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Abstract We previously reported on a new yeast strain of
Clavispora sp. NRRL Y-50464 that is capable of utilizing
cellobiose as sole source of carbon and energy by producing
sufficient native β-glucosidase enzyme activity without fur-
ther enzyme supplementation for cellulosic ethanol produc-
tion using simultaneous saccharification and fermentation.
Eliminating the addition of external β-glucosidase reduces
the cost of cellulosic ethanol production. In this study, we
present results on the isolation and identification of a β-
glucosidase protein from strain Y-50464. Using Matrix-
assisted laser desorption/ionization time-of-flight mass
spectrometry and blast search of the NCBInr database (Na-
tional Center for Biotechnology Information nonredundant),
the protein from Y-50464 was identified as a β-glucosidase
(BGL1) with a molecular weight of 93.3 kDa. The BGL1
protein was purified through multiple chromatographic
steps to a 26-fold purity (Km00.355 mM [pNPG]; Ki0
15.2 mM [glucose]), which has a specific activity of
18.4 U/mg of protein with an optimal performance temper-
ature at 45 °C and pH of 6.0. This protein appears to be
intracellular although other forms of the enzyme may exist.
The fast growth rate of Y-50464 and its capability to pro-
duce sufficient β-glucosidase activity for ethanol conver-
sion from cellobiose provide a promising means for low-
cost cellulosic ethanol production through a consolidated
bioprocessing development.
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Introduction

Renewable bioethanol production for transportation fuels
holds the promise of reduced dependent on petroleum
and a more environmentally friendly energy system.
Lignocellulosic biomass materials including agricultural
residues are low cost feedstocks for cellulosic ethanol
production [1–3]. However, the necessary deconstruction
of cellulosic polymers and enzymatic hydrolysis require
additional processing procedures that increase the cost
of lignocellulose-to-ethanol conversion. Cellobiose is
generated after cellulose depolymerization by cellulases.
It needs to be further degraded into the simple sugar
glucose before it can be utilized by conventional yeast
for growth and subsequent ethanol fermentation. In cel-
lulosic ethanol production using simultaneous sacchari-
fication and fermentation (SSF), β-glucosidase is
required since commonly used commercial yeast cannot
utilize cellobiose. To facilitate an economic and consol-
idated bioprocess, efforts have been made to engineer
conventional ethanologenic yeast with β-glucosidase
producing capability [4–9]. However, the level of the
enzyme activity achieved is generally unsatisfactory.
Other yeasts reported having cellobiose-utilizing activity
usually produce low levels of β-glucosidase activity,
and the cellobiose fermentation rate is not competitive
[10–13]. Previously, we reported a temperature- and
inhibitor-tolerant strain of Clavispora Y-50464 that pro-
duces sufficient native β-glucosidase enzyme activity
allowing it to grow on cellobiose as sole source of
carbon and energy fermenting it to ethanol [14]. Using
xylose extracted corncobs residue as an example, eco-
nomic cellulosic ethanol conversion was achieved with-
out addition of β-glucosidase enzyme by SSF. In this
study, we report the isolation and identification of the
β-glucosidase enzyme from Y-50464. Outcomes of this
research aid the development of consolidated biopro-
cessing for lower-cost cellulosic ethanol production.
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Materials and Methods

Yeast Strains, Media, and Raw Enzyme Materials

Yeast strains Clavispora sp. NRRL Y-50464, Clavispora
lusitaniae NRRL Y-5394, and Candida wickerhamii NRRL
Y-2563 from the Agricultural Research Service Culture
Collections, Peoria, IL, USA, were used in this study. Cell
cultures were maintained and precultured using YP media
consisting of 50 g glucose, 3.0 g yeast extract, and 5.0 g
peptone per liter. A β-glucosidase Novo188 was provided
by Novozyme (Denmark).

Growth Condition and Quantification of Metabolites

The effect of glucose on NRRL Y-50464 β-glucosidase
activity was tested by fermenting cellobiose to ethanol in
the presence or absence of glucose. A fleaker system with
300 mL of YM medium amended with either 5 % glucose,
5 % cellobiose, or a mixture of cellobiose, and glucose at
2.5 % each was inoculated from an overnight culture of Y-
50464 grown in YM with 5 % glucose to an OD600 reading
0.1. The cultures were incubated with agitation at 250 rpm
for 48 h at 37 °C. Each experiment was carried out in three
replications. Samples were taken at 0, 1, 3, 6, 12, 18, 24, 30,
and 48 h for evaluation of cell growth, ethanol conversion,
and enzyme activity. Samples for high-performance liquid
chromatography (HPLC) and enzyme assays were kept fro-
zen at −20 °C until analyzed. HPLC assays were performed
using a Shimadzu LC-20AD (Shimadzu Co., Kyoto, Japan)
equipped with an HPX-87H Aminex ion exclusion column
and refractive index detection as previously described [14].

Assay of β-Glucosidase Activity

Crude enzyme samples were prepared from yeast lysates
using Y-PER plus dialyzable yeast protein extraction
reagent (Thermo Scientific, Rockford, IL, USA) and
assayed under optimal conditions using 5 mM p-nitrophenyl
β-D-glucopyranoside as the substrate. Activity of β-
glucosidase was assayed on a 96-well microtiter plate using
a procedure as previously described [14–16]. Briefly, 100 μl
of 5 mM p-nitrophenyl β-D-glucopyranoside in 100 mM
citrate buffer at pH 6.0 was pipetted in each well. Then,
25 μl of enzyme was added to each sample to start the
reaction. The reaction was carried out in an incubator at
45 °C for 30 min. After incubation, 125 μl ice cold 0.5 M
Na2CO3 was added to stop the reaction, and the absorbance
was measured at 405 nm using a Power Wavex 340 plate
reader (Bio-Tek Instruments Inc., Winooski, VT, USA).
Each assay reaction was carried out in triplicate. One unit
of enzyme is defined as the amount of enzyme needed to
release 1 μmol p-nitrophenol per minute under the defined

conditions. Protein concentration was calculated using a
Genesys 10UV spectrophotometer (Thermo Scientific, West
Palm Beach, FL, USA) at 280 nm as previously described
(http://www.strgen.org/protocols [17]).

Enzyme Localization

To determine the cellular location of the β-glucosidase
enzyme, strain Y-50464 was grown in a fleaker containing
100 mL of YM medium amended with either 5 % glucose or
5 % cellobiose at 37 °C at 250 rpm. C. lusitaniae NRRLY-
5394 and C. wickerhamii NRRL Y-2563 were grown on a
YM medium respectively with 5 % cellobiose at 28 °C at
250 rpm as previously described [18, 19]. All cultures were
incubated for 17 h, and a 5-mL sample was taken for each
and aliquoted as necessary. Cells were collected by centri-
fugation and resuspended to the original volume in 50 mM
acetate buffer (pH 6.5). Samples of both cells and super-
natants were saved for the assay. The cells were resuspended
in the acetate buffer and disrupted using acid washed glass
beads (Sigma Aldrich, St Louis, MO, USA) and vortexing
for 3 min to break cell wall structures. The homogenate was
centrifuged at 48,000×g, and the supernatant was removed
and saved. Pelleted cellular debris was resuspended to its
original volume using 50 mM acetate buffer (pH 6.5). Cells
used for spheroplast assays were resuspended in 1 M sorbi-
tol. Spheroplasts were formed using Zymolase 60,000 (Sei-
kagaku Kogyo Co., Tokyo, Japan) at 37 °C for 45 min. One
half of the sphereoplast sample was separated by centrifu-
gation at 750×g and the supernatant saved. The pellet debris
was resuspended in 500 μl of 1 M sorbitol (Sigma, St Louis,
MO, USA) and saved for assay. Sphereoplasts from the
other half of the sample were sedimented by centrifugation
at 750×g and further lysed in 50 mM acetate buffer. The
lysed sample was centrifuged and the supernatant saved for
assay.

The pellet was resuspended to the original volume of
acetate buffer and saved for assay. Each fraction collected
during above described separation was assayed for its en-
zyme activity as previously described. All assay reactions
were carried out in triplicate. Cultures for the three strains
were incubated continuously, and samples were taken at 8,
24, 32, 24, and 48 h for assays of sugar consumption and
ethanol production by HPLC analysis as described above.

Purification of β-Glucosidase Protein

A Y-50464 strain culture was incubated in 500 mL YM
containing 3 % cellobiose in a 1-L flask at 37 °C with
agitation at 170 rpm for 17 h. Cells were then pelleted by
centrifugation and lysed using Y-PER plus dialyzable yeast
protein extraction reagent following manufacturer’s instruc-
tions. Briefly, the cell pellet was resuspended to an
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appropriate amount of Y-PER reagent and incubated with
agitation at 250 rpm at 30 °C for 30 min. Then, the suspension
was centrifuged and the supernatant saved for protein purifi-
cation use. Purification of the protein was performed using a
previously reported procedure [12] with modifications. The
cell lysate was treated with 80 % ammonium sulfate at 4 °C
overnight. The precipitate was collected by centrifugation at
48,000×g for 20 min. The pellet was dissolved in 50 mM
imidazole buffer (pH 6.5) and dialyzed overnight. The dia-
lyzed protein solution was loaded on a diethylaminoethyl
(DEAE) Bio-Gel A agarose column (2.5 by 6.5 cm) pre-
equilibrated with 50 mM imidazole buffer (pH 6.5). The
column was washed with 5 volumes of the buffer and eluted
by NaCl with a gradient of 0 to 0.5 M using the same buffer
(100 mL each). Fractions showing β-glucosidase activity were
pooled together and dialyzed overnight against 50 mM acetate
buffer (pH 5.0) at 4 °C. A cellobiose-Sepharose affinity matrix
was prepared by coupling cellobiose to epoxy-activated
Sepharose 6B following manufacturer’s instructions (affinity
chromatography; Pharmacia Fine Chemicals, Uppsala, Swe-
den). The dialyzed protein solution containing β-glucosidase
obtained after DEAE Bio-Gel column was subject to affinity
chromatography on cellobiose-Sepharose 6B column (2.5×
12 cm) pre-equilibrated with 50 mM acetate buffer (pH 5.0).
The column was washed extensively with 50 mM acetate
buffer (pH 5.0). The protein was eluted with a gradient of 0–
2.0MNaCl in acetate buffer (pH 5.0). Fractions with active β-
glucosidase enzyme activity were pooled and dialyzed against
50 mM acetate buffer (pH 5.0) at 4 °C. Samples taken at each
step were verified for purity and size of the protein by running
a 10 % sodium dodecyl sulfate polyacrylamide gel electropho-
resis (SDS-PAGE). The purified protein was used for subse-
quent identification and characterization.

Confirmation of Protein Activity

Native PAGE was also used to confirm the protein activity.
A protein sample was loaded on a 12 % Tris–HCl gel (Bio-
Rad, Hercules, CA, USA) electrophoresis at 4 °C without
SDS in the running buffer or loading buffer. Upon comple-
tion, the gel was washed in100 mM citrate buffer (pH 6.0)
and then covered in 50 mL of 10 mM p-nitrophenyl β-D-
glucoside in 100 mM citrate buffer (pH 6.0) and incubated
at 45 °C for 5 min. An equal volume of cold 0.5 M Na2CO3

was added to the reaction to detect a positive band.

Identification of β-Glucosidase Protein

Protein identification was performed using mass spectrometry
by Applied Biomics, Inc (Hayward, CA, USA). Matrix-
assisted laser desorption/ionization time-of-flight (MALDI-
TOF MS) and TOF/TOF tandem MS/MS were performed
on AB SCIEX TOF/TOF™ 5800 System (AB SCIEX).

MALDI-TOF mass spectra were acquired in reflectron posi-
tive ion mode, averaging 4,000 laser shots per spectrum. TOF/
TOF tandemMS fragmentation spectra were acquired for each
sample, averaging 4,000 laser shots per fragmentation spec-
trum on each of the 10 most abundant ions present in the
sample (excluding trypsin autolytic peptides and other known
background ions). Both of the resulting peptide mass and the
associated fragmentation spectra were submitted to a GPS
Explorer workstation equipped with MASCOT search engine
(Matrix science) to search the database of National Center for
Biotechnology Information non-redundant (NCBInr). Based
on the identification of amino acid sequence and its β-
glucosidase activity, a blast search was performed using NCBI
database. High confidence matched proteins were aligned
with selective candidates of peptide sequences using Biolog-
ical Workbench v3.2 (http://workbench.sdsc.edu/).

Characterization of β-Glucosidase from Y-50464

Enzyme kinetic parameters for the purifiedβ-glucosidase from
strain NRRLY-50464 were determined using the substrate p-
nitrophenyl β-D-glucopyranoside at a series of concentrations
from 0.1 to 5 mM in 100 mM citrate buffer at pH 6.0. A
commercial source of Novo188 was used as a reference. Each
enzyme reaction was started with 20 μl of enzyme sample for a
total volume of 2 mL in a cuvette. The 20-μl enzyme sample
represents respectively 0.35 U for BGL1 from Y-50464 and
1.6 U for Novo188 at the highest possible dilution from the
original sample with a detectable enzyme activity. Absorbance
was measured at 405 nm for 5 min at 45 °C using an Agilent
8453 spectrophotometer. Each assay was performed in tripli-
cate. A Lineweaver–Burk plot was constructed and Vmax and
Km calculated [20–23]. Product inhibition (Ki) by glucose was
measured using the same procedure with addition of glucose in
the reaction at concentrations ranging from 0.1 to 100 mM as
previously described [11]. The substrate concentration for
these reaction mixtures contained either 2.5 or 5 mM of p-
nitrophenyl β-D-glucopyrandoside.

The optimal temperature for the purified β-glucosidase activ-
ity was determined by the standard enzyme assay as described
above at a temperature range of 35–65 °C with a 5 °C increment
for each assay. The optimal pH for the enzyme activity was
determined at 45 °C over a pH ranging from pH 3.0 to 7.0 with
an increased interval of one using a citrate buffer as described
above. All enzyme reaction assays were carried out in triplicate.

Results and Discussion

Growth and Ethanol Conversion on Cellobiose

When grown on glucose, cell growth of strain Y-50464 was
observed to reach the maximum 18 h after incubation. When
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cellobiose was used as sole source of carbon and energy, it
took about 30 h for the cell density to reach the same level
(Fig. 1). The complete consumption of cellobiose apparently
took a longer time than glucose (Fig. 2). This delayed
growth reflected the extra steps of cellobiose conversion to
glucose, which involves β-glucosidase. On a medium con-
taining a mixture of cellobiose and glucose, cells grew
quickly at the beginning but slowed down before the density
reached its highest level at 30 h. Cellobiose started to be
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Fig. 1 Cell growth on medium containing cellobiose and/or glucose.
Comparison of cell growth on YP medium containing cellobiose
(triangle) and glucose (square) each at 5 % or in combination of the
sugars (circle) with 2.5 % each for Clavispora NRRLY-50464. Values
are means of three replications
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Fig. 2 Ethanol conversion from cellobiose and/or glucose. Recovery
of ethanol (open circle) conversion from YP medium containing cel-
lobiose (filled square, a) and glucose (filled circle, b) each at 5 % or in
combination of the sugars with 2.5 % each (c) for Clavispora NRRLY-
50464. Values are means of three replications

Table 1 Comparison of cell growth and ethanol conversion from
cellobiose for Clavispora sp. NRRL Y-50464, C. lusitaniae NRRL Y-
5394, and Candida wickerhamii NRRLY-2563 over a 48-h time course
study

Y-50464 Y-5394 Y-2563

OD600

0 h 0.044±0.01 0.043±0.01 0.044±0.01

8 h 0.367±0.01 0.185±0.01 0.139±0.01

24 h 1.572±0.01 1.648±0.09 0.831±0.01

32 h 1.616±0.01 1.838±0.04 1.19±0.03

48 h 1.592±0.01 2.0±0.09 1.381±0.01

Cellobiose (g/L)

0 h 52.7±0.0 52.7±0.0 52.7±0.0

8 h 50.3±1.01 50.5±1.2 49.8±0.5

24 h 11.4±1.0 23.6±0.4 47.5±0.3

32 h 2.1±0.3 8.2±2.0 40.1±0.2

48 h 0.0±0.0 0±0.0 25.5±0.1

Ethanol (g/L)

0 h 0.0±0.0 0.0±0.0 0.0±0.0

8 h 0.4±0.1 0.0±0.0 0.0±0.0

24 h 18.7±0.1 12.5±0.3 1.6±0.4

32 h 22.5±0.3 18.9±1.1 4.4±0.7

48 h 22.7±0.3 21.4±0.9 9.8±0.5
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Fig. 3 Beta-glucosidase activity over time. Comparison of β-
glucosidase activity for Clavispora NRRL Y-50464 on YP medium
containing cellobiose (black bar) and glucose (blank bar) each at 5 %
or in combination of the sugars with 2.5 % each (gray bar) in a time
course study till 48 h after incubation. Values are means of two
replications
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consumed at 12 h only after depletion of glucose in the
medium (Fig. 2c). This observation further confirmed that
the immediate availability of glucose supported early cell
growth and cellobiose was utilized for subsequent growth
and fermentation. However, the final ethanol production by
the yeast was not affected by the different media (Fig. 2).

When cellobiose was used as sole source of carbon and
energy, strain Y-50464 showed the fastest growth and
reached log phase within 8 h followed by C. lusitaniae Y-
5394. C. wickerhamii Y-2563 exhibited the slowest growth
rate as observed at 8 and 24 h (Table 1). As shown by HPLC
assay, Y-2563 consumed less than a half the amount of
cellobiose in the medium and resulted in a poor ethanol
production of only 9.8 g/L at 48 h. Both Clavispora strains
completely utilized cellobiose and produced ethanol of 22.7
and 21.4 g/L for Y-50464 and Y-5349, respectively, at the
end of fermentation. However, the rate of cellobiose con-
sumption and ethanol production for strain Y-50464 was
significantly faster than that of Y-5394 (Table 1). As dem-
onstrated in a previous study, application of Y-50456
achieved a successful lower-cost corncob-to-ethanol conver-
sion by not needing additional β-glucosidase enzyme [14].
The capability of Y-50464 to produce sufficient β-
glucosidase activity and conversion of ethanol from

cellobiose is a desirable characteristic for its application in
cellulosic ethanol production.

Beta-Glucosidase Activity

When cultured on medium containing only glucose, crude
cell extracts from Y-50464 did not show significant β-
glucosidase activity over a 48-h time course study (Fig. 3).
In contrast, on cellobiose medium, β-glucosidase activity
was observed to increase overtime with the highest activity
observed at 18 h after incubation. As anticipated, the β-
glucosidase from cellobiose-glucose mixed medium was not
induced until after 12 h when glucose was depleted. This is
consistent and supported by the diauxic lag observed in cell
growth in the mixed sugars (Fig. 2c).

Enzyme Location

Using a medium containing glucose as a background and
negative reference for a crude enzyme localization assay,
little β-glucosidase activity was observed in any cell culture
fractions from strain Y-50464 (Table 2). When induced by
cellobiose, strain Y-50464 displayed a similar profile but
significantly higher levels of β-glucosidase activity in all

Table 2 Comparison of enzyme
activity (mU/ml) fractioned from
cell cultures of yeast strains
Clavispora sp. NRRL Y-50464,
C. lusitaniae NRRLY-5394, and
Candida wickerhamii NRRL Y-
2563 induced by cellobiose

A culture from Y-50464 induced
by glucose served as a back-
ground control measurement

Source Induced by glucose Induced by cellobiose

Y-50464 Y-50464 Y-5394 Y-2563

Cells and media total 2.33±0.53 52.263±0.51 37.64±0.11 326.22±0.84

Cells 1.59±0.11 47.60±0.02 48.38±0.02 319.30 ±1.59

Media 1.55±0.02 27.03±0.02 16.43± 0.04 15.26±0.04

Broken cells total 1.71±0.57 140.9 86±0.49 43.59±0.07 299.77±0.86

Pellet at 48K×g 1.23±0.09 36.48±0.07 16.17±0.02 30.01±0.40

Supernatant 3.58±0.35 109.56±0.02 71.53±2.76 244.15±3.53

Spheroplast total 0.25±0.02 50.16± 2.16 8.03±0.05 45.53±2.56

Pellet at 750×g 0.21±1.55 34.17±4.72 7.15±0.02 6.81±0.1.46

Supernatant 0.15±0.05 6.17±0.09 1.80±0.02 42.61±0.35

Lysed spheroplast

Pellet at 48K×g 0.16±0.04 21.46±0.31 4.94±1.04 2.91±0.24

Supernatant 0.19±0.09 15.07±0.57 1.37±0.02 3.72±0.48

Table 3 Protein purification of a cellobiose induced β-glucosidase from Clavispora sp. NRRL Y-50464

Fraction Total protein (mg) Total activity (U) Specific activity (U/mg) Recovery (%) Purification fold

Crude cell extract 1,002.5 708.2 0.7 100.00 1.00

Ammonium sulfate (80 %) 666.0 446.4 0.7 63.0 0.9

DEAE Bio-Gel column 90.4 302.0 3.3 42.6 4.7

Cellobiose-sepharose 6B column 6.7 122.8 18.4 17.3 26.0
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culture fractions compared to C. lusitaniae Y-5394. In all
cases (Y-50464, Y-5394, and Y-2563), only a minor
fraction of β-glucosidase activity was released to the
culture medium. Both for Y-50464 and Y-5394, most of
the activity remained within spheroplasts after zymolyase
treatment of the cells, which, together with the lysed
spheroplast assays, indicates a cytoplasmic and membrane
location of the enzyme. β-Glucosidase for yeast C. lusi-
taniae Y-5394 was reported to be associated with cyto-
plasm [18–20], and our results are in agreement with
this. A notable amount of β-glucosidase activity was also
observed in other fractions, which suggests more than
one form of β-glucosidase may exist. In contrast, C.
wickerhamii Y-2563 showed a different profile in sphe-
roplast assays. The β-glucosidase from Y-2563 was
reported to be extracytoplasmatic but cell associated
[20, 24]. The current study confirms this main location,
with most of the cell-associated β-glucosidase being re-
leased after zymolyase-treatment. Y-2563 produced high
levels of β-glucosidase activity; however, it did not pro-
duce sufficient ethanol or consume cellobiose efficiently
after 48 h incubation as described above. Whether the
substrate analogue pNPG affected the efficiency of the
enzyme assay or strain Y-2563 required a different tem-
perature for optimal enzyme expression remain to be
clarified. Βeta-glucosidase has been observed as an ex-
tracellular, intercellular, or membrane-bounded enzyme
associated with wide ranges of microbes [10, 12, 21,
25–27]. Based on our assays, an intracellular protein
from Y-50464 was isolated, purified, and characterized
in this study.

Protein Purification

A purified protein was obtained from the soluble extract of a
cellobiose induced culture of Y-50464 through a series of
chromatographic steps. The protein was recovered at 17 %
of its original total enzyme content with a purification fold
of 26 (Table 3). It was estimated with an approximate
molecular mass of 93.3 kDa using SDS-PAGE gel electro-
phoresis (Fig. 4a). A native gel showed a single active band
suggesting that the protein band observed in the SDS-PAGE
gel (Fig. 4b).

Identification of β-Glucosidase

Using MALDI-TOF and TOF/TOF tandem MS/MS, 13
peptides were obtained with a total of 442 amino acid
residues. Database search with NCBI non-redundant
resulted in a high confidence prediction matching a
hypothetical protein of CLUG_01181 from C. lusitaniae
ATCC 42720 with a protein score of 100% CI. An
amino acid alignment between the peptides and the

hypothetical protein CLUG_01181 displayed no varia-
tions of amino acid for all covered peptides (Fig. 5).
Phylogenetic analysis based on amino acid sequence
indicated that β-glucosidase from Y-50464 is distinct
from any known β-glucosidase associated with Candida
tenuis, Debaryomyces hansenii, Meyerozyma guillier-
mondii, Scheffersomyces stipitis, Schwanniomyces etch-
ellsii, and Spathaspora passalidarum (Fig. 6). The
isolated protein from Y-50464 was closely related to a
hypothetical protein from C. lusitaniae xp_002620022.1.
Based on amino acid confirmation and its high level of
specific enzyme activity, this protein from Y-50464 was
identified as a β-glucosidase. CLUG_01181 is a pre-
dicted hypothetical protein based on computation anno-
tation. This report provides the first evidence to confirm
its function as a β-glucosidase. Since the β-glucosidase
activity was also observed in other culture fractions of
Y-50464, additional β-glucosidase proteins may exist.
We designate this enzyme as BGL1 from Clavispora
NRRL Y-50464. Its amino acid sequence suggests
BGL1 from Y-50464 is associated with the glycoside
hydrolase family 3.

Characterization of BGL1 from Y-50464

The optimal temperature of BGL1 activity was estimated at
45 °C as measured by the enzyme assay (Fig. 7a). The
optimal pH for the best enzyme performance was observed
at pH 6 at 45 °C (Fig. 7b). Enzyme kinetic analysis indicated

100kD

75kD

50kD

25kD

ab

Fig. 4 Beta-glucosidase on gel. An sodium dodecyl sulfate polyacryl-
amide gel electrophoresis gel (a) showing a purified β-glucosidase
from Clavispora NRRL Y-50464 with an estimated molecular size at
93 kD. A protein band of β-glucosidase (b) shown on a native gel
confirmed the protein as the active component of the cellobiose reduc-
tion assay
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a Km of 0.355 mM for BGL1 from Y-50464 using pNPG as
substrate (Table 4). It appeared to have a higher specific
activity than Novo188 at a Km of 0.448 mM. End product
inhibition of β-glucosidase activity by glucose was estimat-
ed by a Ki of 15.2 mM for BGL1 from Y-50464. In contrast,

Novo188 was more sensitive to glucose inhibition with a Ki

of 0.735 mM. Since Novo188 is not a pure commercial
enzyme, it is unclear if its impurity affected the sensitivity
to the glucose inhibition. Among reported native β-
glucosidases produced by other fungal species [28–37], the

Peptide seq   ------------------ISLLAGANAWQTVPIERLNIPAVTVSDGPNGIRGTR------ 
                                ::::::::::::::::::::::::::::::::::::
Clug_01181    MTKLDVEALITELSLPEKISLLAGANAWQTVPIERLNIPAVTVSDGPNGIRGTRFFDSVP 
                      10        20        30        40        50        60 

Peptide seq   -------------------------------MKGVHCILGPTCNIAR------------- 
                                             ::::::::::::::::
Clug_01181    SNCFPCGTGMASTFNKELLYQAGELMSKEAKMKGVHCILGPTCNIARGPLGGRAFESYSE 
                      70        80        90       100       110       120 

Peptide seq   -----------------------------------------------ALREIYLKPFQLA 
                                                             ::::::::::::: 
Clug_01181    DPVLSGHIVSAVINGIQDGKIVACIKHFVCNDQEDERKGVDTIITERALREIYLKPFQLA 
                     130       140       150       160       170       180 

Peptide seq   VR---------------------------------------------------ESLDAGL 
              ::                                                   ::::::: 
Clug_01181    VRDANPKSFMTAYNKVNGEHVSQSKKLLEDVLRKEWGWDGMVMSDWYGVYSIKESLDAGL 
                     190       200       210       220       230       240 

Peptide seq   NLEMPGPTRFRESVQTVHSVVCNEIHR------------FIDDCLESGVDPDQDELENTD 
              :::::::::::::::::::::::::::            ::::::::::::::::::::: 
Clug_01181    NLEMPGPTRFRESVQTVHSVVCNEIHRDVIDKNVRHVLKFIDDCLESGVDPDQDELENTD 
                     250       260       270       280       290       300 

Peptide seq   PKAATLLRQIGGESLVLLKNDDNILPLDPHAK---------------------------A 
              ::::::::::::::::::::::::::::::::                           : 
Clug_01181    PKAATLLRQIGGESLVLLKNDDNILPLDPHAKKGNEVIAVIGPNAKAERNSGGGSASLKA 
                     310       320       330       340       350       360 

Peptide seq   RYTVTPFDGIVNK----------------------TLPDIGSIMKTETGETGVEAR---- 
              :::::::::::::                      :::::::::::::::::::::
Clug_01181    RYTVTPFDGIVNKVKEKAGDKAVVVEYTLGAYLDKTLPDIGSIMKTETGETGVEARFYKV 
                     370       380       390       400       410       420 

Peptide seq   ------------------------------------------------------------ 

Clug_01181    APGTPGRKPFDKRISTSTKLFLTDYKHPELPVGEQLFYVDFEGYFTPDESATYEFGCSCL 
                     430       440       450       460       470       480 

Peptide seq   ------------------QQRGDAFFLGMGTREER------------VKVEYGTRPTSSL 
                                :::::::::::::::::            ::::::::::::: 
Clug_01181    GTAQIFLDDKLIVDNKTKQQRGDAFFLGMGTREERSAVKLEKGKKYKVKVEYGTRPTSSL 
                     490       500       510       520       530       540 

Peptide seq   IVDYQEVGGVYFGAQIK-------------------VIVVGGLSKEWESEGFDRPDMDIP 
              :::::::::::::::::                   :::::::::::::::::::::::: 
Clug_01181    IVDYQEVGGVYFGAQIKNTHEEALQKAVDLAKKADKVIVVGGLSKEWESEGFDRPDMDIP 
                     550       560       570       580       590       600 

Peptide seq   GYTNKLVEAVSDVNPNVIFVNQTGSPVTMPWVHK-------------------------- 
              ::::::::::::::::::::::::::::::::::
Clug_01181    GYTNKLVEAVSDVNPNVIFVNQTGSPVTMPWVHKVKGLVQAWYGGNELGNAIADVLFGDV 
                     610       620       630       640       650       660 

Peptide seq   -----LSFTFPEKLEHNPSYLNYGSTNGRVLYGEDVFVGYRHYEMVDRKPLFPFGYGLSY 
                   ::::::::::::::::::::::::::::::::::::::::::::::::::::::: 
Clug_01181    NPSGRLSFTFPEKLEHNPSYLNYGSTNGRVLYGEDVFVGYRHYEMVDRKPLFPFGYGLSY 
                     670       680       690       700       710       720 

Peptide seq   TTFEFK---------TVTVTVDVTNTGKRDGSEVVQIYVSHENPR--------------- 
              ::::::         ::::::::::::::::::::::::::::::
Clug_01181    TTFEFKNAKAEVGEKTVTVTVDVTNTGKRDGSEVVQIYVSHENPRIIRPAKELKDFAKVF 
                     730       740       750       760       770       780 

Peptide seq   -------SVSVEMPLLEVTSYWDSYKNQWLSEKATYHALVGASSDNIVGDAVFSTEKDVY 
                     ::::::::::::::::::::::::::::::::::::::::::::::::::::: 
Clug_01181    LKSGETKSVSVEMPLLEVTSYWDSYKNQWLSEKATYHALVGASSDNIVGDAVFSTEKDVY 
                     790       800       810       820       830       840 

Peptide seq   WLGV 
              :::: 
Clug_01181    WLGV 

Fig. 5 Amino acid sequence
alignment. Sequence alignment
of MALDI-TOF detected pep-
tide sequence with a hypothetic
enzyme Clug_01181 from
NCBI protein database showing
a high level of similarity in
amino acids alignment
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Km of BGL1 from Y-50464 is ranked in the middle of the
category. However, it is superior to other recently charac-
terized fungal β-glucosidases (Km00.57 mM, Ki02.70 mM
and Km00.38, Ki03.25 mM, respectively) [38] both in Km

[pNPG] and product inhibition caused by glucose.
Most fungal species producing native β-glucosidases are

nonethanol producers such as species of Aspergillus, Tri-
choderma, and Penicillium. To facilitate cellulosic ethanol
production, supplemental enzyme can be added to common
cellulolytic enzyme preparations to enhance cellulosic con-
version [34, 39]. However, it is not cost effective and
requires additional processing steps. Among yeast strains
selected for enzyme productivity, ethanol production is of-
ten not satisfactory. For example, C. wickerhamii produces a
higher level of β-glucosidase activity; however, its ethanol
fermentation capability using cellobiose is low. Two Clav-
ispora strains tested in this study showed promising ethanol
fermentation from cellobiose. Strain Y-50464 was the most
efficient with regard to growth and ethanol conversion on
cellobiose.

Consolidated bioprocess is economically desirable for
fermentation based technology. This concept and practice
have become an increasingly popular target for sustainable

biofuels productions. We previously demonstrated a suc-
cessful example of cellulosic ethanol conversion using
Y-50464 without addition of exogenous β-glucosidase
[14]. It appeared that the native β-glucosidase activity
produced by Y-50464 was sufficient for ethanol produc-
tion from xylose extracted corncob residues by SSF.
Isolation and identification of a β-glucosidase in this
study provided additional evidence to support the func-
tion of cellobiose utilization by strain Y-50464. These

Y50464

ACF9347.1

EDK38776.2

XP_001485145.1

EGV61510.1

EGV65580.1

EGW32194.1

EGW31177.1

XP_001383273.1

XP_001385159.1

XP_001387766.1

XP_001387350.1

XP_002620022.1

XP_461831.2

XP_457283.2

Fig. 6 Phylogenetic tree. A phylogenetic tree showing relationships of
a β-glucosidase from Clavispora NRRL Y-50464 and closely related
enzymes based on amino acid sequence obtained from NCBI protein
database. Legends of NCBI protein accession number ACF93471 is
from Schwanniomyces etchellsii, EDK38776.2 and XP_001485145.1
from Meyerozyma guilliermondii ATCC 6260, EGV61510.1 and
EGV65580.1 from Candida tenuis ATCC 10573, EGW32194.1 and
EGW31177.1 from Spathaspora passalidarum NRRL Y-27907,
XP_001383273.1, XP_001385159.1, XP_001387766.1, and
XP_001387350.1 from Scheffersomyces stipitis CBS 6054,
XP_002620022.1from Clavispora lusitaniae ATCC 42720, and
XP_461831.2 and XP_457283.2 from Debaryomyces hansenii
CBS767
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Fig. 7 Optimal temperature and pH. Characterization of optimal tem-
perature (a) and pH (b) for β-glucosidase from Clavispora NRRL Y-
50464 assayed at 45 °C using a purified protein. Values are means of
three replications

Table 4 Enzyme kinetic parameters of β-glucosidase from Clavispora
sp. NRRL Y-50464 in comparison with a commercial enzyme

Vmax (μmol/min) Km (mM) Ki (mM)

Y-50464 5.91 0.355 15.2

Novo188 4.2 0.448 0.735

Values for Km and Vmax were defined using 46 individual data points
from two assay sets with overlapping concentrations ranging from 0.1
to 5 mM of substrate. Mean variation of replicated data points for
BGL1 was 4.4 and 7.8 % for Novo188. Ki was defined by addition of
glucose ranging from 0.1 to 100 mM to substrate p-NGP at 0.5 and
2.5 mM, respectively. Mean variation of replicated concentrations for
BGL1 was 2.4 % and 3.2 % for Novo188
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results will advance the development of consolidated biopro-
cesses for lower-cost cellulosic ethanol production.
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