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Abstract

Background: Enzyme end-product inhibition is a major challenge in the hydrolysis of lignocellulose at a high dry
matter consistency. 3-glucosidases (BGs) hydrolyze cellobiose into two molecules of glucose, thereby relieving the
product inhibition of cellobiohydrolases (CBHs). However, BG inhibition by glucose will eventually lead to the
accumulation of cellobiose and the inhibition of CBHs. Therefore, the kinetic properties of candidate BGs must meet
the requirements determined by both the kinetic properties of CBHs and the set-up of the hydrolysis process.

Results: The kinetics of cellobiose hydrolysis and glucose inhibition of thermostable BGs from Acremonium
thermophilum (AtBG3) and Thermoascus aurantiacus (TaBG3) was studied and compared to Aspergillus sp. BG
purified from Novozyme®188 (N188BG). The most efficient cellobiose hydrolysis was achieved with TaBG3, followed
by AtBG3 and NT188BG, whereas the enzyme most sensitive to glucose inhibition was AtBG3, followed by TaBG3 and
N188BG. The use of higher temperatures had an advantage in both increasing the catalytic efficiency and relieving
the product inhibition of the enzymes. Our data, together with data from a literature survey, revealed a trade-off
between the strength of glucose inhibition and the affinity for cellobiose; therefore, glucose-tolerant BGs tend to
have low specificity constants for cellobiose hydrolysis. However, although a high specificity constant is always an

inhibition.

Thermoascus aurantiacus

advantage, in separate hydrolysis and fermentation, the priority may be given to a higher tolerance to glucose

Conclusions: The specificity constant for cellobiose hydrolysis and the inhibition constant for glucose are the most
important kinetic parameters in selecting BGs to support cellulases in cellulose hydrolysis.
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Background

Cellulose is the most abundant biopolymer on Earth and
has a great potential as a renewable energy source. The
enzymatic hydrolysis of cellulose, followed by fermenta-
tion to ethanol is a promising green alternative for the
production of transportation fuels. In nature, cellulose is
degraded mostly by fungi and bacteria, which secret a
number of hydrolytic and oxidative enzymes [1,2], though
fungal enzymes have received most of the attention to date
regarding biotechnological applications. The major compo-
nents of fungal cellulase systems are cellobiohydrolases
(CBHs), exo-acting enzymes that processively release con-
secutive cellobiose units from cellulose chain ends.
Endoglucanases (EGs) attack cellulose chains at random

* Correspondence: priitvaljamae@ut.ee
Institute of Molecular and Cell Biology, University of Tartu, Riia 23b — 202,
51010, Tartu, Estonia

( BiolMed Central

positions and work in synergism with CBHs. The hydroly-
sis of cellulose is completed by -glucosidases (BGs), which
hydrolyze cellobiose and soluble cellodextrins to glucose
[3]. BGs can be found in glycoside hydrolase (GH) families
1, 3,9, 30 and 116 [4,5], and most of the microbial BGs
employed in cellulose hydrolysis belong to GH family 3 [6].
Because cellobiose is a strong inhibitor of CBHs, the BG
activity in cellulase mixtures must be optimized to over-
come the product inhibition of CBHs. The inhibition of
BGs by glucose must also be considered because the accu-
mulation of glucose will lead to the accumulation of cello-
biose and CBH inhibition. Many BGs are also inhibited by
their substrate, and this apparent substrate inhibition is
caused by the transglycosylation reaction, which competes
with hydrolysis [7,8]. The catalytic mechanism of retaining
BGs involves a covalent glucosyl-enzyme intermediate [9],
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linear regression according to Equation 2.

Figure 1 Hydrolysis of pNPG and cellobiose by B-glucosidases. Observed rate constants (k°>) for the B-glucosidase-catalyzed turnover of
pNPG (panel A) and cellobiose (panel B) at 25°C. 3-glucosidases included TaBG3 (0), AtBG3 (A) or N188BG (#). The solid lines are from the non-
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which may be attacked by water (hydrolysis) or by a hy-
droxyl group of the substrate (transglycosylation). In
addition to the substrate, attack by other nucleophiles,
such as alcohols, can also lead to transglycosylation [9].
Transglycosylation is under kinetic control, meaning that
all cellobiose and transglycosylation products will eventu-
ally be hydrolyzed to glucose.

To be economically feasible, the hydrolysis of cellulose
must be conducted at a high dry matter concentration,
which inevitably results in a high concentration of hy-
drolysis products, cellobiose and glucose, and makes the
product inhibition of enzymes a major challenge in
process and enzyme engineering. Several process set-ups
have been developed that minimize product inhibition,
and bioreactors enabling the continuous removal of hy-
drolysis products have been constructed [10,11]. The
most often applied set-up is simultaneous saccharifica-
tion and fermentation (SSF), whereby glucose is consti-
tutively removed by fermentation to ethanol. To bypass
the use of BGs, yeast strains capable of fermenting cello-
biose and cellodextrins have also been generated [12]. A
major drawback of SSF is with regard to the different
optimal conditions for the enzymatic hydrolysis of cellu-
lose and yeast fermentation. The optimal temperature
for yeast is 35°C, whereas cellulases exhibit the highest
activity at temperatures of 50°C or higher. Although

both processes can be conducted at each optimal
temperature in separate hydrolysis and fermentation
(SHEF), the enzymes must operate under conditions of
severe product inhibition [13]. An alternative process in
between conventional SHF and SSF employs the high-
temperature partial pre-hydrolysis of cellulose, followed
by SSF [14]. Thus, the properties of candidate enzymes,
such as temperature optima and tolerance toward in-
hibitors, must be selected depending on the process
set-up.

In this study, we characterize the thermophilic GH
family 3 BGs from Acremonium thermophilum (AtBG3)
and Thermoascus aurantiacus (TaBG3) [15,16] in terms
of cellobiose hydrolysis and glucose inhibition; a well-
characterized BG from Aspergillus sp, purified from
Novozyme®188 (N188BG), was used for comparison. A
literature survey was also performed to identify correla-
tions between the kinetic parameters of cellobiose hy-
drolysis and glucose inhibition.

Results and discussion

Kinetics of cellobiose hydrolysis

The hydrolysis of cellobiose by BGs, AtBG3, TaBG3 and
N188BG was monitored by measuring the initial rates of
glucose formation (vg). The values of the observed rate

. b .
constants for cellobiose turnover (k&) were derived

K
E+G, T EG,

k,
ﬁ E'G1
G N

Hzo |(3 E + G1

G, k E+G,

Scheme 1 Schematic representation of the B-glucosidase-catalyzed turnover of cellobiose. Cellobiose (G,) binds to the enzyme to form a
Michaelis complex (EG,) that reacts to form a first product (glucose, G;) and a covalent glucosyl-enzyme intermediate (E-G,). The latter can
react with water to produce glucose (hydrolysis) or with cellobiose to produce a trisaccharide, Gs, as a second product (transglycosylation). In
the case of such model substrates as pNPG or MUG, the chromophore is released as the first product.
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from vg. and the total concentration of enzyme ([E]o)
according to

1veie
2[E],

ke = (1)

The hydrolysis kinetics of a chromogenic model sub-
strate, para-nitrophenyl-p-glucoside (pNPG), was also
studied. In this case, the initial rates of the liberation of
para-nitrophenol (pNP) (v,np) were monitored, and the
observed rate constants for pNPG turnover (kglﬁ?PG) were
calculated as v,np/[Elo. All BGs were found to subjected
to substrate inhibition using both pNPG and cellobiose
as substrates (Figure 1). The substrate inhibition of BGs
is a well-known phenomenon that is caused by the
competition between water (hydrolysis) and substrate
(transglycosylation) for the glucosyl-enzyme intermediate
(Scheme 1) [7,8]. The dependency of k2% (and also kg'ﬁ;spg
on the substrate concentration is given by a set of four
parameters, catalytic constants ke and ke and
Michaelis constants Kyyny and Ky for hydrolysis and
transglycosylation, respectively [17,18].

kcat(h)1<M(t) [CB} + %kcat(t) [CB}Z
KoKy + Korr) [CB] + [CB)

obs __
CB —

(2)

All four parameters in Equation 2 are combinations of
the rate constants in Scheme 1 [7,8]. The hydrolysis of
cellobiose results in the formation of two molecules
of glucose, whereas transglycosylation results in the for-
mation of one molecule of glucose and one trisaccharide
(Scheme 1). For this reason, the catalytic constant for
transglycosylation in Equation 2 is multiplied by a factor
of %; this correction is not necessary for the pNPG sub-
strate, as both the hydrolysis and transglycosylation reac-
tions result in the formation of one molecule of pNP.
The values of all four parameters were found by the
non-linear regression analysis of the data for cellobiose
turnover, according to Equation 2. We were primarily in-
terested in the hydrolytic reaction. Therefore, the data
points in the region of high cellobiose concentrations
were, in some cases, insufficient for precise measure-
ments of the parameter values for transglycosylation.
However, one can estimate that the values of kg, n) were
approximately an order of magnitude higher than the
values of k.., whereas the opposite was true for the
Ky values (Additional file 1: Table S1). To test the pos-
sible interdependency between the parameters for the
hydrolytic and transglycosylation reactions, we performed
a non-linear regression analysis with the datasets in which
the highest cellobiose concentration was limited to 5 Ky
(Additional file 1: Table S1). The resulting keany and Ky
values were close to those obtained from the analysis of
the full datasets, indicating that the values for kg, and
Ky can be calculated without precise estimates of the
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Figure 2 Hydrolysis of cellobiose at different temperatures.
Observed rate constants for the turnover of cellobiose (K2°) at 25°C
(), 35°C (m), 45°C (0), 55°C (#) and 65°C (A). B-glucosidases included
(A) TaBG3, (B) AtBG3 and (C) N188BG. The solid lines are from the
non-linear regression according to Equation 2.
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values of keary and Ky (Additional file 1: Table S1). An-
other possibility for determining the values of k.,n) and
Ky is to restrict the analysis to data points in the regions
of substrate concentration at which substrate inhibition is
not yet revealed and to employ the simple Michaelis-
Menten equation. However, this approach resulted in
somewhat lower ke, and Ky values, whereas the
values of Keay(ny/Knihy were overestimated (Additional file 1:
Table S1). Figure 2 shows the turnover of cellobiose at dif-
ferent temperatures, and the keurn and Ky values
obtained are listed in Table 1. Although at the same order
of magnitude, the highest k. values were found for
TaBGS3, followed by N188BG and AtBG3. However, it must
be noted that, because of the competing transglycosylation
reaction, cellobiose hydrolysis at the ke value is never
realized (Keay(ny is the limiting value of k2% in the absence of
transglycosylation, see Equation 2 in the case of keary =0
and Ky — 0). The highest measured k2 values averaged

60% + 4%, 81% +13% and 72% + 3% percent of the kcyn)
value for 7TaBG3, AtBG3 and NI88BG, respectively
(Table 1). The highest keuh)/Kmeny values were found for
TaBG3, followed by AtBG3 and NI188BG (Table 2). The
values of all the kinetic parameters increased with in-
creasing temperature. The activation energies for ke,
and Keae(h)/Kmny and standard enthalpy changes for Ky,
and K; were derived from the corresponding Arrhenius
plots (Additional file 1: Figure S1) and are listed in Table 3.
Among the parameters examined, the highest activation
energies were found for k..n); activation energies for
cellobiose hydrolysis in the range of 50 kj mol™ have
previously been reported for BGs, consistent with our
observations [19].

Inhibition of B-glucosidases by glucose

Glucose inhibition was evaluated using pNPG or 4-
methylumbelliferyl-B-glucoside (MUG) as the substrate.
The dependency of the strength of glucose inhibition on
the substrate used for inhibition studies reported in the
literature, i.e., chromogenic model substrates or cellobi-
ose, is controversial. In some studies, glucose inhibition
appears stronger with a cellobiose than pNPG substrate
[20], whereas the opposite is also reported [20-24].
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Table 2 Specificity constants of B-glucosidases for
cellobiose

Keat(hy/Kmm for cellobiose (x 10° M7 s™")?

t(°Q) N188BG TaBG3 AtBG3

25 166+0.10 543+045 361+£084
35 278 +0.11 781+067 562+0.77
45 369+0.17 10.6 +0.60 799+0.77
55 507+044 155+2.16 765047
65 184+125 104 +£0.63

“The Keathy/Kmn values were calculated from the values of Kcayny and K
listed in Table 1.

Furthermore, there is no obvious mechanistic interpret-
ation for why the inhibition strength should be different
with cellobiose and pNPG or MUG. In all cases, nucleo-
philic attack results in the formation of the same
glucosyl-enzyme intermediate [9], and the only differ-
ence lies in the nature of the leaving group in the +1
binding site, which is glucose in the case of cellobiose
and para-nitrophenole (pNP) or 4-methylumbelliferone
(MU) in the case of pNPG or MUG, respectively. There-
fore, we chose to study glucose inhibition on model sub-
strates, the hydrolysis of which can be easily detected in
a background of added glucose.

Although not without exceptions [25], glucose is a
competitive inhibitor for BGs. In one trial (25°C, pNPG)
we tested the type of inhibition by assessing the influ-
ence of glucose on the kinetic parameters of 7aBG3.
Consistent with competitive inhibition, increasing glu-
cose concentration resulted in increased Ky and Ky,
with no or little effect on keayny and ke approximate
K; values of 0.7 mM and 12 mM were found for glucose
inhibition of the hydrolytic and transglycosylation reac-
tions, respectively. For further investigation, we used a
simplified approach and measured /Cs, values by varying
the concentration of glucose in the experiments at a sin-
gle substrate concentration. Provided that the inhibition
is competitive and the substrate concentration is well
below its Ky value, the ICs, value is close to the true K
value [26]. At low substrate concentrations, the contri-
bution of transglycosylation is negligible and is not
expected to interfere with glucose inhibition of the

Table 1 Kinetic parameters for cellobiose hydrolysis by B-glucosidases

Kearmy (s7)° Ky (mM)?
t (°Q) N188BG TaBG3 AtBG3 N188BG TaBG3 AtBG3
25 121 +4 (70%) 227 10 (57%) 105+ 11 (95%) 0.73+0.04 042+0.03 0.29+0.07
35 271+5 (72%) 401+ 19 (57%) 180+ 11 (92%) 0.97 £0.04 0.51+£0.04 0.32£0.04
45 493 + 12 (70%) 632+ 20 (61%) 326+ 14 (81%) 1.34+0.06 0.60+0.03 041+ 0.04
55 691 + 27 (76%) 1058 + 81 (60%) 666 + 23 (66%) 136+0.12 0.67+0.10 0.87 £ 0.05
65 1497 + 53 (67%) 968 £ 31 (71%) 0.82+0.06 0.93+0.06

The values in parentheses show the highest measured value of the rate constant for cellobiose hydrolysis as a percentage of kcatn).
*The values of keayny and Ky Were determined by a non-linear regression analysis of the data of cellobiose turnover, according to Equation 2.
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Table 3 Activation energies and binding enthalpies for
the kinetic parameters of B-glucosidases

Binding enthalpy, AH®

Activation energy, E,

(kJ mol™)? (kJ mol™)?
keat(h) kcathy/ Knmny Ky Kiclo
N188BG 476+13 295+1.7 181+1.0 19.6
TaBG3  398+19 262+23 136+12 22.8
ABG3  482+27 205+24 277 £33 246

For the parameter p, the activation energy (for Keatny and Keayny/Kmeny) and
standard binding enthalpy (for Kyn) and Kigic) was obtained from the slope of
the line in the coordinates of In(p) versus 1/T. For the data, see Additional file 1:
Figure S1.

hydrolytic reaction. First, the Ky values for pNPG
were measured using a non-linear regression analysis of
the data of pNPG hydrolysis, according to Equation 2
(the rate constant of pNPG hydrolysis, kg}f\]spG, was plot-
ted as a function of [pNPG] instead of k% versus [CB])
(Figure 1A). At 25°C, Ky values of 0.61+0.06 mM,
0.22+0.03 mM and 0.095 + 0.003 mM were found for
NI88BG, TaBG3 and AtBG3, respectively. In the inhib-
ition studies with N188BG, 50 uM pNPG was used as
the substrate; however, low Ky values did not permit
the use of the pNPG substrate for 7aBG3 and AtBG3 be-
cause of the sensitivity limitations of the initial rate mea-
surements under the conditions of [pNPG] < < Kyi). As
the detection of MU fluorescence enables much greater
sensitivity, MUG concentrations of 5 pM and 2.5 uM were
used for TauBG3 and AtBGS3, respectively. The initial rates
measured in the presence of glucose (v;) were divided by
those measured in the absence of glucose (1), and data in
the coordinates vi/vy versus [Glc] (Figure 3) were fitted to
Equation 3.

Vi [S]+Cy

W1+ (14 199) o

In the fitting of the data, the substrate concentration
([S]) was fixed to the value used in the experiments. The
value of [S] and the values of the empirical constants C;
and C, found by the fitting were further used to calcu-
late the /Cs5o value using Equation 4.

1C50 = Cy (1 + @> (4)
G

Because of the experimental conditions, [S]<< Ky
these ICsq values are further referred to as K; for glucose,
KiGic}- The Ky values for BGs at different tempera-
tures are listed in Table 4; the enzyme most sensitive to
glucose inhibition was AtBG3, followed by 7TaBG3 and
NI88BG. With all BGs, the strength of glucose inhib-
ition decreased with increasing temperature; thus, the
use of higher temperatures has an advantage of both in-
creasing the catalytic efficiency and relieving the product
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Figure 3 Glucose inhibition of B-glucosidases. The initial rates of
the hydrolysis of 5 uM MUG by TaBG3 (A), 2.5 uM MUG by AtBG3
(B) or 50 uM pNPG by N188BG (C) measured in the presence of
glucose (v;) were divided by those measured in the absence of
glucose (vp). The temperatures used were 25°C (o), 35°C (m), 45°C (0),
55°C () and 65°C (A). The solid lines are from the non-linear
regression according to Equation 3.
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Table 4 Glucose inhibition of B-glucosidases

>

K; for glucose, Kjgic) (mM)
t (°C) N188BG® TaBG3P AtBG3®
25 155 051 022 31
35 182 0.85 029 25
45 250 104 043
55 3.12 117 0.50
65 169 073

?studied using pNPG. 14 'e'ée-'
Bstudied using MUG.

3.5 1

Ki(em) (m M)

inhibition. By plotting Kjic) versus Ky for cellobiose, 0.0 05 10 15 20
Kncpy (Figure 4A) revealed a trade-off between the two KM(CB) (mM)

parameters: a higher affinity for cellobiose is accompan- B

ied by a stronger glucose inhibition. Because of the simi- 12
lar temperature dependency of Kyycpy and Kjgic), the
data points for a specific BG at different temperatures
followed the same line in the coordinates Kjc) versus
Knmcp) (Figure 4A). We also conducted a literature sur-
vey in search of a correlation between the kinetic param-
eters of cellobiose hydrolysis and glucose inhibition.
Table 5 lists BGs in order of increasing Kj(gjc). Although
much scattering is observed, BGs can be tentatively di-
vided into three groups based on their relative affinity for
cellobiose (Kyicp)) and glucose (Kigig). (1) BGs with a
higher affinity for glucose than for cellobiose, Kycp) > >
Kyl (Figure 4B, BGs near the red line). Because of the
low specificity constants for cellobiose and strong glucose
inhibition, these BGs are not suitable for supporting CBHs
in cellulose degradation. (2) BGs with an approximately
equal affinity for cellobiose and glucose, Kyicp) = KiGlo)-
Most of the listed BGs belong to this group, which can be
further divided into two sub-groups, BGs with Kycg)
slightly higher than Kjgi (Figure 4B, BGs near the
pink line) and BGs with Kyycg, slightly lower than Kjgj
(Figure 4B, BGs near the green line). Although the vari-
ation is more than two orders of magnitude (partly be-
cause of the different temperatures used), BGs belonging
to this group have highest specificity constants for cellobi-

Slope =1

Slope =2

Slope =10

Slope = 0.1

Slope =10

Slope = 100

ose (keat/Knp(cpy values usually higher than 10° M1 s, 0 20 40 60 80
These BGs include NI88BG and the other fungal BGs Kice) (MM)
most often used to support cellulases in cellulose hydroly- Figure 4 A higher affinity for cellobiose is accompanied by a

sis. (3) BGs with a higher affinjty for cellobiose than for stronger glucose inhibition of B-glucosidases (BGs). (A) The values
glucose, Kyy(cp) < < Kjie) (Figure 4B and C, BGs near the of the Michaelis constants for cellobiose hydrolysis (Ky ) and the

. N . inhibition constants for glucose (Kiqio) are from Table 1 and Table 4,
blue and black line). This group consists of BGs that are respectively. TaBG3 (0), AtBG3 (A) and N188BG (#). (B and C) A literature

also referred to as glucose-tolerant BGs. Their K values survey revealed that BGs can be tentatively divided into
are in the molar or sub-molar range, and the Kjgio)/Knm(cp) three groups based on their relative affinities for cellobiose (Kycg) and
ratio is often more than 10 [27-33]. These BGs, however, glucose (Kicio): () Kwce) > > Kicioy BGs near the red ling; (i) Kyce) =

tend to have low ke, and ke./Kyicp) values for cellobiose Kicior BGs near the pink and the green line and (i) Kyce) < < Kigloy
BGs near the blue and the black line. For the numerical values of Ky

. 4yl -1

(kcat/KM(CB> in the Or(fle‘r of 01‘« below 10" M s7). and Kiglo, see Table 5. If Ko values measured using both pNPG and
BGs have been divided into three groups based on cellobiose as the substrate were available, the priority was given to the

their substrate specificity [9]: (i) aryl BGs, (ii) true Kicio value measured using cellobiose. Data from the present studly (4).

cellobiases and (iii) broad-substrate specificity BGs.




Table 5 Kinetic parameters of selected B-glucosidases

Organism keat (s Kn (mM) keat/Km (10° M s7) K; glucose (mM) KilKi Ref
t°C pH CB pNPG CB pNPG CB pNPG on CB on pNPG

Penicillium verruculosum 118° 650P 0.36 16 3.29 4.06 0.19 053 [34]
Phanerochaete chrysosporium 22 4 50 132 23 0.10 0.22 138 0.27 0.12 [35]
Myceliophthora thermophila 40 5 46 147 264 0.39 0.17 376 0.28 0.1 [36]
Thermoascus aurantiacus 60 45 284 242 0.64 0.11 446 212 0.29 045 371
Trichoderma reesei 50 45 22 0.54 041 0.29 0.54 [38]
Fomitopsis palustris 50 5 102 721 438 0.12 0.21 61.6 035 0.07 [39]
Acremonium thermophilum 55 5 666 087 7.65 050 057 Tc

Magnaporthe grisea 50 5 1.1 0.5 045 [8]

Trichoderma reesei 40 5 42 118 0.75 0.09 0.56 13.1 0.51 0.68 [40]
Chaetomium globosum 50 5 168 0.95 1.77 0.68 0.72 [21]
Trichoderma reesei 40 5 29 70.8 125 0.1 0.23 6.94 0.7 0.56 [41]
Penicillium verruculosum 40 5 89 160 12 044 0.74 3.64 0.93 0.78 [40]
Aspergillus fumigatus 50 5 768 1.77 434 0.00 1.1 062 [21]
Penicillium brasilianum 22 48 53.7° 146° 1.58 0.09 0.34 16.2 1.1 23 0.70 [20]
Thermoascus aurantiacus 55 5 1058 0.67 15.5 1.17 1.75 T

Aspergillus niger (N188) 22 48 035 045 16 1.1 457 [20]
Emericella nidulans 50 5 87 232 0.38 1.83 0.79 [21]
Aspergillus niger (N188) 50 5 558 1.15 4.85 1.94 1.69 [21]
Fusarium oxysporum 50 5 323 77 1.07 0.09 3.02 0.83 2.05 1.92 [42]
Penicillium brasilianum 50 5 520 2.05 2.54 23 1.12 [21]
Aspergillus japonicus 40 5 350 259 095 06 3.68 432 2.73 287 [40]
Aspergillus niger 25 45 104° 61° 27 1 038 061 3 1.1 [43]
Aspergillus niger (N188) 55 5 691 136 5.07 312 229 T

Trichoderma reesei 50 48 41 879 1.36 038 0.30 231 325 2.39 [23]
Aspergillus oryzae 50 5 363 1.78 204 3.26 1.83 [21]
Aspergillus niger (N188) 50 48 32 234 0.88 057 036 041 34 27 3.86 [23]
Aspergillus oryzae 50 5 1000 370 1.96 0.29 5.10 12.7 5 29 2.55 [22]
Aspergillus niger 40 4 2780 917 154 22 1.81 417 57 037 [44]
Aspergillus tubingensis 30 46 331° 140° 1 0.76 3.31 1.83 58 5.80 [45]
Penicillium italicum 60 45 2641 1746 041 0.11 644 158 89 21.7 [25]
Aspergillus japonicus 30 5 46° 54.5° 1.16 02 040 272 9.2 7.93 [46]
Neurospora crassa 50 5 423 640 295 2.54 143 252 10.1 643 342 [21]
Aspergillus sp 60 4.5 10 17 17 [47]
Periconia sp 40 5 972° 1180° 05 0.19 194 62.7 20 40.0 [48]
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Table 5 Kinetic parameters of selected B-glucosidases (Continued)

Baltic sea metagenome 30 6.5 1.2 225 2.76 037 0.04 0.61 30 10.8 [49]
Aspergillus niger (N188) 45 5 16.8 177 595 1.59 3.54 [24]
Streptomyces sp 50 6.5 356 284 4.1 0.15 0.09 1.89 65 158 [50,51]
Torulopsis wickerhamii 362° 300 28 1.29 190 063 [52]
Thermoascus aurantiacus 40 5 072° 508° 02 0.25 300 [27]
Pyrococcus furiosus 95 5 454 677° 20 0.15 0.23 451 300 15.0 [53]
Debaromyces vanrijiae 40 5 141° 1113° 579 0.77 0.02 14.5 439 7.58 [54]
Aspergillus niger 40 4 43° 223 217 0.10 543 [28]
Thermoanaer. thermosacch. 70 64 104° 55° 79 063 0.13 0.88 600 759 [29]
Uncultured bacterium 40 6.5 13.2° 43P 204 0.39 0.01 1.1 1000 490 [55]
Aspergillus oryzae 50 5 253P 764> 7 0.55 0.36 139 1360 194 [30]
Candida peltata 50 5 540 158° 66 23 001 069 1400 212 [31]

BGs are listed in the order of increasing Kigio). If Kicic) Values measured using both pNPG and cellobiose (CB) as the substrate were available, the priority was given to the K¢ value measured using cellobiose.
Ky is for cellobiose hydrolysis. If K| values measured using both pNPG and cellobiose (CB) as the substrate were available, the priority was given to the K| value measured using cellobiose.

PCalculated from the reported specific activity and molecular weight of the enzyme.

This study.
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Although there is no stringent, unequivocal criteria for
this classification, the BGs listed in Table 5 appear to be-
long to the last group. A comparison of the kinetic pa-
rameters for cellobiose and pNPG hydrolysis revealed
that pNPG is the preferred substrate for the most of the
listed BGs (Figure 5). The higher specificity constants
for pNPG were mainly caused by the lower Ky; values
for pNPG, whereas the k., values for pNPG and cellobi-
ose were of the same order. The preference for pNPG over
cellobiose was most prominent in the case of the glucose-
tolerant BGs and also for BGs with Kyycg) > > KiGio)-

In addition to protein properties, such as stability with
regard to pH and temperature, the kinetic properties of
enzymes must also be considered in selecting BGs to
support cellulases. The main “work horses” in cellulose
hydrolysis, GH7 CBHs, are inhibited by cellobiose, with
ICsq values in the few millimolar range [26,56-58], and
most BGs have a Ky; value for cellobiose in the same
range (Table 5). Thus, to be efficient in relieving the cel-
lobiose inhibition of CBHs, a BG must maintain the
steady-state cellobiose concentration well below its ICsq
value for CBHs, meaning that most BGs must operate
under the conditions of [CB] < < Kyycp). Under the condi-
tions of [CB] < < Kyn), and bearing in mind that Ky, < <
Ky and Keayry < < kear(ny Equation 2 reduces to

obs kmt(h)
e B 5)
Thus, under the conditions of low cellobiose concen-
trations, the rate of cellobiose hydrolysis is governed by
the specificity constant for the hydrolytic reaction, and
the terms accounting for transglycosylation cancel out.
Therefore, the keain)/Kyn) value may be an important

-

25 -
& kcal
(ch 20 - B K,
2 15 U k./K,
5
@
S 10+
S
=)
Z 5-
0 4
001 0.1 1 10 100 1000

value for CB / value for pNPG

Figure 5 Comparison of the kinetic parameters of B-glucosidases
measured for cellobiose and pNPG. The value of the parameter
measured for cellobiose was divided by the value of the corresponding
parameter measured for pNPG. k., denotes kyceykeatonpay K
denotes KM(CB)/KM(pNPG)r and kca[/KM denotes (kcat(CB)/KM(CB))/(kCat(pNPG)/
Kienee)- The parameter values listed in Table 5 were used for the
calculation of the ratios.
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characteristic for selecting BGs to support cellulases in
cellulose hydrolysis. Although the glucose inhibition of
CBHs is relatively weak [26,58], the glucose inhibition of
a BG will eventually lead to the accumulation of cellobi-
ose and CBH inhibition. Therefore, the value of Kjgjc) is
another important characteristic to consider when
selecting BGs. We predicted the k2> values at different
cellobiose and glucose concentrations for three BGs with
different k.o, Knvcpy and Kjgie) values (Figure 6). Be-
cause of the unavailability of the values of the kinetic pa-
rameters, the transglycosylation reaction was ignored,
and a simple Michaelis-Menten equation with competi-
tive glucose inhibition was used in the calculations.
Using a numerical analysis of the time courses of cellobi-
ose hydrolysis, Bohlin et al. found that product inhibition
exerts a more pronounced negative effect on BG activity
than transglycosylation [8]. Nonetheless, by ignoring
transglycosylation, the k%% values calculated herein are
somewhat overestimated. 7aBG3 and NI188BG (character-
ized in this study) and a glucose-tolerant BG from Asper-
gillus oryzae (AoBG3) were assessed [30]. The values of
the kinetic parameters for 7uBG3 and NI188BG at 50°C
were calculated based on data for the temperature de-
pendency of the parameters. 7aBG3 had the highest speci-
ficity constant (keat/Kyicny = 1.25 x 10° Mt sY) but was
the enzyme most sensitive to glucose inhibition (K =
1.14 mM). In contrast, AoBG3 was highly tolerant to
glucose inhibition (Kjgi)=1.36 M) but had a moderate
specificity constant (Kao/ Kniicp) = 3.6 x 10* Mt s, Amid
these two enzymes was N188BG, with kc./Ky(cp) and
Ki(Glc) values of 4.4 x 10° Mt st and 2.76 mM, respect-
ively. The k2 of TaBG3 was higher than that of
NI88BG under all the conditions tested, but the differ-
ence was more prominent at low cellobiose and glucose
concentrations. Although A0oBG3 had much lower ks
values at low glucose concentrations, it outperformed
TuBG3 and NI88BG at glucose concentrations above
50 mM. Thus, AoBG3 appears to be a better candidate
BG for the hydrolysis of cellulose in separate hydrolysis
and fermentation processes under high dry matter condi-
tions. The amount of BG required to maintain the cellobi-
ose concentration at a certain steady-state level depends
on the velocity of cellobiose production from cellulose.
The maximum catalytic potential of CBHs is given by
their k., value of cellulose hydrolysis and is within the
range of 1-10 s [57,59,60]. If k., for cellulose hydrolysis
equal to 2 s and k225 is 100 s, then a molar ratio of
CBH/BG of 50 is required to maintain a steady-state
cellobiose concentration, which means that the relative
amount of BG in a cellulase system must be approximately
4% (w/w, considering that BGs usually have approximately
2-fold higher molar masses than CBHs). However, if ks
is only 10 s, as in the case of TzBG3 and N188BG at high
glucose concentrations or in the case of AoBG3 at low
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Figure 6 Calculated values of the rate constants of cellobiose
hydrolysis for -glucosidases with different kinetic properties.
The values of the observed rate constants of cellobiose hydrolysis
(kSES) at different cellobiose and glucose concentrations were
calculated using the simple Michaelis-Menten equation with
competitive glucose inhibition and ignoring substrate inhibition. The
B-glucosidases used were TaBG3 (0) and N7188BG (), characterized in
the present study, and a previously characterized glucose-tolerant 3-
glucosidase from Aspergillus oryzae (AoBG3) (X) [30]. Kearny Values of
806 5,587 s and 253 s, Kycg) values of 0.65 mM, 1.33 mM and
7.0 mM and Kigie) values of 1.14 mM, 2.75 mM and 1360 mM were
used for TaBG3, N188BG and AoBG3, respectively. The concentration
of cellobiose was set to 0.1 mM (A), 1.0 mM (B) or 10 mM (C).

cellobiose concentrations (Figure 6), the relative amount
of BG must be 10 times higher. Although the hydrolysis of
lignocellulose is much slower than that predicted by the
ko value of CBHs, we used the catalytic potential of
CBHs to predict the relative amount of BG to ensure that
the rate limitation of cellulose hydrolysis via BG activity is
excluded. The selection criteria of candidate BGs also de-
pend on the lignocellulose hydrolysis set-up. A high k.../
Knmcp) value always becomes an advantage and is the pri-
mary kinetic parameter for selecting BGs. However, in
separate hydrolysis and fermentation at a high dry matter
concentration, the advantage of having a high Kjgj value
may overbalance the somewhat lower k./Kyicp) value.
Because of the trade-off between Kji) and Kyycg), it is,
unfortunately, not possible to maximize both ke./Kyicp)
and Kj(gjc) in parallel.

Conclusions

The analysis of the kinetic parameters of BGs in the light
of the cellobiose inhibition of CBHs suggested that the
specificity constant for cellobiose hydrolysis and the inhib-
ition constant for glucose are the most important parame-
ters in selecting BGs to support cellulose hydrolysis. The
use of higher temperatures had the advantage of both in-
creasing the catalytic efficiency and relieving the glucose
inhibition of BGs. Our data, together with data from a lit-
erature survey, revealed a trade-off between the strength
of glucose inhibition and the affinity for cellobiose: an in-
creased tolerance to glucose inhibition was accompanied
by a decrease in catalytic efficiency (lower specificity con-
stant values). Therefore, the optimal properties of the can-
didate BG depend on the cellulose hydrolysis set-up.
Although a high specificity constant is always an advan-
tage, the priority may be given to a higher tolerance to
glucose inhibition when performing separate hydrolysis
and fermentation.

Methods
Materials
Glucose, MUG, pNPG, Novozyme®188 and BSA were
purchased from Sigma-Aldrich. Cellobiose (> 99%) was



Teugjas and Valjamae Biotechnology for Biofuels 2013, 6:105
http://www.biotechnologyforbiofuels.com/content/6/1/105

obtained from Fluka. All the chemicals were used as re-
ceived from the supplier.

Enzymes

NI88BG was purified from Novozyme®188, as previously
described [61]. Culture filtrates containing AtBG3 or
TaBG3 were kindly provided by Terhi Puranen from
Roal Oy (Rajaméki, Finland). BGs were heterologously
expressed in a Trichoderma reesei (Tr) strain that lacks
the genes of four major cellulases [15]. AtBG3 and
TaBG3 were purified using gel-filtration chromatog-
raphy. The buffer of the crude BG preparation was first
changed to 50 mM sodium acetate (pH 5) containing
0.15 M NaCl using a Toyopear] HW-40 column. Frac-
tions with high pNPG-ase activity were combined, con-
centrated with Amicon centrifugal filter devices (5,000
MWCO) and applied to a Sephacryl S-200 column
equilibrated with 50 mM sodium acetate (pH 5)
containing 0.15 M NaCl. 7aBG3 was purified identically
but using a Sephacryl S-300 column. The purity of
AtBG3 and 7aBG3 was approximately 95%, as deter-
mined by SDS-PAGE. The concentration of AtBG3 and
TaBG3 was determined by the bicinchoninic acid method
using BSA as a standard and molecular weights of
101 kDa and 81 kDa, respectively [15]. The concentration
of N188BG was measured by the absorbance at 280 nm
using a theoretical e,g0 value of 180,000 M7t em™ Several
BGs from T. aurantiacus have been previously character-
ized [27,37,62-64]. According to the molecular weight,
TaBG3 characterized herein is closest to that character-
ized by Tong et al. [62].

Hydrolysis of cellobiose by BGs

The experiments were performed in 50 mM sodium
acetate buffer (pH 5.0) containing 0.1 g 1"' BSA in a total
volume of 0.5 ml. The concentration of cellobiose was
varied between 0.1 — 50 mM, and glucose formation was
followed in the linear region of time curves. The reac-
tion was stopped by the addition of 0.25 ml 1.0 M Tris—
HCl (pH 8.5), and the concentration of glucose was
measured using the hexokinase/glucose-6-phosphate de-
hydrogenase method. The concentrations of hexoki-
nase, G6PDH, NADP", ATP and MgCl, in the assay were
1.5 U/ml, 0.75 U/ml, 0.64 mM, 1.26 mM and 13.3 mM, re-
spectively. After completion of the reaction (approxi-
mately 15 min), the absorbance at 340 nm was recorded.
The zero data points were identical, but 0.25 ml 1.0 M
Tris—HCl (pH 8.5) was added prior to BG. Calibration
curves were generated using glucose as a standard.

Activity and glucose inhibition of BGs using pNPG and
MUG

For the activity measurements, the initial rates of pNPG
(0.01 — 20 mM) hydrolysis were measured in 50 mM
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sodium acetate buffer (pH 5.0) containing 0.1 g I BSA
in a total volume of 0.9 ml. The reactions were stopped
by the addition of 0.1 ml 1.0 M NHs, and the pNP re-
leased was quantified by measuring the absorbance at
414 nm. The glucose inhibition of BGs was measured
using 0.05 mM pNPG (NI88BG), 5 uM MUG (TaBG3)
or 2.5 uM MUG (AtBG3) as the substrate. The experi-
ments were performed as above, but the reactions were
supplied with glucose (0.1 — 36 mM). The pNP released
was quantified by measuring the absorbance at 414 nm,
and the MU released was quantified by fluorescence
using excitation and emission wavelengths of 360 nm
and 450 nm, respectively. All the rates correspond to the
initial rates.

Additional file

Additional file 1: Supplemental material to “Selecting beta-
glucosidases to support cellulases in cellulose saccharification”.
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