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1 | INTRODUCTION

Abstract

Enzymatic conversion of arabinoxylan requires a-L-arabinofuranosidases able to
remove a-L-arabinofuranosyl residues (a-L-Araf) from both mono- and double-
substituted D-xylopyranosyl residues (Xylp) in xylan (i.e., AXH-m and AXH-d
activity). Herein, SthAbf62A (a family GH62 a-L-arabinofuranosidase with AXH-m
activity) and BadAbf43A (a family GH43 a-L-arabinofuranosidase with AXH-d3
activity), were fused to create SthAbf62A_BadAbf43A and BadAbf43A_
SthAbf62A. Both fusion enzymes displayed dual AXH-m,d and synergistic activity
toward native, highly branched wheat arabinoxylan (WAX). When using a
customized arabinoxylan substrate comprising mainly a-(1 = 3)-.-Araf and a-
(1 = 2)-L.-Araf substituents attached to disubstituted Xylp (d-2,3-WAX), the
specific activity of the fusion enzymes was twice that of enzymes added as
separate proteins. Moreover, the SthAbf62A_BadAbf43A fusion removed 83% of
all a-L-Araf from WAX after a 20 hr treatment. *H NMR analyses further revealed
differences in SthAbf62A_BadAbf43 rate of removal of specific a-L-Araf
substituents from WAX, where 9.4 times higher activity was observed toward

d-a-(1 - 3)-L-Araf compared to m-a-(1 — 3)-L-Araf positions.

KEYWORDS
a-L-arabinofuranohydrolase, activity synergy, arabinoxylan fusion enzyme, dual a-L-Araf
debranching activity

Dumon, Song, Bozonnet, Fauré, & O’'Donohue, 2012; Scheller &

Ulvskov, 2010). The O-5 position of some a-L-Araf residues can be

As the second most abundant plant cell wall polysaccharide after
cellulose, xylan is a suitable feedstock for the production of fuels,
chemicals, nutraceuticals, and materials (Deutschmann & Dekker,
2012; Girio et al., 2010; Sedlmeyer, 2011). Xylan consists of a linear
B-(1 = 4)-linked D-xylopyranosyl (B-D-Xylp) backbone, which depend-
ing on the source, can be partially substituted at O-2 positions and/or
0O-3 positions with a-L-arabinofuranosyl (a-L-Araf) residues and acetyl
groups, and at O-2 positions with a-d-glucopyranosyluronic acid
(GlcpA) or 4-O-methyl GlcpA (MeGlcpA) residues (Aspinall, 1980;

further esterified with p-coumaric or ferulic acid (Saulnier, Vigouroux,
& Thibault, 1995; Scheller & Ulvskov, 2010). The branching chemistry
of xylan significantly impacts its solubility and adherence to other
biopolymers (Bosmans et al., 2014).

(Methyl)-Glucuronoxylan is the predominant form of xylan in
deciduous dicots (i.e., angiosperms including hardwood trees). By
contrast, xylan from conifers (i.e., gymnosperms including softwood
trees) and lignified tissues of monocots (e.g., grasses and cereal husks)
contain both (Me)GIcpA and a-L-Araf substituents with varying
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FIGURE 1 Schematic structures of native and customized wheat arabinoxylan used in this study. A: L-Araf; X: D-Xylp. AXH-m and AXH-m-
2,3 represent activity measurements on m-2,3-WAX, whereas AXH-d represents activity toward d-2,3-WAX. AXH-m,d activity indicates that
the enzyme acts on both m-2,3-WAX, and d-2,3-WAX, as well as, native WAX

contents, whereas xylan in cereal endosperm is mainly arabinoxylan
(Figure 1) (Deutschmann & Dekker, 2012; Girio et al., 2010; Lu, Walker,
Muir, Mascara, & O’Dea, 2000; Mikkonen & Tenkanen, 2012; Scheller
& Ulvskov, 2010). L-Araf residues are also found in other plant cell wall
polysaccharides, including arabinan, pectin, arabinogalactan and
others, representing the second most abundant pentose in plant
species after D-xylose (Seiboth & Metz, 2011). Consistent with the
molecular diversity of xylans, its complete enzymatic hydrolysis
typically requires the concerted action of several enzymes, including
endo-B-1,4-xylanases, and B-xylosidases that target glycosidic linkages
within the xylan backbone, along with a-L-arabinofuranosidases, a-
glucuronidases, acetyl xylan esterases, feruloyl esterases, as well as,
glucuronoyl esterases, which target branching substituents present in
different xylan structures (Biely, Singh, & Puchart 2016; Coughlan &
Hazlewood, 1993; Gilbert, Stalbrand, & Brumer, 2008; Shallom &
Shoham, 2003).

a-L-Arabinofuranosidases (EC 3.2.1.55) have been classified into
several carbohydrate-active enzyme (CAZy) families (www.cazy.org),
including GH1, GH3, GH43, GH51, GH54, GHé62, and GH93.
Arabinoxylan arabinofuranohydrolase (AXH) corresponds to those a-
L-arabinofuranosidases displaying L-arabinose debranching activity
toward polymeric arabinoxylan, and have the potential to fine tune
xylan chemistry or facilitate complete xylan hydrolysis (Deutschmann
& Dekker, 2012; Heikkinen et al., 2013; O’Donohue & Hahn-Hagerdal,
2012; Pitkdnen, Tuomainen, Virkki, & Tenkanen, 2011). Family GH62
a-arabinofuranosidases and several specific GH43 a-arabinofurano-
sidases characterized to date display AXH activity, and strict substrate
specificity toward (1—2)—and/or (1— 3)—linked a-L-Araf from
Xylp (i.e., m-a-(1 = 2)-L-Araf,
m-a-(1 = 3)-L-Araf substituents). The resulting AXH-m 2,3 activity

has been rationalized by the narrow and deep active site pocket (-1

mono-substituted residues

subsite) for m-a-L-Araf residue binding and cleavage observed in
corresponding enzyme structures (Kaur et al., 2014; Maehara et al,,
2014; Siguier et al., 2014; Wang et al., 2014). On the other hand, family
GH43 a-L-arabinofuranosidases from Bifidobacterium adolescentis
(BadAbf43A), insolens (HiAXHd3),
lucknowense C1(Abn7) were found to exclusively cleave a-(1 = 3)-L-
Araf residues linked to disubstituted Xylp (i.e., d-a-(1 = 3)-L-Araf
substituents) (Pouvreau, Joosten, Hinz, Gruppen, & Schols, 2011;

Humicola and Chrysosporium

Sgrensen et al., 2006; Van Laere, Beldman, & Voragen, 1997). In the
case of HIAXHd3, AXH-d3 activity was explained by a comparatively
shallow L-arabinose binding cleft adjacent to a deep active site pocket
(McKee et al, 2012). Determinants of AXH-d3 regio-selectivity,
however, remain unclear. Finally, a few studies have reported GH51
and GH54 enzymes with AXH-m, d type activity toward the non-
reducing end terminal Xylp; however, AXH-m, d type activity toward
internal Araf disubstitutions in polymeric arabinoxylans was compara-
tively weak (Ferré, Broberg, Duus, & Thomsen, 2000; Koutaniemi &
Tenkanen, 2016; Sakamoto, Inui, Yasui, Hosokawa, & lhara, 2013).
Applications of arabinoxylans are expected to benefit from the
discovery and development of a-arabinofuranosidases able to
efficiently remove a-L-Araf from both singly and doubly substi-
tuted Xylp residues (i.e., AXH-m,d activity). Herein, we present our
efforts to create a-L-arabinofuranosidases for debranching m,d-a-
L-Araf from arabinoxylan. First, a structure-guided, site-specific
mutagenesis approach was applied in an effort to confer AXH-m,d
activity to the GH62 a-L-arabinofuranosidase from Streptomyces
thermoviolaceus, SthAbf62A. While the predicted significance of
the R239 in SthAbf62A was experimentally confirmed, gain in
AXH-d activity for SthAbf62A was not achieved. A protein fusion
comprising SthAbf62A and BadAbf43A, however,

functional enzyme with AXH-m,d activity toward native wheat

led to a

arabinoxylan (WAX), which surpassed the activity of enzymes

combined as single proteins.

2 | MATERIALS AND METHODS

2.1 | Chemicals

KAPA HiFi HotStart ReadyMix was purchased from Kapa Bio-
MA). Wheat arabinoxylan (WAX, high
viscosity, purity: ~95%, contains 18% m-a-L-Araf, 18% d-a-L-
Araf, and 59% xylose, Ara:Xyl = 0.61) (Pitkdnen et al., 2011), endo-
1,4-B-xylanase from Neocallimastix patriciarum and a-L-arabinofur-
anosidase from Bifidobacterium sp (E-AFAM2, AXH-d3) were
purchased from Megazyme (Wicklow, Ireland). Genomic DNA
(strain ATCC 15703) was
purchased from the American Type Culture Collection (ATCC).

systems (Wilmington,

from Bifidobacterium adolescentis
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All other chemicals were analytical grade and were obtained from
Sigma-Aldrich (Oakville, ON, Canada) or Fisher Scientific (Ottawa,
ON, Canada).

2.2 | DNA manipulation

The gene encoding the mature form of BadAbf43A (Genbank ID:
AY233379 from 1167 to 2756) was amplified using the forward and
reverse primers P1 and P2 shown in supplementary Table S1. PCR was
performed using the KAPA HiFi HotStart ReadyMix and the following
30 x PCR cycles: denaturation at 98°C for 20, primer annealing at
55°C for 20 s and elongation at 72°C for 90 s. The infusion cloning kit
from Clontech (Mountain View, CA) was used to transfer purified PCR
products to expression vector pl15Tv-L (GenBank accession
EF456736), generating p15Tv-L_BadAbf43A. Site-specific mutagene-
sis of SthAbfé62Awas carried out according to a modified Quik-
Change™ (Stratagene, Santa Clara, CA) method that uses partially
overlapping primers (Supplemental Table S1) (33). All constructs were
verified by sequencing at the Center of Applied Genomics in SickKids

Hospital in Toronto, Canada.

2.3 | Design and construction of fusion enzymes

Overlap extension PCR was used to fuse SthAbfé62A and
BadAbf43A genes in both orientations (Horton, Hunt, Ho, Pullen,
& Pease, 1989). Briefly, the coding sequence for BadAbf43A and
SthAbf62A were amplified from p15Tv-L_BadAbf43A and
p15Tv-L_SthAbf62A using the primer pairs of P3/P4 and P5/Pé
(Supplemental Table S1), respectively. The resulting PCR products
were combined such that the matching sequences at their 3' ends
would overlap and act as primers for elongation to generate fusion
gene BadAbf43A_ SthAbf62A. The PCR product was purified by 1%
agarose gel and then transferred to into p15Tv-L by using the
infusion cloning kit from Clontech. Similarly, primer pairs of P7/P8
and P9/P10 were used for SthAbf62A_BadAbf43A construction.

2.4 | Production and purification of enzymes

E. coli BL21 (ADE3) codon plus harboring the plasmid with each target
gene was propagated in 1L of Luria-Bertani medium supplemented
with 0.5 M d-sorbitol, 2.5 mM glycine betaine, 34 ug/ml chloramphen-
icol, and 100 pg/ml ampicillin at 37°C. When an optical density of 0.6
was reached at 600 nm wavelength, isopropyl B-d-thiogalactopyrano-
side was added to induce protein expression in a final concentration of
0.5mM. The culture was incubated at 15°C overnight and then
harvested by centrifugation at 6,000g for 20 min.

The cell pellet was suspended in binding buffer (300 mM NacCl,
50 mM HEPES, pH 7.0, 5% Glycerol, 5 mM imidazole) and disrupted
by sonication. The cell debris was removed by centrifugation
(17,5004, 20 min). The clear supernatant was incubated with Ni-
NTA resin (Ni2+—nitrilotriacetate, Qiagen, Toronto, ON, Canada) for
45 min at 4°C. The resin was then washed with 200 ml of washing
buffer (300 mM NaCl, 50 mM HEPES, pH 7.0, 5% (v/v) glycerol,
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50 mM imidazole) and eluted with ~30ml of elution buffer
(300 mM NaCl, 50 mM HEPES, pH 7.0, 5% v/v glycerol, 250 mM
imidazole). Active fractions were pooled, desalted with Bio-Gel®
P10 and loaded onto Uno-Q chromatography column (5.0 ml) and
eluted with a 20-column volume linear gradient of 0-500 mM
NaCl. Chromatography was performed on a BIOSHOP Duoflow
(Bio-Rad, Mississauga, ON, Canada). Centrifugal Filter Units (10 K;
Millipore, Etobicoke, ON, Canada) were used for concentrating
protein and transferring the purified protein to 25 mM HEPES
buffer (pH 7.0). Protein aliquots were flash frozen in liquid nitrogen
and then stored at -80°C.

Protein concentrations were determined using the Bradford assay
(Bradford, 1976) and Bio-Rad reagents (Bio-Rad, Canada); bovine serum
albumin was used as a standard. SDS-PAGE was performed and stained
with Coomassie Blue R-250 and according to established procedures
(Laemmli, 1970). The Pageruler Plus Prestained Protein Ladder
(10-170kDa, Fermentas) was used to estimate protein molecular size.

2.5 | Preparation of WAX with only single or double
a-l-Araf substitutions

Arabinoxylan having mainly (1—2) and (1—3) linked a-L-Araf
monosubstituents (m-2, 3-WAX) (Figure 1) was generated through
enzymatic removal of d-a-(1 = 3)-L-Araf from doubly substituted Xylp
using a commercial a-L-arabinofuranosidase from Bifidobacterium sp
(AXH-d3, E-AFAM2 from Megazyme) as described previously
(Sakamoto et al., 2011; Wang et al., 2014).

Doubly substituted arabinoxylan (d-2,3-WAX) was generated by
using SthAraf62A to remove m-a-L-Araf residues (Figure 1) . Briefly, ina
50 ml reaction comprising 100 mM HEPES buffer (pH 7.0), 10.0 mg/ml
of WAX was treated with 2.1 mg of the SthAraf62A at 45°C for 24 hr. An
additional 1.05 mg of SthAraf62A was then added and the reaction was
incubated for an additional 24 hr to maximize m-a-L-Araf removal from
arabinoxylan. The precipitated arabinoxylan resulting from m-a-L-Araf
debranching was removed by centrifugation (15,0003, 20 min).
SthAraf62A was inactivated by adding 4.2ml 2.0M NaOH to the
supernatant and incubating at 70°C for 10 min. The reaction was then
neutralized by adding 4.2 ml 2.0 M HCI. Doubly substituted arabinox-
ylan in supernatant was then recovered using 95% ethanol and then
freeze dried as described previously (Wang et al., 2014).

2.6 | Enzyme activity assays

Activity toward various arabinoxylans (i.e., WAX, m-2,3-WAX, and d-2,3-
WAX) was monitored using the Nelson-Somogyi assay for reducing
sugars release (Smogyi, 1952). The standard assay solution contained
5.0 mg/mL arabinoxylan in 0.2 ml of 100 mM HEPES buffer (pH 7.0). The
reaction was initiated by adding an amount of enzyme determined to
release products in a linear relation to time when incubated at 40°C for
20 min. One unit of the activity was defined as the amount of enzyme
releasing 1 umol of L-(+)-arabinose equivalent per minute. L-(+)-Arabinose
(Sigma-Aldrich) was used to generate a standard curve (0.05-0.6 mg/ml).
All enzyme assays were carried out in triplicate.
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2.7 | Optimum reaction pH and enzyme
thermostability

All the enzyme assays were performed using the standard
aforementioned activity assay with native WAX as substrate. The
effect of pH on enzyme activity was determined by performing the
activity assay at pH range from 3.5 to 10.5 with increments of 0.5 pH
units; a universal buffer (100 mM acetic acid, 100 mM boric acid, and
100 mM phosphoric acid, adjusted to the target pH using sodium
hydroxide solution) was used for this analysis. The thermostability of
fusion enzyme was evaluated by incubating the enzyme at 25-80°C
for 60 min in 100 mM HEPES buffer (pH 7.0) before measuring

residual enzyme activity.

2.8 | *H NMR analysis for monitoring L-Araf removal
by fusion enzyme from arabinoxylan

To quantitatively evaluate the regio-selectivity and debranching rate of
the generated fusion enzymes on native WAX, one-dimensional
1H NMR spectra were collected for the treated arabinoxylan with
different reaction time (Wang et al., 2014). Briefly, 10.0 mg/ml native
WAX was treated with 610 pg of SthAraf62A_ BadAbf43Aina 10.0 ml
reaction solution containing 100 mM HEPES buffer (pH 7.0) at 40°C. At
regular time intervals (12 time points over 20 hr), 0.6 ml aliquots were
transferred from the reaction to 0.05 ml 2.0 M NaOH, heat-treated at
70°C for 10 min to ensure inactivation of the enzyme, and then
neutralized using 0.05 ml of 2.0 M HCI. The treated arabinoxylan was
then precipitated by adding 1.3 ml of 95% ethanol and separated by
centrifugation (15,0008, 10 min). The pellet was suspended in 0.6 ml
water and again precipitated with 1.3 ml 95% ethanol. The resulting
arabinoxylan was digested using GH11 pB-1,4-endoxylanase from
Neocallimastix patriciarum (Megazyme), and corresponding *H NMR
spectra were obtained and processed as previously described (Wang
etal.,, 2014). The region between 5.48-5.39 ppm corresponds to m-a-L-
(1 = 3) Araf substituents and that of 5.29-5.23 ppm corresponds to d-
a-L-(1 = 2) Araf substituents (Wang et al., 2014). However, a decrease in
peak area within the 5.29-5.23 ppm region can represent a depletion in
d-a-1-(1 = 3) Araf substituents, given the resulting signal shift from
5.29-5.23 ppmto 5.29-5.37 ppm when d-a-(1 — 2) Araf becomes m-a-
1-(1 = 2) Araf. Finally, the region between 5.37-5.29 ppm is the
combined signal of d-a-(1 = 3) Araf and m-a-L-(1 = 2) Araf. Therefore,
a decrease in this signal can only represent net m-a-.-(1 = 2) Araf
removal since release of d-a-L-(1 = 3)Araf would be compensated by
corresponding m-a-L-(1 = 2) Araf formation. Taking this information
into account, residual a-Araf in WAX was calculated as follows:
Equation 1:

% of residual a — L — Araf in WAX
_ Peak area of selected ppm region after enzyme treatment
" Peak area of selected ppm region before enzyme treatment

x 100
1

The total m,d-a-L-Araf removal from WAX was calculated using
the change in peak area corresponding to the 5.48-5.23 ppm region.

3 | RESULTS AND DISCUSSION

3.1 | Structure-guided site-specific mutagenesis of
SthAbf62A

SthAbf62A is a thermostable GH62 family a-arabinofuranosidase from
Streptomyces thermoviolaceus displaying AXH-m-2,3 activity (Wang
et al., 2014). Previous structural analysis of SthAbf62A revealed a
narrow substrate binding pocket to accommodate a m-a-L-Araf
substituent, flanked by a binding cleft that presumably accommodates
the xylan backbone structure. Close inspection of the protein structure
complexed with xylotetrose (PDB ID: 408P) predicted a spatial clash
between d-a-L-Araf substituents, and the side chain of the highly
conserved arginine 239 (R239) residue (numbering based on PDB ID:
408N). Accordingly, in an effort to gain dual AXH-m,d activity, R239 in
SthAbf62A was replaced by an alanine to reduce the size of the
functional R-group. Its surrounding residues, including F212 and 1233,
were also mutated to alanine in an effort to further expand a-L-Araf
binding pocket (Figure 2). Whereas 1233 is not highly conserved, F212
was generally conserved across the GH62 family with exceptions
being substitutions to W or L residues.

Compared to the wild-type enzyme, variants R239A, R239K, and
R239S exhibited between 30 and 150 times lower specific activity
toward native WAX and customized m-2,3-WAX, whereas the
specific activity of variants R239A/F212A and R239A/1233A was
reduced by between 300 and 500 times (Table 1). The specific
activity of the triple mutant (R239A/F212A/1233A) was even further

(a)

Xylotetraose \
«

FIGURE 2 Amino acid residues in SthAbf62A selected for site-
specific mutagenesis. (a) The narrow arabinose binding pocket
along with the xylan backbone binding cleft. The arginine residue
of R239 will cause a steric hindrance for d-a-L-Araf substituents
accommodation. (b) R239 is shown along with residues of F212
and 1233A. The R239 formed an ion pair with catalytic residue
E213 and a hydrogen bond with C3-OH in Xylp
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TABLE 1 Specific activity of SthAbf62A and its mutants toward
arabinoxylan with different arabinose substitutions

Specific activity? (mmol product/min/mmol enzyme)

Enzymes Native WAX m-2, 3-WAX d-2, 3-WAX®
Wild type 320.4+27.9 236.3+8.7 Not detected
R23%A 3.0+0.5 7.7+0.7 Not detected
R239K 32+0.1 7.1+0.1 Not detected
R239S 21+03 1.8+0.3 Not detected
R239A/F212A 1.6+0.1 09+0.1 Not detected
R239A/1233A 1.3+0.2 0.8+0.2 Not detected
R239A/F212A/ 1233A 0.04+0.004 0.06 +0.002 Not detected

“The final substrate concentration was 5 mg/ml (w/v); products formed by
wild-type SthAbf62A were measured after 20min at 40°C, whereas
reactions using mutant enzymes proceeded for 20 hr. n = 3; errors indicate
standard deviation.

®No activity was observed on d-2,3-WAX after 20 hr at 40°C.

impacted, and had decreased by 3,900-8,000 times relative to the
wild type enzyme. Moreover, AXH-d activity was not detected after
the 20 hr treatment with any of the variants generated using doubly
substituted arabinoxylan (d-2,3-WAX) (Table 1). Still, the detrimental
impacts of R239 mutagenesis on specific activity revealed its
important role in catalysis. The similar activity measured for R239K
and R239A variants was initially surprising as both lysine and
arginine are expected to be positively charged at the reaction pH
(7.0). However, the guanidinium group in arginine allows interactions
through its three asymmetrical nitrogen atoms (Nf, N"% N"?)
compared to only one nitrogen atom (N9 in lysine. Furthermore,
the structure of the SthAbf62A-xylotetrose complex (PDB ID: 408P)
predicts an ion pairing between N"* in R239 and 02 in E213 with a
distance of 3.0 A as well as a hydrogen bond between N"? in R239
and C3-OH in Xylp (subsite + 1) from xylotetrose (orientation 2) with
a distance of 2.9 A (Figure 2b) (Wang et al., 2014). Altogether, the
current mutagenesis study implies that R239 may play a role in
positioning and deprotonating the catalytic residue E213 through
ionic interactions, as well as anchoring Xylp unit (subsite + 1) through

hydrogen bonding.

3.2 | Benefit of protein fusion to protein production

Prediction of AXH-m, d activity based on sequence and structure
remains a challenging task. Instead, the fusion of SthAbf62A and
BadAbf43A is an alternative route to create a single enzyme with dual
AXH-m,d activity (Figure 3a), showing potential benefits over
application of separate enzymes in terms of protein production and
synergistic action.

Herein, SthAbf62A_BadAbf43A and BadAbf43A_SthAbf62A
were successfully constructed without adding an additional linker
sequence, as the structure of SthAbf62A and the BadAbf43A
homologue (HIAXH-d3) displayed flexible loop regions in both N-
and C-termini (McKee et al., 2012; Wang et al., 2014), which were
predicted to impart flexibility to the connected enzymes. Notably,

several previous fusion enzymes were also developed without
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BadAbf43A_SthAbf62A (97.6KD)

BadAbf43A
(350-877, 59.3KD)

BadAbf43A
(22-549, 59.3KD)

—

1 2 3 4 5 6

FIGURE 3 Design and SDS-PAGE analysis of the fusion
constructs. (a) Construction of fusion a-L-arabinofuranosidases
by linking SthAbfé62A with BadAbf43A in both orientations. (b)
SDS-PAGE analysis of enzymes produced and used in this study.
Lanes 1, 6: Molecular weight standards; lane 2: SthAbf62A; lane
3: recombinant BadAbf43A; lane 4: SthAbf62A_BadAbf43A
fusion enzyme; lane 5: BadAbf43A_SthAbf62A fusion enzyme

additional linker sequences (Rizk, Antranikian, & Elleuche, 2012).
The fusion enzymes were overexpressed and purified to homogeneity
(Figure 3). The electrophoretic molecular weight of the fusion enzymes
was approximately 100 KDa, consistent with the calculated molecular
weight of the proteins (97641.21 Da) (Figure 3b). Of note, the yield of
SthAbf62A_BadAbf43A after purification was 0.4 umol/L culture,
which is similar to the vyield of SthAbf62A (0.34 umol/L) and
BadAbf43A (0.4 umol enzyme/L) (Supplemental Table S3). As
SthAbf62A and BadAbf43A activities were retained in the fusion
construct (see below), fusion of the enzymes to generate SthAb-
f62A_BadAbf43A led to overall gains in yield of recombinant enzyme
activity. Notably, the BadAbf43A_SthAbf62A fusion was less stable,
where partial proteolysis within the flexible loop region between two
parent enzymes resulted in two protein bands (Supplemental
Figure S2), and lower final purification yield of the fusion construct
(Supplemental Table S3).

3.3 | General properties of the fusion enzymes
displaying AXH-m, d activity

Both fusion enzymes released m,d-a-L-Araf substituents from WAX
(Table 2), thus representing a first engineered a-arabinofuranosidase
with dual AXH-m,d activity. The pH optimum of SthAbf62A_Ba-
dAbf43A was 7.0, which was slightly higher than that of BadAb-
f43A_SthAbf62A at pH 6.5, but still within the range of the parent
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enzymes [pH 6.5-7.5 for BadAbf43A (Van Laere et al., 1997); pH 7.0 120 S SHANEZA BaADTR
for SthAbfé62A (Wang et al., 2014)] (Figure 4a). SthAbf62A_ (a) —B— BadAbf43A_SthAbf62A
BadAbf43A retained 40% activity after 1 hr of incubation at 55°C, __ o0 seerOee BadAbfd3A
whereas SthAbf62A and BadAbf43A retained 73% and 0.03% activity, 8 80 snAbies
respectively, under the same conditions (Figure 4b). Like BadAbf43A, "E
BadAbf43A_ SthAbf62A also lost all detectable activity after 1 hr of 'g 60
incubation at 55°C (Figure 4b), further exemplifying the impact of o
domain organization on the overall stability of the fusion construct. E 40 -
The effect of domain swapping on enzyme properties was also found &, 20 b
for the fusion enzymes of xylanase and glucanase (Liu et al., 2012).
oL *% 2 :

3.4 | Dual AXH-m, d activity and synergistic action of 2 4 5 & 72 & 7 & U B
the fusion constructs Reaction pH

140 —®— SthAbf62A
As previously reported, SthAbf62A displayed a strict selectivity (b) <0+ BadAbf43A
toward a-(1—2) and a-(1—3) linked a-L-Araf units to mono- § 120 - I § _2_ z:hd:t;?;::;:x::z:
substituted Xylp residues (Wang et al., 2014); however, its activity T 100 ===t -
on m-2,3-WAX was 26% lower than that on native WAX (Table 2). In § 80
m-2, 3-WAX, both a-L-Araf positions would constitute targets for é’
the hydrolysis by SthAbf62A, whereas in native WAX, only the g 60 -
preferred m-(1 — 3)-a-L-Araf substituent would be available (Wang g 40
et al., 2014). It is conceivable then, that lower activity of SthAbf62A % 20k
toward m-2,3-WAX compared to native WAX reflects the higher x
rate of SthAbfé62A action toward m-(1 - 3)-a-L-Araf substituents or : ; ; ; : . ? g
over m-(1 = 2)-a-L-Araf substituents. Consistent with earlier reports 0 10 20 30 40 50 60 70 80 90
(Van Laere et al., 1997), the recombinant BadAbf43A prepared in Incubation temperature (C)

this study targeted native WAX and d-2,3-WAX but not m-2, 3-WAX

Table 2 firming i lusi i -a-(1 - 3)-L-A
(Table 2), confirming its exclusive action on d-a-( 8)-1-Araf enzymes. (a) pH-activity profiles; (b) thermosability profiles. Activity
positions. Moreover, the specific activity of BadAbf43A toward d-2, assays were performed using 0.5% (w/v) WAX and 0.4 ug enzymes

3-WAX was 35% higher than that on WAX (Table 2). One in 200 pl of 100 mM HEPES buffer (pH 7.0)

FIGURE 4 General biochemical properties of fusion and parent

TABLE 2 The dual and synergistic action of constructed fusion enzymes on native and customized wheat arabinoxylans

Specific activity?(mmol product/min/mmol enzyme)

Native wheat arabinoxylan

Enzyme (WAX) Mono-2,3-arabinoxylan (m-2,3-WAX) Di-2,3-arabinoxylan (d-2,3-WAX)
SthAbf62A 320.4+27.9 236.3+8.7 Not detected”

BadAbf43A 538.3+25.9¢ NO 727.3+84.8

Sum of the parent activities® 858.7 (100%) 236.3 (100%) 727.3 (100%)

SthAbf62A + BadAbf43A° 860.3+91.2 (100.1%) 211.7 +17.2 (89.6%) 898.1+39.4 (123.5%)
SthAbf62A_BadAbf43A 1117.9 £103.5* (130.1%) 189.3+10.9 (80.1%) 1467.8 £71.6** (201.8%)
BadAbf43A_SthAbf62A 1240.5 + 28.1*%(144.5%) 141.9 + 6.1** (60.1%) 1531.9 £ 53.6** (210.6%)

2To permit comparison of separate, combined, and fused enzymes, the dose of each enzyme in a 200 ul reaction was set to 0.025 nmol (i.e., 0.025 nmol of
each SthAbf62A and BadAbf43A when applied separately and alone or in combinations, and 0.025 nmol of the SthAbf62A-BadAbf43A or BadAbf43A-
SthAbf62A fusion construct). The final substrate concentration was 5.0 mg/ml. Values in brackets represent relative activity, where the sum of parent
enzyme activities represents 100%.

®No activity was observed on d-2, 3-WAX after 20 hr at 40°C.

“The activity of the recombinant BadAbf43A toward native WAX was approximately 50% lower than that reported for the commercial enzyme preparation
(Megazyme: E-AFAM2, AXH-d3, 1200 mmol product/min/mmol). This difference likely reflects differences in substrate concentration used to measure
enzyme activity (1% WAX for E-AFAM2, 0.5% WAX for the recombinant BadAbf43A) and differences in the reaction pH (pH 6.0 for E-AFAM2, optimum pH
(pH 7.0) for the recombinant BadAbf43A). n = 3; errors indicate standard deviation.

*Indicates significant difference from enzymes added separately (SthAbf62A + BadAbf43A), p < 0.05.

**Indicates significant difference from enzymes added separately (SthAbf62A + BadAbf43A), p < 0.01.
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explanation for the observed result might be the steric hindrance
imposed by m-a-(1 = 3)-L-Araf substituents.

At least two bacterial a-arabinofuranosidases annotated in the in
CAZy database comprise both GH62_1 and GH43 domains (i.e.,
ACB76517 and AJQ96215); however, no functional characterization
has been performed for these proteins. Both fusion enzymes
constructed herein uniquely displayed a-L-Araf debranching activity
toward m-2,3-WAX, d-2,3-WAX, as well as the native WAX (Table 2).
Moreover, synergistic action of the fusion constructs was measured on
native WAX, where BadAbf43A_SthAbf62A and SthAbfé62A_Ba-
dAbf43A showed 130-145% activity, respectively, relative to the
sum of activities of the parent enzymes (p < 0.05) (Table 2). Synergistic
activities were even greater (over 200%, p < 0.01) when using d-2,3-
WAX as the substrate. By comparison, the relative activities of
equimolar mixtures of separate enzymes were approximately 100%
and 124% (Table 2). The measured benefit of enzyme fusion could be
explained by increased proximity of corresponding active sites, such
that the product of BadAbf43A is immediately available to SthAbf62A;
alternatively, SthAbf62A may alleviate potential steric hindrance
presented by m-a-(1 = 3)-L-Araf substituents. Notably, compared to

the parent enzymes, activities of the fusion constructs on m-2,3-WAX

(@)

" ( 120
} f 20
] i 60
m-a-(1—2)-L-Araf A 45
W @
d-g-(1>2)-L-Araf J 2 Se\
v &
N 0 &
d-0-(1-3)-L-Araf 1 v &
i 75 &
m-a-(1—3)-L-Araf A 1 |
wabe'y i
"0 internal reference
from MOPS
545 540 535 530 525 220 215

Chemical shift (ppm)
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FIGURE 5 HNMR analysis of reaction products. (a) HNMR
spectra tracking a-L-Araf removal from WAX over 2 hr. (b) Percentage
of remaining a-L-Araf in WAX at regular time intervals up to 2 hr. The
reaction was performed at 40°C and comprised 610 ug
SthAbf62A_BadAbf43A and 1% (w/v) WAX in 10 ml 100 mM HEPES
buffer (pH 7.0). The region between 5.37-5.29 ppm is the combined
signal of d-a-(1 = 3) -L-Araf and m-a-(1 = 2)-L-Araf
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decreased by 10-30%. This could again reflect negative impact of
mono-substituted Xylp positions on the activity of the fusion

constructs, in this case possibly through non-productive binding of
the BadAbf43A component to m-a-L-Araf residues.

3.5 | Parallel and sequential debranching of WAX by
SthAbf62A_BadAbf43A

Considering enzyme stability and yield, SthAbf62A_BadAbf43A demon-
strated better overall performance as compared to BadAbf43A_S-
thAbf62A. SthAbf62A_BadAbf43A activity was thus further analyzed
using *HNMR to evaluate its preference toward specific Araf substituents
in native WAX substrate. Consistent with the respective specific activities
of parent enzymes (Table 2), SthAbf62A_BadAbf43A revealed approxi-
mately 9.4 times faster release of d-a-(1— 3)-L-Araf substituents
compared to m-a-(1 — 3)-L-Araf positions, where the initial removal rates
were 1433 +276 and 152+ 14 pmol L-arabinose - min™t- umol™* en-
zyme, respectively (Figure 5). Lowest rates of removal were observed for
m-a-(1 = 2)-L-Araf positions, and were also preceded by a lag phase
consistent with the initial release of the neighbouring d-a-(1 = 3)-L-Araf
substituent (Figure 5b).

Release of L-Araf from WAX by SthAbf62A_BadAbf43A promoted
the formation of xylan aggregates; a similar affect was observed using
an equimolar mixture of the parent enzymes. Corresponding *HNMR
analyses showed that 83.3% L-Araf substituents had been released
from native WAX after 20 hr of SthAbf62A_BadAbf43A treatment,
which was consistent with the L-arabinose yield of 3.59 +0.27 mg
from 10.0 mg WAX (Megazyme, high viscosity) in 1.0 ml reaction
solution (L-arabinose recovery rate: 88.7 + 7.5%) measured using the

reducing sugar method.

4 | CONCLUSION

Structure guided site-specific mutagenesis of SthAbf62A was
performed to identify residues that restrict enzyme action toward
di-substituted Xylp residues of arabinoxylan. While this approach did
not yield an enzyme variant with dual, AXH-m, d activity, the analysis
revealed the importance of the R239 residue in catalysis. Instead, the
fusion enzymes SthAbf62A_BadAbf43A and BadAbf43A_SthAbf62A
were functionally expressed and showed dual and synergistic AXH-
m,d activity toward native WAX and customized d-2,3-WAX.
1H NMR analysis of SthAbf62A_BadAbf43A action showed differ-
ences in rates of a-(1 — 3)-L-Araf versus a-(1 = 2)-L-Araf removal,
consistent with the specific activities of the parent enzymes. Our
work highlights the practicality of protein fusion when the objective
is gain, rather than change, in enzyme function. Moreover, the
increase in specific activity of SthAbf62A_BadAbf43A compared to
the parent enzymes, together with the ability to double the enzyme
activity recovered from a given cultivation, highlights the applied
significance of the fusion construct, and potential advantages of
analogous constructs for enzymes acting on polymers with varying
substituents.
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