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Abstract

Lignin is a major obstacle for cost-effective conversion of cellulose into fermentable sugars.
Non-productive adsorption onto insoluble lignin fragments and interactions with soluble phe-
nols are important inhibition mechanisms of cellulases, including B-glucosidases. Here, we
examined the inhibitory effect of tannic acid (TAN), a model polyphenolic compound, on 3-
glucosidases from the bacterium Thermotoga petrophila (TpBGL1 and TpBGL3) and
archaeon Pyrococcus furiosus (PfBGL1). The results revealed that the inhibition effects on
B-glucosidases were TAN concentration-dependent. ToBGL1 and TpBGL3 were more toler-
ant to the presence of TAN when compared with PIBGL1, while TpBGL1 was less inhibited
when compared with TpBGLS3. In an attempt to better understand the inhibitory effect, the
interaction between TAN and -glucosidases were analyzed by isothermal titration calorim-
etry (ITC). Furthermore, the exposed hydrophobic surface areas in B-glucosidases were
analyzed using a fluorescent probe and compared with the results of inhibition and ITC. The
binding constants determined by ITC for the interactions between TAN and 3-glucosidases
presented the same order of magnitude. However, the number of binding sites and exposed
hydrophobic surface areas varied for the 3-glucosidases studied. The binding between TAN
and B-glucosidases were driven by enthalpic effects and with an unfavorable negative
change in entropy upon binding. Furthermore, the data suggest that there is a high correla-
tion between exposed hydrophobic surface areas and the number of binding sites on the
inhibition of microbial B-glucosidases by TAN. These studies can be useful for biotechnolog-
ical applications.
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Introduction

Lignocellulosic biomass is composed mainly of cellulose, hemicellulose and lignin, and the
proportion of each constituent varies from plant to plant (for example between softwoods,
hardwoods, or grasses) [1-3]. Cellulose represents the largest carbohydrate fraction of biomass
and it is used in several biotechnological processes, especially in the field of second-generation
bioethanol production [2]. Many different pretreatment methods can be employed to remove
hemicellulose and lignin to improve the efficiency of the enzymatic hydrolysis of cellulose [4-
6]. Efficient enzymatic hydrolysis of cellulose to glucose requires hydrolytic cellulases working
synergistically: endoglucanases (E.C. 3.2.1.4), cellobiohydrolases (E.C. 3.2.1.91), and B-glucosi-
dases (E.C. 3.2.1.91) [3,7]. Endoglucanases randomly cleave the cellulose and create new chain
ends, while cellobiohydrolases cleave off cellobiose from the end of cellulose chains [7,8]. The
B-glucosidases hydrolyze the released cellobiose and other soluble oligosaccharides into glu-
cose [9]. Additionally, AA9 enzymes which are copper-dependent lytic polysaccharide mono-
oxygenases, together with cellobiose dehydrogenase, can improve cellulose break down via
oxidative mechanisms [10]. Cellobiose is a potent inhibitor of both endoglucanases and cello-
biohydrolases, consequently, the B-glucosidases are essential enzymes preventing cellobiose
accumulation and maintaining the hydrolysis rates of cellulose over the time [11].

Lignin is an aromatic complex polymer and a major obstacle for cost-effective conversion of
cellulose into fermentable sugars [3]. Lignin composition may vary from plant to plant, and is
composed mainly of phenylpropane units (guaiacyl propanol, syringyl propanol, and p-hydroxy-
phenyl propanol) [12,13]. The enzymatic hydrolysis of cellulose to glucose by cellulases may be
inhibited in the presence of residual lignin produced as a result of pretreatment, the latter which
frequently results in considerable amounts of insoluble lignin fragments and soluble phenolics
[14-19]. The mechanism of enzyme inhibition may involve both non-productive adsorption of
cellulases onto insoluble lignin fragments, as well as interactions with solubilized phenolics [14-
19]. Therefore, a better understanding of the interaction of cellulases with lignin and its soluble
derivatives can help to improve the development of biofuel production technologies.

Polyphenols are well-known to have high affinity to bind proteins and other biomolecules
[20-24]. The interaction between phenolics and proteins may be influenced by several param-
eters as temperature, pH, ionic strength, protein folds and types of phenolics [24]. In the
present study, we examined the interaction and the inhibitory effect of tannic acid (TAN)
on B-glucosidases from the bacterium Thermotoga petrophila (belonging to the families GH1
and GH3) and archaeon Pyrococcus furiosus (belonging to the family GH1) [25-26]. As previ-
ously described, TAN can be used as a realistic polyphenol model compound for lignin and
soluble phenolics [18]. Soluble phenolics produced by pretreatments processes can inhibit and
inactivate B-glucosidases under industrial applications [3,15,16]. Our results showed that the
inhibition effects were found to be TAN concentration-dependent. In an attempt to better
understand the inhibitory effect, we used high sensitivity isothermal titration calorimetry
(ITC) to investigate the thermodynamic binding properties of the interaction between TAN
and B-glucosidases. The exposed hydrophobic surface areas in B-glucosidases were also ana-
lyzed using the fluorescent probe 1-anilinonaphthalene-8-sulfonate (ANS) and compared with
the results of inhibition and ITC.

Materials and methods
Materials

All chemicals and reagents used in this study were of the highest purity grade. LB medium,
kanamycin sulfate, isopropyl-B-D-thiogalactopyranoside (IPTG), nickel-nitrilotriacetic acid
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resin (Ni-NTA), imidazole, 4-nitrophenyl-B-D-glucopyranoside (pNPG), 1-anilinonaphtha-
lene-8-sulfonate (ANS), tannic acid (TAN, molecular weight of 1,701.2 g/mol) and Triton X-
100 (approximate molecular weight of 625 g/mol) were purchased from Sigma-Aldrich.

Expression and purification of recombinant 3-glucosidases

The expression in Escherichia coli BL21(DE3) and purification of recombinant B-glucosidases
from bacterium Thermotoga petrophila (TpBGL1 and TpBGL3) and archaeon Pyrococcus furio-
sus (PfBGL1) were carried out as described previously [25-26]. The purification of recombi-
nant B-glucosidases were performed using affinity and size exclusion chromatographies. The
purity of the final B-glucosidases were verified by 15% SDS-PAGE. The concentrations of the
recombinant B-glucosidases were determined by UV absorbance at 280 nm using theoretical
extinction coefficients based on the amino acid sequence. The extinction coefficients (€) were
calculated for the monomers using the ProtParam tool [27]. The theoretical coefficients
employed were €,50nm = 121,240 M~'cm™ for TpBGLI, €350nm = 102,930 M~'cm ™ for
TpBGL3 and &550nm = 131,210 M~'cm™" for PfBGLI. The purified B-glucosidases were stored
at 4°C and used until one week after the purification. The expected molecular mass (mono-
mer) for TpBGL1, TpBGL3 and PfBGL1 are 52, 83 and 55 kDa, respectively.

Inhibition assays

The standard enzymatic assay for B-glucosidase activity was performed according to previously
described method and using 4-nitrophenyl-B-D-glucopyranoside (pNPG) as substrate [25,28].
Each reaction was composed of 100 pL of 250 mM acetate-borate-phosphate buffer solution
adjusted at different pH values (pH 6 for TpBGL1, pH 5 for PfGH1 and pH 4 for TpBGL3)
containing 1 pM B-glucosidase, 1 mM pNPG and different TAN concentrations (from 0 to

0.5 mM). In each case, before adding the pNPG the enzyme was incubated during 10 min with
TAN. After, each reaction was incubated at 70°C during 3 min. Subsequently, the reaction was
stopped by addition of 100 puL of 1 M Na,COj and the releasing of p-nitrophenol was moni-
tored colorimetrically at 405 nm using a microplate reader (Thermo Fisher Scientific). All B-
glucosidase assays presented in this study were done in triplicate.

Fluorescence experiments (ANS assay)

Fluorescence emission measurements were performed on a steady-state spectrofluorimeter
Varian (model Cary Eclypse) equipped with a refrigerated circulator. Fluorescent dye binding
experiments with 1-anilino-8-naphthalenesulfonic acid (ANS) were performed in order to
probe hydrophobic regions in the three microbial B-glucosidases used in this study [29,30].

A fixed concentration of B-glucosidase (10 uM) in 250 mM acetate-borate-phosphate buffer
solution adjusted at different pH values (pH 6 for TpBGL1, pH 5 for PfGH1 and pH 4 for
TpBGL3) was mixed at different ANS concentrations (from 0 to 0.12 mM). The excitation
wavelength was set at 360 nm at 25°C. Fluorescence emission spectra were recorded from 400
to 650 nm (monitored at 490 nm) from samples loaded into a 1 cm path-length quartz cuvette.
ANS-binding assays (50 M) were also performed on Triton X-100 (from 0 to 2 mM) and
TAN (from 0 to 2 mM). Fluorescence intensities were corrected for volume changes and inner
filter effects. Inner filter effect was corrected using the equation F,, = Fgpe. 1QACKCHAM)/2.
where Feop, Fobs Aexc and Ay, are fluorescence intensity corrected, fluorescence intensity
observed, sums of the absorbances of enzyme and ANS at excitation wavelength and sums of
the absorbances of enzyme and ANS at emission wavelength, respectively [31]. All the experi-
ments were done in triplicate.
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Isothermal titration calorimetry (ITC)

Isothermal titration calorimetry (ITC) was carried out using a VP-ITC instrument from Micro-
Cal (Northhampton, MA) at 25°C (298 K). To investigate the binding of tannic acid (TAN) to
microbial B-glucosidases, the calorimetric cell (volume of 1.46 mL) was filled with 250 mM ace-
tate-borate-phosphate buffer solution adjusted at different pH values (pH 6 for TpBGL1, pH 5
for PtGH1 and pH 4 for TpBGL3) containing 10 uM TpBGL1, TpBGL3 or PfBGLI. The buffer
concentration used was chosen to avoid variations in the pH value with increasing TAN con-
centration. For the experiments with PfBGL1 and TpBGL3, the syringe was filled with 250 mM
acetate-borate-phosphate buffer (adjusted at pH 5 for PfBGL1 and pH 4 for TpBGL3) contain-
ing 2 mM TAN and the titration was performed by 25 injections of 10 uL each into the sample
cell. For the experiment with TpBGLI, the syringe was filled with 250 mM acetate-borate-phos-
phate buffer pH 6 containing 1 mM TAN, and the titration was performed by 50 injections of
5 uL each into the sample cell. A first 1 pL injection was performed in all titrations to minimize
the volumetric error of the syringe plunger, and was later discarded in the analysis. In each
case, the time between each injection was 600 s. The data obtained from isothermal titration
were analyzed using the Origin software package for ITC analysis from Microcal (Microcal,
Inc.). The data were fitted using the one-site model (identical and independent binding sites)
[32]. The binding isotherms were analyzed by nonlinear regression to calculate the number of
binding sites (1), the binding constant (K}), and the enthalpy of binding (AH). Thermodynamic
parameters as changes in free energy (AG) and entropy (AS) of binding were determined from
the Gibbs free energy relation AG = AH—TAS = -RTIn(Kj), where T is the absolute temperature
and R = 1.987 cal/mol.K [33,34].

Homology models and surface areas determination

We used the PISA server from the European Bioinformatics Institute [35] to determine the
solvent-accessible surface area for each assembly. For PfBGL1 was used the PDB 3APG [36].
The three-dimensional models of the TpBGL1 and TpBGL3 were built by SWISS Model Server
[37] using as template the available structures of the B-glucosidases from Thermotoga maritima
(PDB 10IN) [38] and Thermotoga neapolitana (PDB 2X41) [39], respectively.

Results
Inhibitory effects of tannic acid on microbial 3-glucosidases

The inhibitory effects of TAN on microbial B-glucosidases (enzyme concentration of 1 uM)
were quantified by measuring the remaining hydrolytic activities after incubation the enzymes
with different TAN concentrations (from 0 to 0.5 mM). As can be seen in Fig 1, the inhibition
effects were found to be TAN concentration-dependent in all cases. Strong inhibitory effects
on B-glucosidases were observed at the highest TAN concentration (0.5 mM) used in this
study, with remaining activities lower than 20% in all cases. At TAN concentrations below

50 uM, both bacterial B-glucosidases (TpBGL1 and TpBGL3) were more tolerant to the pres-
ence of TAN when compared with archaeal B-glucosidase (PfBGL1). The remaining activities
of TpBGL1, TpBGL3 and PfBGLI1 were about 91%, 86% and 30% in the presence of 10 pM
TAN, respectively. Furthermore, at TAN concentration of 100 pM bacterial B-glucosidase
belonging to the family GH1 (TpBGL1) was less inhibited when compared with B-glucosidase
belonging to the family GH3 (TpBGL3). The remaining activities of TpBGLI and TpBGL3
were about 79% and 20% in the presence of 100 uM TAN, respectively (Fig 1).
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Fig 1. Inhibition assays. Effect of TAN concentration (from 0 to 0.5 mM) on the hydrolytic activities of the microbial B-glucosidases TpBGL1 (square),
TpBGL3 (triangle) and PfBGL1 (circle). At fixed enzyme concentration of 1 yM was used.

https://doi.org/10.1371/journal.pone.0181629.9001

Influence of surfactant on microbial B-glucosidases

As extensively reported in published studies, nonionic surfactants reduce or completely neu-
tralize the inhibitory effect because the surfactant binds to TAN [18,19]. Thus, we measured
the hydrolytic activities of microbial B-glucosidases in the presence of TAN in combination
with Triton X-100 (Fig 2). As described above, in all cases, 0.5 mM TAN strongly reduced the
B-glucosidases activities (Fig 1), while the hydrolytic activities were little altered (about 80-
90%) by the addition of 2 mM Triton X-100. Furthermore, addition of 50 mM NaCl had little
influence on the inhibitory effect of TAN (Fig 2). These results suggest that hydrophobic inter-
actions contribute to the binding of TAN on microbial B-glucosidases.

Exposed hydrophobic surface in microbial B-glucosidases

In general, B-glucosidases have been described in various oligomeric states, including mono-
mers, dimers, tetramers, hexamers, and octamers [40]. P BGL1 and TpBGL1 are belonging to
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the family GH1 and have a common (o./B)g barrel structure [26,36]. Belonging to the family
GH3, TpBGL3 is arranged in three distinct domains: a N-terminal domain (o/f)s triose phos-
phate isomerase barrel, followed by a five-stranded a/f sandwich, and a C-terminal fibronectin
type III domain [26]. The archaeal PfBGLI1 forms a very stable homotetramer in solution (S1
Fig) and the assembly has a solvent-accessible surface area of 64,660 A”. The bacterial TpBGL1
and TpBGL3 are very stable homodimers in solution (S1 Fig) and have solvent-accessible sur-
face areas of the assemblies of 29,990 and 50,060 A?, respectively. To characterize the B-gluco-
sidases in terms of exposed hydrophobic areas, we used the extrinsic fluorescent probe ANS.
ANS binds noncovalently to hydrophobic surfaces, resulting in a pronounced increase in fluo-
rescence emission when compared with the emission of free ANS in solution [29,30]. ANS-
binding assays were performed on TpBGL1, TpBGL3 and PfBGLI (Fig 3A). Excitation of the
unbound ANS at 360 nm resulted in a very low fluorescent emission at 490 nm, however the
fluorescent emission increased dramatically when the ANS bound to the hydrophobic regions
of the B-glucosidases. The ANS fluorescence measurements for bacterial and archaeal B-
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glucosidases indicated more exposed hydrophobic surface in PfBGL1 when compared with
TpBGL1 or TpBGL3. Furthermore, the results for bacterial f-glucosidases indicated more
exposed hydrophobic surface in TpBGL3 when compared with TpBGLI.

ANS interaction with nonionic surfactant and tannic acid

Results previously published reported that the addition of nonionic surfactant neutralizes
completely the interaction between TAN and cellulases by a competition mechanism that
favors the interaction between surfactant and TAN [18]. ANS-binding assays were performed
on Triton X-100 and TAN to characterize the nature of these interactions. Thus, the ANS fluo-
rescence emission was monitored in the absence and presence of Triton X-100 (or TAN). Exci-
tation of the ANS (50 uM) in the presence of Triton X-100 at concentrations lower than 0.25
mM resulted in a low fluorescence intensity at 490 nm (Fig 3B). However, at concentrations
higher than 0.25 mM the fluorescence emission at 490 nm increased progressively in intensity
(Fig 3B), in agreement with the critical micelle concentration (CMC) for Triton X-100 [18].
These results confirmed that Triton X-100 can interact with ANS preferentially via hydropho-
bic interactions. Furthermore, results did not show a significant interaction between ANS and
TAN (data not shown).

Interactions between tannic acid and microbial B-glucosidases

The interactions between TAN and microbial B-glucosidases were studied using ITC. Fig 4
shows the isothermal titration curves and the heat per injection obtained from the interaction
between TAN and TpBGL1, TpBGL3 and PfBGL3. In all cases, each injection resulted in a
negative deflection in the heat-flow consistent with exothermic interactions [18,32]. The TAN
dilution heat was determined from the values of the last injections of each titration and was
subtracted from the data shown in Fig 4 (bottom). For the determination of the parameters #,
K, and AH, the binding isotherms resulting from the interactions between TAN and microbial
B-glucosidases were fitted using a model of identical and independent binding sites (one-site
model) (Fig 5). All the thermodynamic parameters obtained from the fits are shown in

Table 1. As can be seen from Table 1, the binding constants have the same order of magnitude
(K ~ 10* M) for all the B-glucosidases studied. The stoichiometries determined were about
1.5,3.5and 9.9 TAN bound per TpBGL1, TpBGL3 and PfBGL1, respectively. Furthermore,
the values of AG and TAS were determined using the Gibbs free energy equation and are pre-
sented in Table 1.

Discussion

This study aims to provide a comparative thermodynamic analysis of the interaction between
TAN, a model polyphenolic compound, and B-glucosidases from different microorganisms
and families. It is widely accepted that the presence of residual soluble phenols produced after
pretreatment of lignocellulosic biomass can significantly reduce the enzymatic hydrolysis of
cellulose to glucose [14-19]. Therefore, several studies have investigated the effect of polyphe-
nolic compounds on enzymatic activity, and as a consequence, contributed to the improve-
ment of cost-effective production of biofuels [14-19]. The archaeon Pyrococcus furiosus and
the bacterium Thermotoga petrophila are hyperthermophilic microorganisms that produce
various enzymes with potential industrial, including B-glucosidases [19,25,26,36,41,42].

The results showed that 0.5 mM of TAN was capable to inhibit almost completely the enzy-
matic activities of the microbial B-glucosidases used in this study (Fig 1). The ITC analysis
showed that the binding between TAN and microbial -glucosidases is exothermic (Table 1).
The curves obtained for all B-glucosidases could be well fitted with a simple one-site model,
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https://doi.org/10.1371/journal.pone.0181629.9004

indicating that all the binding sites are independent and thermodynamically equivalents. The
binding constants determined from experimental data fits have the same order of magnitude
(K~ 10*M™), suggesting that most -glucosidases in this study could form complexes with
TAN at 0.5 mM (or higher concentrations). The binding constants determined here were an
order of magnitude greater than observed for the interaction between TAN and B-glucosidase
from Aspergillus niger (K, = 1.8 x 10> M™") [18]. The complex formation may inhibit or deacti-
vate the B-glucosidases to some extent. In comparison, TAN at a final concentration of 1.2
mM showed a strong inhibitory effect on B-glucosidase in a commercial preparation from
Aspergillus niger, while the B-glucosidase from Trichoderma reesei was subtly inhibited [16].
Furthermore, in the presence of 0.25 mM TAN a strong inhibitory effect was reported on B-
glucosidase 1 from Saccharomycosis fibuligera, while at a concentration of 1 mM the remaining
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activity was virtually zero [43]. Also, a tannase from Aspergillus niger with p-glucosidase activ-
ity (the enzyme was capable to hydrolyze cellobiose into glucose) was completely inhibited in
the presence of 50 mM TAN [44]. Residual soluble phenolics derived from lignin after indus-
trial pretreatment are present in concentrations between 107® and 10> M, concentration
range that may affect the hydrolytic activity due to the formation of complexes between TAN

Table 1. Summary of the thermodynamic parameters of binding of TAN to microbial B-glucosidases at 25°C. Binding constants calculated using ITC
for the interaction between TAN and microbial 3-glucosidases. K, is the binding constant and n the binding stoichiometry. AG, AHand AS are the changes in
the free energy, enthalpy and entropy of binding.

B-glucosidase Ky n AH AG TAS
M x10%) (kcal/mol) (kcal/mol) (kcal/mol)
TpBGLA1 74+05 15205 -65.2+7.1 -6.6+0.1 -58.6 +0.7
TpBGL3 1.1+0.2 35+1.1 -32.2+1.1 -5.5+0.1 -26.7+1.1
PfBGL1 3.6+0.5 9.9+0.5 -10.5+0.6 -6.2+0.1 -4.3+0.6

https://doi.org/10.1371/journal.pone.0181629.t001
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and B-glucosidases [15,16]. For the B-glucosidases analyzed in this study, the addition of Triton
X-100 neutralized almost completely the inhibitory effect of TAN (Fig 2) suggesting that
hydrophobic interactions contribute to the binding of TAN on microbial B-glucosidases, in
agreement with published studies [18,19].

According to our data, the binding of TAN to all B-glucosidases is associated with favorable
enthalpy change (negative AH) and unfavorable entropy change (negative AS). TpBGL1
had the highest negative binding enthalpy followed by TpBGL3 and PfBGL1, respectively
(Table 1). Since the binding constants obtained for the three B-glucosidases were basically the
same, AG values remained practically invariant. Therefore, the AH values were almost canceled
by the associated unfavorable TAS (Fig 6). The negative AH values are associated with van der
Waals interactions and hydrogen bonding, while negative AS values are associated with the net
formation of hydrogen bonds, and decrease in the number of conformations and degrees of
freedom [33]. It is reasonable to consider that the binding enthalpy between TAN and B-gluco-
sidases occurs with the formation of hydrogen bonds (polar interactions) and with increased
hydrophobic interactions, therefore driven by enthalpic effects and with an unfavorable nega-
tive change in entropy upon binding [33,34,45]. The hydrophobic interactions may be related
with the release of structured water molecules from hydrophobic surfaces of TAN and B-gluco-
sidases during the formation of the complexes [33,34,45]. ANS-binding assays showed that all
the B-glucosidases in this study exhibited hydrophobic surfaces on the native structures
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Fig 6. Free energy. The changes in the free energy (AG), enthalpy (AH) and entropy (AS) for binding of TAN to PfBGL1, TpBGL1 and TpBGL3.

https://doi.org/10.1371/journal.pone.0181629.g006
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exposed to the solvent (Fig 3A). Similarly, it was reported that polyphenols bind to casein and
B-lactoglobulin through both hydrophilic and hydrophobic interactions [24].

Interestingly, at TAN concentrations below 0.5 mM the inhibitory effects were found to be
concentration-dependent (Fig 1). The results showed that both bacterial B-glucosidases were
more tolerant to the presence of TAN when compared with archaeal B-glucosidase. Further-
more, T. petrophila B-glucosidase belonging to the family GH1 was less inhibited when com-
pared with B-glucosidase belonging to the family GH3. In addition, the number of binding
sites (Table 1) and exposed hydrophobic surfaces areas (Fig 3A) varied for the B-glucosidases
under study. The interaction between polyphenols and proteins is affected by the types of pro-
tein folds, oligomerization states and the molar ratio of phenolic/protein [24]. Also, it is
known that polyphenols to form complexes with proteins (increasing the molecular mass of
proteins) which may lead to changes in the structural and functional properties [24]. For
example, casein and B-lactoglobulin conformations were changed by polyphenols with alter-
ations in the content of regular secondary structures [24]. The PfBGL1 showed greater exposed
hydrophobic surface area, number of binding sites and inhibition by TAN when compared
with bacterial B-glucosidases. The stoichiometry was 9.9 TAN bound per PfBGL1, leading to
an increase in the molecular mass of 31%. PIBGLI forms a homotetramer in solution, there-
fore each PfBGL1 oligomer bind approximately 40 molecules of TAN indicating that the oligo-
mer surface was covered by polyphenols. Complex formation of B-glucosidases and TAN may
modify the net charge and the structural conformation of the enzyme and directly affect its
hydrolytic activity. For bacterial B-glucosidases, TpBGL1 showed lower exposed hydrophobic
surface area, number of binding sites and inhibition by TAN when compared with TpBGL3.
The stoichiometries were about 1.5 and 3.5 TAN bound per TpBGL1 and TpBGL3, leading to
an increase in the molecular mass of only 5% and 7%, respectively. The data provided here sug-
gest that there is a high correlation between exposed hydrophobic surface areas and the num-
ber of binding sites on the inhibition of microbial -glucosidases by TAN. A larger number of
exposed hydrophobic surface areas are susceptible to binding of a higher number of TAN mol-
ecules and consequently to a greater inhibition of the hydrolytic activity.

Conclusions

In conclusion, the inhibitions of microbial B-glucosidases were found to be TAN concentra-
tion-dependent. The bacterial B-glucosidases were less inhibited by TAN when compared
with archaeal B-glucosidase, while bacterial TpBGL1 was less inhibited when compared with
TpBGL3. The thermodynamic analyzes showed that the binding of TAN to the B-glucosidases
was driven by enthalpic effects with an unfavorable negative change in entropy upon binding.
The binding between TAN and B-glucosidases occurs with the formation of hydrogen bonds
and increased hydrophobic interactions. Taken together, our studies of the interaction
between TAN and microbial B-glucosidases suggest that there is a high correlation between
exposed hydrophobic surface areas and the number of binding sites on the inhibition of -glu-
cosidases by TAN. These data may provide a useful basis for future biotechnological applica-
tions of microbial B-glucosidases, especially in the field of biofuel production.

Supporting information

S1 Fig. Oligomeric states and molecular surface representation of B-glucosidases.

(A) PBGLI1 (homotetramer, PDB 3APG) [36]. (B) TpBGL1 (homodimer). (C) TpBGL3
(homodimer). Hydrophobic residues are highlighted in orange. The homology models of the
TpBGL1 and TpBGL3 were built using as template the available structures of the B-glucosi-
dases from Thermotoga maritima (PDB 10IN, 99% sequential identity) [38] and Thermotoga
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neapolitana (PDB 2X41, 88% sequential identity) [39], respectively.
(TIF)

Acknowledgments

The authors are grateful to the Multiuser Central Facilities (UFABC) for the experimental
support.

Author Contributions

Data curation: Viviam M. da Silva, Juliana A. P. Sato, Juscemadcia N. Araujo, Karin A. Riske.
Formal analysis: Karin A. Riske, Wanius Garcia.

Investigation: Viviam M. da Silva, Juliana A. P. Sato, Juscemacia N. Araujo, Wanius Garcia.
Project administration: Wanius Garcia.

Resources: Fabio M. Squina, Wanius Garcia.

Supervision: Wanius Garcia.

Writing - original draft: Fabio M. Squina, Jodo R. C. Muniz, Karin A. Riske, Wanius Garcia.

Writing - review & editing: Karin A. Riske, Wanius Garcia.

References

1.  ZylWH, Rose SH, Trollope K, Gérgens JF. Fungal B-mannanases: mannan hydrolysis, heterologous
production and biotechnological applications. Process Biochem. 2010, 45: 1203-1213.

2. Rezende CA, Lima MA, Maziero P, Deazevedo ER, Garcia W, Polikarpov |. Chemical and morphologi-
cal characterization of sugarcane bagasse submitted to a delignification process for enhanced enzy-
matic digestibility. Biotechnol. Biofuels. 2011 4: 54. https://doi.org/10.1186/1754-6834-4-54 PMID:
22122978

3. Jergense H, Pinelo M. Enzyme recycling in lignocellulosic biorefineries. Biofuels Biopro. Bioref. 2017
11: 150-167.

4. Mosier N, Wyman C, Dale B, Elander R, Lee YY, Holtzapple M, et al. Features of promising technolo-
gies for pretreatment of lignocellulosic biomass. Bioresour. Technol. 2005, 96: 673-686. https://doi.
org/10.1016/j.biortech.2004.06.025 PMID: 15588770

5. Kumar R, Singh S, Singh OV. Bioconversion of lignocellulosic biomass: biochemical and molecular per-
spectives. J. Ind. Microbiol. Biotechnol. 2008, 35: 377-391. https://doi.org/10.1007/s10295-008-0327-
8 PMID: 18338189

6. Kumar P, Barrett DM, Delwiche M, Stroeve P. Methods for pretreatment of lignocellulosic biomass for
efficient hydrolysis and biofuel production. Ind. Eng. Chem. Res. 2009, 48: 3713-3729.

7. Lynd LR, Weimer PJ, van Zyl WH, Pretorius IS. Microbial cellulose utilization: fundamentals and bio-
technology. Microbiol. Mol. Biol. Rev. 2002, 66: 506-577. https://doi.org/10.1128/MMBR.66.3.506-
577.2002 PMID: 12209002

8. ColussiF, Garcia W, Rosseto FR, Mello BLS, Oliveira Neto M, Polikarpov |. Effect of pH and tempera-
ture on the global compactness structure, and activity of cellobiohydrolase Cel7A from Trichoderma
harzianum. Eur. Biophys. J. 2012, 41: 89-98. https://doi.org/10.1007/s00249-011-0762-8 PMID:
22048567

9. Sgrensen A, Lubeck M, Lubeck PS, Ahring BK. Fungal B-glucosidases: a bottleneck in industrial use of
lignocellulosic materials. Biomolecules. 2013, 3: 612—631. https://doi.org/10.3390/biom3030612 PMID:
24970184

10. Segato F, Damasio AR, de Lucas RC, Squina FM, Prade RA. Genomics review of holocellulose decon-
struction by Aspergilli. Microbiol. Mol. Biol. Rev. 2014, 78: 588—613. https://doi.org/10.1128/MMBR.
00019-14 PMID: 25428936

11. Singhania RR, Patel AK, Sukumaran RK, Larroche C, Pandey A. Role and significance of beta-glucosi-
dases in the hydrolysis of cellulose for bioethanol production. Bioresour. Technol. 2013, 127: 500-507.
https://doi.org/10.1016/j.biortech.2012.09.012 PMID: 23069613

PLOS ONE | https://doi.org/10.1371/journal.pone.0181629  July 20, 2017 13/15


https://doi.org/10.1186/1754-6834-4-54
http://www.ncbi.nlm.nih.gov/pubmed/22122978
https://doi.org/10.1016/j.biortech.2004.06.025
https://doi.org/10.1016/j.biortech.2004.06.025
http://www.ncbi.nlm.nih.gov/pubmed/15588770
https://doi.org/10.1007/s10295-008-0327-8
https://doi.org/10.1007/s10295-008-0327-8
http://www.ncbi.nlm.nih.gov/pubmed/18338189
https://doi.org/10.1128/MMBR.66.3.506-577.2002
https://doi.org/10.1128/MMBR.66.3.506-577.2002
http://www.ncbi.nlm.nih.gov/pubmed/12209002
https://doi.org/10.1007/s00249-011-0762-8
http://www.ncbi.nlm.nih.gov/pubmed/22048567
https://doi.org/10.3390/biom3030612
http://www.ncbi.nlm.nih.gov/pubmed/24970184
https://doi.org/10.1128/MMBR.00019-14
https://doi.org/10.1128/MMBR.00019-14
http://www.ncbi.nlm.nih.gov/pubmed/25428936
https://doi.org/10.1016/j.biortech.2012.09.012
http://www.ncbi.nlm.nih.gov/pubmed/23069613
https://doi.org/10.1371/journal.pone.0181629

@° PLOS | ONE

Interactions between polyphenol and B-glucosidases

12

13.

14.

15.

16.

17.

18.

19.

20.
21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Guo F, ShiW, Sun S, Li X, Wang F, Zhao J, et al. Differences in the adsorption of enzymes onto lignins
from diverse types of lignocellulosic biomass and the underlying mechanism. Biotechnol. Biofuels.
2014, 7:38. https://doi.org/10.1186/1754-6834-7-38 PMID: 24624960

Qin C, Clarke K, Li K. Interactive forces between lignin and cellulase as determined by atomic force
microscopy. Biotechnol. Biofuels. 2014, 7: 65. https://doi.org/10.1186/1754-6834-7-65 PMID:
24742184

Berlin A, Balakshin M, Gilkes N, Kadla J, Maximenko V, Kubo S, et al. Inhibition of cellulase, xylanase
and B-glucosidase activities by softwood lignin preparations. J. Biotechnol. 2006, 125: 198-209.
https://doi.org/10.1016/j.jbiotec.2006.02.021 PMID: 16621087

Ximenes E, Kim Y, Mosier N, Dien B, Ladisch M. Inhibition of cellulases by phenols. Enzyme Microb.
Technol. 2010, 46: 170-176.

Ximenes E, Kim Y, Mosier N, Dien B, Ladisch M. Deactivation of cellulases by phenols. Enzyme Microb.
Technol. 2011, 48: 54-60. https://doi.org/10.1016/j.enzmictec.2010.09.006 PMID: 22112771

Tejirian A, Xu F. Inhibition of enzymatic cellulolysis by phenolic compounds. Enzyme Microb. Technol.
2011, 48: 239-347. https://doi.org/10.1016/j.enzmictec.2010.11.004 PMID: 22112906

Olsen SN, Bohlin C, Murphy L, Borch K, McFarland KC, Sweeny MD, et al. Effects of non-ionic surfac-
tants on the interactions between cellulases and tannic acid: a model system for cellulase-poly-phenol
interactions. Enzyme Microb. Technol. 2011, 49: 353—-359. https://doi.org/10.1016/j.enzmictec.2011.
06.015 PMID: 22112560

Silva VM, Souza AS, Negrao DR, Polikarpov |, Squina FM, Oliveira Neto M, et al. Non-productive
adsorption of bacterial B-glucosidases on lignins is electrostatically modulated and depends on the
presence of fibronectin type lll-like domain. Enzyme Microb. Technol. 2016, 87: 1-8. https://doi.org/10.
1016/j.enzmictec.2016.02.007 PMID: 27178788

Azqueta A, Collins A. Polyphenols and DNA damage: a mixed blessing. Nutrients. 2016, 8, 785: 1-21.

Chamani J, Moosavi-Movahedi AA, Rajabi O, Gharanfoli M, Momen-Heravi M, Hakimelahi GH, et al.
Cooperative a-helix formation of B-lactoglobulin induced by sodium n-alkyl sulfates. J. Colloid Interface
Sci. 2006, 293(1): 52—60. https://doi.org/10.1016/j.jcis.2005.06.015 PMID: 15996676

Moosavi-Movahedi Z, Safarian S, Zahedi M, Sadeghi M, Saboury AA, Chamani J, et al. Calorimetric
and binding dissections of HSA upon interaction with bilirubin. The Protein Journal. 2006, 25(3): 193—
201. https://doi.org/10.1007/s10930-006-9002-y PMID: 16721655

Moghaddam MM, Pirouzi M, Saberi MR, Chamani J. Comparison of the binding behavior of FCCP with
HSA and HTF as determined by spectroscopic and molecular modeling techniques. Luminescence.
2014, 29: 314-331. https://doi.org/10.1002/bio.2546 PMID: 23832656

Ozdal T, Capanoglu E, Altay F. A review on protein-phenolic interactions and associated changes.
Food Research International. 2013, 51: 954—-970.

Cota J, Corréa TLR, Damasio ARL, Diogo JA, Hoffmam ZB, Garcia W, et al. Comparative analysis of
three hyperthermophilic GH1 and GH3 family members with industrial. New Biotechnol. 2015, 32: 13—
20.

Colussi F, Silva VM, Miller I, Cota J, Oliveira LC, Oliveira Neto M, et al. Oligomeric state and structural
stability of two hyperthermophilic B-glucosidases from Thermotoga petrophila. Amino Acids. 2015, 47:
937-948. https://doi.org/10.1007/s00726-015-1923-3 PMID: 25637167

Gasteiger E, Hoogland C, Gattiker A, Duvaud S, Wilkins MR, Appel RD, et al. Protein identification and
analysis tools on the ExPASy server. In: Walker John M. (Ed.). The Proteomics Protocols Handbook,
Humana Press. 2005, 571-607.

Miller GL. Use of dinitrosalicylic acid reagent for determination of reducing sugar. Anal. Chem. 1959,
31:426-428.

Semisotnov GV, Rodionova AN, Kutyshenko VP, Ebert B, Blanck J, Ptitsyn OB. Sequential mechanism
of refolding of carbonic anhydrase B. FEBS Lett. 1987, 224: 9—13. PMID: 2824244

Garcia W, Araujo APU, Lara F, Foguel D, Tanaka M, Tanaka T, et al. An intermediate structure in the
thermal unfolding of the GTPase domain of human Septin 4 (SEPT4/Bradeion-f) forms amyloid-like fila-
ments in vitro. Biochemistry. 2007, 46: 11101-11109. https://doi.org/10.1021/bi700702w PMID:
17764158

Omidvar Z, Assodeh A, Chamani J. Studies on the antagonistic behavior between cyclophosphamide
hydrochloride and aspirin with human serum albumin: time-resolved fluorescence spectroscopy and
isothermal titration calorimetry. J. Solution Chem. 2013, 42: 1005-1017.

Jelesarov |, Bosshard HR. Isothermal titration calorimetry and differential scanning calorimetry as com-
plementary tools to investigate the energetics of biomolecular recognition. J. Mol. Recognit. 1999, 12:
3-18. https://doi.org/10.1002/(SICI)1099-1352(199901/02)12:1<3::AID-JMR441>3.0.CO;2-6 PMID:
10398392

PLOS ONE | https://doi.org/10.1371/journal.pone.0181629  July 20, 2017 14/15


https://doi.org/10.1186/1754-6834-7-38
http://www.ncbi.nlm.nih.gov/pubmed/24624960
https://doi.org/10.1186/1754-6834-7-65
http://www.ncbi.nlm.nih.gov/pubmed/24742184
https://doi.org/10.1016/j.jbiotec.2006.02.021
http://www.ncbi.nlm.nih.gov/pubmed/16621087
https://doi.org/10.1016/j.enzmictec.2010.09.006
http://www.ncbi.nlm.nih.gov/pubmed/22112771
https://doi.org/10.1016/j.enzmictec.2010.11.004
http://www.ncbi.nlm.nih.gov/pubmed/22112906
https://doi.org/10.1016/j.enzmictec.2011.06.015
https://doi.org/10.1016/j.enzmictec.2011.06.015
http://www.ncbi.nlm.nih.gov/pubmed/22112560
https://doi.org/10.1016/j.enzmictec.2016.02.007
https://doi.org/10.1016/j.enzmictec.2016.02.007
http://www.ncbi.nlm.nih.gov/pubmed/27178788
https://doi.org/10.1016/j.jcis.2005.06.015
http://www.ncbi.nlm.nih.gov/pubmed/15996676
https://doi.org/10.1007/s10930-006-9002-y
http://www.ncbi.nlm.nih.gov/pubmed/16721655
https://doi.org/10.1002/bio.2546
http://www.ncbi.nlm.nih.gov/pubmed/23832656
https://doi.org/10.1007/s00726-015-1923-3
http://www.ncbi.nlm.nih.gov/pubmed/25637167
http://www.ncbi.nlm.nih.gov/pubmed/2824244
https://doi.org/10.1021/bi700702w
http://www.ncbi.nlm.nih.gov/pubmed/17764158
https://doi.org/10.1002/(SICI)1099-1352(199901/02)12:1<3::AID-JMR441>3.0.CO;2-6
http://www.ncbi.nlm.nih.gov/pubmed/10398392
https://doi.org/10.1371/journal.pone.0181629

@° PLOS | ONE

Interactions between polyphenol and B-glucosidases

33.

34.

35.

36.

37.

38.

39.

40.

M,

42,

43.

44.

45.

Arouri A, Garidel P, Kliche W, Blume A. Hydrophobic interactions are the driving force for the binding of
peptide mimotopes and Staphylococcal protein A to recombinant human IgG1. Eur. Biophys. J. 2007,
36: 647-660. https://doi.org/10.1007/s00249-007-0140-8 PMID: 17318528

Costas M, Kronberg B, Silveston R. General thermodynamic analysis of the dissolution of nonpolar mol-
ecules into water: origin of hydrophobicity. J. Chem. Soc. Faraday Trans. 1994, 90: 1513-1522.

Krissinel E, Henrick K. Inference of macromolecular assemblies from crystalline state. J. Mol. Biol.
2007, 372: 774-797. https://doi.org/10.1016/j.jmb.2007.05.022 PMID: 17681537

Kado Y, Inoueb T, Ishikawaa K. Structure of hyperthermophilic -glucosidase from Pyrococcus furio-
sus. Acta Crystallogr. Sect. F Struct. Biol. Cryst. Commun. 2011, 67: 1473-1479. https://doi.org/10.
1107/S1744309111035238 PMID: 22139147

Arnold K, Bordoli L, Kopp J, Schwede T. The Swiss-model workspace: a web-based environment for
protein structure homology modelling. Bioinformatics. 2006, 22: 195-201. https://doi.org/10.1093/
bioinformatics/bti770 PMID: 16301204

Zechel DL, Boraston AB, Gloster TM, Boraston CM, Macdonald JM, Tilbrook DM, et al. Iminosugar gly-
cosidase inhibitors: structural and thermodynamic dissection of the binding of isofagomine and 1-deoxy-
nojirimycin to B-glucosidases. J. Am. Chem. Soc. 2003, 125: 14313—-14323. https://doi.org/10.1021/
ja036833h PMID: 14624580

Pozzo T, Pasten JL, Karlsson EN, Logan DT. Structural and functional analyses of B-glucosidase 3B
from Thermotoga neapolitana: a thermostable three-domain representative of glycoside hydrolase 3. J.
Mol. Biol. 2010, 397: 724—739. https://doi.org/10.1016/j.jmb.2010.01.072 PMID: 20138890

Cairns JRK, Esen A. 3-Glucosidases. Cell Mol. Life Sci. 2010, 67: 3389-3405. https://doi.org/10.1007/
s00018-010-0399-2 PMID: 20490603

Silva VM, Colussi F, Oliveira Neto M, Braz ASK, Squina FM, Oliveira CL, et al. Modular hyperthermo-
stable bacterial endo-3-1,4-Mannanase: molecular shape, flexibility and temperature-dependent con-
formational changes. PLoS One. 2014, 9(3): €92996. https://doi.org/10.1371/journal.pone.0092996
PMID: 24671161

Oliveira LC, Silva VM, Colussi F, Cabral AD, Oliveira Neto M, Squina FM, et al. Conformational changes
in a hyperthermostable glycoside hydrolase: enzymatic activity is a consequence of the loop dynamics
and protonation balance. PLoS One. 2015, 10(2): e0118225. https://doi.org/10.1371/journal.pone.
0118225 PMID: 25723179

Mhlongoa SI, den Haanb R, Viljoen-Blooma M, van Zyla WH. Lignocellulosic hydrolysate inhibitors
selectively inhibit/deactivate cellulase performance. Enzyme Microb. Technol. 2015, 81: 16-22. https://
doi.org/10.1016/j.enzmictec.2015.07.005 PMID: 26453468

Ramirez-Coronel MA, Viniegra-Gonzalez G, Darvill A, Augur C. A novel tannase from Aspergillus niger
with B-glucosidase activity. Microbiology. 2003, 149: 2941-2946. https://doi.org/10.1099/mic.0.26346-
0 PMID: 14523126

Colussi F, Serensen TH, Alasepp K, Kari J, Cruys-Bagger N, Windahl MS, et al. Probing substrate inter-
actions in the active tunnel of a catalytically deficient Cellobiohydrolase (Cel7). J. Biol. Chem. 2015,
290: 2444-2454. https://doi.org/10.1074/jbc.M114.624163 PMID: 25477511

PLOS ONE | https://doi.org/10.1371/journal.pone.0181629  July 20, 2017 15/15


https://doi.org/10.1007/s00249-007-0140-8
http://www.ncbi.nlm.nih.gov/pubmed/17318528
https://doi.org/10.1016/j.jmb.2007.05.022
http://www.ncbi.nlm.nih.gov/pubmed/17681537
https://doi.org/10.1107/S1744309111035238
https://doi.org/10.1107/S1744309111035238
http://www.ncbi.nlm.nih.gov/pubmed/22139147
https://doi.org/10.1093/bioinformatics/bti770
https://doi.org/10.1093/bioinformatics/bti770
http://www.ncbi.nlm.nih.gov/pubmed/16301204
https://doi.org/10.1021/ja036833h
https://doi.org/10.1021/ja036833h
http://www.ncbi.nlm.nih.gov/pubmed/14624580
https://doi.org/10.1016/j.jmb.2010.01.072
http://www.ncbi.nlm.nih.gov/pubmed/20138890
https://doi.org/10.1007/s00018-010-0399-2
https://doi.org/10.1007/s00018-010-0399-2
http://www.ncbi.nlm.nih.gov/pubmed/20490603
https://doi.org/10.1371/journal.pone.0092996
http://www.ncbi.nlm.nih.gov/pubmed/24671161
https://doi.org/10.1371/journal.pone.0118225
https://doi.org/10.1371/journal.pone.0118225
http://www.ncbi.nlm.nih.gov/pubmed/25723179
https://doi.org/10.1016/j.enzmictec.2015.07.005
https://doi.org/10.1016/j.enzmictec.2015.07.005
http://www.ncbi.nlm.nih.gov/pubmed/26453468
https://doi.org/10.1099/mic.0.26346-0
https://doi.org/10.1099/mic.0.26346-0
http://www.ncbi.nlm.nih.gov/pubmed/14523126
https://doi.org/10.1074/jbc.M114.624163
http://www.ncbi.nlm.nih.gov/pubmed/25477511
https://doi.org/10.1371/journal.pone.0181629

