Accepted Article

MR. NICHOLAS S SARAI (Orcid ID : 0000-0002-4655-0038)
DR YANNICK J BOMBLE (Orcid ID : 0000-0001-7624-8000)

Received Date : 29-Aug-2019
Revised Date : 06-Jan-2020
Accepted Date : 14-Feb-2020

Color : Fig 1-9 SuppInfo : 3 Table
Glycosylation of hyperthermostable designer cellulosome components yields
enhanced stability and cellulose hydrolysis
Running Title: Glycosylation improves designer cellulosomes
Amaranta Kahna, Sarah Moraïsa, b, Daehwan Chungc, Nicholas S. Saraic,*, Neal N. Henggec,
Audrey Kahn a, Michael E. Himmelc, Edward A. Bayera†, and Yannick J. Bomblec†

aDepartment
bFaculty

of Biomolecular Sciences, The Weizmann Institute of Science, Rehovot 7610001 Israel;

of Natural Sciences, Ben-Gurion University of the Negev, Beer-Sheva 8499000 Israel;

cBiosciences

Center, National Renewable Energy Laboratory, Golden, Colorado 80401, United States of

America.

*Present

Address: Division of Chemistry and Chemical Engineering, California Institute of Technology,

Pasadena, California 91125, United States of America

amaranta.kahn@weizmann.ac.il; morais@post.bgu.ac.il; daewhan.chung@nrel.gov; nsarai@caltech.edu;
Neal.Hengge@nrel.gov; kahn.audrey@gmail.com; mike.himmel@nrel.gov; ed.bayer@weizmann.ac.il;

yannick.bomble@nrel.gov

†To whom correspondence should be addressed:
Yannick J. Bomble, Tel: 1-303-384-7729, Email: yannick.bomble@nrel.gov;

This article has been accepted for publication and undergone full peer review but has not been
through the copyediting, typesetting, pagination and proofreading process, which may lead to
differences between this version and the Version of Record. Please cite this article as doi:
10.1111/FEBS.15251
This article is protected by copyright. All rights reserved

Accepted Article

Edward A. Bayer, Tel: (+972)-8-934-2373, Email: ed.bayer@weizmann.ac.il

Key words: Cellulosome, Cellulase, thermostability, scaffoldin, glycosylation, expression host,
Caldicellulosiruptor bescii
Abbreviations
CBM, carbohydrate-binding module; Coh, cohesin; DC, designer cellulosome; Doc, dockerin;
DNS, dinitrosalicylic acid; Scaf, scaffoldin; GH, glycoside hydrolase; lk, linker peptide

This article is protected by copyright. All rights reserved

Accepted Article

Abstract
Biomass deconstruction remains integral for enabling second-generation biofuel production at
scale. However, several steps necessary to achieve significant solubilization of biomass, notably
harsh pretreatment conditions, impose economic barriers to commercialization. By employing
hyperthermostable cellulase machinery, biomass deconstruction can be made more efficient,
leading to milder pretreatment conditions and ultimately lower production costs. The
hyperthermophilic

bacterium

hyperthermostable

cellulases,

Caldicellulosiruptor
including

the

bescii

produces

hyperactive

extremely

multifunctional

active
cellulase

CbCel9A/Cel48A. Recombinant CbCel9A/Cel48A components have been previously produced in
Escherichia coli and integrated into synthetic hyperthermophilic designer cellulosome complexes.
Since then, glycosylation has been shown to be vital for the high activity and stability of
CbCel9A/Cel48A. Here, we studied the impact of glycosylation on a hyperthermostable designer
cellulosome system in which two of the cellulosomal components, the scaffoldin and the GH9
domain of CbCel9A/Cel48A, were glycosylated as a consequence of employing Ca. bescii as an
expression host. Inclusion of the glycosylated components yielded an active cellulosome system
that exhibited long-term stability at 75C. The resulting glycosylated designer cellulosomes
showed significantly greater synergistic activity compared to the enzymatic components alone, as
well as higher thermostability than the analogous nonglycosylated designer cellulosomes. These
results indicate that glycosylation can be used as an essential engineering tool to improve the
properties of designer cellulosomes. Additionally, Ca. bescii was shown to be an attractive
candidate for production of glycosylated designer cellulosome components, which may further
promote the viability of this bacterium both as a cellulase expression host and as a potential
consolidated bioprocessing platform organism.
Introduction
Second generation biofuels, resulting from the deconstruction of cellulosic biomass into simple
sugars followed by their fermentation to various biofuels, is among the most promising
alternatives to replace fossil fuels, given that cellulosic biomass is the most abundant source of
renewable organic matter on Earth [1-6]. However, its complex structure and recalcitrance to
enzymatic deconstruction remain a primary barriers for conversion of lignocellulosic biomass to
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biofuels [7]. Cellulosic substrates can be degraded by enzyme formulations containing three
different types of complementary cellulases: endoglucanases that cleave internal glycosidic bonds
of the cellulose chain, exoglucanases that hydrolyze cellobiose units “processively” from one or
both ends of the cellulose chain, and -glucosidases that hydrolyze cellobiose into two molecules
of glucose [8-10]. Members of a sub-group of endoglucanases, termed processive endoglucanases,
also cleave the cellulose chain processively by hydrolyzing internal cellulose chains [11].
Cellulases are found primarily in bacteria and fungi, either in a “free state”, or in multi-

modular complexes, called cellulosomes [12-16]. Cellulosome architecture is based on a noncatalytic subunit, the scaffoldin, that possess multiple cohesin modules to which the enzymes can
bind. The enzymes themselves contain dockerin modules that bind strongly and selectively to the
scaffoldin-borne cohesins. The scaffoldin can also contain a carbohydrate binding module (CBM)
that mediates the binding of the entire complex to the cellulosic substrate [17].
Designer Cellulosomes (DCs) are artificial cellulosomes based on the species specificity of the
cohesin-dockerin pairs. Chimeric scaffoldins are constructed by synthetic biology to contain a
CBM and different cohesins of divergent specificities, usually derived from different species.
Each chimeric enzyme contains an appended dockerin that matches the specificity of one of the
cohesins on the chimeric scaffoldin [18]. DCs mimic the actions of native cellulosomes and allow
control of the composition and position of the resident enzymes. DCs are efficient nanomachines,
capable of a “tuned deconstruction” of cellulosic substrates. On the other hand, some anaerobic
bacteria possess a collection of multi-modular enzymes that contain more than one catalytic
subunit and several CBMs. Among them, the hyperthermophilic bacterium Caldicellulosiruptor
bescii produces the multi-modular cellulase CbCel9A/Cel48A, which is considered to be one of
the most active cellulases known to degrade biomass substrates [19-26]. CbCel9A/Cel48A, also
known as CelA, is composed of an N-terminal GH9-CBM3c processive endoglucanase, two
cellulose-binding CBM3b modules and a C-terminal GH48 exoglucanase. These components of
CbCel9A/Cel48A are connected by Pro/Thr-rich linker peptides [27-30]. The reported
hyperthermostability of the Ca. bescii enzymes (up to 90°C) renders these enzymes attractive
candidates for industrial deconstruction of cellulosic substrates. Indeed, they are more suited to
surviving the harsh conditions from chemical biomass pretreatments than most hydrolytic
enzymes [31-35]. Performing enzymatic deconstruction at elevated temperatures also reduces the
risk of microbial contamination and raises the kinetics and specificity of the reaction leading to a
more efficient process.
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In our recent study [36], the two catalytic domains of CbCel9A/Cel48A were produced
separately in Escherichia coli with appended dockerins, and the resulting nonglycosylated
recombinant enzymes were integrated into a hyperthermostable DC, together with a dockerinbearing Ca. bescii GH5 endoglucanase. The resulting hyperthermostable DC exhibited activity on
a microcrystalline cellulose substrate (Avicel) for 72 h at 75 °C. The three cohesin-dockerin pairs,
selected in the previous work, originated from the following thermophilic or hyperthermophilic
microbes: Archeoglobus fulgidus (G,g), Clostridium thermocellum (T,t) and Clostridium

clariflavum (V,v). The length of the linker peptide between the GH9-CBM3c and its dockerin was
found to influence the overall activity of the complex, with the longer linker serving to increase
the activity of the DC. When produced in its host organism and not in E. coli, this linker was
found to be highly glycosylated [30, 37].
Glycosylation has been extensively studied and is fairly well understood in eukaryotes but

has not been as extensively studied in prokaryotes. Glycosylation is known to affect protein
folding, protein solubility and thermostability, protection against proteolysis and catalytic
performance [30, 38-40]. Glycosylation of CbCel9A/Cel48A and its derivatives has indeed been

found to enhance cellulolytic activity, to reduce nonproductive substrate binding, and to increase
the thermostability of the intact enzyme and its truncated derivatives [30, 37]. The authors
described this glycosylation as consisting primarily of O-glycosylation with an unusual
homogeneous -1,2-galactose disaccharide pattern – responsible for ~10% of the enzyme’s

molecular weight. Intriguingly, O-linked -1,2-galactose-containing oligosaccharides were also
described decorating the linkers of cellulosomal scaffoldin proteins from Cl. thermocellum and
Bacteroides cellulosolvens [41-44] as well as those produced by Clostridium cellulolyticum [45].
However, the impact of glycosylation in these cases was not fully investigated.
In the current study, we examined the influence of glycosylation on DC complexes in

terms of activity, synergy, and stability at high temperatures. To do so, Ca. bescii was used as an
expression host to produce the linkers containing components from the most active DCs,
determined in our previous study [36].

Dockerin-bearing GH9-CBM3c and GH48 from

CbCel9A/Cel48A and the chimeric scaffoldin were successfully expressed in Ca. bescii but the
dockerin bearing GH5 enzyme failed to express. The appended GH9-based dockerin was shown to
actively bind to the recombinant scaffoldin, whereas the dockerin with the recombinant GH48
enzyme failed to bind. Thus, nonglycosylated dockerin-bearing versions of GH48 and GH5 were
expressed in E. coli with minimal linkers. The latter enzymes successfully complexed, together
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with the glycosylated form of the GH9 enzyme, to the glycosylated scaffoldin. The resulting
partially-glycosylated complex showed enhanced cellulolytic activity on crystalline cellulose as
well as enhanced thermal stability.
Results

Heterologous expression and purification of designer cellulosome (DC) components in Ca.
bescii

The recombinant proteins used in this section are represented schematically in Figure 1. To

investigate the impact of glycosylation on the activity and thermostability of the
hyperthermostable DCs, we expressed and purified three proteins used previously to construct
hyperthermostable DCs in Ca. bescii [36]: CbScafGTV, CbGH9-lk-v, and CbGH48-lk-t. These
three proteins possess long linkers, rich in prolines and threonines, originating either from Ca.

bescii for the enzymes or from Cl. thermocellum and Ca. bescii for the scaffoldins. The scaffoldin
was modified from the previous study [36], whereby the Cl. thermocellum CBM3a was replaced
by an analogous CBM3b derived from Ca. bescii CbCel9A/Cel48A and positioned between a Cl.

thermocellum (CohT) and a cohesin (CohV) from Cl. clariflavum, which mimics the wild-type
CbCel9A/Cel48A architecture (Figure 1).
Three Ca. bescii expression vectors and expression strains were constructed, and

successfully used for the expression and purification of proteins employed in assembly of
hyperthermostable DCs (Figure 2A, B, Figure 3A). We hypothesized that the production of these
enzymes and the scaffoldin in a proper expression host where proteins are glycosylated would
provide enhanced activity and stability to the proteins at higher temperatures [30, 37, 46]. The
design of the Ca. bescii expression vectors was based on those cloned in E. coli, and the
corresponding genes for the desired proteins were inserted into plasmids pDCYB038 and
pDCYB134 which contain an expression cassette for CbCel9A/Cel48A that was used successfully
for homologous expression of CbCel9A/Cel48A in Ca. bescii [28, 37]. This expression cassette
possesses the regulatory region of the Cbes2303, rho-independent terminator, as well as a Cterminal 6X histidine-tag and a stop codon. The plasmid DNA, which possesses a thermostable
KanR antibiotic-resistant gene cassette for selection [47], was transformed into JWCB029 (pyrFA

ldh::ISCbe4 cbe1 celA) [29]. Transformants were selected for kanamycin resistance. The

existence of expression vectors in Ca. bescii transformants were verified by PCR amplification
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using the extracted total DNA from transformants as a template. The primers used for construction
of the expression vectors can be found in Table S1 and Table S2. The primers used for verification
of these vectors can be found in Table S3. Note that the recombinant CbGH5-g plasmid was
constructed as well, however, the expression levels for this transformant were almost inexistent.
As glycosylation is expected only on the linker peptides between folded domains and given that no
linker is contained in CbGH5-g, we decided to use the EcGH5-g for the study instead.
Properties of the chimeric cellulosomal Ca. bescii-expressed proteins
Expression, purification, and validation of glycosylation of the proteins. SDS-PAGE

analysis (Figure 2C and Figure 3B) demonstrated the expression, secretion, and purification of the
extracellular proteins, including CbScafGTV, CbGH9-lk-v, and CbGH48-lk-t, respectively.
CbGH9-lk-v showed higher homogeneity than EcGH9-lk-v (lanes 5-6 respectively). EcGH9-lk-v
was previously shown to display several bands on the gel [36], probably due to some protein
degradation/cleavage as is often observed following the addition of a dockerin and linker to an
enzyme. The improvement of protein stability during protein purification and storage might be due
to glycosylation in CbGH9-lk-v. The highest band corresponds to the full-size protein (85 kDa).
The CbGH9-lk-v enzyme migrated slightly higher than EcGH9-lk-v, likely due to the
glycosylation. The CbGH48-lk-t construct exhibits a similar size and expression/purification
profile when compared to EcGH48-lk-t, resulting in a single homologous band in SDS-PAGE gel
analysis (Figure 3). The CbScafGTV scaffoldin shows several bands on the gel, which likely
corresponds to a mixture of impurities and cleavage of the scaffoldin. The use of a glycosylation
staining kit (Figure 2 C, D and Figure 3C), confirmed that the three Ca. bescii expressed proteins
were glycosylated, whereas no glycosylation was observed on the same proteins expressed in E.

coli. Examination of CbScafGTV revealed no glycosylation in the unbound fraction (i.e., after
affinity pull down assay), which indicates that the observed bands probably consisted of
impurities. In the bound fractions, two of the bands appeared to be strongly glycosylated. One
band that matches the expected size of the full-length CbScafGTV (71 kDa) and another smaller

band that probably corresponds to the scaffoldin with a missing cohesin or portion thereof.
Functional binding of the scaffoldin to cellulose. In order to test whether CbScafGTV is

able to bind to cellulose, an affinity pull down experiment was conducted using the model
cellulosic substrate, Avicel. After interaction with Avicel, the bound fraction (Figure 2C and D,
Lane 1) was separated from the unbound fraction (Lane 2), washed and analyzed via SDS-PAGE.
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We observed that the protein bands of CbScafGTV bound to Avicel as they are present in the
bound fraction.
Functional binding of the scaffoldin and enzymes. An ELISA approach served to

demonstrate that the dockerin of the CbGH9-lk-v bound to CohV (Figure 4A). Similarly, the
specific binding properties of each cohesin of the CbScafGTV to their matching dockerin was also
shown to be functional (Figure 4C). However, the dockerin of CbGH48-lk-t did not bind to CohT
(Figure 4B). This lack of interaction might be explained by steric hindrance, due to possible
glycosylation of CbGH48-lk-t in or around the dockerin binding site. Hence, instead of CbGH48lk-t, we used the nonglycosylated GH48-t expressed in E. coli. In our previous study [36],
EcGH48-t (with a short linker segment) was shown to possess a functional dockerin, to have the
same impact on cellulose degradation as EcGH48-lk-t when incorporated into DCs, and to be
more efficiently expressed and purified than EcGH48-lk-t. Hence, instead of CbGH48-lk-t, we
used the nonglycosylated GH48-t expressed in E. coli.
Cellulosomal complex formation. DCs were constructed by self-assembly of

stoichiometric amounts of the four components, i.e., the scaffoldin and the three enzymes:
CbScafGTV, CbGH9-lk-v, EcGH48-t and EcGH5-g. Two of these enzymes were produced in E.
coli: EcGH48-t, because Doct is not functional when produced in Ca. bescii and EcGH5-g,
because of the absence of a long linker, implying that no glycosylation would occur on this
construct (or chimeric protein). For the purposes of the current work, this DC will be referred to as
Ca. bescii Designer Cellulosome (CbDC), even though two of its enzymes were produced in E.

coli. Conversely, E. coli-derived Designer Cellulosome (EcDC) comprises proteins exclusively
produced in E. coli, implying that all of these proteins, including EcGH9-lk-v and EcScafGTV, are

not glycosylated.
Stoichiometric molar ratios of each of the dockerin-bearing enzymes to the trivalent

scaffoldin were determined by non-denaturing PAGE assay (see EcGH48-t : CbScafGTV on
Figure 5) and/or an affinity pull-down approach. Non-denaturing PAGE clearly indicated the most
effective molar ratio for the glycosylated scaffoldin and the E. coli-produced nonglycosylated
enzymes based on the range of ratios examined (see EcGH48-t : CbScafGTV on Figure 5).
Affinity pull-down experiments (Figure 6) showed that both CbDC and EcDC were properly
assembled and bound to Avicel (Lanes 7 and 9). Much weaker bands were found in the unbound
fraction (Lanes 8 and 10), indicating that near-stoichiometric molar ratio was properly determined.
The free enzymes without scaffoldin were assayed as well. The majority of the free enzyme
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fraction was found in the unbound state (lane 12 and 14), emphasizing the role of the scaffoldin in
binding to the substrate. Lower amounts of free enzymes could also be found in the bound
fractions (lane 11 and 13), probably reflecting binding of the active site of the enzymes to Avicel.
Glycosylation impacts the hydrolytic activity of the designer cellulosomes
CbDC and EcDC were compared for activity on a microcrystalline cellulosic substrate

(Avicel) for 24 to 72 h at 75C (Figure 7). Comparisons to the activities of the free enzymes were
also made. The CbDC exhibited the highest activity by degrading 1.5-fold more cellulose than
EcDC. The activity of CbDC was improved over the free uncomplexed enzymes, whereas the
EcDC did not show any improvement over the free enzyme preparation, thus implying that
glycosylation of the CbDC components impacts its hydrolytic activity. Furthermore, without the

presence of the glycosylated scaffoldin, the Ca. bescii-expressed free enzymes did not show

significant improvement in activity over their E. coli expressed counterparts.
To test whether glycosylation of both the scaffoldin and the GH9-lk-v is needed to

improve the activity of the DCs, we compared the activities of both CbDC and EcDC to the
activities of mixed DC containing only one of the glycosylated components (Figure 8). We
observed that full activity was dependent on the presence of both glycosylated scaffoldin and the
GH9-lk-v. The presence of the glycosylated GH9-lk-v in a mixed complex alone provided some
enhancement of activity, but the mixed complex with only the glycosylated scaffoldin failed to
elicit enhanced activity.
Overall complex stability is improved by glycosylation
To test whether protein glycosylation affects the thermostability of the DC, we subjected

glycosylated and nonglycosylated monovalent DCs to heat treatment at 85C for 3 h. The
monovalent DCs contained the GH9 enzyme and the scaffoldin in stoichiometric amounts and the
complexes were tested for residual activity on Avicel for 16 h at 75C (Figure 9). After 30 min of
exposure to 85C, the glycosylated complex exhibited a 2.2-fold higher activity than that of the
nonglycosylated complex and 2.8-fold higher after 3 h. The E. coli-based complex lost more than

half of its activity after 30 min of incubation, while the Ca. bescii-based complex still retained ~
65% of its initial activity after 3 h of incubation. These results suggest that glycosylation of the
complexed proteins dramatically improves the thermostability of the complex.
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Discussion
The quest for sustainable, renewable energy sources and waste management systems is

ongoing [5, 7, 48-50]. Deconstruction of cellulosic biomass for production of biofuels is one of the
major avenues being studied for this purpose [51-53]. Due to its intrinsic recalcitrance,
deconstruction of lignocellulosic biomass remains a rate-limiting and expensive step. We recently
described the assembly of a hyperthermostable cellulosomal system that could be beneficial in
terms of cost, reduced contamination risks, substrate specificity, and enzymatic performance [36].
Our first attempts at producing hyperthermostable DCs indeed resulted in enhanced stability and
cellulolytic activity compared both to previously designed, thermostable DCs and to the native Cl.

thermocellum cellulosome at 75C. However, the components of this hyperthermostable DC were
not glycosylated, as is the case for both the native enzymatic components produced by their native
host (Ca. bescii) [36] and the scaffoldin of the native Cl. thermocellum cellulosome [42, 44].

Additionally, the performance of the previously described hyperthermostable DC was examined at
sub-optimal temperatures, i.e., about 5°C lower than the optimal growth temperature for Ca. bescii
[32, 54]. The glycosylation of some of the Ca. bescii proteins, including linkers rich in Thr/Pro,

was also investigated recently and found to play a vital role in their activity and robustness [30,
37, 55].

Glycosylation has been extensively characterized in fungi for its impact on hydrolytic

enzyme activity, thermostability, resistance to proteolytic cleavage, and binding affinity [37, 56].
Glycosylation of Gram-positive bacterial enzymes has received less attention, except for some
early research (1989-1993) on the Cl. thermocellum and B. cellulosolvens cellulosomal scaffoldins

[41-44] and pathogenic bacteria [55]. Ca. bescii CbCel9A/Cel48A was first reported to be
glycosylated in 2015 and was predicted to be composed of O-linked glycosylation in the linker
region [37]. An O-glycosyltransferase in the Ca. bescii genome was subsequently discovered [55].
Its deletion resulted in complete elimination of extracellular protein glycosylation including
CbCel9A/Cel48A, and induced severe growth defects on crystalline cellulose, implying that
glycosylation of CbCel9A/Cel48A and other hydrolases plays an essential role in cellulose
deconstruction by Ca. bescii [55]. Recently, Chung and coworkers [30] conducted a study where
they discovered that CbCel9A/Cel48A is uniformly O-glycosylated on the Thr or Ser of its three
linker peptides, primarily by -1,2 galactose disaccharides, representing approximately 10% of the
enzyme’s molecular weight. They observed that glycosylation was distributed similarly on its
truncated N and C termini. We therefore expressed DC elements that possess long linker peptides
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in Ca. bescii in order to investigate the impact of glycosylation on the stability and performance of
the DCs.
Here, we report the successful expression of cellulosomal proteins (i.e., containing a

dockerin or a cohesin) in Ca. bescii. These proteins are challenging to clone and express, due to
their chimeric nature (e.g., the chimeric scaffoldin is constructed of modules from four different
microorganisms, including an archaeon). In addition, dockerin-containing proteins and large
scaffoldins have been reported to be difficult to express in heterologous hosts [63, 64]. However,
we succeeded in expressing two chimeric dockerin-containing enzymes and one chimeric
scaffoldin, all of which were glycosylated. CbGH9-lk-v showed a better purification profile than
did EcGH9-lk-v (Figure 2C), which is consistent with previous results that demonstrated that

glycosylated CbCel9A/Cel48A and its truncated derivatives, produced in Ca. bescii, were better
protected from protease cleavage [30].
Although glycosylation interfered with the interaction of CbGH48-lk-t with CohT,

CbGH9-lk-v bound to both CohV and both the glycosylated and non-glycosylated scaffoldins. The
decision to use the GH48 enzyme produced in E. coli is consistent with the results of Chung and
coworkers, which showed that the hydrolytic activity of the GH48-CBM3b enzyme (derived from
CbCel9A/Cel48A) was higher in the absence of glycosylation, suggesting that glycosylation could
affect to the activity of the enzymes differently, depending on its mode of action (unpublished
data). We decided not to express the GH5-g in Ca. bescii and to produce it in E. coli, as it contains
only a very small linker peptide (3 amino-acids) with no expected glycosylation sites.
Therefore, we assembled a DC that contained a glycosylated GH9 and two non-

glycosylated cellulases complexed on a glycosylated scaffoldin and tested its hydrolytic activity
on Avicel. In addition to the 1.5-fold enhancement in activity, a synergistic effect was observed
when enzymes were complexed on the scaffoldin but no synergy was observed without
glycosylation (Figure 8).
The results further indicated that both proteins are required in their glycosylated form to

achieve the highest activity. In this context, Chung and coworkers [30] modeled putative
hydrophobic patches on the CbCel9A/Cel48A linkers, at predicted positions of glycosylation,
that, in the absence of glycosylation could be more exposed and could induce aggregation. This
phenomenon has been described earlier in the glycoengineering of pharmaceutical proteins [40],
where protein stability can be increased by glycosylating specific residues. A study focusing on
the effects of glycosylation on protein conformational transitions and stabilization suggested that
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an increase in protein stability can be achieved by introducing glycans of suitable hydrophobicity
at flexible peptide residues. This indicates that glycosylation could induce both stabilizing and
non-stabilizing effects according to the nature of the glycosylation site and its hydrophobicity
[65].

The observed increased thermostability upon glycosylation is consistent with many

previous studies [30, 40, 66, 67]. Sola and Griebenow [40] reviewed studies conducted on many
glycosylated pharmaceutical proteins and suggested that an increase in thermostability is one of
the most fundamental alterations conferred by glycosylation on the biophysical properties of a
protein. The authors reported that several researchers interpret enhanced thermostability as a
decrease in overall structural dynamics, even in regions far from the glycosylation site, thus
indicating a transfer of the local effect to other regions of the protein. We hypothesized that this
could also be applied to our complex. In the present study, we have demonstrated that
glycosylation of DC components can make a significant improvement both in the thermostability
of the intact complex as well as its overall catalytic performance on recalcitrant cellulosic
feedstocks. These enhanced properties may provide the improvement required to render DCs a
cost-competitive component in the conversion of biomass to free sugars that could be fermented to
liquid biofuels. Our results also promote the use of the hyperthermophilic bacterium, Ca. bescii, as
a viable host for production of highly active and stable glycosylated components for assembly of
hyperthermostable DCs.
Material and Methods
Cloning for heterologous protein production in E. coli
All E. coli plasmids used in this study have been described in Kahn and coworkers (2019),

except for the E. coli plasmid (pSMAK137) used for expressing the CbScafGTV protein. Cloning
was conducted using the plasmid EcScafGTV [68], as a template in pET9d, by inserting the
CBM3b of Ca. bescii cloned from the genomic DNA of Ca. bescii (DSM 6725) and removing the
CBM3a of Cl. thermocellum following the restriction free method [69]. Primers are listed in Table
S1. PCR was performed with Q5 High-Fidelity DNA polymerase (New England BioLabs).
Competent E. coli XL1 cells were used for plasmid maintenance and production.
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Cloning for heterologous protein production in Ca. bescii
Each plasmid was constructed by cloning the amplified opening reading frames (or part/s

thereof) from the previously constructed E. coli plasmids (see above section).
Polymerase chain reaction (PCR) used in this study were performed using Q5 High-Fidelity

DNA polymerase (New England BioLabs). Generated linear fragments were assembled using the
HiFi DNA Assembly Cloning Kit (New England BioLabs) according to the manufacturer’s
instruction. Restriction sites in the inserted fragments were used to verify the presence of the
inserted site in the vector.
Plasmid pDCYB137 (Figure 2A. Table S1) was constructed by inserting the open reading

frame (ORF) of the gene for CbScafGTV into modified pDCYB038 (Ca. bescii expression vector
of CelA N-terminus (GH9-CBM3- CBM3))[30], which contains the regulatory region of the Ca.
bescii ribosomal protein S30EA (Cbes_2105) to express the thermostable kanamycin resistance
gene [47] and a Rho-independent transcription terminator. The 8.074 kb DNA backbone was
amplified with primers DCB413 and DCB414. The 1.959 kb DNA fragment used as an insert was
amplified with primers DCB415 and DCB417, containing an AvaI and a XhoI restriction site.
These two linear fragments were assembled to construct pDCYB137. Plasmid pDCYB144 (Table
S1, Figure 3) was constructed by inserting the ORF of GH48-lk-t into modified pDCYB038 [30],

which was used for construction of pDCYB137. The 6.913 kb DNA backbone was amplified with
primers DCB402 and DCB403. The 2.313 kb DNA fragment used as an insert was amplified with
primers DCB432 and DCB433 containing KpnI and AvaI restriction sites. These two linear
fragments were assembled to construct pDCYB144. Plasmid pDCYB146 (Figure 2B. Table S1)
was constructed by inserting ORF of GH9-lk-v into modified pDCYB038 [30], which was used
for construction of pDCYB137. The 6.913 kb DNA backbone was amplified with primers
DCB402 and DCB403. The 2.274 kb DNA fragment used as an insert was amplified with primers
DCB436 and DCB403 containing BamHI and EcoRV restriction sites. These two linear fragments
were assembled to construct pDCYB146. Primers used for plasmid construction and sequencing
are listed in Table S1 and S2. E. coli strain DH5 cells were transformed by electroporation in a
2-mm-gap cuvette at 2.5 kV, and transformants were selected through apramycin resistance.
Sequences of all plasmids were confirmed by automatic sequencing (Genewiz, NJ USA). The

This article is protected by copyright. All rights reserved

Accepted Article

CbGH5-g plasmid was constructed in the same way; however, no protein expression could be
detected (data not shown).
Plasmids pDCYB137, pDCYB144, and pDCYB146 were electro-transformed into

JWCB029 (ΔpyrFAΔldh::ISCbe4 Δcbe1ΔcelA) cells as described by Chung and coworkers [37].
The cultures were electro-pulsed with plasmid DNA (0.5–1.0 μg), and placed for recovery in low
osmolarity complex (LOC) growth medium [37, 70] at 75°C. Recovery cultures were directly
plated onto solid LOC media supplemented with kanamycin (20 µg/mL). The isolated colonies
were obtained after 4 d of incubation at 75°C in anaerobic chamber. Total DNA was isolated from
transformants. PCR amplification using primers DCB008 and 010 (Table S2) located outside the
inserted fragment on the plasmid was used to confirm the presence of plasmid with the correct
sequence for the gene of interest.

Protein expression and purification
Heterologous protein production in E. coli. The proteins used in this study that were

produced in an E. coli expression system were prepared following the procedure described in our
previous study [36].
Heterologous protein production in Ca. bescii. Each relevant strain of Ca. bescii was

inoculated from frozen stocks into serum bottles containing 20 mL of low osmolarity defined
growth media (LOD) supplemented with kanamycin (20 µg/mL). Cultures were grown overnight
at 65°C to reach mid-log phase. A 1 to 2% subculture was then inoculated into 100 mL of LOD
from the 20 mL culture. These cultures were grown between 18 to 24 h to mid-log phase. The
entire 100 mL of seed culture were then inoculated into 10-L fermentation vessels, containing
LOD media with kanamycin. Cultures were agitated at 50 RPM and sparged continuously with N2

at a flow rate of 0.5 L per min, while maintaining a pH of 6.8 (titrating with 2 N HCl and 10% w/v
sodium bicarbonate) for 24 to 48 h. A constant temperature of 65°C was maintained. Each
extracellular protein (ECP) was supplemented with a His-tag at the C-terminus to facilitate
purification, during construction of the plasmids. Each ECP was collected, filtered, concentrated
and buffer was exchanged through a GE tangential flow filtration 30 kDa molecular weight cut off
from 75 mL to 150 mL in 10 mM Tris buffer, pH 7.4. Proteins of interest were submitted to HisTag purification using an AKTA and a pre-packed nickel-NTA column. The proteins were
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subjected to a second purification step using a Superdex 26/60 200 PG column or a Superdex
10/300 75 GL according to their size and concentrated to approximately 1 mg/mL. All proteins
were assessed for purity according to their calculated molecular weight by SDS-PAGE and
presence or absence of additional bands in the preparation. Concentration of the protein was
measured by tryptophan absorbance at 280 nm, based on their extinction coefficient measured by
the Protparam tool [71]. The proteins were subsequently stored in 50% (v/v) glycerol at -20C.
Detection of protein glycosylation
Glycosylated proteins were visualized by staining with a PierceTM Glycoprotein Staining Kit

(Thermo Scientific, Rockford, IL) according to the manufacturer’s instructions. Two gels were
prepared simultaneously, with the same samples, for each assay: one for Glycoprotein staining and
the other for Coomassie staining. All the samples were supplemented with dithiothreitol, boiled
for 5 min and loaded on both gels. The positive control is a glycosylated protein (horseradish
peroxidase) furnished with the kit.
Analysis of cohesin-dockerin interactions
Affinity-based ELISA was performed to display the specific interaction between the matching

cohesin and dockerin modules after Ca. bescii expression according to Barak and coworkers [72].
Matching cohesin and dockerin modules produced in E. coli were previously assayed [36]. The
modules produced in Ca. bescii were assayed using the same conditions. The scaffoldin and the
enzyme containing the dockerin was coated with 0.1 M sodium carbonate coating buffer, pH 9, for
1 h at 37°C onto a MaxiSorp ELISA plates (Nunc A/S, Roskilde, Denmark). The interacting
modules were treated with blocking buffer. Proteins containing a dockerin fused to a xylanase or a
cohesin counterpart fused to a CBM, were added for interaction (diluted from 1 to 1000 ng/mL).
After three washing steps with washing buffer, the primary antibody rabbit anti-xylanase or rabbit
anti-CBM was added diluted to a concentration of 1:10,000 or 1:3000 respectively in blocking
buffer. Following three washes, the secondary anti-rabbit horseradish peroxidase (HRP)-labeled
antibody preparation (diluted 1:10,000) was added. The plates were finally washed four times and
3,3’,5,5’-tetramethylbenzidine (TMB) + substrate-Chromogen (Dako, Glostrup Denmark) was
added. Color formation was terminated by adding 1 M H2SO4 to each plate well a few min after

the addition of TMB. The absorbance was measured at 450 nm using a microplate reader. All the
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steps were conducted in 100 μL/well: we first discarded the previous solution and then added the
next one and put it to interact for 30 min at 37°C. (All washing steps were conducted with
washing buffer (Tris-buffered saline: 3 g/L Tris , 8 g/L NaCl , and 0.2 g/L KCl adjusted to pH
7.4), TBS, containing 10 mM CaCl2, and 0.05% Tween 20); all dilution steps were conducted in
blocking buffer (TBS, with added 10 mM CaCl2, 0.05% Tween 20, and 2% BSA).
Each dockerin-bearing enzyme was attached to its matching cohesin on EcScafGTV or on

CbScafGTV following proper experimentally determined stoichiometric ratios. The ratio of the
enzymes complexed to the E. coli produced scaffoldin was calculated in our previous study [36].
The molecular ratio of the Ca. bescii and E. coli-produced proteins, bound to the CbScafGTV,

was assayed similarly by non-denaturing PAGE and the affinity pull-down technique.
Determination of the effective molar ratios was performed as follows: different ratios of pure
proteins were prepared (200 pmol each in 50 mM acetate buffer, pH 5.0, 12 mM CaCl2, and 2 mM
EDTA) and incubated for 2 h at 37°C in the presence of 10% cellobiose (Sigma-Aldrich Chemical
Co., St. Louis, MO). The disaccharide cellobiose binds to the catalytic modules of the enzymes
and blocks the binding and action of the enzymes on the cellulosic substrate. The fractions were
then gently mixed with microcrystalline cellulose (Avicel; FMC Biopolymer, Philadelphia, PA)
for 1 h at 4°C. The tubes were centrifuged at 16,000×g for 2 min. The supernatant fluids
(containing unbound proteins) were carefully removed and supplemented with SDS-containing
buffer to a final volume of 60 µL. The pellets (containing bound proteins) were washed twice by
resuspension in 200 µL of 50 mM acetate buffer supplemented with 0.05% Tween 20 to eliminate
nonspecific binding. The samples were then centrifuged at 16,000×g for 2 min and re-suspended
in 60 µL of SDS-containing buffer (New England BioLabs). The resultant unbound and bound
fractions were each boiled for 10 min and then analyzed by SDS-PAGE using a 10%
polyacrylamide gel. For the non-denaturing PAGE assay, the solutions containing the different
protein ratios were loaded directly onto the gel and run for 2 to 3 h at 100 V. The same amount of
protein was used for assembly of both the E. coli and Ca. bescii complexes for further activity
assay.

Enzymatic assays
In Kahn and coworkers (2019), we determined the optimal concentration of the enzymes for

subsequent activity assays [36]. We found that in order to use the enzymes in their linear range, a
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0.05 M concentration of the enzyme in solution was required. The same concentration was thus
used in this study for all of the enzymes. DCs containing the glycosylated CbGH9-lk-v and the
CbScafGTV were termed CbDCs even though the other two enzymes (EcGH48-t and EcGH5-g)

were derived from E. coli. DCs containing the nonglycosylated EcGH9-lk-v and the EcScafGTV
were termed EcDCs, where all of the components (the three enzymes and the scaffoldin) were
derived from E. coli. The cellulose-degrading performance of equimolar amounts of all of the DCs
were assayed in the same experiment with the two groups of free enzymes (i.e., the free Ca. bescii
and the free E. coli enzyme preparations) on microcrystalline cellulose (Avicel, Sigma-Aldrich, St.
Louis, MO) as the substrate (4% final concentration). An additional assay was performed in a
similar manner to compare CbDC and EcDC, with the “mixed” DCs (i.e., the nonglycosylated E.
coli-produced proteins complexed with the glycosylated CbScafGTV, termed Mixed DC 1, and the
glycosylated CbGH9-lk-v enzyme complexed with the other nonglycosylated E. coli-produced
protein, termed Mixed DC 2). The latter DCs were prepared by incubation for 2 h at 37C of the
three enzymes and the scaffoldin in equimolar amounts to a final concentration of 0.05 M per
protein in the interaction buffer (TBS with added 10 mM CaCl2 and 0.05% Tween 20). The assay
was carried out for 24 h to 72 h at 75C in 50 mM (final concentration) of acetate buffer, pH 5.5
using a New Brunswick Scientific (New Jersey, United States) shaker incubator controlled at 120
RPM. The enzymatic reactions were terminated by placing the reaction tubes in an ice bath and
spinning them down at 17,000×g for 2 min at room temperature. In all assays, the substrate is in
excess of the enzymes. Under those conditions, the highest activity that was measured (~12 mM of
released sugar) represents about 5.5% degradation of the insoluble substrate.

For each activity assay, estimation of the released soluble sugar was calculated using the

dinitrosalicylic acid (DNS) assay. A volume of 150 L of DNS was added to 100 L of each
sample followed by 10 min incubation in a boiling water bath, as described previously [73, 74].
Serial dilutions of glucose were used as a standard to determine released sugar. The absorbance of
each sample (100 L of each) was measured in micro-well plates at 540 nm, using a micro plate
reader. Assays were performed three times in triplicate.
Denaturation-residual activity assays
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Residual activities of nonglycosylated EcGH9-lk-v complexed on EcScafGTV versus
glycosylated CbGH9-lk-v complexed on the CbScafGTV were examined at 75C after incubation
at 85C on Avicel. The complexes of the Ca. bescii-produced protein and of the E. coli-produced
protein were formed as described above. Each preparation was then aliquoted into PCR tubes and
incubated in a Biometra (BioSciences, Germany) thermocycler block, heated at 85C for periods
of between 30 min to 3 h. The 3-h tubes were added first, followed by the 2-h, 1-h and 30-min
tubes. Zero-time incubation was carried out at room temperature. All tubes (including the zerotime) were then placed on ice to terminate the heat treatment and transferred to test tubes for
activity assay on Avicel. The Avicel enzymatic assay was conducted as described above, three
times in triplicate.
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Figure legends
Figure 1. Schematic of the wild-type and chimeric proteins used in this study. The key defines
the symbols and acronyms used for the protein modules, which are assembled into a cellulosomal
complex. The bacterial or archaeal source of each cohesin and dockerin module is color-coded as
follows: red, Clostridium thermocellum; purple, Clostridium clariflavum; brown, Archaeoglobus
fulgidus. Upper case (T, V and G) and lower case (t, v and g) characters indicate the source (Cl.
thermocellum, Cl. clariflavum, and A. fulgidus, respectively) of the source of the respective
cohesin and dockerin modules. All catalytic modules originate from Ca. bescii, the numbers
correspond to their GH family (GH9, GH48, GH5). Proteins containing glycosylation were
expressed in Caldicellulosiruptor bescii, nonglycosylated proteins in Escherichia coli. Molecular
weights were calculated on the basis of the amino acid sequence without taking into consideration
the glycosylated moieties.
Figure 2. Ca. bescii expression system for glycosylated CbScafGTV and CbGH9-lk-v.
Plasmid maps of A, CbScafGTV (CohG-linker-CohT-linker-CBM3b-linker-CohV), and B,
CbGH9-lk-v (Ca. bescii GH9-CBM3c-linker-Docv), expressed in Ca. bescii. The multi-modular
proteins were expressed with a signal peptide as well as a C- terminal 6X His-tag. As in the
previous paper [37], the plasmid contained a Rho independent terminator, with a pBAS2 sequence
for replication in Ca. bescii that is under the control of the Ca. bescii S-layer protein (Cbes_2303),
and a thermostable KanR antibiotic resistant gene cassette was now included for selection. In
addition, pSC101, the low-copy replication origin in E. coli, and repA, a plasmid-encoded gene

required for pSC101 replication, are represented on the map. Panels C and D represent the
characterization of the purified proteins by SDS-PAGE, stained either by Coomassie (C) or for
glycoproteins (D). The scaffoldin and GH9 enzyme were expressed in either Ca. bescii or E. coli.
Lane 1 represents the part of the original CbScafGTV preparation (Lane 0) that binds to Avicel
versus Lane 2 that shows proteins that failed to bind to Avicel. The positive control was a
glycosylated protein (horseradish peroxidase) furnished with the glycoprotein-staining kit. Panel C
and D were each replicated three times.

Figure 3. Expression of glycosylated CbGH48-lk-t in Ca. bescii.
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A. Plasmid map of CbGH48-lk-t (GH48-linker-Doct) expressed in Ca. bescii expression system.
This multi-modular protein was expressed using the same expression vector backbone, which was
used for the construction of pDCYB137 and pDCYB146 (Figure 2). Panels B and C represent the
characterization of the purified proteins, as determined by SDS-PAGE, stained either by
Coomassie staining (B) or for glycoproteins (C). The positive and negative control are proteins
supplied in the glycoprotein-staining kit. Panel B and C were conducted three times and showed
the same results.

Figure 4. ELISA-based assay to confirm the dockerin-binding functionality of the chimaeric
enzyme (A, B) and the cohesin-binding specificity of CbScafGTV (C). The procedure of Barak,
et al. (2005) was followed for these experiments. In A and B, plates were coated with the target
dockerin-bearing enzyme, and a monovalent scaffoldin (CtCBM3a linked to the indicated cohesin)
was then introduced. In C, plates were coated with the scaffoldin, and xylanase fused to the
indicated dockerin was then allowed to interact with the cohesins of CbScafGTV. Primary antirabbit anti-CBM or anti-xylanase antibody was then applied, followed by secondary goat antirabbit antibody conjugated to an horseradish peroxidase (HRP). Each reaction was conducted in
triplicate, three times (n = 3); the data represent the mean ± SD.
Figure 5. Non-denaturing PAGE assay reveals the proper stoichiometric ratio of interaction
between the chimaeric enzyme and its specific monovalent scaffoldin. Titration of the
dockerin-bearing EcGH48-lk-t with the CbScafGTV, using the estimated molar ratios of

components, yielded precise experimental data that indicated that the functional stoichiometric
ratio was effectively between 0.8 and 1.0 of the original CbScafGTV: EcGH48-t preparations. The
functional ratios of the other components of the system were determined in like fashion. Each
stoichiometric ratio assay was conducted in triplicate, with the same result.

Figure 6. Affinity pull-down of CbDC, EcDC and the free enzymes. Equimolar concentrations
of the three chimaeric enzymes and their matching scaffoldin (glycosylated and not glycosylated)
were mixed then bound to Avicel substrate for 1 h. Parallel samples containing the same chimaeric
enzymes without the scaffoldin were treated in like fashion. The bound (Lanes 7, 9, 11, 13) and
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unbound (Lanes 8, 10, 12, 14) fractions were then boiled in sample buffer, centrifuged and
subjected to denaturing SDS-PAGE, together with each of the protein sampless alone as controls
(lane 1 to 6) without the Avicel binding step. The DC complexes (Lanes 7 to 10) and free enzymes
(Lanes 11 to 14) were supplemented with excess cellobiose to avoid unspecific Avicel binding of
the catalytic site of the enzymes. This affinity pull-down assay has been replicated three times and
showed the same result.

Figure 7. Comparison of the hydrolytic activity of the glycosylated and nonglycosylated
designer cellulosomes (CbDC and EcDC, respectively). The relative activities of the

glycosylated (red bars, CbDC) versus nonglycosylated (purple bars, EcDC) complexes, and the

corresponding uncomplexed glycosylated (orange) and nonglycosylated (light pink) enzymes.
Enzymatic activity is defined as mM of released sugars after 24-, 48-, and 72-h incubation with
4% of Avicel substrate at 75°C. Each reaction was conducted in triplicate, three times (n = 3); the
data represent the mean ± SD, where two asterisks (**) indicate p<0.01 (two-tailed t-test).

Figure 8. Impact of the different glycosylated modules on the activity of CbDC. The relative
activities of the glycosylated (CbDC), nonglycosylated (EcDC), and mixed DCs, were determined
at different time intervals. Mixed DC 1 contained only the glycosylated scaffoldin and all three
enzymes nonglycosylated, and Mixed DC 2 contained the glycosylated GH9 enzyme with a
nonglycosylated form of the scaffoldin. Enzymatic activity is defined as mM of released sugars
after 24-, 48-, and 72-h incubation of the enzymes with 4% of Avicel substrate at 75°C. Each
reaction was conducted in triplicate, three times (n = 3); the data represent the mean ± SD, where
one asterisk (*) indicates p<0.05 and two asterisks (**) indicate p<0.01 (two-tailed t-test): each
group at each time point was compared to CbDC.
Figure 9. Thermostability of glycosylated and nonglycosylated monovalent DCs following
heat treatment at 85°C. The glycosylated CbGH9-lk-v complexed to the glycosylated
CbScafGTV (Cb complex) and the nonglycosylated EcGH9-lk-v complexed to nonglycosylated
EcScafGTV were incubated at 85°C for 3 h, prior to incubation with the Avicel substrate.
Enzymatic activity is defined as mM of released sugars after incubation of the enzymes with 4%
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(w/v) Avicel substrate at 75°C. Each reaction was conducted in triplicate, three times (n = 3); the
data represent the mean ± SD.
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