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Abstract a-L-Arabinofuranosidases (a-L-Abfases, EC

3.2.1.55) display a broad specificity against distinct glycosyl

moieties in branched hemicellulose and recent studies have

demonstrated their synergistic use with cellulases and

xylanases for biotechnological processes involving plant

biomass degradation. In this study, we examined the struc-

tural organization of the arabinofuranosidase (GH51 family)

from the mesophilic Bacillus subtilis (AbfA) and its impli-

cations on function and stability. The recombinant AbfA

showed to be active over a broad temperature range with the

maximum activity between 35 and 50 �C, which is desirable

for industrial applications. Functional studies demonstrated

that AbfA preferentially cleaves debranched or linear arab-

inan and is an exo-acting enzyme producing arabinose from

arabinoheptaose. The enzyme has a canonical circular

dichroism spectrum of a/b proteins and exhibits a hexameric

quaternary structure in solution, as expected for GH51

members. Thermal denaturation experiments indicated a

melting temperature of 53.5 �C, which is in agreement with

the temperature–activity curves. The mechanisms associated

with the unfolding process were investigated through

molecular dynamics simulations evidencing an important

contribution of the quaternary arrangement in the stabiliza-

tion of the b-sandwich accessory domain and other regions

involved in the formation of the catalytic interface of hexa-

meric Abfases belonging to GH51 family.
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Introduction

The degradation of cell wall polysaccharides by microbial

enzymes is an important biological process in the carbon cycle.

Some lignocellulosic enzymes, such as arabinofuranosidases,

arabinanases, mannanases and acetyl xylan esterases, have

been considered accessory enzymes. However, recent stud-

ies have demonstrated their key role in softening the ligno-

cellulosic material, resulting in higher efficiency and

significant reduction of costs in the conversion of plant

biomass to fermentable sugars. The a-L-arabinofuranosid-

ases (a-L-Abfases) have been attracting much attention from

both academic and industry domains, mainly due to the

synergistic action with cellulases and xylanases in cocktails

applied to biofuels production from plant biomass. Recently,

Alvira et al. [1] showed that supplementation of commercial

cellulases with an Abfase (GH51) from Aspergillus niger

increased the sugar release rate during hydrolysis of pre-

treated wheat straw by 10 %, evidencing the potential of this

‘‘accessory’’ enzyme for enhancing the depolymerization of

lignocellulosic materials. Furthermore, Abfases have many

other biotechnological applications such as in the food,

animal feed, and paper industries [2].

Abfases (EC 3.2.1.55) are hemicellulose-debranching

enzymes with broad specificity, which catalyze the cleavage

of non-reducing terminal ends of polysaccharides containing

a-1,2, a-1,3-, and a-1,5-L-arabinosyl residues. In the CAZy

database (Carbohydrate-Active enZYme, http://www.cazy.

org/), Abfases are classified into six glycosyl hydrolase (GH)

families: 3, 10, 43, 51, 54, and 62. Each one of these families

are distinguished and grouped by sequence similarity and

action mode against different linkages and substrates. For

instance, GH62 family is able to hydrolyze arabinoxylans,

while GH51 Abfases preferentially cleave arabinans.

Inácio et al. [3] performed the functional characterization of

two GH51 Abfases from Bacillus subtilis 168 (see in

http://www.genome.jp/kegg/ as BSU28510 and BSU28720,

named as Xsa and AbfA, respectively). The results suggested

that Xsa was more active against branched arabinan and AbfA

had a preference for linear arabinan. These data indicated a

distinct substrate preference within the GH51 family, but the

molecular mechanisms involved in the functional differentia-

tion of both enzymes remain elusive. Taylor et al. [4] described

a GH51 Abfase from Clostridium thermocellum that can

hydrolyze different linkages with similar efficiency. This broad

specificity against distinct branching modifications observed in

some GH51 members represents a great advantage for bio-

technological processes involving the degradation of complex

and branched polysaccharides.

Thus, in order to gain insights into the biochemical and

structural properties of GH51 Abfases, we have cloned,

overexpressed, purified and characterized the enzyme AbfA

(BSU28720) from Bacillus subtilis 168. Our results corre-

lating quaternary arrangement with stability and function

contribute to a better understanding of the molecular mech-

anisms governing the distinct modes of operation, specificity,

and stability of these industrially relevant enzymes.

Materials and Methods

Molecular Cloning, Expression, and Purification

The open reading frame encoding the a-L-arabinofuranos-

idase (AbfA) (BSU28720, Gene ID: 937509) was amplified

from genomic DNA of Bacillus subtilis [5]. The genomic

DNA template was used in a touchdown PCR with 10 pmol

of specific primers AbfaA-F (50-TATAGCTAGCATGA

AAAAAGCGCGAAT-30) and AbfaA-R: (50-TATAGGA

TCCTTATGACTGTTTTTTCAG-30). The PCR product was

gel-purified and cloned into pET28a vector, and the construct

was confirmed by automated DNA sequencing (Applied

BioSystems-USA). The pET-28a/AbfA vector was trans-

formed into E. coli BL21 (DE3) and grown at 37 �C in solid

LB media with kanamycin (40 lg/mL). Single colonies were

inoculated in liquid LB and grown up to an OD600 of 0.7 and

heterologous expression was induced with 0.5 mM IPTG for

5 h at 37 �C and 200 rpm. The cells were harvested by

centrifugation (7,0009g) and the pellet resuspended in lysis

buffer (20 mM phosphate buffer pH 7.4, 5 mM imidazole,

1 mM PMSF, and lysozyme 0.5 mg/mL). The cells were

sonicated and the lysate was centrifuged (12,0009g for

20 min). The supernatant was loaded onto a pre-packed

nickel-affinity column (GE Healthcare-USA) and the bound

fractions were eluted with a non-linear imidazole gradient

(0–500 mM). The purity of samples was evaluated by SDS-

PAGE and activity assays. The fractions showing AbfA

activity were pooled and submitted to size-exclusion chro-

matography using Sephadex G200 column (GE Heathcare-

USA). Protein concentration was determined by absorbance

at 280 nm using molar extinction coefficient of 110,615/

M cm, as calculated from the amino acid composition.

pH and Temperature Optimization of AbfA

A response surface was designed to optimize the reaction

conditions of pH and temperature for AbfA using a central
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composite rotational design (CCRD) method (k = 2) with

three central points, totalizing 11 experiments (Table 1).

For predicting the optimal point, a second-order polyno-

mial function was fitted to the experimental results:

Y ¼ b0 þ b1X1 þ b2X2 þ b12X1X2 þ b11X2
1 þ b22X2

2 ;

where Y is the predicted response (arabinofuranosidase

activity); X1 and X2 are the coded forms of the input variables

(pH and temperature, respectively); b0 a constant; b1 and b2

the linear coefficients; b12 a cross-product coefficient; and

b11 and b22 the quadratic coefficients. For the CCRD method,

the arabinofuranosidase activity assays were carried out with

0.5 lg of enzyme/mL using p-nitrophenyl-a-L-arabinofu-

ranoside as substrate (pNPAf; Sigma-Aldrich) at a final

concentration of 0.5 mM. Data analysis was performed with

STATISTICA software (Version 10.0/Statsoft).

The optimal pH and temperature were also determined by

univariate assays using debranched arabinan and sugar beet

arabinan (Megazyme International Ireland) as substrate

(0.5 % w/v). The amount of reducing sugar released was

measured by DNS method [6], where one unit was defined as

1 lmol of released arabinose per minute. All assays were

conducted in 100 ll reactions using an automated liquid

handling robot (liquid handler epMotion—Eppendorf Corp.).

AbfA Activity Toward Different Polysaccharides

The activity of recombinant Abfa was assayed against sugar

beet arabinan, debranched arabinan, and linear arabinan

(Megazyme International Irelands) at a concentration of

0.5 % (w/v). Assays were performed in citrate–phosphate

buffer pH 6.0 at 50 �C and the amount of reducing sugar

released was measured according to item 2.2.

Capillary Zone Electrophoresis of Oligosaccharides

Capillary zone electrophoresis (CZE) analysis of arabinohep-

taose breakdown products (derivatized with 8-aminopyreno-

1,3,6-trisulfonic acid—APTS) by AbfA were performed in a

P/ACE MQD instrument (Beckman Coulter, Inc.) equipped

with laser-induced fluorescence detector. A fused-silica capil-

lary (TSP 050375 from Polymicro Technologies) with as

internal diameter of 50 lm and total length of 31 cm was used

as separation column for the oligosaccharides. The electro-

phoresis conditions were used 15 kV/70–100 lA at controlled

temperature of 20 �C using sodium phosphate buffer (40 mM,

pH 2.5). All oligomers labeled with APTS were excited at

488 nm and its emissions were collected through a band pass

filter (520 nm) [7].

Small Angle X-ray Scattering

Small angle X-ray scattering (SAXS) measurements were

performed at a protein concentration of 1 or 6 mg/mL in

20 mM phosphate buffer with 50 mM NaCl at pH 6.0.

Scattering curves were collected on the SAXS2 beamline at

the Brazilian Synchrotron Light Laboratory (LNLS, Campi-

nas—São Paulo, Brazil). The radiation wavelength was set to

1.48 Å and a 165 mm MarCCD detector was used to record

the scattering patterns. The sample-to-detector distance was

set to 1,022.5 mm to give a scattering vector range from 0.013

to 0.33/Å-1, where q is the magnitude of the q-vector defined

by q = 4p sin h/k (2h is the scattering angle). The integration

of SAXS patterns was performed using Fit2D software and

the curves were scaled by protein concentration (see SI for

more details). The molecular weight was estimated using the

procedure implemented on the web tool SAXSmoW [8].

Molecular Modeling

The primary sequence of AbfA was used to predict the

monomeric three-dimensional models using the I-Tasser

web server [9]. The quaternary structure was obtained by

two ways: (a) using a homologous structure deposited in

the Protein Data Bank (PDB) with the same number of

subunits estimated by the web server SAXSMOW or

(b) docking the monomer into the SAXS envelope (see SI).

Structural Model Optimization Through Molecular

Dynamics Simulations Combined with SAXS

An all-atoms structure-based model (AASB) [10] was

employed to refine the SAXS-based structural models, which

permits thermal fluctuations and local unfolding, preserving

the native-like characteristics of proteins. The method per-

formed a conformational search around a minimal energy of

the initial structure. The conformations obtained during each

Table 1 Experimental design for AbFA activity by response surface

methodology

Assay pH Temperature (�C) Experimental

activity (U/mg)

1 4.7 (-1) 17.0 (-1) 11.01

2 8.3 (1) 17.0 (-1) 5.43

3 4.7 (-1) 53.0 (1) 1.98

4 8.3 (1) 53.0 (1) 17.33

5 4.0 (-1.41) 35.0 (0) 0.00

6 9.0 (1.41) 35.0 (0) 9.78

7 6.5 (0) 10.0 (-1.41) 16.00

8 6.5 (0) 60.0 (1.41) 35.68

9 6.5 (0) 35.0 (0) 57.43

10 6.5 (0) 35.0 (0) 57.73

11 6.5 (0) 35.0 (0) 56.68

The coded values of central composite design assays were indicated

in parentheses
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step of the simulations were used to generate a theoretical

scattering curve, using the CRYSOL 2.8 package [11]. The

agreement between the experimental scattering and the

theoretical curve was calculated using the v2 parameter:

v2 ¼ 1

Nq

XNq

iq

IexperimentalðqÞ � ItheoreticalðqÞ
rðqÞ

� �2

;

where Nq is the total number of experimental points,

Iexperimental(q) and Itheoretical(q) are the experimental and

theoretical intensities, respectively, and r(q) the experi-

mental standard deviation. Lower values of v2 represent a

better adjust between experimental and theoretical curves.

The MD simulations were performed using GROMACS

software package [12] and SMOG [11] force-field to all-

atoms. The total energy of the system is given by:

Etotal ¼
X

bonds

erðr � r0Þ2 þ
X

angles

ehðh� h0Þ2

þ
X

impropers=planar

emðm� m0Þ2

þ
X

backbone

eBBFDðuÞ2 þ
X

sidechain

eSCFDðuÞ2

þ
X

contacts

ec

1ij

r

� �12

�2
1ij

r

� �6
� �

þ
X

repulsive

erepulsive

1rep

r

� �12

where:

FD uð Þ ¼ 1� cosðu� u0Þ½ � þ 1

2
1� cos 3 u� u0ð Þ½ �f g

r0, h0, m0, and u0 are the native values of distances, angles,

improper or planar dihedral angles, and dihedral angles,

respectively. The attractive contacts are defined by the

‘‘Shadow Algorithm’’ [11] and 1ij is the pair distance

between the atoms i and j. Non-attractive contacts are con-

sidered repulsive and has an excluded volume 1rep ¼ 2:5 Å.

The energetic constants are given as a function of the contact

energy ec = 1 arbitrary unit of energy (a.u.e.), being

er = 100ec/Å
2, eh = 20ec/rad2, em = 10ec/rad2 and erep =

0.01ec. The values of eBB, eSC, and ec are adjusted to provide a

ratio of contacts by dihedral angles equals to 2 [13]. Reduced

units were used in simulations. The simulations were ran

over 50,000,000 time units using a time step of 0.0005 (a total

of 25 ns) at different temperatures. The temperature was

coupled by a thermal bath controlled via Langevin dynamics.

Circular Dichroism and In Silico Thermal Denaturation

Overall changes in the secondary structure of AbfA

induced by temperature were evaluated using circular

dichroism (CD) spectroscopy. Far-UV spectra were col-

lected using JASCO J-810 spectropolarimeter (Jasco

International Co. Ltd.) equipped with a Peltier temperature

control unit in the wavelength range of 195–250 nm at

different temperatures with a heating rate of 1 �C/min.

Protein concentration was set to 0.2 mg/mL in sodium

phosphate buffer (50 mM pH 7.4). The standardized

parameters related to CD analysis were adjusted as previ-

ously described [7].

The results obtained from CD spectroscopy were cor-

related with a Ca structure-based model (CASB) [14].

Simulations were carried out at different temperatures to

reproduce conditions in the CD thermal denaturation. In

contrast to the AASB model that considers all-atom rep-

resentations, CASB represents each residue by its Ca atom.

It was strategically chosen to involve the time of the rup-

ture events in the oligomeric interface. The total simulation

time was the same as that for AASB. CASB model used the

contacts term defined as:

X

contacts

ec

1ij

r

� �12

�2
1ij

r

� �10
� �

Because CASB has no side-chains, ec = 1 a.u.e,

er = 100ec/Å
2, eh = 20ec/rad2, eBB = 1ec/rad2 and

erep = 1ec, erep = 4.0 Å. All other parameters are obtained

as presented to AASB. The contact map was defined using

the Shadow Map Algorithm [11].

Results and Discussion

The recombinant AbfA was heterologously overexpressed

in E. coli cells and the purification procedure yielded

15 mg of the enzyme from a 1 L culture (Suppl. Fig. S1).

The purified AbfA was further submitted to a compre-

hensive biochemical and biophysical characterization.

Optimizing Biochemical Conditions

for the Recombinant AbfA

In order to estimate the best conditions for AbfA activity, a

model was adjusted to study simultaneously a range of pH

and temperature conditions (Table 1). In terms of coded

values it was obtained as:

YActivity U=mgð Þ ¼ 57:28� 27:8pH2 � 17:33T2

This equation was reparameterized to include only terms

significant in the fitted second-order polynomial model as

observed for the coefficients with p values \0.05 (alpha a

priori of 5 %) in t test [15]. The analysis of variance to this

model is shown in Table 2. In this case, the Fcalculated (42.5)

was larger than Ftabulated (4.46), H0 was rejected and
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showed that the model is able to predict the AbfA activity

profile. Moreover, the coefficient of determination was

calculated (92 %). This indicates that the model could

explain 92 % of the variability for AbfA activity in pNPA,

corroborating that the quadratic model fitted well into the

experimental values. Moreover, the good correlation

between predicted and observed values at the maximum

point (pH 6.6 and T = 37 �C) validated the model.

As seen in response surface and contour plot (Fig. 1a, b,

respectively), the recombinant AbfA showed highest per-

formance at temperature range from 35 to 50 �C. This

result is in full agreement with the temperature univariate

experiment using debranched arabinan as substrate

(Fig. 1d). Small differences observed between the two

experimental methods can be addressed to distinct sub-

strates. This temperature response behavior is very valu-

able for biotechnological purposes, since AbfA retains its

optimal activity in a broad temperature range from 35 to

50 �C, matching the ideal conditions for standard enzy-

matic cocktails from fungi [16].

In addition, univariated pH curves (Fig. 1c) were made

using debranched arabinan (circle lines) and sugar beet

(square line) as substrates. As observed in the polynomial

model, the maximum activity was also at pH values around

6.5. Inácio et al. [3] reported that AbfA displayed optimal

activity at pH 8.0; however, this value diverges from that

obtained by surface response methodology and univariated

experiments. In our experiments, both methods indicated

an optimal pH at 6.5, which agrees with typically observed

values for other GH51 Abfases such as GH51 enzymes

from Penicillium chrysogenum (pH 5.0) [17], Pseudomo-

nas cellulosa (pH 5.5) [18], Thermotoga petrophila (pH

6.0) [19], and Thermobacillus xylanilyticus (pH 5.6–6.2)

[20].

Abfa Action Mode

The AbfA activity was tested over a broad set of poly-

saccharides including xylan beechwood, rye arabinoxylan,

wheat arabinoxylan, mannan, glucomannan, CMC, avicel,

and pectin. As previously observed by Inácio et al. [3],

AbfA was only able to hydrolyze the three related sub-

strates (Suppl. Table S1), which are debranched arabinan

(preferentially), sugar beet and linear arabinan. The oper-

ation mode of AbfA was also analyzed through CZE

experiments of released products by AbfA action on ara-

binoheptaose (Fig. 2). During the enzymatic reaction the

first product formed was arabinohexaose indicating that the

hydrolysis occurred at the terminal arabinosyl residues.

This result demonstrated an exo-type activity as observed

for the GH51 hyperthermostable arabinofuranosidase from

Thermotoga petrophila [21]. The arabinohexaose was fur-

ther hydrolyzed into arabinopentaose and then consecu-

tively until result in arabinose as the final end-product.

AbfA Structure Displays a Hexameric Arrangement

in Solution

SAXS experiments were employed to characterize the AbfA

structure in terms of shape and average particle distribution.

Using the web server SAXSMOW and experimental data,

the molecular weight was estimated in 356 kDa (Fig. 3).

Taking into account the monomer molecular weight of

59.5 kDa, we determined that AbfA behaves as a hexamer in

solution (see supplementary information).

A structural model for AbfA was generated by I-Tasser

[9, 22] and solvent explicit MD simulations were used for

improving geometry and stereochemistry of the atomic

coordinates. A theoretical I (q) curve was calculated using

CRYSOL [11] for all tested conformations of this structural

model and compared to the experimental data through the

parameter v2. The conformation with the lowest v2, i.e.,

with the best agreement with the experimental scattering

profile, was considered the best representation of AbfA

quaternary organization in solution. This result also indi-

cated a more ‘‘relaxed’’ conformation than the initial

structure as the biological unit, what is a consequence of

the ‘‘solvation’’ process, presenting a slightly improvement

of v2 from 5.5 to 4.5 and changing the Rg from 45.9 to

46.4 Å. The simulations under different temperatures

revealed a high stability of the hexameric arrangement

(Fig. 4d). As reported by Taylor et al. [4] and Souza et al.

[19], the conformational state of AbfA is in agreement with

that observed for other GH51 Abfases forming a trimer of

dimers. The predicted hexameric organization of the sub-

units corroborated with previous studies of Inácio et al. [3],

Table 2 ANOVA of the quadratic model for AbfA activity (U/mg)

Source of variation Sum of squares Degrees of freedom Mean squares F testa

Regression 4,882.2 2 2,441.1 42.5

Residual 459.9 8 57.5

Total 5,342.1 10

Coefficient of determination = 0.92
a F0.05;2;8 = 4.46
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where a native PAGE of AbfA led the authors to suggest a

multimeric organization of this enzyme and a molecular

weight higher than 250 kDa. As observed by Souza et al.

[19], this hexameric organization seems to have a natural

occurrence for GH51 Abfases and is necessary for proper

enzymatic function.

Multiple Intermolecular Interfaces are Essential

for AbfA Stability

The composition of the secondary structure and the

unfolding properties of AbfA were analyzed by CD

Fig. 1 pH and temperature

optimization. Response surface

(a) of AbfA activity (U/mg

protein) and its 2D contour plot

(b). The optimum point was

determined at 37 �C and pH 6.6.

All assays were performed with

pNPA as substrate. c Profile of

univariate pH curves using

debranched arabinan and sugar

beet as substrates. The optimal

pH was around 6.5 in sugar beet

(square line) as well as in

debranched arabinan (circle

line). d Profile of univariated

temperature curve using

debranched arabinan as

substrate

Fig. 2 Capillary zone electrophoresis (CZE) of arabinoheptaose

breakdown products. The chromatograms showed the incomplete

and complete hydrolysis of the 1,5-a-L-arabinoheptaose

Fig. 3 Small angle X-ray scattering data. Experimental scattering

curve (black circles with error bars) and theoretical scattering curve

generated using the program CRYSOL for the lowest v2 (red)

structural model. The intensity is presented as a function of the

momentum transfer (q) in a logarithmic scale. The inset shows the

AbfA schematic structural representation of the hexameric arrange-

ment with the dimers in different colors (Color figure online)
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spectroscopy. Figure 4a shows the far-UV spectrum with a

negative minimum around 220 nm and a positive band at

198 nm, which is characteristic of a/b proteins and is in

full agreement with secondary structure contents for ther-

mophilic GH51 arabinofuranosidases, as observed in

Clostridium thermocellum [4], Thermotoga petrophila [19],

and Geobacillus stearothermophilus [23].

The thermal stability of AbfA was examined in the

temperature from 20 to 100 �C and monitored following

changes in CD ellipticity at 219 nm as a function of the

temperature. The AbfA unfolding process exhibited a

cooperative sigmoidal behavior with a single transition

(Fig. 4b) that occurred at around 53.5 �C. This melting

temperature corroborates with biochemical data in which

AbfA had its enzymatic activity decreased above 50 �C.

MD simulations performed at different temperatures

(Fig. 4d) permitted us to reconstruct the trajectories of

experimental CD denaturation curves (Fig. 4b). The trajec-

tories obtained from MD simulations were employed to

investigate the dynamics and the role of the quaternary

arrangement in thermal stability. The MD simulations

showed that the oligomeric interface is still preserved up to

the unfolding transition temperature, to then start to disrupt

(Fig. 4c). The distances between the interfaces formed by

chains AB and BC were calculated using the residues Asp133

from chain A, Thr129 from chain B, Tyr275 from chain B and

Ala271 from chain C, in order to compare two distinct regions

against a global parameter (unfolded fraction). The mecha-

nism observed indicates that the inter-chain contacts may be

responsible for conferring AbfA thermostability.

Conclusions

The GH51 AbfA from Bacillus subtilis (a mesophilic micro-

organism) showed highest activity toward pNPA and retained

its maximum activity in a broad temperature range from 35 to

50 �C. CZE analysis revealed that AbfA is a exo-acting

enzyme, able to release single arabinosyl moieties from 1,5-a-

L-arabinoheptaose. Biophysical investigations indicated that

AbfA is a a/b protein as expected for GH51 members and

exhibited a melting temperature of 53.5 �C as assessed by CD

unfolding studies. In addition, SAXS data along with MD

simulations supported the hexameric arrangement of AbfA in

solution, being each subunit comprised of a catalytic (a/b)8

barrel followed by an accessory b-sandwich domain. Analysis

of MD trajectories at different temperatures indicated that the

quaternary structure is important for stability and catalysis of

GH51 Abfases. These findings brought new insights into the

molecular mechanisms involved in the stability and catalysis

of GH51 Abfases and will support the rational and optimized

use of this industrially relevant enzyme in biotechnological

processes such as in the supplementation of enzymatic cock-

tails for biomass degradation.
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