Guex and Peitsch 1997). c-BLS was modeled
using the structures of C. thermocellum cohesin-2 from
CipA (pdb code 2ccl chain A (Carvalho et al. 2007)) and B.
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abortus lumazine synthase (pdb code 1XN1 (Klinke et al.
2005)) as templates. The theoretical structure of CenA“Pd
was modeled using the structures of GH6 endoglucanase
from Mycobacterium tuberculosis (pdb code 1uoz, chain A,
42% identity (Varrot et al. 2005)) and dockerin domain of
Xyn10B from C. thermocellum (pdb code 2ccl, chain B, 97%
identity (Carvalho et al. 2007)) as templates. In these mod-
els, the C-terminal ends of CenA and cohesin were joined
to the N-terminal ends of dockerin and BLS, respectively,
through a pentapeptide linker of sequence GSGSG. Finally,
the CenA“Pd and ¢BLS interaction was modeled using the
experimental structure of the dockerin-cohesin complex 2ccl
as template to obtain the theoretical model of the cBLS-
CenA“Pd complex.

Results
Design of BLS multienzymatic complexes

The non-covalent coupling of proteins to oligomeric scaf-
folds is a convenient strategy for the production of multi-
functional nanoparticles. This approach allows the independ-
ent folding of the scaffold and the target proteins. Coupling
is achieved by mixing the complementary species after their
independent expression and purification. Our group has
previously developed strategies for the polymeric display
of proteins on the structure of BLS through recombinant
fusion or coiled coil interactions (Craig et al. 2005, 2012;
Bellido et al. 2009; Mejias et al. 2013). Here we present a
new method for the non-covalent coupling of proteins to
BLS through high affinity heterodimeric cohesin and dock-
erin modules, and its use for the production of artificial cel-
lulosomes (Fig. 1).

The coupling modules selected for our design were
the cohesin domain 2 of CipA scaffolding protein and the
dockerin domain of xylanase 10B, both from the cellulo-
some-producing bacteria C. thermocellum. This interac-
tion pair has many features that make it convenient for
engineering purposes. It has a high interaction strength
(K,=1.2x% 108 M) (Carvalho et al. 2007), a high resolu-
tion crystallographic structure available of the complex
(Carvalho et al. 2003, 2007), and belongs to a thermophilic
microorganism.

In this work, we recombinantly fused cohesin to the
N-terminal end of BLS (cBLS), and dockerin to a model
enzyme. Due to the decameric nature of BLS, it would be
expected that the cohesin domains fused to its structure
would interact with up to 10 engineered enzymes fused to
dockerin. Alternatively, wild type dockerin-bearing enzymes
from C. thermocellum could be used without further engi-
neering. The number of enzymes that could be coupled to
the scaffold in the design roughly resembles the cellulosome

cBLS-CenA°d ,, complex

cBLS scaffold

CenAtd . .
in vitro
mixture
—0

+10 @

Fig. 1 Theoretical model of polymeric nanoparticles produced by the
high affinity non-covalent interaction of heterodimeric cohesin (blue)
and dockerin (orange) modules, complementary fused to the subu-
nits of the decameric BLS scaffold (red) and endoglucanase CenA“P
(green), respectively. The theoretical structural models used in this
figure were built as described in “Materials and methods” section

architecture of C. thermocellum, in which 9 cohesin modules
on the CipA scaffold interact with the dockerin domains
of cellulolytic enzymes. We used C. fimi endoglucanase
CenA as a model enzyme for the polymeric display on cBLS
structure because it has been widely studied and has a good
recombinant expression yield in bacteria (Raymond Wong
et al. 1986; Gilkes et al. 1988, 1992). Wild type CenA is
a monomeric non-cellulosomal endoglucanase (Shen et al.
1991) that contains a cellulose binding module (CBM) con-
nected through a linker enriched in proline and threonine
residues to a glycoside hydrolase family 6 catalytic domain.
We recombinantly fused the selected dockerin domain of
C. thermocellum to the C-terminus of the catalytic domain
of CenA to produce the CenA“Pd fusion protein. The CBM
module of the wild type enzyme was not included in the
final construct. A flexible pentapeptide linker of sequence
GSGSG was used to join the cohesin and BLS modules in
¢BLS, and CenA°P and dockerin modules in CenAPd. This
linker was used to give some separation between the fused
modules and prevent their mutual interaction during fold-
ing, in a similar way as previously used in other BLS fusion
proteins (Craig et al. 2012; Mejias et al. 2013). It would also
provide some structural flexibility to the cBLS-CenA“Pd
multienzymatic complex, which is an important feature that
has been related to the ability of cellulosomes to adapt and
degrade lignocellulosic substrates (Hammel et al. 2005).

Figure 1 shows a theoretical structural model of the com-
plex between CenAPd and ¢cBLS (cBLS-CenA®Pd com-
plex). The model shows that there is enough space available
in the cBLS scaffold to accommodate 10 CenAd modules
without any overlap or steric restriction. It is also important
to note that the catalytic site of CenA“Pd and the dockerin
domain fused to its structure are located on opposite sides of
the enzyme, allowing its simultaneous interaction with the
cBLS scaffold and the cellulose substrate.
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Production and characterization of ¢BLS and CenA°d

The ¢BLS and CenA“Pd fusion proteins were cloned in a
pET11a vector and expressed in E. coli BL21(DE3) at 30 °C
and 20 °C, respectively. Significant amounts of both proteins
were solubly expressed in the bacterial cytosol (Fig. 2a).
The purification of cBLS was carried out by a combi-
nation of anion exchange and size exclusion chromatog-
raphy, whereas CenA®Pd was purified through Ni—-NTA

a Nisirkai cBLS CenAcd
SN P T SN p
kDa 3 —
66.24 ) = ’_'
4504 = B =
C——
35.0 ,*- - p—il
25.04 - - =
1.84 333 kDa -0.3
—~~ C
D 1.2 0.2 <
< N
(D o
— >
c,) 0.6" '01 S
0.0+ el - —=0.0
10 20 30 40
Time (min)
C 0.4+ 43kpa 15
—~ 0.34 C
2 -1.0 I\)<
50.2- 3
e los B
® .14 0.5 c
0.0 ' - h -0.0
10 20 30 40
Time (min)

Fig.2 Analysis of ¢cBLS and CenA®Pd expressed in E. coli. Panel a
SDS-PAGE analysis of the soluble (SN) and total (T) cellular frac-
tions of the bacteria obtained after protein induction and cell lysis.
The bands corresponding to each protein are labeled with a black
asterisk. The analysis of the purified proteins (P) is also shown. The
molecular mass marker is shown on the left side. Panel b and ¢ cor-
respond to the SEC-SLS analysis of purified ¢cBLS and CenAPd,
respectively. The proteins were loaded in a Superose 6 increase
10/300 GL column, and eluted with TBS-TC buffer at a flow rate
of 0.5 mL/min. The elution was monitored by measuring the UV
absorption at 280 nm (black line) and light scattering at 90° (green
line) signals. The Mr calculated by SEC-SLS is indicated for each
protein
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(nickel-nitrilotriacetic acid) affinity and size exclusion chro-
matography as described in the “Materials and methods”
section. The yields of cBLS and CenA®Pd obtained at the
end of the purification process were approximately 40 mg
and 5 mg per liter of E. coli culture, respectively. The SDS-
PAGE analysis of the purified proteins showed single bands
with a mobility compatible with the theoretical Mr expected
for the ¢cBLS subunits (33.1 kDa) and CenA“Pd (39.7 kDa)
in denaturing conditions (Fig. 2a).

In order to measure the Mr of these proteins in native con-
ditions, and analyze their oligomeric state, we used the static
light scattering coupled to size exclusion chromatography
technique (SEC-SLS). In comparison with the Mr obtained
through analysis of the retention time in SEC using cali-
bration curves with Mr standards, the Mr calculated using
SEC-SLS has no influence of the shape of the protein or its
possible interaction with the column matrix. The SEC-SLS
technique is a spectroscopic method that provides the abso-
lute Mr of the protein species separated by SEC through the
analysis of their SLS and UV signals. The SEC-SLS analysis
of cBLS (Fig. 2b), showed a single homogenous peak of
333 + 14 kDa (polydispersity index Mr/Mn~1.002), com-
patible with the theoretical Mr expected for the decameric
BLS scaffold decorated with 10 cohesin modules (theoreti-
cal Mr of decameric cBLS: 331 kDa). This result suggests
that the BLS modules are properly folded in the structure
of cBLS. On the other hand, the SEC-SLS analysis of puri-
fied CenACPd (Fig. 2c) showed a single peak (polydispersity
index Mr/Mn~1.004) with a Mr of 43 + 1 kDa, compatible
with the theoretical Mr of this protein in the monomeric state
(39.7 kDa). No signs of aggregation were observed for cBLS
and CenAPd in the SEC-SLS analysis of these proteins.

The cellulolytic activity of purified CenAPd, measured
using CMC as substrate, was 408 mol of reducing sugars (as
glucose) per mole of enzyme per min, similar to the activity
reported in bibliography for the catalytic domain of CenA
(280 mol of reducing sugars per mole of enzyme per min)
(Meinke et al. 1993).

Overall, the results presented in this section, and the abil-
ity of CenA“Pd to interact with cBLS through their cohesin
and dockerin modules, as will be shown in the following sec-
tion, strongly support the structural and functional integrity
of all the domains of both proteins.

Multienzymatic complex assembly and structural
characterization

In order to test the non-covalent coupling of CenAPd to
cBLS, we mixed both proteins in different molar ratios and
analyzed the products obtained. The samples were incubated
at 4 °C in TBS-TC buffer for 1 h to produce the coupling,
although an incubation time of 10 min was generally enough
to reach the binding equilibrium (data not shown). The SEC
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analysis of the titration of ¢cBLS with CenA®Pd (Fig. 3a)
shows changes in the chromatographic profile of the scaffold
that could be interpreted as a consequence of the incorpora-
tion of CenA“Pd to cBLS.

At increasing CenACPd concentration, an increase in
the area and a decrease in the retention time of cBLS were
observed as a consequence of CenA“Pd binding to the
decameric scaffold (Fig. 3a). The coupling saturates at a
molar ratio of approximately 1 CenAPd per cBLS subu-
nit (Supplemental Fig. S1), which is compatible with the
known 1:1 stoichiometric ratio of cohesin-dockerin com-
plexes. After saturating all the cohesin sites of the scaffold
(CenACPd/cBLS subunit molar ratios > 1), the retention time
and the area of the peak corresponding to the multimeric
complex remain constant, and an excess of free CenAPd
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Fig.3 Analysis of the binding titration of cBLS with CenA®Pd. Panel
a shows the SEC analysis of 70 pg of ¢cBLS incubated with increasing
amounts of CenAPd at 0.3 (blue line), 0.6 (green line), 1.2 (orange
line), and 2.4 (dark red line) CenAPd/cBLS molar ratios of protein
subunits. The chromatographic profile of isolated cBLS is also shown
as reference (black line). Panel b corresponds to the SEC-SLS anal-
ysis of the saturated cBLS-CenAPd complex prepared using a 2.0-
fold molar excess of CenACPd over cBLS subunits. The samples were
loaded in a Superose 6 increase 10/300 GL column, and eluted with
TBS-TC buffer, at a flow rate of 0.5 mL/min. The elution was mon-
itored by measuring the UV absorption at 280 nm (black line) and
the light scattering at 90° (green line) signals. The inset in panel b
shows the SDS-PAGE analysis of the elution peak corresponding to
the saturated cBLS-CenA®Pd complex. The upper band corresponds
to CenA®Pd and the lower one to cBLS

starts to accumulate, as it is evident by the increase of the
peak observed at a retention time of 38 min. No evidence of
aggregation of the cBLS-CenA“Pd complex was observed,
as there was no protein eluting at lower retention times or at
the void volume of the column. The SEC-SLS analysis of
the complex obtained in this saturating condition (Fig. 3b)
showed a single homogeneous peak (polydispersity index
Mr/Mn~1.003) of Mr 730+ 1 kDa, compatible with the
theoretical Mr of the cBLS-CenACDd(w) complex (728 kDa)
produced by the binding of 10 CenA®Pd modules to the
decameric structure of cBLS. The SDS-PAGE analysis of
this peak confirmed the presence of equimolar amounts of
two bands corresponding to cBLS and CenA“Pd subunits
(inset Fig. 3b). These results demonstrate that all cohesin
modules on the scaffold are functional, and that there is
no significant steric hindrance for the colocalization of 10
CenA“Pd modules on the structure of the cBLS decameric
scaffold.

Conformational stability analysis

In order to evaluate the structural and conformational stabil-
ity of the cBLS-CenA“Pd complex and its modules, we used
circular dichroism (CD) spectroscopy.

The far UV-CD spectra of the isolated cBLS and
CenA“Pd modules corresponded to those expected for prop-
erly folded proteins with alpha/beta structure (Fig. 4a). The
spectrum of the cBLS—CenACDd(w) complex, prepared using
equimolar amounts of CenA°Pd and ¢BLS subunits, was
similar to the sum of the CD signals of the isolated modules.
These results suggest that cBLS and CenA“Pd are properly
folded in the structure of the complex, and that there is no
significant change in the structure of the interacting modules
upon binding.

The structural stability of cBLS-CenA"d, ), ¢BLS,
and CenA“Pd was evaluated by measuring the heat induced
denaturation curves of the complex and its modules through
the analysis of the far UV-CD signal of each protein as a
function of temperature (Fig. 4b and Supplemental Fig. S2).
The results showed a high thermal stability for cBLS, which
denatures in a single-step process with an apparent Tm of
85.5 °C, compatible with the thermal stability reported pre-
viously for decameric BLS (Tm~ 88 °C (Zylberman et al.
2004)) and the cohesin module used in this construct (C.
thermocellum cohesin-2 domain from CipA, Tm~87 °C
(Valbuena et al. 2009)). CenA“Pd showed lower stability.
It cooperatively denatures in a single-step process with
an apparent Tm of 54.0 °C, in agreement with the value
reported for the catalytic module of CenA (Beadle et al.
1999). The absence of two transitions in the thermal unfold-
ing curve of CenA“Pd suggests that the thermal stability of
the dockerin domain of C. thermocellum Xyn10B used in
this construct would be similar to that of the CenA catalytic
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Fig.4 CD spectroscopy analysis of cBLS-CenAPd complex and its
isolated modules. Panel a shows the comparison of the far UV-CD
spectra of CenA“Pd (black-dotted line), cBLS (black line), and the
cBLS-CenACDd(]O) complex (black-dashed line). The theoretical spec-
trum of cBLS—CenACDdUO> (gray dashed line), calculated from the
sum of the CenA®Pd and cBLS spectra, is also shown for comparison.
Panel b shows the thermal denaturation curves of CenA®Pd (black-
dotted line), cBLS (black line), and the cBLS—CenACDd(m) complex
(black-dashed line) evaluated by measuring the molar ellipticity at
222 nm of each protein sample as a function of temperature. The
theoretical unfolding curve of the cBLS—CenACDd(IO) complex, cal-
culated from the sum of the CenAPd and cBLS curves, is also pre-
sented (gray dashed line). All measurements were done in TBS-TC
buffer

module. Despite the lack of information about the structural
stability of this dockerin domain, it is conceivable that it
might be similar to that measured for the isolated dockerin
module of the C. thermocellum Cel48S enzyme, which is
stable at 55 °C in the presence of Ca*? (Lytle et al. 2000).
The heat-induced denaturation curve of cBLS—CenACDdUO)
was more complex. Two major transitions were observed,
compatible with the sequential thermal unfolding of the
CenA“Pd and ¢BLS modules. The melting temperatures
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of these transitions were similar to those measured for the
isolated proteins. However, some deviations from this trend
were observed. Notably, the apparent Tm of CenA“Pd was
increased from 54 to 58.3 °C upon binding to the complex.
The cause of this increase is unknown, but it might be related
to dockerin stabilization upon binding to the cohesin module
of ¢cBLS, or a stabilization of CenAPd produced by molecu-
lar crowding in the context of the polyvalent nanoparticle.
By contrast, the apparent Tm of cBLS was decreased from
85.5 °C to approximately 77.6 °C probably due to a per-
turbation of its structure induced by denatured CenAPd.
Overall, the results presented in this section indicate that
the structure and stability of CenA“Pd were preserved in the
structure of the complex.

Cellulose degradation activity of the polyvalent
CenA®d complex is increased

To evaluate functional changes of CenA®Pd produced by
its polyvalent display on the cBLS structure, we carried out
a series of cellulose degradation reactions using exactly
the same amount of CenA“Pd in the absence or presence
of different amounts of cBLS. We used equimolar amounts
of cBLS subunits and CenAPd for the production of com-
plexes with 10 CenA“Pd enzymes per cBLS decamer (cBLS-
CenACDd(lo) complex), and a tenfold molar excess of cBLS
subunits over CenA“Pd for the production of complexes
with an average of 1 CenA“Pd per cBLS decamer (cBLS-
CenACDd(l) complex). The activities of these complexes
were compared to the activity of an equimolar amount of
isolated CenACPd using CMC, PASC, and Avicel as model
substrates for soluble, amorphous, and crystalline cellulose,
respectively (Fig. 5).

The cellulose degradation of CenA“Pd was higher for
CMC than for PASC, whereas the degradation of Avicel was
significantly lower than the other substrates, in agreement
with bibliographic data (Gilkes et al. 1988; Shen et al. 1991).

The cellulolytic activity of the monovalent complex
cBLS—CenACde was not significantly different from that
of free CenACPd for all substrates. Moreover, the decameric
display of the enzyme produced no significant change in the
degradation rate of CMC compared to equimolar amounts
of the enzyme free in solution or in the monovalent com-
plex. These results suggest no significant perturbation of the
enzyme activity by steric factors that could arise as a conse-
quence of its coupling to the scaffold. On the other hand, we
observed a significant increase in the cellulose degradation
activity of the decavalent complex cBLS—CenACDd(lo) com-
pared to the free enzyme and the monovalent complex, both
for PASC and Avicel as substrates (Fig. 5). The increase in
the amount of reducing sugars produced by the polyvalent
complex compared to the free enzyme was ~70% for PASC,
and ~40% for Avicel degradation. These results demonstrate
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Fig.5 Comparison of the amount of reducing sugars produced by
complexed and non-complexed CenA“Pd. The product released by
equimolar amounts of CenA®Pd free in solution (white circles), in
the monovalent complex cBLS-CenACDd(,) (gray circles), and in the
polyvalent complex cBLS—CenACDd(m) (black circles), are shown.
The reactions were carried out in TBS-TC buffer under continuous
mixing at 40 °C. Panels a, b, and ¢ show the degradation of 1.6% w/v
CMC, 0.4% w/v PASC, and 3.8% w/v Avicel solutions, respectively.
The reactions were evaluated by monitoring the release of reducing
sugars equivalents (mM) over time, measured by the DNS method
in the soluble fraction of the samples. The CenA®Pd concentrations
used for CMC, PASC, and Avicel hydrolysis were 0.10 pM, 0.21 pM,

that the polyvalent CenA“Pd artificial cellulosome is supe-
rior for degrading cellulose insoluble substrates (PASC and
Avicel) than the free enzyme, and that the functional gain
observed is related to the multiplicity of enzymes coupled
to the scaffold.

Residual activity of complexed and non-complexed
CenA®d

In order to evaluate differences in the stability of complexed
and non-complexed CenACPd over time, we incubated
CenA“Pd and the CBLS-CenACDd(lo) complex at 40 °C for
48 h, and measured the residual activity of aliquots extracted
at different time intervals from each sample (Fig. 6).

We observed no difference in the residual activity of com-
plexed and non-complexed CenA“Pd in the time scale of

and 1.75 pM, respectively. The values reported represent the
mean =+ standard deviation of duplicate samples. Panel d compares the
amount of product released at the last incubation time (80 min, 48 h,
and 24 h for CMC, PASC, and Avicel, respectively) by free CenAPd
(white bars), cBLS—CenACDd(U (gray bars), and cBLS—CenACDd(m)
(black bars) for the different substrates used. The values are normal-
ized using the product released by the free CenA®Pd sample (2.6 mM,
2.6 mM, and 1.1 mM for CMC, PASC, and Avicel, respectively),
used as 100% reference for each condition (marked with a dotted
line). Asterisks denote statistically significant difference (p<0.05)
between cBLS—CenACDd“O) and CenAPd

the experiment. The residual activity after 48 h incubation
at 40 °C was practically identical to the original one. These
results suggest that the increment observed in the PASC and
Avicel degradation activity of cBLS—CenACDd(lo) compared
to the free enzyme (Fig. 5) was not due to changes in the
stability of the enzyme.

The polymeric display of CenACd increases
the amount of enzyme associated to cellulose

Taking advantage of the insolubility of PASC and Avicel,
we performed pull down assays to evaluate differences in the
amount of enzyme associated to these substrates for the com-
plexed and non-complexed forms of CenA“Pd. Samples with
a constant amount of CenA“Pd in the free state or complexed
with cBLS (cBLS—CenACDd( 10 complex) were incubated with
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0.4% PASC or 1% Avicel in TBS-TC buffer under continuous
mixing for 1 h at 4 °C. Under this condition, the degradation
of the substrate is not significant. The fraction of protein asso-
ciated to cellulose was separated by centrifugation, washed,
redissolved in cracking buffer, and analyzed by SDS-PAGE
(Fig. 7) as described in “Materials and methods” section.
Control samples representing the total input of CenAPd and
cBLS, and the non-specific binding of cBLS to cellulose were
also included as reference in the assay.

The results observed for Avicel and PASC were similar.
The analysis of the cBLS—CenACDd(IO) sample showed two
strong bands corresponding to CenA“Pd and ¢BLS (Fig. 7,
lanes 1 and 4 for Avicel and PASC, respectively). The
intensity of these bands was approximately 84% and 70%
of the total load of these proteins in the assay for Avicel
and PASC, respectively, suggesting an almost complete
association of the cBLS-CenACDd(IO) complex to both
substrates. By contrast, a small amount of enzyme was
observed in the pulldown of free CenA“Pd (Fig. 7, lanes 2
and 5 for Avicel and PASC, respectively), corresponding
to a band intensity of ~ 16% compared to the total amount
of CenA“Pd used in the assay (Fig. 7, lane 7). Finally, no
binding of ¢cBLS was observed (Fig. 7, lanes 3 and 6 for
Avicel and PASC, respectively) indicating no interaction
of the scaffold with the substrate.

In summary, the results presented in this section indi-
cate that higher amounts of CenAPd are associated to
cellulose when the enzyme is polyvalently displayed in the
structure of the cBLS scaffold compared to an equimolar
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Fig.6 Residual activity of complexed and non-complexed CenA“Pd.
The figure shows the residual activity of CenA®Pd (empty circles)
and cBLS—CenACDd(m) (black circles) over time at 40 °C. Enzyme
samples were incubated in TBS-TC buffer under continuous agi-
tation at 40 °C. The activity of aliquots of enzyme extracted at dif-
ferent time intervals was evaluated using 2% CMC as substrate and
expressed as percentage of the initial incubation time. The values at
each time point represent the mean + standard deviation of duplicate
samples. The linear regression of the residual activities of CenA®Pd
and cBLS—CenACDd(IO) over time is represented by a black-dashed
line and a black line, respectively
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amount of the free enzyme. This increase may be attrib-
uted to an avidity effect produced as a consequence of
the simultaneous interaction with cellulose of multiple
CenA“Pd modules, producing a decrease in the appar-
ent dissociation rate of the polyvalent complex from the
substrate. Therefore, it is conceivable that the increased
cellulose degradation activity of the polyvalent cBLS-
CenACDd(lo) complex formerly reported could be related
to the increase observed in the amount of enzyme associ-
ated to the substrate.

Discussion

In this work, we introduced a new scaffold for the produc-
tion of multifunctional particles based on the non-covalent
coupling of target proteins to the structure of decameric
BLS through the high affinity interaction of cohesin and
dockerin modules recombinantly fused to BLS, and the
target proteins, respectively. We illustrated the usefulness
of this platform for the multivalent display of enzymes,
using the catalytic domain of endoglucanase CenA from
C. fimi, as a step forward to advance in the production of
artificial cellulosomes.

The ¢cBLS scaffold has many interesting properties for
nanobiotechnological applications, namely its high recom-
binant expression yield in E. coli, multiplicity of coupling
sites, and high thermal stability. These features open the
possibility for the cost-effective production of this scaffold
for multifunctional particle developments. The solubility
and expression yield of cBLS could be attributed to the
intrinsic properties of the cohesin and BLS modules used,
and the self-assembly nature of the scaffold. These prop-
erties represent an advantage compared to the leul-BLS
scaffold previously developed in our group for the poly-
meric display of proteins, which is insolubly expressed
as inclusion bodies in bacteria and needs a solubilization
step in 8 M urea (Craig et al. 2012). It is also an advan-
tage compared to natural cellulosome scaffolds, which
are poorly expressed recombinantly in E. coli due to their
repetitive nature and high molecular weight.

The decameric nature of cBLS allows the coupling of up
to 10 dockerin bearing proteins to the cohesin modules of
the scaffold. The results presented in this work show the suc-
cessful production of multivalent cBLS-CenA“Pd complexes
with different average compositions. The complete coupling
of CenA“Pd to the 10 coupling sites of cBLS demonstrated
the full functionality of the cohesin modules of the scaffold,
and the lack of any significant steric hindrance for the poly-
meric display of enzymes of similar size.

In addition, we showed that cBLS is highly stable to
thermal denaturation with an apparent Tm of 85 °C as
measured by CD spectroscopy. This is an interesting
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Fig.7 SDS-PAGE analysis of pulldown assays with cellulose of com-
plexed and non-complexed CenA®Pd. The figure shows the pulldown
analysis of cBLS—CenACDd( 10) and CenAPd for Avicel (lanes 1 and
2, respectively) and PASC (lanes 4 and 5, respectively). Samples with

cBLS only were also included in the pulldown assay to test the non-
specific binding of this protein to PASC (lane 3) and Avicel (lane

feature that would allow the scaffolding of thermophilic
enzymes for reactions at high temperature. The struc-
tural and functional stability of CenA“Pd was mostly
preserved in the polyvalent cBLS-CenACDd(m) complex,
and even a slight increase in apparent Tm of this module
was observed.

Most importantly, the polymeric display of CenA“Pd
using the cBLS scaffold produced a significant increase
in the cellulose degradation activity of the c¢cBLS-
CenACDd(lo) complex compared to the free enzyme
(1.4- and 1.7-fold increase for the degradation of Avi-
cel and PASC, respectively). By contrast, no increase in
the degradation activity of the soluble CMC substrate
was observed. The magnitude of the increase observed
in the degradation of the crystalline (Avicel) and amor-
phous (PASC) insoluble substrates was similar to the one
observed for other multienzymatic systems where single
enzymes or restricted combinations of endoglucanases,
exoglucanases, and cellulose binding domains were poly-
valently displayed on structural scaffolds (Heyman et al.
2007; Mitsuzawa et al. 2009; Morais et al. 2010; Kim
et al. 2012; Blanchette et al. 2012; Lu et al. 2019). How-
ever, higher functional improvements of approximately
4- to 12-fold have been observed for large artificial cel-
lulosomes (Stern et al. 2016; Sun and Chen 2016; Chun-
dawat et al. 2016) and full length cellulosomal scaffolds
loaded with a high diversity of synergic enzymes (Krauss
et al. 2012; Hirano et al. 2015, 2016; Leis et al. 2018).
The functional enhancement of cellulolytic enzymes in
natural and designed artificial cellulosomes is commonly
attributed to enzyme targeting and proximity effects.
Proximity effects are associated with the colocalization
of enzymes in the same particle, whereas targeting effects
are associated with the colocalization of cellulose binding
modules with cellulolytic enzymes. Proximity of enzymes
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6). CenA“Pd and cBLS were also directly loaded in the gel without
any further treatment (lanes 7 and 8, respectively), as a reference of
the total amount of each protein used in the pulldown assays shown
in lanes 1-6. The bands corresponding to CenA®Pd (39.7 kDa) and
c¢BLS monomer (33.1 kDa) can be distinguished in the gel. Lane M
corresponds to the molecular mass markers

that catalyze sequential reactions could provide synergy
through substrate channeling effects, increasing the local
concentration of intermediate products and avoiding their
diffusion to the bulk solvent (Zhang 2011; Morais et al.
2011). However, this is not the only molecular mechanism
that could provide synergy through enzyme proximity.
The increase in the degradation of the insoluble cellu-
losic substrates produced by the multivalent display of
CenA®Pd using the cBLS scaffold could be attributed to
an enzyme proximity effect. However, it is not related to a
channeling effect because the system involves only a sin-
gle type of enzyme. Our results suggest that the increase
observed in the degradation rate of cellulose of the poly-
valent enzyme compared to the monovalent one, is related
to the increase produced in the amount of enzyme associ-
ated to the substrate. This phenomenon is most probably
related to an avidity effect produced by the simultaneous
binding of cellulose to multiple CenA®Pd modules on
the same multienzymatic particle, increasing the enzyme
concentration around the substrate. This retention phe-
nomenon produced in the absence of any CBM interven-
tion could be interpreted as a “targeting-like effect” or
“pseudo targeting.” The same type of phenomena was also
described previously (Blanchette et al. 2012) for inter-
preting the increase observed in the cellulose degradation
activity of a Trichoderma viride endoglucanase multiva-
lently coupled to polystyrene particles.

The discrimination of this avidity phenomena produced
by the colocalization of enzymes that degrade cellulose,
from channeling and CBM mediated targeting effects, is
important for the characterization of the molecular mecha-
nisms of the cellulose degradation synergy observed in
multienzymatic systems, and also for design purposes.

Whether the functional increase observed for the
polyvalent CenA“Pd complex corresponds to a general
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phenomenon and could occur with other endoglucanases
merits further analysis. It is expected that this phenome-
non would depend on the binding and catalytic properties,
as well as the processive or non-processive nature of the
enzymes coupled to the scaffold. The enzymatic processivity
could be affected in multienzymatic complexes (Zajki-Zech-
meister et al. 2021). However, diverse processive enzymes
are commonly observed in natural cellulosomes (Leis et al.
2017). In this regard, it worth noting that endoglucanase
CenA used in this work is a non-processive enzyme (Stal-
brand et al. 1998; Uchiyama et al. 2020).

The strategy for the production of multienzymatic com-
plexes using the cBLS scaffold presented in this paper
could be adapted for the simultaneous colocalization
of different cellulolytic enzymes, and cellulose binding
domains, to advance the production of artificial cellu-
losomes. The colocalization of enzymes would be pro-
duced by mixing the different dockerin containing pro-
teins with the cBLS scaffold. The stochastic assembly of
enzymes with dockerin specificity matching the cohesin
module of the scaffold would be conceptually similar to
the assembly of natural cellulosomes, allowing flexibility
in the ratio of enzymes assembled to the scaffold depend-
ing on the composition of the substrate to be degraded.
It is expected that this technology would be valuable to
improve lignocellulose degradation.
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