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process of biomass saccharification.
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(Background: B-Glucosidase completes cellulose enzymatic hydrolysis by releasing glucose from cellobiose.
Results: SAXS experiments revealed that Aspergillus niger B-glucosidase has a cellulase-like tadpole molecular shape, uncom-

Conclusion: We show that AnBgll N- and C-terminal domains are linked by a long extended linker.
Significance: Understanding AnBgll architecture is useful for comprehension of the enzyme-cell wall interaction and the

N

J

Aspergillus niger is known to secrete large amounts of -glu-
cosidases, which have a variety of biotechnological and indus-
trial applications. Here, we purified an A. niger f3-glucosidase
(AnBgll) and conducted its biochemical and biophysical analy-
ses. Purified enzyme with an apparent molecular mass of 116
kDa forms monomers in solution as judged by native gel electro-
phoresis and has a pI value of 4.55, as found for most of the fungi
of B-glucosidases. Surprisingly, the small angle x-ray experi-
ments reveal that AnBgll has a tadpole-like structure, with the
N-terminal catalytic domain and C-terminal fibronectin III-like
domain (FnIII) connected by the long linker peptide (~100
amino acid residues) in an extended conformation. This molec-
ular organization resembles the one adopted by other cellulases
(such as cellobiohydrolases, for example) that frequently con-
tain a catalytic domain linked to the cellulose-binding module
that mediates their binding to insoluble and polymeric cellulose.
The reasons why AnBgll, which acts on the small soluble sub-
strates, has a tadpole molecular shape are not entirely clear.
However, our enzyme pulldown assays with different polymeric
substrates suggest that AnBgl1 has little or no capacity to bind to
and to adsorb cellulose, xylan, and starch, but it has high affinity
to lignin. Molecular dynamics simulations suggested that clus-
ters of residues located in the C-terminal FnIII domain interact
strongly with lignin fragments. The simulations showed that
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numerous arginine residues scattered throughout the FnlII sur-
face play an important role in the interaction with lignin by
means of cation-7r stacking with the lignin aromatic rings. These
results indicate that the C-terminal FnIIl domain could be oper-
ational for immobilization of the enzyme on the cell wall and for
the prevention of unproductive binding of cellulase to the bio-
mass lignin.

The plant cell walls are the largest source of carbohydrates in
nature and an important source of renewable material for bio-
fuel generation. Large amounts of the biomass polysaccharides
are built of B-linked glucosyl residues; thus, it is not surprising
that B-glucosidases play an important role in cell wall conver-
sion into fermentable sugars. The complete hydrolysis of cellu-
lose is generally accomplished by the synergistic action of at
least three types of cellulases as follows: endoglucanases, exog-
lucanases, and B-glucosidases. Each of the enzymes plays a
complementary and important role in the biomass depolymer-
ization as follows: endoglucanases (EC 3.2.1.4) randomly cleave
the B-1,4-glycosidic linkages of cellulose; cellobiohydrolases
(EC 3.2.1.91) attack the reducing and nonreducing ends of a
cellulose chain to produce cellobiose (constitutive unit of cel-
lulose), and B-glucosidases (EC 3.2.1.21) hydrolyze cellobiose,
releasing two molecules of glucose (1).

In the cellulolytic system, the 3-glucosidases are crucial for
efficient breaking down of cellulose, performing its complete
saccharification by hydrolysis of cellobiose and small cello-oli-
gosaccharides into glucose molecules. In addition, the B-gluco-
sidase activity can synergistically optimize the action of other
cellulolytic enzymes, increasing the yield of the final product
and decreasing the concentration of cellobiose, which is a
strong inhibitor of the cellulolytic complex, especially of cello-
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biohydrolases, in the reaction mixture (2). Commercially avail-
able cellulase preparations are often supplemented with fungal
B-p-glucosidases to increase the cellulolytic efficiency on pre-
treated biomass (3).

Fungal B-p-glucosidases have been isolated from a number of
fungal sources: Humicola grisea, Fusarium oxysporum, Gliocla-
dium virens, Neocallimatix frontalis, Botrytis cinerea, Talaro-
myces emersonii, Trichoderma reesei, Phanerochaete crysospo-
rium, Aspergillus aculeatus, Aspergillus foetidus, Aspergillus
roseus, Aspergillus terreus, Aspergillus awamori, and Aspergil-
lus niger, to name a few (4). The most common commercial
B-glucosidase preparation (Novozymes SP 188; Novo Nordisk
A/S, Bagsvaerd, Denmark) is produced by the cultivation of
filamentous fungus A. niger (1).

Although fungal B-glucosidases have been exploited in a
variety of biotechnological applications and extensively studied
with respect to their production, purification, and kinetic
parameters, molecular and structural data about these enzymes
continue to be scarce. Based on amino acid sequence homology
and structural similarity, fungal B-glucosidases are grouped
into two glycoside hydrolase families, GHF1 and GHF3, accord-
ing to the CAZy database. Both glycoside hydrolase families
currently contain over 3000 members. From a structural view-
point, the enzymes belonging to the GHF1 fold into a (8/a)s-
barrel structure that contains their active site and catalyzes sub-
strates following the [-retaining action mechanism that
employs Glu as the catalytic nucleophile (5, 6). Although GHF3
has a large number of family members, both structural and
enzymatic data are available for only for a handful of enzymes.

Six of the enzymes are from bacteria as follows: 3-N-acetyl-
hexosaminidase from Vibrio cholerae (NagZ), PDB? code
1TR93, exo-1,3-1,4-B-glucanase (ExoP) from Pseudoalteromo-
nas sp. BB1, PDB code 3F93 (7); B-N-acetylglucosaminidase
(StNagZ) from Salmonella typhimurium, PDB code 4GVF (8);
macrolide B-glycosidase/B-glucosidase (SvDesR) from Strepto-
myces venezuelae, PDB code 413G (9); B-N-acetylglucosamini-
dase from Bacillus subtilis (YbbD), PDB code 3BMX (10); and a
B-glucosidase from Thermotoga neapolitana (TnBgl3B), PDB
code 2X40 (11); four are eukaryotic enzymes, exo-f3-1,3-1,4-
glucanase (Exol) from Hordeum vulgare subsp. vulgare, PDB
code 1EX1 (12); B-glucosidase I (KmBgl1) from Kluyveromyces
marxianus NBRC1777, PDB code 3ABZ (13); B-glucosidase 1
(HjBgl1) from T. reesei QM9414, PDB code 3ZYZ* and B-glu-
cosidase 1 (AaBgll) from A. aculeatus, PDB code 41IB (14), and
a B-glucosidase (JMB19063) from compost metagenome PDB
code 3U4A.” The domain architectures of these enzymes are
very different. NagZ is a one-domain enzyme of the (B/a)g-
barrel fold. Exol consists of two domains as follows: the N-ter-
minal (B/a)g-barrel domain and the C-terminal (a/f)s-sand-

2 The abbreviations used are: PDB, Protein Data Bank; Fnlll, fibronectin Ill-like
domain; SAXS, small angle x-ray scattering; APTS, 8-aminopyreno-1,3,6-
trisulfonic acid; DAM, dummy atom model; RBM, rigid body model; LGG,
guaiacyl; LSS, syringyl; CBM, cellulose binding domain.
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wich domain. TnBglI3B has a slightly longer C-terminal stretch
than Exol, and this C-terminal extension adopts a fibronectin
type III (FnlII)-like fold, which makes 7#Bgl3B a three-domain
enzyme. KmBgll has an insertion of a fourth domain, PA14
(residues 392-559) within the (a/B)s-sandwich domain (13).
Finally, the AaBgl1 consists of three domains as follows: a cat-
alytic TIM domain, an «/fB sandwich domain, and an FnlII
domain (14) The (B/a)g-barrel fold domain, (a/B)s-sandwich,
and FnllIl-like domain are connected by linkers 1 and 2. The
members of GHF3 utilize an Asp residue in their nucleophile
attack of the substrates. The active site of the GHF3 family is
normally found between the (B/a)g-barrel and (a/B)s-sand-
wich domains, each of which contributes one catalytic carbox-
ylate residue necessary for catalysis (6, 15). Purified AnBgll
(860 residues) shares 83, 30, 28, and 24% amino acid sequence
identities with AaBgl1 (860 residues), TnBglI3B (721 residues),
KmBgl1 (845 residues), and Exol (605 residues), respectively.

Understanding the fundamental structure-function relation-
ships that govern the catalytic activity of B-glucosidases is of
crucial importance for elucidating its mechanism of action and
for optimization of its potential as an industrial biocatalyst in a
variety of biorefinery processes, such as the production of cel-
lulosic bioethanol. The enzymatic hydrolysis of heterogeneous
biomass feedstocks requires -glucosidases with different lev-
els of specificity for di- or oligosaccharides in a biorefinery
process, and different glycosidic linkages may require specific
B-glucosidases to discriminate between different sugar iso-
mers. Detailed studies of B-glucosidase structure, activity, and
specificity are needed to deepen our understanding about the
molecular basis of B-glucosidase action.

Here, we applied small angle x-ray scattering (SAXS) tech-
niques to retrieve the molecular form and shape of AnBgll,
which belongs to GHF3 (16), and to determine relative posi-
tions of its individual domains and the possible extended con-
formation of linker 2 that shows a 100-amino acid insertion. We
also conducted biochemical analysis of the enzyme aiming to
comprehend a functional rationale for such molecular architec-
ture and performed molecular dynamics simulations to inves-
tigate the interactions between the FnlIlI-like domain of AnBgl1
and lignin fragments of plant cell walls.

EXPERIMENTAL PROCEDURES
B-Glucosidase Preparation

A commercial enzyme preparation from A. niger (Novozymes
SP 188; Sigma) was used as a source of B-p-glucosidase. For
biochemical characterization of the pB-glucosidase, solid
(NH,),SO, was added to the commercial preparation to reach
90% saturation, and the solution was stored overnight at 4 °C
under agitation. The precipitate was recovered by centrifuga-
tion and washed two times with a 90% (NH,),SO, solution. The
pellet was dissolved in 50 mMm sodium phosphate, pH 7.2, with
1 M (NH,),SO, and applied to a hydrophobic interaction col-
umn (phenyl-Sepharose 26/10 Fast Flow; GE Healthcare) equil-
ibrated with the same buffer. Proteins were eluted at 3 ml
min~" with a gradient from 1 to 0 M ammonium sulfate using
FPLC system (Akta; GE Healthcare). Fractions presenting
B-glucosidase activity were joined and concentrated using a
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centrifuge (Vivaspin 20; Sartorius stedim, Aubagne, France)
with molecular mass cutoff of 50 kDa, allowing separation of
B-glucosidase and remaining as low molecular weight proteins.
The B-glucosidase-enriched sample was applied on a desalting
column (HiTrap; GE Healthcare) and eluted with 50 mm
sodium acetate buffer, pH 7.2. B-Glucosidase fraction was then
injected into an ion exchange column (Mono-Q 5/50GL; GE
Healthcare) previously equilibrated with the same buffer. Pro-
teins were eluted at 1 ml min~" with a gradient from 0 to 500
mw of sodium chloride.

B-Glucosidase Activity

B-Glucosidase activity was determined by measuring the
amount of glucose released from the cellobiose used as a sub-
strate. B-Glucosidase assays were performed in triplicate, using
50 ul of cellobiose solution (2% w/v in 50 mm sodium phosphate
buffer, pH 5.0) and 50 ul of B-glucosidase preparation, and
incubated at 50 °C for 15 min. The reaction was stopped by
heating to 95 °C for 10 min. The amount of released glucose was
determined by the glucose oxidase/peroxidase method (17).

Native Gel Electrophoresis, SDS-PAGE, and Isoelectric Focusing

The protein content and purity of all chromatographic frac-
tions were verified at each stage by Coomassie Blue-stained
SDS-PAGE. Protein was applied on a 10% polyacrylamide gel,
and migration of the bands was compared with the molecular
mass markers in the range from 14.4 to 212 kDa (electrophore-
sis LMW calibration kit; GE Healthcare). The protein concen-
tration was determined using the Bradford dye assay (Bio-Rad)
(18), with bovine serum albumin as a standard. Purified B-glu-
cosidase, at different concentrations (1, 2.5, 5, and 10 mg/ml),
was electrophoresed on an 8 —-25% (w/v), pH 8.8, gradient poly-
acrylamide gel at 10 °C using PhastSystem (GE Healthcare),
stained with 0.1% PhastGel Blue R-350 solution (GE Health-
care), and destained with 30% methanol and 10% acid acetic
solution in distilled water (3:1:6). Isoelectric focusing was per-
formed on the PhastSystem (GE Healthcare) using a precast gel
PhastGel isoelectric focusing 3—9. Separations took ~40 min
after which the gel was stained with 0.02% PhastGel Blue R-350
(GE Healthcare) solution containing 30% methanol and 10%
acetic acid in distilled water and 0.1% (w/v) CuSO,, fixed with
20% trichloroacetic acid, and destained in a solution containing
30% methanol and 10% acetic acid in distilled water until
obtaining a clear background. Isoelectric point was determined
using standard pI markers (GE Healthcare).

Deglycosylation of AnBgl1

To deglycosylate the AnBgl1, we applied the anhydrous trif-
luoromethanesulfonic acid treatment as described by the man-
ufacturer (Sigma) with small modifications. Briefly, 2 mg of
protein sample were dried in a SpeedVac at 50 °C and placed on
ice for 5 min. The freeze-dry sample was dissolved with 150 ul
of trifluoromethanesulfonic acid/anisole (9:1) and left in the
freezer for 4 h. The sample was neutralized with 3 volumes of
pyridine/methanol/water (3:1:1) in an ice bath for 20 min. One
volume of an ammonium bicarbonate (0.5%) solution was
added and centrifuged at 13,000 X g for 20 min. The precipi-
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tated material was dissolved in water and the protein pattern
analyzed by SDS-PAGE.

Protein Digestion

The protein bands were removed from the gel and were sub-
mitted to in-gel trypsin (20 ng/ul), chymotrypsin (100 ng/ul),
and pepsin A (75 ng/ul) digestion as described previously (19).

Mass Spectrometric Analysis

An aliquot of 4.5 ul of the resulting peptide mixture was
analyzed on an ETD-enabled LTQ Orbitrap Velos mass spec-
trometer (Thermo Fisher Scientific) coupled with LC-MS/MS
by an EASY-nLC system (Proxeon Biosystem) through a
Proxeon nanoelectrospray ion source as described (20). Pep-
tides were separated by a 2—90% acetonitrile gradient in 0.1%
formic acid using an analytical column PicoFrit column (20
cm X inner diameter of 75 wm, 5 wm particle size, New Objec-
tive) at a flow rate of 300 nl/min over 27 min for in-gel digestion.
The voltage of the nanoelectrospray was set to 2.2 kV, and the
source temperature was 275 °C. LTQ Orbitrap Velos was set up
in the data-dependent acquisition mode. The full scan MS spec-
tra (m/z 300-1600) were acquired in the Orbitrap analyzer
after accumulation to a target value of 1le6. Resolution in the
Orbitrap was set to » = 60,000 and the top 20 peptide ions with
charge states =2 were sequentially isolated to a target value of
5000 and fragmented in the linear ion trap by low energy colli-
sion-induced dissociation (normalized collision energy of 35%)
or high energy collision dissociation. The signal threshold for
triggering an MS/MS event was set to 1000 counts. Dynamic
exclusion was enabled with an exclusion size list of 500, exclu-
sion duration of 60 s, and a repeat count of 1. An activation g =
0.25 and activation time of 10 ms were used.

Data Analysis

Raw mass spectrometry files were searched against A. niger
database (37,549 sequences, 17,765,295 residues; downloaded
in July, 2013 from nonredundant protein database NCBI) using
the Peptide Validator search node within Proteome Discoverer
(Version 1.3.0.339, Thermo Fisher Scientific) with carbam-
idomethylation (+57.021 Da) as fixed modification and oxida-
tion of methionine (+15.995 Da) and N-acetylglucosamine
(+203.079 Da) as variable modifications; one trypsin missed
cleavage and a tolerance of 10 ppm for precursor and 1 Da for
fragment ions were also allowed. Only peptides with a mini-
mum of five amino acid residues, which showed significant
threshold (p < 0.05) in a Mascot-based score, were considered
in the results. MS/MS spectra were manually validated for the b
and y ion series.

Multiple Sequence Alignment

Multiple sequence alignment analyses were performed with
the following: B-glucosidase 1 from A. niger (AnBgl1); B-gluco-
sidase 1 from A. aculeatus (AaBgl1); thermostable B-glucosi-
dase 1 from Thermoascus aurantiacus (TaBgll) (21); B-gluco-
sidase from Hypocrea jecorina (HjBgll) (22); B-glucosidase
from T. neapolitana (TnBgl3B) (8); B-glucosidase 1 from K.
marxianus (KmBgll) (10), and exo-B-1,3-1,4-glucanase from
H. vulgare subsp. vulgare (Exol) (9). Clustal X was used for
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alignment (23), and refinement was carried out with Bioedit
sequence tool.

Homology Model of the Isolated Domains of B-Glucosidase

The three-dimensional models of the catalytic domain and
FnllI-like fold domain were built by Swiss Model Server (24)
using as template the available structure of the T. neapolitana,
PDB code 2X40 (8), which has 30% sequence identity with
AnBgll. Use of very recently determined crystallographic struc-
ture of A. aculeatus B-glucosidase 1 (14) led to a very similar
results (data not shown).

Small Angle X-ray Scattering

SAXS Experiments—The small angle x-ray scattering exper-
iments of the AnBgll at 10, 5, 2.5, and 1 mg/ml (in 50 mm
sodium acetate buffer, pH 5.0) were carried out at the D02A-
SAXS2 beamline of the LNLS using a two-dimensional catalytic
core domain detector (MarResearch) and measured at a wave-
length of A = 1.488 A for the sample detector distance of 1200
mm, resulting in a scattering vector range q of 0.019 to 0.332
A, where q is the magnitude of the q vector defined by q =
4sin6/A(20 is the scattering angle). To remove any aggregates,
the samples were centrifuged for 30 min in an ultracentrifuge,
at 23,500 X g, at 4 °C. The scattering curves of the protein solu-
tions and the corresponding buffer were collected in a 1-mm
path length cell with mica windows at 10 °C with two successive
frames of 300 s each to monitor radiation damage and beam
stability. The data were normalized for incident beam intensity
and sample absorption and were corrected for detector
response. The scattering of the buffer was subtracted from each
protein, and SAXS pattern integrations were performed using
Fit2D software (25). The protein curves were scaled for protein
concentration.

SAXS Data Analysis—Merged SAXS curve was generated
using Primus package (26) and using the most diluted and con-
centrated samples, respectively, for initial and final SAXS curve
region (the merging point was at ¢ = 0.10 A1), The distance
distribution function, p(r), and the maximum diameter, D,
were evaluated using Gnom package (27); the radii of gyra-
tion, R,, a global measure of the size and shape of the molec-
ular complex, was approximated using two independent
procedures, namely from the Guinier equation, I(g) =
|I(0)exp(—Rg2q2/3) (28), and from indirect Fourier transform
method also using Gnom. The molecular weight was calculated
using a procedure implemented in web tool SAXS MoW (29).
The calculation of the molecular weight and, consequently, the
protein oligomerization state do not require the measurement
of SAXS intensity on an absolute scale and do not involve a
comparison with another SAXS curve determined from a
known standard protein.

Ab Initio SAXS Model—The dummy atom model (DAM) was
calculated from B-glucosidase SAXS curve using the ab initio
procedure implemented in DAMMIN package (30). The Crysol
package (31) was used to generate the simulated scattering
curve from DAM. The evaluation of the R,and D, values was
performed with the same package.

Rigid Body Model—The position and orientation of the cat-
alytic lobe, including both (B/a)g-barrel and (a/B)s-sandwich
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domains relative to the Fnlll-like domain, were determined
using rigid body modeling against SAXS experimental data.
The discrepancy between SAXS curve and homology models
were minimized using Bunch (32). Part of linker 2 (amino acids
Gly-651-Gly-754) of the rigid body model (RBM), for which no
structural information is available, was modeled using dummy
atoms. The Crysol package (31) was used to evaluate the RBM
parameters and SUPCOMB package (33) to superimpose the
AnBgll DAM and RBM. Figures for the superposition were
generated in the program PyMOL (34).

Protein Specificity on Different Substrates

B-Glucosidase activity was evaluated against 15 different pol-
ymeric substrates as follows: debranched arabinan, linear ara-
binan, sugar beet, galactomannan, 8-1,4-mannan, rye arabi-
noxylan, birchwood xylan, xyloglucan, oat spelled xylan,
laminarin, carboxymethylcellulose, 3-glucan, lichenan, Avicel
PH 101, and Avicel PH102 (Sigma). Enzymatic assay was per-
formed at 50 °C for 60 min, containing 100 ul of reaction solu-
tion as follows: 40 ul of 50 mm sodium acetate buffer, pH 5, 10
wl of purified B-glucosidase (10 ng/ul), and 50 ul of substrate
solution (100 mg/ml) in the same buffer. Released reducing
sugar was quantified using 3,5-dinitrosalicylic acid reagent (35).

Capillary Zone Electrophoresis on Oligosaccharides

B-Glucosidase processivity was evaluated against a syn-
thetic oligosaccharide consisting of five glucose molecules
linked by B-1,4-linkages (Megazyme), derivatized with
8-aminopyreno-1,3,6-trisulfonic acid (APTS) by reductive
amination, as described previously (36). Capillary electro-
phoresis was performed on a P/ACE MQD (Beckman
Coulter) with laser-induced fluorescence detection. A fused
silica capillary (TSP050375, Polymicro Technologies) of
internal diameter 50 wm and length 31 cm was used as the
separation column for oligosaccharides. The samples were
injected by application of 5 p.s.i. pressure for 0.5 s. Electropho-
resis conditions were 10 kV, 70 -100 wA with the cathode at the
inlet, 50 mM sodium phosphate, pH 2.5, as running buffer, and
a controlled temperature of 20 °C. The capillary was rinsed with
1 M NaOH followed by running buffer to prevent carryovers.
APTS-labeled oligomers were excited at 488 nm, and emission
was collected through a 520-nm bandpass filter.

Protein Adsorption

Capacity of B-glucosidase adsorption was evaluated on pure
starch, xylan, and Avicel from Sigma, and lignin was obtained
from sugarcane bagasse. The assays were conducted with 0.3
mg/ml protein in a 50 mM sodium citrate buffer, pH 5.0, and
different polymeric plant-derived compounds (starch, xylan,
lignin, and Avicel) at concentrations 0—100 mg/ml. The sam-
ples were incubated at room temperature for 1 h under contin-
uous agitation and centrifuged at 13,000 X g for 10 min (37).
Centrifugation was repeated twice to ensure the removal of all
polymeric compounds. The B-glucosidase activity in the super-
natant was measured on cellobiose as described above. Data
presented are an average of six replicates.
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Molecular Dynamics

We have simulated the FnlIl domain and representative
small molecular fragments of lignin to investigate how they
interact. Small lignin fragments composed of homodimers of
guaiacyl (LGG) and syringyl (LSS), the two most abundant units
found in the lignin polymers from plants in general (38), were
built. The most recurrent linkage between the units, 3-O-4/,
was adopted for both types of homodimers (39).

Independent molecular dynamics simulations were carried
out starting from different initial configurations of the systems
as follows: (i) five LGG fragments docked around the FnlIlII-like
domain surface whose binding sites were generated using dock-
ing methods with AutoDock Vina software (40) (system 1); (ii)
10 LGG fragments randomly distributed around the FnlII-like
domain (system 2); (iii) 10 LGG fragments placed near specific
sites of FnllI based on the likelihood of hydrogen bond forma-
tion, aromatic ring packing, hydrophobic contacts, and shape
complementarity (system 3); (iv) only two lignin dimer frag-
ments randomly placed in solution, far from the FnllII-like
domain, so that lignin-lignin interactions were negligible. In
this case, we also compared the behavior of LGG (system 4a)
and LSS (system 4b) fragments with respect to their interac-
tions with FnlIII.

Docking

AutoDock Vina was run setting all LGG covalent bonds as
rotatable, except the ones in the aromatic rings, using AutoD-
ockTools (41, 42) to create input files. The exhaustiveness
parameter was set to 20. The top five docking poses according
to AutoDock scoring were selected to build the LGG-FnlIIl
complexes that compose system 1 (see supplemental material,
Molecular Dynamics Simulation).

Molecular Dynamics Simulations

All the systems underwent a basic simulation protocol,
described as follows. The simulation boxes were first generated
using Packmol (43, 44), before any manipulation of the dimers.
The structures were then placed in a cubic box of about 80 A in
each direction and hydrated by 15,000 water molecules. 24
chlorine ions and 20 sodium ions were added to keep the system
electrically neutral at 0.15 M salt concentration. The ionization
states of ionizable residues (Lys, Arg, His, Asp, and Glu) were
determined according to their pK, values at pH 5.0 and the
molecular environment (high dielectric constant at the protein
surface and low dielectric constant in its interior) using the
H++ server (45, 46). As a result, all ionizable residues were
considered charged.

The energy of the system was initially minimized by 500 steps
of the conjugate gradient method (47, 48), as implemented in
NAMD (49) to eliminate bad contacts. After minimization,
we performed pre-equilibration runs, following the protocol
described elsewhere (50). From the pre-equilibrated systems,
we carried out three independent simulations for each system.
The simulations were performed using NAMD under periodic
boundary conditions. The CHARMM force field was used for
the proteins (51, 52) and lignin fragments (53), and the TIP3P
model was used for water molecules (54). The temperature and
pressure were kept constant at 298 K and 1 bar by means of

NOVEMBER 15, 2013« VOLUME 288+NUMBER 46

Langevin dynamics and Nosé-Hoover piston methods (55, 56).
The RESPA multiple time step algorithm (57) was used with the
shortest time step of 2 fs. All bonds involving a hydrogen atom
were kept at fixed bond length using SHAKE (58). A 12-A cutoff
with smooth switching function starting at 10 A was used for
the van der Waals forces, whereas electrostatic forces were
treated via the particle mesh Ewald method (59).

The simulation time for system 1 lasted 60 ns. A total of 180
ns of simulation time, divided into three independent 60-ns
runs, was performed for each one of the systems 2, 3, 4a, and 4b.

The overall stability and the structural relaxation of the
enzymes were monitored by computing the time evolution of
the root mean square deviation of the protein Ca atoms along
the simulations (data not shown). We observed that, after few
nanoseconds, the root mean square deviation of the backbone
became stable. For all systems, the first 30 ns of simulation were
not considered for calculation of average properties.

RESULTS

Two major protein bands corresponding to two isoforms of
the B-glucosidase from A. niger (60), which represents ~85% of
total protein content (1), were clearly identified by SDS-PAGE
of the commercial Novozyme 188 preparation. We further
purified the B-glucosidase by liquid chromatography using
phenyl-Sepharose and Mono Q columns. During the hy-
drophobic chromatography step, one of the major B-glucosi-
dase peaks was eluted with 0.2 m (NH,),SO,. Taking into
account the high apparent molecular mass of the 3-glucosidase
(close to 116 kDa), the sample was concentrated using a 50-kDa
cutoff membrane to remove smaller proteins. The final B-glu-
cosidase purification step was achieved by ion exchange chro-
matography using a Mono Q column, with ~0.3 m of NaCl.

The purity of the enzyme was independently confirmed
using three different methods. The molecular mass of the puri-
fied B-glucosidase estimated by SDS-PAGE analysis was about
116 kDa (Fig. 1A). A single identical protein band was observed
in native gel electrophoresis experiments at all analyzed protein
concentrations (10, 5, 2.5, and 1 mg/ml), indicating that the
enzyme is in a monomeric state (Fig. 1B). Furthermore, isoelec-
tric focusing showed that the purified enzyme was acidic pl,
with the experimentally determined pl value close to 4.55 (Fig.
1C). The calculated mass of AnBgll, based on its amino acid
sequence and without taking into consideration its glycosyla-
tion is 93.553 kDa and calculated pl value, is 4.65.

To make sure that the purified enzyme was indeed an A. niger
B-glucosidase, its peptide mass fingerprints were identified by
mass spectrometry and confirmed by MS/MS analysis. Both
nonglycosylated and trifluoromethanesulfonic acid-deglycosy-
lated forms of AnBgl1 were analyzed. The sequence coverage by
chymotrypsin, trypsin, and pepsin A digestions were 80, 66, and
45%, respectively. The combined coverage of the amino acid
sequence after trypsin, chymotrypsin, and pepsin digestions
was 92%, thus clearly confirming identity of the protein sample
to A. niger B-glucosidase) (supplemental material, Mass Spec-
trometry Analysis and supplemental Figs. S1 and S2) (12.

AnBgll putative glycosylation sites have been predicted
using NetNGlyc 1.0 Server-CBS and identified based on our
mass spectrometry analysis (supplemental material, Mass
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FIGURE 1. Analysis of purified 3-glucosidase from A. niger. A, SDS-PAGE of
purified enzyme (1st lane, standard protein markers (14-116 kDa); 2nd lane,
commercial preparation Novozymes 188; 3rd lane, purified B-glucosidase). B,
native-PAGE of purified enzyme at different concentrations (10, 5, 2.5, and 1
mg/ml). G, isoelectric focusing of purified B-glucosidase (7st lane, standard pl
markers; 2nd lane, purified B-glucosidase).

Spectrometry Analysis and supplemental Table S1). Out of 10
putative glycosylation sites identified by the NetNGlyc server
(residues Asn-61, Asn-211, Asn-315, Asn-322, Asn-354, Asn-
523, Asn-542, Asn-564, Asn-658, and Asn-712), 8 were con-
firmed (amino acid residues 61, 211, 315, 322, 354, 523, 564, and
712). In addition, three more glycosylation sites were identified
for AnBglil (at Asn-252, Asn-442, and Asn-690). The later
N-glycosylation sites were missed by the NetNGlyc server algo-
rithm. Finally, computationally predicted putative glycosyla-
tion at positions Asn-542 and Asn-658 fell into the regions of
the amino acid sequence, which were not covered by our mass
spectrometry analysis. However, a very recently published crys-
tallographic structure of homologous AaBgll revealed that
these sites are not glycosylated in the B-glucosidase of A. acu-
leatus (14). The total number of the confirmed N-glycosylation
sites for AnBgll (11 sites) is close to the total number of the
N-glycan chains (9 sites) in the later structure (supplemental
material, Mass Spectrometry Analysis and supplemental Table
S1).

Multiple sequence alignment analysis allows comparison of
AnBgll and other six enzymes, as shown in supplemental mate-
rial, Multiple Sequence Alignment Analysis. The multiple
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sequence analysis was performed based on the amino acid
sequences of B-glucosidase 1 from the following: A. miger
(AnBgll); B-glucosidase 1 from A. aculeatus (AaBgll) (14);
thermostable B-glucosidase 1 from T. aurantiacus (TaBgll)
(21); B-glucosidase from H. jecorina (HjBgl) (22); B-glucosidase
from T. neapolitana (TnBgl3B) (8); B-glucosidase 1 from K.
marxianus (KmBgll) (10); and exo-3-1,3—-1,4-glucanase from
H. vulgare subsp. vulgare (Exol) (9). According to Varghese et
al. (12), the N-terminal domain of Exol adopts a canonical
(B/a)g-barrel fold. N-terminal domains of TnBgl3B (8), KmBgl1
(10), and AaBlgl (14) also fold in a (B/a)s-barrel-like structure,
in which the first two a-helices corresponding to helix-A and-B
of Exol are absent (supplemental material, Multiple Sequence
Alignment Analysis, see gray box). This large deletion is also
observed in the sequence alignment of AnBgll, TaBgll, and
HjBgl. The topology of the N-terminal domain of AnBgll can
thus be interpreted as a BB(B/a)4-barrel, in which the second
B-strand is antiparallel.

AnBgll N-terminal and (a/B)s-sandwich domains contains,
respectively, the nucleophile residue Asp-280 and the acid/base
residue Glu-509. Both residues are conserved in all five
sequences included in the alignment. The other residues that
make part of the catalytic site Asp-92, Lys-189, His-190, Met-
245, Tyr-248, and Trp-281 are also conserved. Leu-141 residue
is conserved in four of the five sequences, whereas Exol has a
mutation to Phe-144 in the respective position, and Ser-436 is
absent in HjBgl and Exol.

Based on the alignment, one can also clearly observe an inser-
tion of ~100 amino acid residues in the region of AnBgl1 linker
2 (Val-590 —Gly-754) as compared with the sequences of avail-
able crystal structures, KmBgl1 (10) and 7nBglI3B (8). The same
100 amino acid insertion is present in other homologous fungal
enzymes exemplified by AaBgll (14), TaBgll (21), and HjBgl
(22).

Homology modeling of the isolated domains of AnBgll was
performed using the Swiss Model Server (24) The homology
model of the AnBgll catalytic domain (corresponding to the
protein amino acid sequence between Met-1 and Tyr-650) is
composed of a BB(B/a)4-barrel and a (a/B)s-sandwich domain.
The enzyme C-terminal part (amino acid residues Asn-755—
His-860) of the homology model has an Fnlll-like fold. Except
for the insertion of the PA14 domain in KmBgll and the
absence of an FnllIl-like fold domain in Exol, the tertiary struc-
tural arrangement and the patterns of the secondary structure
of the AnBgll homology domains are similar to those of
KmBgl1 (10), TnBgl3B (8), and Exol (9).

SAXS data analysis was performed using the merged SAXS
curve (Fig. 24). The AnBgl1 radius of gyration calculated by the
Guinier analysis is 42 A. The linearity of the Guinier plot
indicated that AnBgl1 preparation was monodisperse (Fig. 24,
inset). The pair-distance distribution function p(r) was
obtained by the inverse Fourier transform of the AnBgl1 scat-
tering data, using the program Gnom (27). Analysis of the p(r)
leads us to conclude that AnBgll has an elongated form with a
D,,.. of 150 A (Fig. 2B). The value of 41.86 A for R, calculated
from the distance distribution function is in a good agreement
with the estimate derived from the Guinier analysis (Table 1).
The molecular mass obtained from experimental SAXS curves
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FIGURE 2. A, small angle x-ray scattering curves, real and reciprocal spaces.
Merged experimental SAXS curve (sphere), simulated curves from rigid body
model (black line), dummy atom model (gray line), TnBgl3B, PDB code 2X40
(black dashed line), KmBgl1, PDB code 3ABZ (dashed gray line) and AaBgl1,and
PDB code 4IIB (black dashed/dotted line) are shown. Inset contains Guinier
analysis Inl(q) versus g> B, distance distribution function p(r), the same sym-
bols were used.

using the web tool SAXS MoW (24) was 91 kDa, whereas the
theoretical value calculated with basis on the protein amino
acid sequence is close to 93.5 kDa. Thus, the discrepancy
between the experimental and theoretical molecular weights of
the enzyme was only 2.2%. The information leads us to con-
clude that AnBgll is indeed a stable, monodispersive, and
monomeric molecular system in solution.

Subsequently, AnBgll experimental SAXS data were com-
pared with SAXS data obtained from available high resolution
structures of the TuBgl3B, from T. neapolitana (8), KmBgl1,
from K. marxianus (10), and AaBgll, from A. aculeatus (14).
Structural parameters were obtained from AnBgll experimen-
tal SAXS curve and from theoretical scattering curves of
TnBgl3B, KmBgll, and AaBgl1 using the program Crysol (31).

The R, values observesi for TnBgl3B, KmBgll, and AaBgl1 are
26.12, 27.52, and 26.93 A and the D, values are 92.65, 95.60,
and 94.56 A, respectively. These values are much smaller than
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the correspondent values for AnBgll. Comparison between
simulated SAXS curves obtained for available three-dimen-
sional structures and the AnBgll experimental data revealed
large discrepancy values for TnBgl3B, KmBgll, and AaBgll of
X = 6.67,7.54, and 7.69 for, respectively, each of the structures.
Furthermore, analysis of p(r) shows that TnBgl3B, KmBgl1, and
AaBgll exhibit more compact and globular crystal structures
than AnBgll in solution (Fig. 2; Table 1). As can be observed,
TnBgl3B (PDB code 2X40) (Fig. 34), KmBgl1 (PDB code 3ABZ)
(Fig. 3B), and AaBgl1 (PDB code 41IB) (Fig. 3C) adopt compact
structures with atomic contacts at the interface between cata-
lytic and C-terminal domains. These discrepancies were also
clarified by computing the AnBgll dummy-atom model and ab
initio modeling based on our SAXS data.

Ab initio modeling as implemented in DAMMIN program
(30) was used to obtain information about the molecular shape
of AnBgll and the relative position of its domains. The retrieved
DAM clearly reveals an elongated multidomain structure con-
nected by a long linker in an extended conformation (Fig. 3D).
The structural parameters R, (41.77 A) and D, (1489 A)
obtained from theoretical scattering curve of DAM are in a
close agreement with our experimental SAXS data. Further-
more, DAM showed excellent agreement with the experimen-
tal x-ray scattering curve (y = 1.73; Table 1).

Rigid body modeling was conducted to adjust the catalytic
domain and Fnlll-like domain homology models within the
DAM envelope, with the catalytic domain occupying the larger
lobe of the DAM and FnllI-like domain fitting the minor lobe
(Fig. 3D). Structural parameters R, and D, obtained from tl}e
theoretical scattering curve of the RBM are 40.68 and 147.4 A,
respectively. The linker 2 corresponding to residues Gly-651—
Gly-754 (the region absent in the homology-modeled N-termi-
nal catalytic and C-terminal FnlIII-like domains) is represented
by dummy atoms (Fig. 3D). The tadpole shape is quite common
for the enzymes acting upon insoluble polymeric carbohydrates
(cellulose and other plant biomass carbohydrates) that fre-
quently possess a large catalytic domain attached to the small
cellulose binding module by the flexible and extended linker
peptide (61). However, it is quite uncommon for the enzymes
active on small soluble substrates.

To verify the possibility of AnBgl1 to be active against a num-
ber of insoluble polymeric carbohydrates, we tested its specific-
ity upon different polymeric substrates, aiming to comprehend
the functional reasons behind its tadpole-like molecular archi-
tecture. However, in contrast with classical exo- and endoglu-
canases, our results confirmed that purified AnBgll has no or
very low activity upon tested polymeric compounds, and it has
high specificity to cellobiose and small soluble oligosaccharides
(Table 2).

Enzymatic processivity determined by capillary zone electro-
phoresis also revealed a catalytic profile characteristic of B-glu-
cosidases. The enzymatic assays using synthetic C5 oligosac-
charide as substrate showed that AnBgll can release only one
glucose molecule per each cycle of hydrolysis. As shown in Fig.
4, the C5 is hydrolyzed to form C4, consecutively until the final
product (C1) release. The lower C1 peak area can be explained
by the presence of the APTS marker, which obstructs the
enzyme access. To gain further insights into putative function
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TABLE 1

Structural parameters derived from small angle x-ray scattering of 3-glucosidases

Resolution is 27/q,,,..

AnBgl TnBgI3B KmBgl1 AaBgll
Parameters Exp.” DAM® RBM* PDB code 3ABZ PDB code 2X40 PDB code 411B
D,...(A) 150.0 = 0.50 148.9 147.4 95.60 92.65 94.56
R,(A) ) 41.86 + 0.55 41.77 40.68 27.52 26.12 26.93
Resolution (A) 18.91
M, saxs (kDa)? 91.00
X 1.73 1.30 7.54 6.67 7.69

“ This was calculated from experimental data.

? Parameters of the dummy atom models are from the DAMMIN package.
¢ Parameters were calculated from rigid body model from bunch package.
@ This was calculated from SAXS MoW.

FIGURE 3. Three orthogonal view of TnBgI3B (PDB code 2X40) (A), KmBgl1 (PDB code 3ABZ) (B), AaBgl1 (PDB code 4lIB) (C), and superposition of ab
initio dummy atom model (gray surface) (D); rigid body model (domains and hinge, respectively, schematic, and dummy atoms). Color patterns are as
follows: N-terminal domain (blue); B-sandwich domain (green); PA14 domain (yellow); Fnlll-like fold domain (red); first linker (cyan), and second linker (orange);
rigid body model hinge 2. The models are rotated from upper models in relation to axis x and y by 90°.

of the C-terminal FnllI-like domain, we conducted pulldown
assays using major plant biomass fractions (starch, xylan, cellu-
lose, and lignin) as a bite.

Adsorption analyses were performed by pulling down
AnBgll using four different polymeric substrates and mea-
suring its residual enzymatic activity in the supernatants (Fig.
5). The results showed only weak adsorption (below 20%) of A.
niger B-glucosidase on starch, xylan, and Avicel within the
range of their concentrations used in our experiments, which
might be associated with the enzyme loss during the washing
procedures. At the same time, the total B-glucosidase activity in
the supernatant decreased significantly with the increase of
lignin concentrations applied to the solution. The supernatant
relative residual activity of only 17% was observed at the highest
lignin concentration used in our experiment, indicating the
high capacity of AnBgl1 binding to lignin.

Molecular dynamics simulations were carried out to
assess the atomic level details of the FnlII-like domain inter-
actions with small molecular fragments representative of
guaiacyl (LGG) and syringyl (LSS) homodimers of lignin,
depicted in Fig. 6.
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The simulated FnIIl domain consisted of a B-sandwich struc-
ture, with four strands in each face. As shown in Fig. 74, it has a
small helix and 3-strand, followed by a long loop between the E
and F strands. The structure does not exhibit any obvious sub-
strate-binding sites, unlike the clefts found in the catalytic core
domains or clusters of aromatic residues in the cellulose-bind-
ing modules of cellulases. The structures generated with Aut-
oDock Vina (system 1) suggest that a single binding site for
lignin fragments may not exist on the surface of Fnlll, but
instead multiple suitable binding sites are present (supplemen-
tal material, Molecular Dynamics Simulation and supplemental
Fig. S1). The LGG fragments remained docked in the vicinity of
locations S2, S4, and S5 (Fig. 7B) during the entire course of the
simulations, but they diffused away from the other initial posi-
tions into solution within the first 10 ns of simulation time.
Another striking feature of the FnllII-like domain is that most of
its residues are well exposed to solvent. The simulations show
that 89% of its residues remain hydrated by at least five water
molecules. As shown in Fig. 7C, the structure is rich in charged
residues but also exhibits exposed hydrophobic amino acid
residues.
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TABLE 2
Substrate specificity of purified AnBgl1
Substrates Relative activity”
%
Cellobiose 100
Debranched arabinan 0.03
Linear arabinan 0
Sugar beet 0
Galactomannan 0
B-1,4-Mannan 0
Rye arabinoxylan 0
Xylan birchwood 0.24
Xyloglucan 0
Xylan oat spelt 0.99
Laminarin 1.02
Carboxymethylcellulose 0
B-Glucan 0
Lichenan 1.01
Avicel PH101 1.57
Sigma Cellulose 1.94
Microcrystalline Cellulose 1.27

“ The relative activities are expressed as percentage by normalizing to the cellobi-
ose specific activity (98.7 units/mg).

The interaction energy between FnlIl and the LGG or LSS
lignin fragments was monitored for the whole set of 12 inde-
pendent simulations reported here. The results are presented
individually for systems 1-4 (supplemental material, Molecu-
lar Dynamics Simulation and supplemental Fig. S2). All differ-
ent approaches revealed that there are multiple regions of
favorable interactions between FnllI and the lignin fragments.
In the simulations with 10 dimers, especially in the case in
which they were randomly distributed (system 2), the statistics
of interaction with the FnIII were limited by the frequent inter-
action among the lignin fragments themselves. This tendency
was predicted from the simulations of Petridis and Smith
(53), in which the collapse of the lignin polymer was detected
at 300 K.

Collecting the average interaction energy between FnllI res-
idues and lignin fragments from the simulations of systems 1—4
on the same graph (Fig. 84), one clearly sees that some residues
emerge as frequent lignin binders and, therefore, are likely
binding site candidates. We draw attention to the important
role played by arginine residues in the interaction of the lignin
fragments with FnlIl. The peaks marked X in Fig. 84, reveal the
high occurrence of such interactions. Further inspection shows
that dispersive interactions and hydrophobic contacts predom-
inate over hydrogen bonding between FnlII arginine residues
and LGG or LSS fragments. Therefore, the aromatic rings of
lignin mostly stack parallel to the guanidinium cation plane of
the arginines.

Considering the frequency of occurrence of each interaction
type along the simulations, three important subdomains in
EnllI structure emerge. The first subdomain, depicted in Fig.
8B, corresponds to the region of the long loops between C and
D and between E and F strands (cf. site S1 in Fig. 7B). This region
is attractive to the lignin analogs because it is partially isolated
from water, being surrounded by the planar guanidinium and
indole groups from arginines (Arg-99 and Arg-100) and tryp-
tophans (Trp-105 and Trp-112), respectively. Clustering of
other LGG dimers around this region is also observed in the
simulations, mainly because of the m-stacking between the
lignin fragments and tryptophans aromatic rings.
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Another important site of interaction between FnlIl and
lignin is depicted in Fig. 8C and corresponds to region S3 that
appears in the docking structure (cf. Fig. 7B). In this region, one
or two dimers are often found hydrogen bonded to Tyr-64 and
Leu-77 and also make hydrophobic contacts with Arg-128. Fig.
8D, in turn, shows an interaction mode frequently observed
between LGG or LSS and Arg-44. This binding mode resembles
the S5-binding site obtained from the docking experiments. A
hydrogen bond between one of the lignin hydroxyl groups and
the main chain of Arg-44 is also frequently observed.

DISCUSSION

In this paper, we describe the purification and characteriza-
tion of native AnBgll. The experimentally determined apparent
molecular mass of the enzyme is 116 kDa, which is close to the
molecular mass estimates of almost all purified A. niger B-glu-
cosidases reported so far that are in the range between 90 and
130 kDa (4). The enzyme was found to be monomeric, as are
most of the reported glycoside hydrolase family 3 enzymes,
including Exol, that exist in solution as monomers. The exper-
imentally determined pI value is also in accordance with the
theoretical value of AnBgll pI and with the pI range (3.5—-4.5)
found in the literature for most of fungal B-glucosidases (62).

Surprisingly, however, the ab initio SAXS modeling, based
on our experimental x-ray scattering data, clearly reveals that
AnBgll has an elongated multidomain structure connected by a
long linker (linker 2) in an extended conformation (Fig. 3D),
with an RBM that fits very well the experimental x-ray scatter-
ing curve (x = 1.30; Table 2). This kind of architecture is char-
acteristic for canonical cellulases (exo- and endoglucanases)
but very different to the molecular form of other structurally
characterized B-glucosidases such as 7nBgl3B, KmBgll, and
AaBgll (Fig. 3, A-C).

The longer linker 2 revealed by SAXS studies is associated to
almost 100 amino acid insertion, observed for the fungi
enzymes on the multiple alignment sequence. We argue that
precisely due to the linker length, AnBgl1 is capable of adopting
extended conformation, which is very different from compact
TnBgl3B (PDB code 2X40) and KmBgll (PDB code 3ABZ)
structures. Shorter length of their linker peptides might explain
dense packing of the structural domains of TnBgl3B and
KmBlgl. C-terminal Fnlll-like domain of these structures
wraps around the back side of the molecule far from the active
site, interacting with the second linker and with N-terminal
domain. However, its contact with the B-sandwich domain is
more restricted (8).

Linker 2 constitutes the main interface between B-sandwich
and C-terminal domains in 7#Bgl3B molecule. The 25 residues
(555-579) on TnBgl3B linker 2 are extended toward the N ter-
minus and provide a considerable number of interactions with
this domain. These residues are reasonably conserved in
KmBgll, at positions 678 —699. In this way, TnBgI3B residues
568 —571 form a short parallel B-sheet with residues 178 —180
on the surface of N-terminal domain (supplemental material,
Multiple Sequence Alignment Analysis, see black boxes). On
the contrary, the correspondent amino acid residues that inter-
act with the N-terminal domain in KmBgl1 and TnBgl3B struc-
tures are not conserved in AnBgll. Two hydrophobic amino
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FIGURE 5. AnBgl1 adsorption assay performed at four different polymeric compounds (pure starch, xylan, and Avicel from Sigma and lignin obtained
from sugarcane bagasse) at increasing concentrations (0-100 mg//ml). @, xylan supernatant; B, starch supernatant; *, Avicel supernatant; A, lignin
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acids, Val-570 and Val-571 in TnBgl3B and Val-688 and Ile-689
in KmBgll, are mutated to residuals Glt-621 and Ala-622 in
AnBgll. Multiple sequence alignment reveals that the same
occurs in TaBgl1, AaBlgl, and HjBgl. This is consistent with the
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notion that their catalytic and FnllI-like domains do not form
extensive molecular interfaces. In addition, all three compared
fungal B-glucosidases (from T. aurantiacus, H. jecorina, and A.
niger) have the same insertion of ~100 amino acid residues
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FIGURE 6. Lignin fragment models used in the molecular dynamics simu-
lations. The molecule in A is a dimer composed of guaiacyl units (LGG), and
the molecule in Bis a dimer of syringyl units (LSS).

(Thr-656 —Asn-755) between the C-terminal catalytic domains
and the N-terminal FnlII-like domains, which is not present in
the structurally studied enzymes. Based on these observations,
we argue that similar two-lobe tadpole-like extended confor-
mations revealed for AnBgl1 might be common for other GHF3
fungal B-glucosidases. Such long and flexible linkers would
clearly impede crystallization of the enzymes in their extended
conformation and would force the Fnlll-like domain to pack
against the body of the B-glucosidase in the crystal settings. We
advocate that a variety of conformations adopted by the FnlIII-
like domain in the crystal structures of AaBgll (PDB code 41IB)
and HjBgll (PDB code 3ZYZ) might be a consequence of the
different crystallographic packing.

The extended linker conformation observed in AnBgl1 con-
fers flexibility to the protein and relative mobility of the N-ter-
minal catalytic domain and the C-terminal FnlII domain, which
is evident in the SAXS model. The average of different positions
of two separate domains results in large volumes for C- and
N-terminal lobes of the DAM as compared with their high res-
olution models. This higher protein flexibility might be relevant
to its enzymatic activity.

The extended liker conformation and the multidomain orga-
nization revealed for AnBgl1 is similar to many other cellulases,
such as cellobiohydrolases and endoglucanases. The cellulose
binding domain (CBM) of the cellulases, usually located at the
N or C termini of the enzyme, is bound to a catalytic core
domain by a linker region enriched with proline, threonine, and
serine residues (63). The multidomain cellulases have a tadpole
molecular shape, as revealed by earlier SAXS studies (64, 65).
The CBM warrants the cellulase displacement along cellulose
fibers, optimizing its hydrolytic activity on long and insoluble
cellulose. The cellulose binding is generally observed only for
cellulases or other enzymes that act upon complex insoluble
substrates. CBMs increase cellulase affinities to cellulose,
improve the polymeric substrate recognition, and contribute to
the enzymes’ processivity. However, such molecular organiza-
tion, which includes extended conformation of two separate
domains, is not at all common for the enzymes that act upon
soluble substrates, such as -glucosidases.

B-Glucosidases mainly catalyze by hydrolysis of the -1,4-
glycosidic linkages in oligosaccharides and disaccharides and
amino-, alkyl-, or aryl-B-p-glucosides. In bacteria and fungi,
B-glucosidases are mainly a component of the cellulase enzyme
system and responsible for the breakdown of short chain oligo-
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saccharides and cellobiose into glucose, and the enzyme activity
decreases as the glucose chain length increases (66, 67).
According to our results, AnBgll can be classified as a true
cellobiase, once it has a high specificity to cellobiose. Our enzy-
matic assays confirm that AnBgl1 does not efficiently hydrolyze
any of the tested polymeric carbohydrates when compared with
cellobiose, despite its multidomain architecture, which resem-
bles that of canonical cellobiohydrolases. Furthermore, our
capillary electrophoresis analysis showed that AnBgll has a
processivity profile characteristic of B-glucosidases, releasing
only one glucose molecule for each hydrolysis cycle.

Because AnBgll has no (or very little) activity against long
and insoluble carbohydrates, we also performed the pulldown
assays using major biomass fractions as bites to comprehend
the functionality of the AnBgll molecular shape. These assays
confirmed that AnBgl1 has no adsorption capability to Avicel,
xylan, and starch but adsorbs strongly to lignin. Zhu and Sathit-
suksanoh (37) performed adsorption experiments with cellu-
lases, B-glucosidase, and BSA utilizing different substrates,
such as Avicel, xylan, and regenerated amorphous cellulose.
Similarly, they also found no B-glucosidase absorption on any
of the tested compounds. Our results are in further agreement
with several biomass conversion studies that demonstrated that
lignin represents a significant barrier to biomass hydrolysis,
because it inhibits enzyme access to polysaccharides due high
irreversible protein adsorption, thus decreasing efficiency of
the cellulolytic mixtures (37, 68).

The putative functional role of AnBgll FnllI is not entirely
clear. The C-terminal FnlIl domain was also observed in the
crystal structures of the thermostable B-glucosidase from 7.
neapolitana (8) and B-glucosidases from A. aculeatus (14) and
T. reesei. The authors (8, 14) argue that the position of this
domain excludes its direct participation in the recognition of
small soluble substrates, although it may be involved in anchor-
ing the enzyme on large polymeric substrates and in thermo-
stability. The insertion loop was advocated to contribute to the
solubility and protection from proteolytic cleavage of AaBgll
(14). Furthermore, functional studies of hybrid enzymes gener-
ated by FnlIll domain shuffling confirm its role in the cell wall
adhesion (69).

The AnBgll Fnlll has a considerable solvent-exposed sur-
face, with a large number of charged residues and extensive
nonpolar portions. The structure is rich in arginine residues
exposed to the solvent, both in this enzyme and in its homolog
from T. neopolitana, with eight and nine exposed arginines,
respectively. Our molecular dynamics experiments suggested
that these positively charged residues may adhere to the non-
cellulosic lignin polymeric matrix, mainly through cation-
stacking between the guanidinium cation and the aromatic
rings from LGG or LSS. This kind of interaction has been iden-
tified in the literature to be an important auxiliary factor in
protein stability and ligand-protein interactions (70, 71). More-
over, it has been suggested (72) that the molecular structure of
arginine in solution is responsible for its capacity to enhance
solubility of small organic drugs and proteins. These authors
(70-72) have shown that arginine solubilizes fullerene mole-
cules preferentially through hydrophobic and dispersion inter-
actions of the guanidinium group, whereas the polar part of

JOURNAL OF BIOLOGICAL CHEMISTRY 33001



Aspergillus niger 3-Glucosidase Has a Tadpole-like Shape

Non-polar
1 Polar
Acidic
Basic

FIGURE 7. Tridimensional structure of the Fnlll-like domain of AnBgl1 and putative lignin-binding sites. A, 3-sandwich-like structure of the Fnlll domain.
B, five main lignin-binding sites generated by the docking calculations with AutoDock Vina. Simulations of system 1 started from LGG fragments (purple) at
indicated positions S1-S5. C, van der Waals surface of Fnlll viewed from different angles, showing the exposed residues of different nature (see inner legend).

arginine points toward the solvent and creates a hydrophilic
shell, working as an amphiphilic molecule. Our simulations
suggest that FnlIll might bind lignin in a nonspecific manner at
the multiple binding sites in which cation-7 stacking and
hydrogen bonding may simultaneously contribute to stabilize
lignin-FnlII adhesion through the arginine residues. In addi-
tion, the hydrophobic contacts between the indole groups of
tryptophan residues and the lignin aromatic rings are also
important stabilizing factors of lignin-FnlII binding.

The fibronectin type III domain is found in a number of pro-
teins, frequently involved in mediation of protein-protein inter-
actions. Often, this domain appears in multiple copies among
different families of bacterial glycohydrolases, serving also as a
long spacer between catalytic and substrate-binding modules
(73).

Kataeva et al. (74) demonstrated the effects of the FnIIl mod-
ule from the Clostridium thermocellum cellobiohydrolase
CbhA on cellulose. The authors (74) showed that FnIll might be
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able to exfoliate and separate cellulose chains, exposing addi-
tional sites of cellulose for hydrolysis by catalytic domain. The
same authors (74) also demonstrated that stronger effects of
FnllI are observed when it is covalently attached to the catalytic
domain. It might be that this domain has low binding affinity to
cellulose, which explains the weaker effects found when the
FnllI was simply mixed with the catalytic during the hydrolysis.
Zhou et al. (75) showed that deletion of the FnlIIl domain
between GH9-CBM3c and CBM2 in Thermobifida fusca Cel9A
decreased activity on the carboxymethylcellulose and on the
crystalline substrate bacterial microcrystalline cellulose.

A novel multidomain GHF10 xylanase (XylK1) from Cellu-
losimicrobium sp., which was isolated from the digestive tract
of the earthworm Eisenia fetida, was recently described (76).
The isolated enzyme consists of three putative functional
domains (an N-terminal GHF10 domain, an FnlIIl domain, and
C-terminal CBM2), and an FnlIl domain was shown to be an
important factor for cellulose hydrolysis. The molecular archi-
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FIGURE 8. Interaction between lignin fragments and the Fnlll domain obtained from the simulations. A, interaction energy between LGG and LSS dimers
and Fnlll residues corresponding to the different approaches adopted to construct the initial disposition of the dimers. Black line, system 1; orange, system 2;
red, system 3; blue and green, system 4a/4b. The X marks indicate the arginine residues, which are located in regions of Fnlll that emerge recurrently as likely
binding sites, independently of the approach adopted for the initial lignin disposition. B-D are snapshots from the simulations representative of the most
important lignin-Fnlll binding modes. The frequency of cation-m and hydrogen bond interactions along the simulations are indicated.

tecture of XylK1 indicates that it is a unique GHF10 enzyme
with an FnlIl domain, and also the one presenting important
activities that differentiate it from the other known GH10 xyla-
nases. At the same time, the presence of FnllIl had no measur-
able effect on thermostability or cellulase activity of chimeras
constructed by linking cellulases Clostridium cellulolyticum
Cel9G, T. fusca Cel9A, and C. thermocellum Cel9l to T. fusca
Fnlll (77).

Our molecular dynamics simulations suggest that the
AnBgll Enlll is important for anchoring the domain to the
lignin matrix. Our results revealed that, although there is no
specificity in the complexation of the FnllII to lignin, there are
important lignin-binding sites. One such relevant region is the
longest loops of the domain (loops between C and D and
between E and F strands), which easily accommodate one or
more lignin dimers by forming a hydrophobic cage surrounded
by aromatic residues and arginines. Our results suggest the
existence of specific residues whose mutations would likely
decrease the affinity of the AnBgl1 Fnlll-like domain toward
lignin. It would be interesting to conduct site-directed
mutagenesis experiments to test this hypothesis.

In summary, we describe here for the first time the extended
cellulase-like molecular organization of AnBgl1 and argue that
its modular architecture composed of the C-terminal catalytic
domain connected to a FnllI-like C-terminal domain by a long
and extended linker might serve to direct the enzyme to the
lignin portion of the cell wall and to bind to it. Such B-glucosi-
dase anchoring would not only be useful for preventing unpro-
ductive binding of exo- and endocellulases to the lignin matrix,
but also to facilitate immobilization of the AnBgll on the cell
wall, a place where cellobiose is produced in the process of
biomass depolymerization by the concerted action of exo- and
endoglucanases. Because all these enzyme types are simultane-
ously produced extracellularly by the fungal source, such bio-
chemical synergy in biomass saccharification might be evolu-
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tionary advantageous. Clearly, further biochemical studies are
needed to verify this hypothesis.
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