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ABSTRACT. p-glucosidases are enzymes that catalyze the
hydrolysis of oligosaccharides and disaccharides, such as cellobiose.
These enzymes play a key role in cellulose degrading, such as
alleviating product inhibition of cellulases. Consequently, they
have been considered essential for the biofuel industry. However,
the majority of the characterized B-glucosidases is inhibited by
glucose. Hence, glucose-tolerant B-glucosidases have been targeted
to improve the production of second-generation biofuels. In this
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paper, we proceeded a systematic literature review (SLR), collected
protein structures and constructed a database of glucose-tolerant
B-glucosidases, called betagdb. SLR was performed at PubMed,
ScienceDirect and Scopus Library databases and conducted
according to PRISMA framework. It was conducted in five steps:
1) analysis of duplications, ii) title reading, iii) abstract reading, iv)
diagonal reading, and v) full-text reading. The second, third, fourth,
and fifth steps were performed independently by two researchers.
Besides, we performed bioinformatics analysis on the collected
data, such as structural and multiple alignments to detect the most
conserved residues in the catalytic pocket, and molecular docking
to characterize essential residues for substrate recognizing, glucose
tolerance, and the B-glucosidase activity. We selected 27 papers, 23
sequences, and 5 PDB files of glucose-tolerant B-glucosidases. We
characterized 11 highly conserved residues: H121, W122, N166,
E167, N297, Y299, E355, W402, E409, W410, and F418. The
presence of these residues may be essential for B-glucosidases. We
also discussed the importance of residues W169, C170, L174, H181,
and T226. Furthermore, we proposed that the number of contacts for
each residue in the catalytic pocket might be a metric that could be
used to suggest mutations. We believe that the herein propositions,
together with the sequence and structural data collection, might
be helpful for effective engineering of B-glucosidases for biofuel
production and may help to shed some light on the degradation of
cellulosic biomass.

Key words: Biofuel; Glucose-tolerant B-glucosidases; Bioinformatics;
Systematic literature review

INTRODUCTION

B-glucosidase (E.C. 3.2.1.21) is a class of heterologous enzymes that hydrolyze
glycosidic bonds of disaccharides, oligosaccharides, alkyl- and aryl-B-glycosides (Cairns and
Esen, 2010). They have been found in metagenomes (Uchiyama et al., 2015) and several
organisms, such as animals (Uchima et al., 2011), fungi (Saha and Bothast, 1996), plants
(Pentzold et al., 2014), and bacteria (Crespim et al., 2016). In animals, these enzymes help in
the metabolism of glycolipids and digestive functions (Cairns and Esen, 2010). In plants, they
play several roles, such as defense, the release of flavor compounds, cell wall catabolism, and
lignification (Pentzold et al., 2014). In bacteria and fungi, they are essential components of
cellulose hydrolysis (Ramani et al., 2015a). B-glucosidases have applications in several areas
of biotechnological industries, such as aroma improvement of juices and wine (Swangkeaw
et al., 2010), hydrolysis of soybean isoflavone glycosides (Singhania et al., 2013), toxicity
reduction of animal feed (Cota et al., 2015), and cellulose degradation for biomass conversion
in biofuel production (Singhania et al., 2013).

Based on substrate specificity, these enzymes were classified into three main groups:
1) aryl-glucosidases, ii) cellobiases, and iii) broad-specificity f-glucosidases (Singhania et al.,
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2013; Ramani et al., 2015a; Yang et al., 2015a). However, the limitations of this classification
required a new classification method based on sequence similarities (Henrissat, 1991). Since
then, B-glucosidases have been classified into glycoside hydrolase (GH) families 1, 3, 5,9, and
30 (Cairns and Esen, 2010). However, the majority of the B-glucosidases belongs to families
1 and 3 (Singhania et al., 2013; Crespim et al., 2016). B-glucosidases from the GH3 family
present an aspartate as a catalytic nucleophile and a glutamate as a catalytic acid/base. On
the other hand, enzymes of the GH1 family belong to the clan GH-A, that group proteins
with (a/B), TIM barrel fold and conserved catalytic amino acids on B-strands 4 and 7 of the
barrel (Cairns and Esen, 2010; Jabbour et al., 2012; Crespim et al., 2016). GH1 B-glucosidases
hydrolyze through the mechanism of retention of the anomeric carbon, using two glutamates
as a catalytic nucleophile and catalytic acid/base. GH1 B-glucosidases have attracted attention
due to the high resistance to product inhibition, which has many applications for cellulose
degradation (Yang et al., 2015b).

Cellulose is the major source of biomass on the Earth, accounting for around 40 to
50% of the plant biomass weight (Uchima et al., 2012; Uchiyama et al., 2015). Cellulose is
constituted of glucose monomers connected by B-1,4 glucosidic bonds (Ramani et al., 2015b).
The glucose obtained by cellulose degradation may be fermented to produce bioethanol, a
promising green alternative and renewable source for the production of fuels (Teugjas and
Viljamée, 2013). B-glucosidases act synergistically with endoglucanases (E.C. 3.2.1.4) and
exoglucanases or cellobiohydrolases (E.C. 3.2.1.91) to compose the enzymatic system for
cellulose bioconversion (Kumar et al., 2008). While endoglucanases act in the cellulose chain
producing oligosaccharides of variable length, exoglucanases act in the oligosaccharides
producing mainly cellobiose. B-glucosidases cleave the link B-1,4 glucosidic bonds with the
help of a water molecule, producing two glucose molecules (Béguin and Aubert, 1994). It is
well established that B-glucosidases have a pivotal role in this enzymatic system removing
cellobiose, which is a strong inhibitor of both endoglucanases and exoglucanases (Murphy
et al., 2013; Zhao et al., 2013; Chamoli et al., 2016). However, most of the pB-glucosidases
reported are inhibited by the increase of glucose concentration (Teugjas and Viljamaée,
2013; Yang et al., 2015b). Hence, there is the growing interest in searching for thermostable
and glucose-tolerant B-glucosidases. Their production may help to shed some light on the
degradation of cellulosic biomass and may improve the saccharification process for biofuel
production (Pei et al., 2012).

In this paper, we conducted a systematic literature review (SLR) to collect, analyze,
and summarize the state-of-the-art research about glucose-tolerant B-glucosidases. We
aimed to identify research trends about B-glucosidase enzymes used to improve the biofuel
production. Although the mechanisms and molecular basis for glucose tolerance have not
been completely enlightened, several studies have presented insights about the role of glucose
tolerance, as well as structural aspects of interaction with the substrates and products, and also
some discoveries on more efficient B-glucosidases in biomass degradation (Singhania et al.,
2013). Also, we collected protein structures and constructed a glucose-tolerant B-glucosidase
database. The construction of glucose-tolerant B-glucosidase structure database may be
useful for bioinformatics analysis, such as the characterization of residues responsible for
glucose tolerance in B-glucosidases. We also performed molecular docking and characterized
important amino acids near to the cellobiose-binding region for the occurrence of hydrolysis.
The provided information may be useful for engineering efficient enzymes for second-
generation biofuel production.
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MATERIAL AND METHODS

The SLR protocol was created based on the guide for performing SLR in bioinformatics
(Mariano et al., 2017), the guideline for systematic reviews of Kitchenham (2004), and the
PRISMA statement (Liberati et al., 2009).

Search strategy

Data collection for the SLR was performed from November 2015 until February 2016.
Search terms were defined based on interviews with researchers in the area, the study of Pei et
al. (2012), and were iteratively improved based on the results obtained from the first queries.
PubMed (http://www.ncbi.nlm.nih.gov/pubmed), ScienceDirect (http://www.sciencedirect.
com/), and Scopus (http://www.scopus.com/) databases were used to collect the studies.
The query used was (“beta-glucosidases” or “beta-glucosidase™) and (“glucose-tolerant” or
“glucose tolerance” or “glucose insensitive” or “product tolerant” or “product insensitive”).
The period of publication for the three databases was “all the time”. For ScienceDirect, we
applied a filter to return only content type declared as “journal”. For Scopus, we applied filters
to return manuscripts in English, to search in any part of the document, and with document
type declared as “article”. No filter was applied for PubMed. The filters were applied to remove
undesirable formats, such as book chapters or articles in idioms different from English.

Eligibility criteria and selection

The SLR was performed in five steps: 1) exclusion of duplications, ii) analysis of titles,
iii) analysis of abstracts, iv) diagonal reading (when only the introduction, titles of the figures
and conclusion are read), and v) full-text reading. Second, third, fourth, and fifth steps were
performed independently by two reviewers to minimize the risk of bias or mistakes. In steps
two, three and four, a paper was kept for the next step if at least one of the evaluators had
approved. In these steps, the reviewers evaluate if the paper presented a f-glucosidase applied
for biofuel production and if glucose tolerance was cited as crucial for improving glucose
production. We prioritized articles containing publicly available protein structural and kinetic
data, such as inhibition constant for glucose and affinity for cellobiose. Other criteria, such as
culture mediums and reagents used were not evaluated. In the last step, we performed a full-text
reading. For each paper, we answered five questions: i) does the study present a B-glucosidase
with the enzyme kinetic patterns, such as inhibition constant (K.) for glucose, Michaelis constant
(K) for cellobiose, catalytic constant (K ), characterized? ii) Is the B-glucosidase presented as a
possible enzyme for biofuel production and it hydrolyzes cellobiose as a substrate? iii) Does the
study show a genetic engineering strategy, such as mutagenesis or fusion, to solve the problem of
glucose inhibition? iv) Does the paper seek to explain the mechanisms of inhibition by glucose in
B-glucosidases? v) Does the paper present B-glucosidase sequence or three-dimensional structure
data publicly available for bioinformatics analysis?

For each question, both evaluators, in consensus, gave scores: (0) if it does not attend
requirements of the question; (1) if it attends the requirements of the question partially; and (2) if
it attends requirements of the question. A paper was included in the review if it has a score equal
or higher than six (60%). We also collected the following information from the papers: i) author
names, ii) title, iii) sequence IDs, iv) PDB IDs, and v) enzyme kinetic information (if available).
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Biological data collection

The sequences were collected in the databases UniProt (http://www.uniprot.org/)
and GenBank (http://www.ncbi.nlm.nih.gov/genbank/). Structural files were obtained in the
Protein Data Bank (PDB; Berman et al., 2000). Protein three-dimensional structures are crucial
to infer about the glucose tolerance mechanism in B-glucosidases. However, few experimental
structures of glucose-tolerant were found.

Bioinformatics analysis

Homology modeling has been used to obtain three-dimensional structures for
sequences of B-glucosidases (Yang et al., 2015b; Chamoli et al., 2016; Crespim et al., 2016).
To make available as much information as possible to enable studies of glucose-tolerant
B-glucosidases, we constructed 18 three-dimensional models to represent the sequences
without a structure available. The sequences were modeled by homology using a consolidated
pipeline of the literature (Bitar and Franco, 2014). For each protein, 100 models were built
using MODELLER (Webb and Sali, 2014). NCBI BLAST web interface (Johnson et al., 2008)
was used for template selection. The best model was selected based on the lowest value of
MODELLER objective function and by the highest number of residues in favored region
calculated by the RAMPAGE software (Lovell et al., 2003). Sequences were compared
with a global alignment using the ggsearch36 software (Pearson, 2016) that implements the
Needleman-Wunsch algorithm. Results with e-value lower than 0.001 were eliminated. An
identity matrix was constructed using in-house scripts. We also built a database and website
to make available visualizations of the three-dimensional structures and characteristics of the
PDB files collected and modeled using 3Dmol (Rego and Koes, 2015).

We used the B-glucosidase from the termite Neotermes koshunensis in complex with
cellobiose (Jeng et al., 2012) to characterized the catalytic pocket of GH1 B-glucosidases. We
considered the catalytic pocket as the residues present in the channel that guides the substrate
to the two catalytic amino acids. We selected 24 residues whose distances from ligand were
less than or equal to 6.5 A from the ligand. The distance was chosen based on previous metrics
to determine residues of pockets (Pires et al., 2013). Then, we performed structural alignments
among the 21 collected glucose-tolerant GH1 B-glucosidases collected and the N. koshunensis
B-glucosidase to obtain the corresponding residues of the catalytic pocket using MultiProt
(Shatsky et al., 2004). We also performed sequence alignments using Clustal Omega (Sievers
et al., 2011) to detect a consensus subsequence and constructed a residue conservation
visualization using D3 JavaScript library (https://d3js.org).

Molecular docking has been used to understand cellobiose binding in B-glucosidases
(Khairudin and Mazlan, 2013). We performed molecular docking to verify which residues
of the 21 glucose-tolerant GH1 B-glucosidases were directly related to the recognizing of
the substrate and to determine the number of contacts carried out for each residue with the
cellobiose. DOCK 6 (version 6.7) was used to perform molecular docking (Allen et al., 2015).
DOCK 6 uses an incremental construction method as a sampling algorithm for flexible ligand
docking, the so-called anchor-and-grow algorithm (Ewing and Kuntz, 1997). In this approach,
the ligand is separated in layers, and the major rigid substructure of the ligand is primarily
recognized as the anchor, the anchor is then rigidly oriented in the binding site. Subsequently,
each layer of flexible bonds is grown from each cluster, minimized, ranked, and clustered
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again. The latter procedure is repeated until the molecule is fully constructed.

Before molecular docking with DOCK 6, all systems (receptor and ligand molecules)
were evenly prepared. The crystal structure, PDB code: 3VIK (Jeng et al., 2012), bound to the
cellobiose (CBI) ligand, was chosen as a reference, and all structures were superimposed on
it, using the matchmaker tool in Chimera program (Pettersen et al., 2004). The superimposing
of structures before molecular docking facilitates comparison between the crystallographic
CBI and pose outcomes (Figure S1). For the structures extracted from the PDB database, ions,
and other co-factors were removed. Hydrogens were added at physiological pH, and standard
receptor residues were assigned AMBER ff14sb atomic partial charges (Maier et al., 2015),
while CBI was assigned AM1-BCC charges (Jakalian et al., 2002). All receptor-CBI systems
were subjected to energy minimization, 500 steepest descent minimization steps, where all
residues were unrestrained using Chimera’s Minimize Structure module (Pettersen et al.,
2004). This minimization step allows the newly added hydrogen atoms of receptor and ligand
to adjust in physically moderate positions, while also transporting the protein to a potential
energy point inferior to the one from before.

Receptor and CBI were separated so that a specific DOCK preparation could be
performed. DOCK’s sphgen program (DeslJarlais et al., 1988) was used to generate spheres
within the binding site. The spheres that were within 8.0 A of the crystallographic CBI position
(PDB code: 3VIK) were kept for docking. A box around the spheres plus a 5.0 A margin
in all directions was used to restrict the receptor space for energy grid calculations. Lastly,
energy interactions between a dummy probe atom and all receptor atoms on a 0.3 A resolution
grid within the box were calculated with DOCK’s GRID program (Meng et al., 1992). In the
calculated grid, van der Waals interactions were modeled through the Lennard-Jones potential
with 6-12 attractive and repulsive exponents, respectively, whereas, a distance-dependent
dielectric coefficient was used to represent the electrostatic interactions. The grid files are
essential for rapid score evaluation using DOCK’s native energy-based score GridScore. CBI
was treated as flexible in all docking outcomes, according to the “standard flexible docking
(FLX) protocol” described in Allen et al. (2015). A maximum of 300 ligand conformations
was retained and clustered (RMSD cut-off of 2.0A) for all receptor-CBI systems to compose
our docking analysis. We used all the structures to calculate the number of contacts between
residues and substrate. A contact is defined as all kinds of direct interactions: polar, nonpolar,
favorable, and unfavorable (including clashes).

RESULTS

The results of SLR were described according to PRISMA workflow and checklist
(Figure 1 and Table S1). We collected 665 papers from three databases: PubMed, ScienceDirect,
and Scopus. We performed five steps to evaluate the quality of the publications according
to predefined objectives of the present SLR. After the analysis of two evaluators, 27 papers
were included in the SLR (Table S2). We grouped the 27 papers into three categories: 1)
papers that report a new glucose-tolerant B-glucosidases with proper application for biofuel
production and with sequences or three-dimensional structures publicly available; 2) papers
that report an engineering genetic technique being used to improve the B-glucosidase activity;
3) papers that report a comprehensive explanation about glucose tolerance mechanism and try
to determine the related structural aspects (Table S2). We also collected five protein structural
files, 23 B-glucosidase sequences, and their kinetic parameters (Table S3). Besides, 18 three-
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dimensional models of the sequences without a PDB file available in the PDB database were
constructed by homology (Figure S2). We decided to perform the next steps only with the 21
GH1 B-glucosidases because glucose-tolerant B-glucosidases (from now called GTBGL) have
been described only in the GH1 family.

Records Records Records
identified identified identified
= through Ithrough through
=] PubMed ScienceDirect Scopus
"c-u' (39 (116) (514)
[*]
=
o
S
— Records after duplicates removed (599)
(=]
= ‘
>
o Records eRifoggz
screened xcluaed:
A 599) title (372),
abstract (181),
diagonal
E ‘ reading (50)
]
=) Flﬂl-_tFXt
—_ articles Full-text
L assessed for » articles
eligibility (70) excluded by
score less
‘ than six (43)
<)
=]
% Studies
= included in
- qualitative
synthesis (27)

Figure 1. PRISMA workflow describing the number of papers collected during the systematic literature review
based on the PRISMA statement.

Conserved residues in the catalytic pocket of GTBGL

Based on the information collected in the SLR, we hypothesized that the key amino
acids responsible for regulating the glucose tolerance process should be in the channel that
guides to the active site. We called this region as the catalytic pocket (Figure 2A-C). To verify
this, we performed alignments among the residues in the pocket and detected a GTBGL
consensus subsequence composed of 22 most conserved amino acids near to the likely region
of cellobiose binding: “HWNEWCLHNLTANYYTNEWEWEF” (Figure 2D). These amino
acids corresponded in the Thermoanaerobacter brockii B-glucosidase to the residues: H121,
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WI122,N166, E167, W169, C170, L174, H181, N224, L.225, T226, A244,N297, Y298, Y299,
T300, S302, E355, W402, E409, W410, and F418 (Figure 2). The catalytic pocket of the 7.
brockii B-glucosidase presented the highest quantity of similarities with the GTBGL consensus
subsequence. For this reason, from now on it was used as a reference (the corresponding
residues for all GH1 glucose-tolerant B-glucosidases are available in Table S4).

Figure 2. Conserved residues in the catalytic pocket of glucose-tolerant GH1 f-glucosidases. A. Residues to
6.5 angstrom of the ligand in the GH1 B-glucosidase from Thermoanaerobacter brockii. B. Enzyme top view.
C. Enzyme side view. D. Conserved residues in the 21 GH1 glucose-tolerant B-glucosidases. The conservation
of the amino acid is shown in the pie chart. We highlighted the two catalytic residues, E167 and E355, and
the residues W169 and L173 described in the literature as essential for glucose tolerance. The amino acids
“HWNEWCLHNLTANYYTNEWEWE” correspond in the B-glucosidase from 7. brockii to the residues: H121,
W122, N166, E167, W169, C170, L174, H181, N224, L225, T226, A244, N297, Y298, Y299, T300, S302
(correspond to an asparagine), E355, W402, E409, W410, and F418. Images generated by PyMOL (http://pymol.
org) and D3js (http://d3js.org).

Six residues were conserved in all glucose-tolerant B-glucosidases: H121,N166, E167,
Y299, E355, and W402 (Table 1). E167 and E355 were acid/base catalytic and nucleophile
catalytic residues, respectively. The other residues were located near to both catalytic residues.
The conserved residues were essential to recognize the substrate. The residues W122, N297,
E409, W410, and F418 were conserved in more than 90% of the sequences. Also, W169,
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C170, L174, N224, A244, Y299, and T300 were conserved in the majority of the sequences.
The low conservation of amino acids L.225, T226, and S302 (an asparagine in the consensus
subsequence) suggested minor importance to these residues.

Table 1. Residue conservation and contacts with cellobiose.

# Residue Residue conservation Contacts with cellobiose
(T. brockii) >90% conserved 100% conserved Corresponding residue makes No contacts when substituted
contact in all GTBGL (reference: residue of 7. brockii)
1 Hi121 X X
2 Wi122 X X
3 N166 X X X
4 El67 X X X
5 W169 X
6 C170 X
7 L174 X
8 H181 X
9 N224 X
10 L225
11 T226 X
12 A244
13 N297 X
14 Y298
15 Y299 X X X
16 T300
17 S302 X
18 E355 X X X
19 W402 X X X
20 E409 X X
21 W410 X X
22 F418 X

The table corresponds to the 22 corresponding residues in the catalytic pocket of the 21 glucose-tolerant
B-glucosidases (GTBGL).

Cellobiose docking

From the retained and clustered docking conformations, we calculated the number of
contacts between all receptor residues and cellobiose (Figure S3). The corresponding residues
to W122,N166,E167,C170,L174,Y299, E355, W402, E409, and W410 formed contacts with
the cellobiose in every GTBGL (Table 1 and Figure 3). Moreover, the corresponding residues
to H181 and N224 established contacts in almost every GTBGL. However, they are not
present in the Bacillus subtilis B-glucosidase. Also, some residues established several contacts,
except when they were substituted by other amino acids, such as W169 when substituted by a
glutamine or T226 when substituted by a glycine. Furthermore, the residue found in the 17th
position of the catalytic pocket consensus subsequence, which in the 7. brockii B-glucosidase
was S302, presented many contacts when it was a serine but mostly none when the residue
was an alanine. When this residue was an asparagine, the most conserved amino acid in this
position, in some f-glucosidases, it performed several contacts while in another no contact at
all, such as in Neurospora crassa and Trichoderma reesei B-glucosidases, respectively. The
corresponding residues to L225, A244, N297, Y298, T300, and F418 established few or no
contacts (Table 1 and Figure 3). However, the residues in the corresponding position of N297
and F418 established several contacts when they were substituted by serine and tyrosine,
respectively.
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Figure 3. Contacts between residues and the cellobiose docked in glucose-tolerant GH1 -glucosidases. A. Contacts
between residues and the cellobiose docked in the GH1 B-glucosidase from 7. brockii. A black line indicates
the minor and maximum value detected in the corresponding position of other glucose-tolerant -glucosidases.
B. Contacts with the ligand that occurs in the other glucose-tolerant B-glucosidases. A complete table of the
corresponding values can be obtained in Table S4.

DISCUSSION

Glucose inhibits the B-glucosidase activity competing with the substrate (cellobiose)
to bind in the active site. Hence, glucose-tolerant B-glucosidases may increase the biofuel
production capacity and reduce costs (Yang et al., 2015b). An efficient hydrolysis of biomass
requires active B-glucosidases at higher glucose concentration (Singhania et al., 2013). For
this reason, glucose-tolerant B-glucosidases are important. However, it has been hard to
identify a B-glucosidase completely tolerant to product inhibition, due to the similarities
between product and substrate. It is observed that when the affinity to the product is reduced,
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the substrate affinity is reduced as well. However, B-glucosidases with low sensitivity to
inhibition have been found. Moreover, the enzymatic hydrolysis of cellulose that produces
glucose concentrations may reach 650-1000 mM (Meleiro et al., 2015). Hence, an ideal
B-glucosidase for biofuel production should have elevated levels of glucose tolerance and also
a high catalytic efficiency.

In addition to glucose tolerance, a stimulatory effect of glucose for B-glucosidases was
reported in several studies (Pei et al., 2012; Yang et al., 2015b; Crespim et al., 2016; Guo et al.,
2016). This effect has been reported exclusively in some GH1 B-glucosidases (de Giuseppe
et al., 2014; Yang et al., 2015b). However, not every glucose-tolerant B-glucosidases present
this stimulatory effect (Meleiro et al., 2015). Glucose stimulation consists in an improvement
in the B-glucosidase activity in a particular range of glucose concentrations. For instance,
it has been reported that in the presence of 50 mM glucose the activity of a B-glucosidase
from Humicola insolens RP86 was stimulated about 1.8-fold (Souza et al., 2014). Glucose
stimulation occurs due to an allosteric effect by glucose binding in a secondary site or by
transglycosylation (Cao et al., 2015). It has been suggested that when glucose concentration
increases during the saccharification process, substrate inhibition is gradually prevented (Guo
et al., 2016), supporting the idea that glucose stimulation occurs not due to the presence of
certain glucose quantity, but due to the reduction of substrate concentration in the reaction
environment. Besides glucose inhibition, some B-glucosidases are inhibited by cellobiose.

Conserved patterns in the catalytic pocket

B-glucosidase structures collected during the SLR were used to characterize conserved
residues present in the catalytic pocket. Residue conservation is a primary indication of
conserved patterns that could be used to propose mutations for non-tolerant B-glucosidases.
The residues H121, N166, E167, Y299, E355, W402, W122,N297, E409, W410, and F418 are
conserved in more than 90% of the sequences (Table 1). Hence, any mutation of these residues
could not be indicated for engineering more efficient 3-glucosidases once conservation is an
indicative of the residue importance. On the other hand, some residues appear in the majority
of the sequences. However, they are not highly conserved, such as W169, C170, L174, N224,
A244,Y299, and T300. Other residues are poorly conserved, such as L225, T226, and S302,
what can indicate that these positions have little importance.

Also, the docking results (Figure 3) showed that some residues are important for the
substrate recognizing. The corresponding residues to W122, N166, E167, C170, L174, Y299,
W402, E409, and W410 performed several contacts with the ligand. The residue E167 is one
of'the catalytic glutamates and performs several contacts with the ligand. Moreover, E355, the
other catalytic glutamate, produced few contacts with the ligand. The H121 is another residue
that is highly conserved but performs few contacts with the ligand. The H121 probably acts
together with E167 and E355 in the catalytic activity. It has been highlighted that H121 is
somehow involved in substrate binding or transition state stabilization (Barrett et al., 1995;
Sanz-Aparicio et al., 1998).

We also detected a possible co-occurrence of a cysteine (C170) when appearing both
a tryptophan (W169) and leucine (L174). Glucose-tolerant GH1 B-glucosidases present a deep
and narrow channel that limits the glucose access to the active site. It has been suggested that
the channel shape guides the substrate to the active site and it is responsible for reducing the
glucose access and, consequently, glucose tolerance in GH1 B-glucosidases (de Giuseppe et
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al., 2014). Equally, some amino acids located near to the active site were reported in some
studies as essential for the release of glucose (Figure 4; de Giuseppe et al., 2014; Guo et
al., 2016). In the B-glucosidase from Humicola grisea var. thermoidea (PDB: 4MDO), the
amino acids W168 and L173 (W169 and L174 of T. brockii) were reported as contributors for
relieving enzyme inhibition. They apply constraints at the +2 subsite, and consequently, cause
to glucose access limitation at the -1 subsite (Figure 4A). In another study, the site-directed
mutagenesis L167W and P172L (corresponding residues of W169 and L174) were used to
improve the glucose tolerance, pH and thermostability of B-glucosidase from 7. reesei (Figure
4B; Guo et al., 2016). The W169 and L174 were conserved in the majority of glucose-tolerant
B-glucosidases. This conservation highlights the importance of these amino acids for the
regulation of entrance and exit of products and substrate, already shown in other articles (de
Giuseppe et al., 2014; Guo et al., 2016). Likewise, the residue C170 appears in the majority
of the catalytic pockets, which indicates that mutating an amino acid in this corresponding
position for a cysteine may be beneficial, as reported in the literature (Figure 4C; Cao et al.,
2015). In a recent study, the authors used random mutagenesis and detected three beneficial
mutations: V174C, A404V, and L441F (where V174 corresponds to C170 in the 7. brockii
B-glucosidase). These mutations allowed the construction of a new glucose-tolerant and
thermostable mutant, which enhanced sugarcane bagasse conversion by 14-35%.

Figure 4. Structural data of f-glucosidases, amino acids related to glucose tolerance, and the active site. A. Humicola
grisea B-glucosidase presents a narrow and deep channel that guide to the active site. The acid/base catalytic and
nucleophile amino acids, E166 and E377, are ~5 A away. The residues W168 and L173 are responsible for contributing
to relieving enzyme inhibition. B. Trichoderma reesei B-glucosidase. The active site residues are E165 and E367.
Mutations L167W and P172L improved the activity. C. B-glucosidase from metagenome Turpan Depression. The
active site residues are E357 and E171. Mutations V174C, A404V, and L441F improved the catalytic activity,
although glucose-tolerance reduced of 3.5 M to 3 M. D. B-glucosidase from metagenome China South Sea. The active
site residues are E170 and E352. Mutations H228T, N301Q, and V302F were performed in the entrance and middle of
the channel that guides to the active site; Images generated by PyMOL (http://pymol.org).
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Our results suggest that the appearing of a cysteine in this position seems to be
correlational with the appearing of tryptophan and leucine in a nearby region, such as W169
and L174. Furthermore, according to the molecular docking results, when the three residues
tryptophan, cysteine, and leucine appear together, they perform fewer contacts than when
other residues substitute them; this suggests that co-occurrence may be related to the glucose
tolerance. For instance, the residues tryptophan, cysteine, and leucine of the Exiguobacterium
antarcticum B-glucosidase performed 347, 51, and 117 contacts, respectively (Table S5). In
the same positions, the Nasutitermes takasagoensis B-glucosidase presents an arginine, an
aspartate, and a threonine, that performed 740, 261, and 275 contacts, respectively (Table
S5). The E. antarcticum B-glucosidase showed IC50 for glucose of 1000 mM (Crespim et al.,
2016). On the other hand, the N. takasagoensis B-glucosidase showed a glucose tolerance of
600 mM (Uchima et al., 2012). These values are not full evidence that these amino acids are
related to a higher glucose tolerance. However, other glucose-tolerant B-glucosidase, such as
the extracted of metagenome from China South Sea (Yang et al., 2015b), Turpan Depression
(Cao et al., 2015), and Kusaya gravy (Uchiyama et al., 2015), present fewer contacts in these
positions and IC,  of 1000, 3500, and 750 mM, respectively (Table S5). This information
might suggest residues that perform fewer contacts with the cellobiose in the middle of the
catalytic pocket channel and may be beneficial for glucose tolerance.

Furthermore, mutagenesis of residues at the entrance and in the middle of the same
channel of a GH1 B-glucosidases isolated from a metagenome of the China South Sea has been
used to characterize other sites that glucose has more preference than the active site (Figure
4D; Yang et al., 2015b). The glucose tolerance on a non-tolerant B-glucosidase (bgl1B) was
increased through the mutations H228T and N301Q/V302F (Figure 4D; Yang et al., 2015b).
This outcome may suggest that secondary sites, which cellobiose binds the path of the active
site, are of great importance in the release of glucose process and the binding inhibition.
The corresponding residue to H228 in the 7. brockii B-glucosidase is the T226. Hence, the
mutation H228T appears to be beneficial. Although T226 was not highly conserved (Figure 2),
its substitution for another amino acid could change the number of contacts (Table 1). Indeed,
a histidine does not appear in this position in any glucose-tolerant -glucosidase.

Moreover, the importance of the amino acid 184 of a B-glucosidase obtained from a
marine microbial metagenomic library had been revealed earlier through the H184F mutation
(Liu et al., 2011). The residue H184 (corresponding to H181 in 7. brockii B-glucosidase)
appears in the majority of the tolerant B-glucosidases reported. The mutation H184F showed
an increase in the glucose tolerance when the substrate was pNPG (4-nitrophenyl-B-D-
glucopyranoside; Liu et al., 2011). Indeed, phenylalanine is the second more common residue
in this position based on multiple alignments (Figure S4). We detected that a histidine performs
more contacts with the cellobiose than a phenylalanine in the same position. However, there
is no report of the impact of this mutation on the glucose tolerance when the substrate was
cellobiose. Hence, more experiments are necessary to make inferences.

SLR evaluation

Although SLR was used originally to medical research, they have been used to
perform unbiased reviews in various areas (Kitchenham, 2004). Recently, several reviews
have covered: 1) general aspects of B-glucosidases (Cairns and Esen, 2010); ii) efficiency
of B-glucosidases from fungus (Tiwari et al., 2013); iii) the role of B-glucosidases in the
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hydrolysis of cellulose (Singhania et al., 2013); iv) reduction of product inhibition during
enzymatic lignocellulose hydrolysis (Andri¢ et al., 2010); and v) advances in enzymes for
lignocellulosic biomass conversion (Saha and Bothast, 1997). However, to our knowledge,
this is the first report of an SLR that analyzes the role of glucose tolerance in B-glucosidases
for biofuel production focusing on bioinformatics analysis.

Most of the glucose-tolerant f-glucosidases reported in this SLR belong to the GH1
family (21 of 23). Indeed, B-glucosidases from GH1 family have been reported to be 10- to
1000-fold more glucose tolerant than the ones from the GH3 family (de Giuseppe et al., 2014).
The potential for industrial use of B-glucosidase enzymes belonging to the GH1 family has
been highlighted due to its broad substrate specificity and weak inhibition by glucose (Cota et
al., 2015). Although we have detected two glucose-tolerant GH3 B-glucosidases that showed
activity in glucose concentrations of 140 mM (Huang et al., 2014) and 400 mM (Ramani et
al., 2015b), this SLR confirms that GH1 B-glucosidases are more promising for the second-
generation biofuel production. However, more works with GH3 B-glucosidases in the future
may bring new conclusions.

In the SLR, we detected that glucose inhibition constant (K,) was the main parameter
used to measure product inhibition. For example, the B-glucosidase from Bacillus subtilis
showed the highest glucose K, value (1.9 M) among the sequences collected (Table S2). When
the K, for glucose was not available, the papers reported another tolerance parameter, such as
IC, . For instance, the Mucor circinelloides B-glucosidase retained 84% activity at glucose
concentrations up to 140 mM (Huang et al., 2014), a high value for a B-glucosidase from GH3
family. It has been suggested that an ideal B-glucosidase could be obtained by improving the
tolerance of GH3 or improving the specificity constant (k_ /K ) of the GHI (Cao etal., 2015).
Moreover, it has been reported two B-glucosidases from the GH1 and GH3 families present
in the same operon of Thermoanaerobacter brockii (Breves et al., 1997). Hence, the diversity
of B-glucosidases from different families may be beneficial for the organism to perform the
biomass degradation.

Bias risk

The different methods used to measure the glucose inhibition may result in a risk of
bias for the SLR. The inhibition constant (K) is an effective metric to measure the inhibition.
However, it is harder to be determined experimentally. For this reason, the majority of the
works has preferred to use IC50 to determine the glucose inhibition in B-glucosidases. In
this SLR, we noticed that the IC50 had been determined by different methods, which can
be a problem for comparisons among the results. Comparisons among IC50 results would
depend on enzymatic assays, different from K. Also, IC50 may vary at different enzyme
concentrations, even if the parameters considered to measure the enzyme activity were the
same. In the various studies accessed in this SLR, enzymatic concentrations used in IC50
assays were not the same and were only slightly related.

Another risk of bias concerns substrates used in glucose inhibition tests. Although
several works have presented B-glucosidases with resistance at high glucose concentrations
and affinity tests with cellobiose, most studies have used pNPG (4-nitrophenyl-B-D-
glucopyranoside) as a substrate for glucose tolerance tests. The pNPG substrate concentration
can be measured without interference from glucose added, which is more convenient for
bench experiments. However, for biofuel production, the B-glucosidase natural substrate is
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cellobiose (Bohlin et al., 2010). The inhibition constant for glucose and substrate specificity
constant for cellobiose are the most important metrics to select B-glucosidases (Teugjas and
Viljamée, 2013).

CONCLUSIONS

In summary, we performed a broad search in the literature guide by the restrictions of a
systematic literature review. We selected 27 papers that report the state-of-art of glucose-tolerant
B-glucosidases used in the production of second-generation biofuel and collected structural
data. We constructed a database with five three-dimensional structure files, 23 glucose-tolerant
B-glucosidases sequences, and their kinetic information, and also modeled by homology 18
glucose-tolerant B-glucosidase sequences. We identified the most conserved residues in the
catalytic pocket and the residues that perform more and fewer contacts with the cellobiose.
This information may be substantial for understanding the B-glucosidases mechanisms,
identifying sites for mutations and engineering novel and more efficient f-glucosidases for
biofuel production. Based on the SLR results, we conclude that site-directed mutagenesis
seems to be a great strategy to produce more efficient f-glucosidases for biofuel production.
For this reason, it is important to determine the residues related to the glucose tolerance. We
detected that the residues H121, N166, E167, Y299, E355, W402, W122, N297, E409, W410,
and F418 are highly conserved, and for this reason, they probably are critical for substrate
recognizing. We also detected an apparent co-occurrence of the residue C170 when both
residues W169 and L174 appear, which may be related to the glucose tolerance. We also verify
that the residue T226 may be essential for the glucose tolerance. In addition, we detected that
the residue H181, which has been described as important for glucose tolerance, perform more
contacts with the cellobiose than when is substituted by phenylalanine. However, the use of
experimental methods is necessary to infer about the importance of this residue for GTBGL.
We also proposed that the number of contacts of a residue in a determined position could be
used as a metric to suggest mutation in non-tolerant f-glucosidases.

To the best of our knowledge, this is the first report of an SLR about glucose tolerance
in B-glucosidases and a database of glucose-tolerant f-glucosidases. The results of this work
may be useful for in silico, in vitro and in vivo experiments and may help shed light on the
production of second-generation biofuel. The sequences and structural data were organized in
a database, called betagdb, which is available at: <http://bioinfo.dcc.ufmg.br/betagdb>.
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