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ABSTRACT

Background: The backbone structure of many hemicelluloses is acetylated, which presents a
challenge when the objective is to convert corresponding polysaccharides to fermentable sugars or
else recover hemicelluloses for biomaterial applications. Carbohydrate esterases (CE) can be
harnessed to overcome these challenges.

Methods: Enzymes from different CE families, AnAcXE (CE1), OsAcXE (CE6), and MtAcE
(CE16) were compared based on action and position preference towards acetyl-4-O-
methylglucuronoxylan (MGX) and acetyl-galactoglucomannan (GGM). To determine
corresponding positional preferences, the relative rate of acetyl group released by each enzyme was
analyzed by real time '"H NMR.

Results: AnAcXE (CE1) showed lowest specific activity towards MGX, where OsAcXE (CE6)
and MtAcE were approximately four times more active than AnAcXE (CE1). M¢tAcE (CE16) was
further distinguished by demonstrating 100 times higher activity on GGM compared to AnAcXE
(CE1) and OsAcXE (CE®6), and five times higher activity on GGM than MGX. Following 24 h
incubation, all enzymes removed between 78 to 93% of total acetyl content from MGX and GGM,
where MtAcE performed best on both substrates.

Major Conclusions: Considering action on MGX, all esterases showed preference for doubly
substituted xylopyranosyl residues (2,3-O-acetyl-Xylp). Considering action on GGM, OsAcXE
(CEO6) preferentially targeted 2-O-acetyl-mannopyranosyl residues (2-O-acetyl-Manp) whereas
AnAcXE (CE1) demonstrated highest activity towards 3-O-acetyl-Manp positions;
regiopreference of MfAcE (CE16) on GGM was less clear.

General significance: The current comparative analysis identifies options to control the position
of acetyl group release at initial stages of reaction, and enzyme combinations likely to accelerate

deacetylation of major hemicellulose sources.
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1. INTRODUCTION

Hemicelluloses constitute approximately 20—-30% of the total mass of annual and perennial plants.
They are differentiated based on backbone and side group chemistries, which vary depending on
the botanical source [1,2]. 4-O-methylglucuronoxylans (MGX) are the main hemicellulose in
deciduous wood such as eucalyptus trees, and contain xylopyranosyl (Xylp) backbone sugars that
are connected through B-(1—4)-linkages and are substituted by a-(1—2)-linked 4-O-
methylglucopyranosyluronic acid (MeGlcpA) (Figure 1). By contrast, galactoglucomannans
(GGM) are the main hemicellulose in coniferous wood such as spruce trees, and contain -(1—4)-
linked D-glucopyranosyl (Glcp) and B-D-mannopyranosyl (Manp) units that are likewise
connected through B-(1—4) glycosidic bonds (Figure 1). The galactoglucomannan backbone is
also substituted by a-(1—6)-linked-D-galactose side groups, mainly to Manp in spruce

galactoglucomannans [3].

Glucuronoxylans and galactoglucomannans are both acetylated in their natural forms [2]. Several
biological functions have been attributed to the acetylation of these main hemicelluloses, including
protection of plant cell walls from degradation by microbial enzymes, along with regulated
interaction with cellulose [4,5]. Acetylation may occupy single O-2 or O-3 positions of Xylp or
Manp subunits in glucuronoxylans and galactoglucomannans, respectively. Xylp in
glucuronoxylans may also be di-acetylated [6—8], and Xylp decorated with 2-O-MeGlcpA can be
acetylated at the O-3 position ((2-O-MeGlcpA)3-O-acetyl-Xylp) [6,7,9]. A summary of reported
compositions of acetyl-4-O-methylglucuronoxylans and acetyl-galactoglucomannans is provided

in Supplemental Table 1.

The carbohydrate active enzyme (CAZy) classification system (www.cazy.org) [10] currently
assigns carbohydrate esterases (CEs) into 16 CE families. Deacetylating enzymes with reported
activity on xylans and/or corresponding oligosaccharides include acetyl xylan esterases (AcXE;
EC. 3.1.1.72) belonging to CE families CE1-7, an unclassified carbohydrate esterase [11], as well
as acetyl esterases (AcE; EC. 3.1.1.6) belonging to family CE16 [12—-14]. Nevertheless, only
AXEs from CE1, CE3-CE6, and CE16 were confirmed to include enzymes with preferred activity
towards xylans [15, 42]. By contrast, comparatively few enzymes have been reported to
deacetylate galactoglucomannans or corresponding oligosaccharides. Notable examples include: 1)
an AcE from Trichoderma reesei VIT-D-86271 (Rut C 30) (7rCE16) [16-19] an acetyl
glucomannan esterase (AGME) and feruloyl esterase (FE; CE1) from Aspergillus oryzae VTT-D-

85248 (presently renamed as Aspergillus tubingensis) [18-20]; 3) an esterase within a commercial
3
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enzyme preparation from Aspergillus niger (Celluzyme) [21,22] and 4) two AcXEs belonging to
CEl, one from Penicillium purpurgenum [23] and other from Schizophyllum commune VTT-D-
88362 [24]. Low levels of acetyl group release from oligomers of galactoglucomannans was also
detected in culture filtrates of Aspergillus awamori VIT-D-71025, Aureobasidium pullulans VTT-
D-89397 and Streptomyces olivochromogens VTT-E-82157 [18].

Considering the impacts of hemicellulose acetylation summarized above, AcEs and AcXEs can be
harnessed to promote hemicellulose saccharification [25—-27], control the rheology and solubility
of hemicelluloses [1,13], and improve thermomechanical pulp (TMP) yield [28]. The applied
significance of AcEs and AcXEs, along with the inability to predict enzyme action based on CAZy
family assignation alone, has motivated functional comparisons of several CE families [8,13,29—
32]. Neumiiller et al. [32] propose three distinguishing groups of xylan-active CEs: 1) those acting
only on O-2 and O-3 monoacetylated Xylp, which have been identified in families CE2, CE3, and
CE4; 2) those with further activity towards 2,3-di-O-acetylated Xylp, which have been identified
in families CE1, CES and CE®6, and 3) those with further activity towards 3-O acetylated Xylp
substituted at O-2 by MeGlcpA; which have been identified in family CE16 (e.g. AnCE16).
Puchart et al. [33] subsequently isolated aldo-tetraouronic acid (Ac*MeGlcA*Xyls) to compare the
ability of selected CE16s to target 3-O acetylated Xylp substituted also at O-2 by MeGlcpA.
Notably, TrCE16 was the only CE16 esterase able to release acetyl group from both isomers of
Ac*MeGlcA*Xyls, containing acetyl group at O-3 and O-4, where acetyl group migration from O-3
to O-4 is possible.

Whereas recent comparative analyses of CEs have considerably advanced our understanding of
enzyme regio-selectivity towards acetylated xylans, only one study has been reported that
investigates CE action towards specific acetylated positions within mannan substrates [24].
Accordingly, herein we compare the activity and regio-selectivity of three CEs using major,
wood-derived hemicelluloses, namely 4-O-methylglucuronoxylan (MGX) (herein, from
Eucalyptus globulus) and acetyl-galactoglucomannan (GGM) (herein, from Norway spruce). The
CEs were selected from three different CE families, namely acetyl xylan esterase AnAcXE (CE1)
from Aspergillus nidulans, acetyl xylan esterase OsAcXE (CE6) from Orpinomyces sp., and
acetyl esterase MtAcE (CE16) from Myceliophthora thermophile. Enzymes from these CE
families were selected based on (1) our previous analysis of AnAcXE (CE1) that confirmed
activity on acetylated polysaccharides, including cellulose acetate [34], (2) OsAcXE (CE6) being
a commercially available enzyme with reported activity on acetylated xylans [29,32], but so far

not on mannans, which is notable given that the CE6 family comprises the largest number of
4
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predicted plant acetyl esterases and so may be expected to possess broad substrate specificity and
act on both xylans and (gluco)mannans, and (3) few examples where CE16 enzymes have been
characterized using natural substrates even though reports to date indicate activity towards
typically resistant positions, such as (2-O-MeGlcpA)3-O-acetyl-Xylp in MGX [33], and reported
activity towards (oligomeric) GGM [14,17,18].
Briefly, the current comparative analysis showed that positional preference of selected enzymes
towards MGX does not predict its positional preference towards GGM, and that enzymes showing
similar positional preference towards one substrate may differ when compared using another. The
present comparative analysis of CEs on both MGX and GGM underscores the importance of
including natural substrates when characterizing enzyme action, and the difficulty to predict

enzyme action on GGM based on known activity towards MGX or vice versa.

2. MATERIALS AND METHODS

2.1. Enzymes, substrates, and assay reagents

In-house and commercially available enzymes were used for this study. Specifically, AnAcXE
(AN6093.2) from Aspergillus nidulans was recombinantly produced in Pichia pastoris at pH 5.0
and 30 °C and then purified based on [35]. The CE6 AcXE from Orpinpmyces sp. (AAC14690.1;
OsAcXE) was purchased from Megazyme (Wicklow, Ireland). The CE16 AcE acetyl esterase from
Myceliophthora thermophila (AGW01024.1; MtAcE) [8] was produced at DuPont Biosciences
(Wageningen, Netherlands) and polished using size exclusion and hydrophobic chromatography

(Supplemental Figure 1).

Acetyl-4-O-methylglucuronoxylan (MGX) isolated from milled (8 mm) chips of eucalyptus by
steam extraction [36] was kindly provided by Prof. J.C. Parajé (University of Vigo, Spain) and
acetyl-galactoglucomannan (GGM) obtained from the TMP mill process waters [37] was from
Prof. Willfér (Abo Akademi University, Finland). Total acetyl groups available in MGX or GGM
were determined as described in [9] and were found to be 15 and 9% of total substrate weight,
respectively. Briefly, 1 mg of GGM or MGX was suspended in 200 pL of 0.1 N NaOH and
incubated with shaking (120 rpm) for 24 h at room temperature; released acetic acid was
neutralized and then measured using the Acetic Acid Assay Kit (K-ACET) purchased from
Megazyme (Ireland).

2.2. pH Optima
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The pH optimum of each enzyme was evaluated using 4-methylumbelliferyl acetate (4-MUA)[38]
(Supplemental Figure 2). Reaction mixtures (400 pL) comprised 100 mM of the selected buffer,
2.5 mM 4-MUA, and 10 pL of the enzyme sample. Enzyme doses were adjusted to ensure that
linear rates of reaction were measured, and were 3.6 pg for AnAcXE (CE1); 0.2 pg for OsAcXE
(CE®6) and 0.05 pg for MtAcE (CE16). Chosen buffers were: sodium citrate buffer (pH 3.0 to pH
5.0), sodium phosphate buffer (pH 6.0 to pH 8.0), and glycine-OH buffer (pH 9.0 to pH 10.0).
Following incubation at 40 °C for 10 min, reactions were stopped by adding of 600 pL 50 mM
citric acid (pH 2.2), vortexed, and then passed through a 0.2 um GHP Acrodiscs 13 filter (PALL)
to remove insoluble particles prior to measurement of 4-methylumbelliferone at 345 nm. pH
optima were also confirmed using MGX and the Acetic Acid kit (K-ACET) (Supplemental Figure
3).

2.3. Enzyme stability at pH 6.0

Because overnight reactions with MGX and GGM were performed at pH 6.0 (see below),
enzyme stabilities were also evaluated at this pH condition. In this case, 2.5 pg of AnAcXE
(CE1), OsAcXE (CE®6), or MtAcE (CE16) were incubated for 24 h in 50 pL of 100 mM sodium
phosphate buffer (pH 6.0). Following the incubation period, 3.6 ug of AnAcXE (CE1), 0.2 pg of
OsAcXE (CE®6), and 0.05 pg of MtAcE (CE16) were transferred to 50 uL reaction mixtures
comprising 100 mM sodium phosphate buffer (pH 6.0) and 2.5 mM 4-MUA. Reaction products

were then processed and measured as described above.

2.4. Activity measurements using MGX and GGM

To measure specific activities for each enzyme on each substrate, reaction mixtures (200 pL)
comprised 100 mM sodium phosphate buffer (pH 7.0), 0.5% (w/v) substrate, and 50 uL of the
enzyme sample. Enzyme doses were adjusted to ensure that linear rates of reaction were
measured. When using MGX, enzyme doses were 0.5, 1 or 5 pg of AnAcXE (CE1), 0.5, 1 or 5
pg of OsAcXE (CE6), and 0.5 or 1 pg of MtAcE (CE16). When using GGM, enzyme doses were
2.5 or 5 pg of AnAcXE (CEl), 2.5 or 5 pg of OsAcXE (CE6), and 0.05, 0.1 or 0.3 pg of MtAcE.
Following incubation at 40 °C for 10 min, reactions were stopped by adding 40 uL of 0.33 M
H,S0O,. Released acetic acid was quantified using the Acetic Acid Assay Kit (K-ACET).

To quantify the extent of acetyl group released by each enzyme after 24 h, reaction mixtures (200

pL) comprising 100 mM sodium phosphate buffer (pH 6.0), 0.5% (w/v) substrate, and 10 pg of
6
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AnAcXE (CE1), OsAcXE (CE6), or MtAcE (CE16) (i.e., 10 mg enzyme/ g substrate) were
incubated with shaking (120 rpm) at 40 °C. Overnight reactions were performed at pH 6.0 to
minimize the possibility of auto hydrolysis, release of acetyl groups from the substrate, and acetyl
group migration [39]. Reaction mixtures without enzyme served as negative controls and were

subtracted from test measurements.

2.5. HSQC NMR spectroscopy

Quantitative HSQC NMR was performed to quantify acetyl group release from MGX and GGM.
Analyses of MGX were carried out in D,0O, whereas analyses of GGM were carried out in
DMSO0-d6. All NMR spectra were collected on a 600 MHz Bruker Avance 111 NMR
spectrometer equipped with a QCI H-C/N/P-D cryogenically cooled probe head. The
measurements were carried out at either 22 °C (samples dissolved in D,0) or 60 °C (samples
dissolved in DMSO-d6). For the 1D 'H spectra the residual water signal was suppressed by a
four second volume selective presaturation (so called ID-NOESY presaturation). (Neuhaus et al.
1996). The quantitative HSQC spectra were acquired using matched sweep adiabatic pulses
optimised for 1*C sweep width of 130 — 10 ppm for all 180° '3C pulses in order to compensate the
differences in the 'Jcn coupling constants (Bruker’s pulse program hsqcedetgpsisp2.3) (Zwahlen
et al. 1997). Matrices of 2048 x 256 data points were collected and zero filled once in F1; a w/2
shifted squared sine bell weighting function was applied in both dimensions prior to the Fourier

transformation.

2.6. HSQC NMR Spectra annotations and quantifications

The chemical shifts for MGX were referenced to the C-1 and H-1 signal of MeGlcpA (5.28 ppm,
98.85 ppm); chemical shifts for GGM in D,O were referenced to C-1 of Glcp (103.55 ppm) and
H-2 of 2-O-acetyl Manp (5.42 ppm). In the case of GGM in DMSO, the chemical shifts were
calibrated against DMSO-d6 (2.50 ppm, 39.51 ppm). Annotation of MGX spectra were according
to [7] and [6]; annotation of GGM spectra were according to [40].

The relative content of the acetylated Xylp in the MGX was calculated from quantitative
heteronuclear single quantum coherence (QHSQC) spectra according to [41]. Briefly, the signals of
the H-1 and C-1 of substituted and nonsubstituted Xylp were summed to 100%, thereafter the
signals of H-2 of 2-O-acetyl, H-3 of 3-O-acetyl, H-2 of 2,3-O-acetyl, and H-3 of (2-O-

MeGlcpA)3-0O-acetyl-Xylp were integrated separately to calculate the relative content of each
7
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form of O-acetyl-Xylp subunit. For the quantitation of relative content of acetylated Manp in the
GGM, the H-1 and C-1 of the substituted and non-substituted Manp, as well as the Glcp and Galp
were summed as 100%, thereafter the signal of H-2 of 2-O-acetyl- and H-3 of 3-O-acetyl-Manp
was integrated separately to calculate the relative content of each form of O-acetyl Manp.to 100%,
thereafter the signals of H-2 of 2-O-acetyl, H-3 of 3-O-acetyl, H-2 of 2,3-O-acetyl, and H-3 of (2-
O-MeGlcpA)3-O-acetyl-Xylp were integrated separately to calculate the relative content of each
form of O-acetyl-Xylp subunit. For the quantitation of relative content of acetylated Manp in the
GGM, the H-1 and C-1 of the substituted and non-substituted Manp, as well as the Glcp and Galp
were summed as 100%, thereafter the signal of H-2 of 2-O-acetyl- and H-3 of 3-O-acetyl-Manp

was integrated separately to calculate the relative content of each form of O-acetyl Manp.

2.7. 'H NMR Analyses

Rates of acetyl group release from specific positions within MGX and GGM were monitored by
'"H NMR. Both substrates (600 mg) were dissolved in 600 uL of 100 mM sodium phosphate buffer
(pH 6.0) following replacement of milliQ water by D,O through freeze drying. All samples were
analyzed in 5.0 mm NMR tubes (Aldrich) using a Bruker Avance III 400 MHz spectrometer
equipped with a 5 mm BBFO Plus probe head. A water suppression pulse program (noesygpprld)
with suppression power of 3.1623e-006 W was used for relative quantitative measurements. The
following acquisition parameters were applied: 90° pulse with relaxation delay of 4 s and
acquisition time of 5.1 s; 8 scans and 4 dummy scans; 65536 data points and spectrum width of
15.979 ppm. Before the reaction was initiated by addition of enzyme, the spectra of native
substrates were measured at 40 °C. After enzyme addition, acquisition parameters were adjusted
(e.g., to align signals) and then spectra were automatically recorded every 1.8 min over 30 min
(Figure 2). When using MGX, enzyme doses per mg of substrate were 5 ug of AnAcXE (CE1), 1
ug of OsAcXE (CE6), and 1 ug of MtAcE (CE16). When using GGM, enzyme doses per mg of
substrate were 10 pg of AnAcXE (CE1), 10 pg OsAcXE (CE6), and 1 pg/mg MtAcE (CE16). In
all cases, enzymes were prepared in 100 mM deuterated sodium phosphate buffer, spectra were
processed and analyzed using TopSpin 3.0 (Bruker).

Sum of integrals was normalized to 100% and signals were then plotted against time using

Origin 2016 64 bit (Supplemental Figure 4), and resulting slopes were used to calculate the rate

of acetyl groups release from specific positions by each enzyme [32].
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3. RESULTS and DISCUSSION

3.1. Establishing reaction conditions for comparative analyses

AnAcXE (CE1), OsAcXE (CE6), and MtAcE (CE16) were similarly active at pH 7.0 or pH 6.0
(Table 1), by showing >90% of their maximal activity at pH 7.0 and >85% at pH 6.0. Accordingly,
reaction rates were measured at pH 7.0 to ensure comparable substrate solubility, whereas
overnight reactions were performed at pH 6.0 to minimize the possibility of autohydrolysis, non-
enzymatic release of acetyl groups, and acetyl group migration. Notably, AnAcXE and MtAcE
retained over 90% activity after 24 h at pH 6.0 (40 °C), whereas under these conditions, OsAcXE
activity decreased by 40% after 5 h and 60% after 24 h (Figure 3).

3.2.  Extent of carbohydrate esterase action on MGX

Acetic acid measurement and HSQC NMR analyses were performed to compare the
deacetylation efficiency of AnAcXE (CE1l), OsAcXE (CE6), and MtAcE (CE16) on MGX. In
general, slightly higher deacetylation efficacies were calculated from HSQC spectra as
compared to acetic acid measurements (Figure 4; Table 2), which likely reflects the relative

sensitivity of the analytical methods used.

Following 24 h of incubation, maximal removal of acetyl groups from MGX by AnAcXE

(CE1) was between 80%-90% (Figure 4; Table 2). This result was similar to that reported for
other CE1 acetyl xylan esterases, including: (1) a CE1 from Schizophyllum commune (~80%
deacetylation of DMSO-extracted birchwood MGX) [24]; (2) AnAXE from Aspergillus niger
and MtAXE3 from Myceliophthora thermophila C1 (76-88% deacetylation of O-acetylated
neutral xylo-oligosaccharides and 50-60% deacetylation of O-acetylated MeGlcpA-substituted
xylo-oligosaccharides [8]); and (3) TeCE1 from Talaromyces emersonii (~80% deacetylation of

MeGlcpA-substituted xylooligosaccharides) [32].

Similar to AnAcXE (CE1), OsAcXE (CE6) released 80-90% of acetyl groups from MGX
(Figure 4; Table 2). Earlier analyses of OsAcXE (also known as OsCE6) show less than 50% of
total acetyl group release from MGX. However, in that case, MGX enriched in acidic xylo-

oligosaccharides AcUXOS (i.e., (2-O-MeGlcpA)-3-O-acetyl-Xylp) was used [32], and
9



O 00 N o uu B~ W N P

W W W W W W N N N N N N N N NN P P P P R P P R R, R
DN W N P O O 0O N O U1 B W N P O W 00 N OO 1 B W N P O

Koutaniemi et al. [8] previously showed that enzymatic deacetylation of acidic xylo-
oligosaccharides is typically lower than neutral xylo-oligosaccharides. Compared to AnAcXE
(CE1) and OsAcXE (CE6), MtAcE (CE16) released the highest extent of acetyl groups from all
positions in MGX (~90% total released). By comparison, AnCE16 from Aspergillus niger was
reported to release 18% of acetyl groups from AcUXOS derived from Eucalyptus globulus
[32], whereas TrCE16 from Trichoderma reesei was reported to release 10% of acetyl groups
from xylo-oligomers with DP of ~10 [16,17]. These results suggested that 7*CE16 and AnCE16
activity is restricted to the non-reducing end of corresponding substrates [19,32]. Different to
both 4nCE16 and TrCE16, PaCE16 was able to act on birchwood acetyl-glucuronoxylan
leading to substrate precipitation [42]. Thus, given the extent of acetyl groups released from
MGX measured in the current study, MtAcE (CE16) likely targets both non-reducing and
internal positions within targeted substrates and so in this regard, is more similar to PaCE16

than 7rCE16 or AnCE16.

Quantitative HSQC (qHSQC) was then used to identify acetylated positions in MGX most
susceptible to enzyme action. Less than 1% of 2-O-acetyl-Xylp positions, and approximately
5% of 3-O-acetyl-Xylp and 2,3-O-acetyl-Xylp positions remained following MGX treatment
with AnAcXE (CE1). Similarly, less than 5% 2-O-acetyl-Xylp positions in MGX remained
intact following treatment of MGX with OsAcXE (CE6). Somewhat lower deacetylation
efficiencies were measured for OsAcXE (CE6) action towards 3-O-acetyl-Xylp and 2,3-O-

acetyl-Xylp positions, where 10% and 20% of corresponding acetyl groups remained.

By comparison, MtAcE (CE16) effectively targeted the broadest range of acetyl group
positions, leaving between 3-5% of 2-O-acetyl-Xylp, 3-O-acetyl-Xylp, and 2,3-O-acetyl-Xylp
positions, while also partially removing acetyl groups from (2-O-MeGlcpA)-3-O-acetyl-Xylp
positions (Table 2; Supplemental Figure 4B). Low but detectable and reproducible activity of
MtACE towards (2-O-MeGlcpA)-3-O-acetyl-Xylp after 24 h of reaction is consistent with
reports of other CE16 enzymes, including P. anserina (PaCE16A) [42], which shares
approximately 70% of protein sequence identity with M¢AcE (CE16), but also 7rCE16 from T.
reesei [14,33,43] and AnCE16 from A. niger [32,33]. It was earlier postulated [8] and later
shown [33] that acetyl group migration from O-3 to O-4 could account, at least partially, for

MtAcE (CE16) activity towards (2-O-MeGlcpA)-3-O-acetyl-Xylp.

3.3. Extent of carbohydrate esterase action on GGM

10
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All three enzymes were able to act on GGM in addition to MGX. During the 24 h incubation,
MtACE released approximately 90% of acetyl groups in GGM, whereas roughly 80% of acetyl
groups were released by AnAcXE (CEl) and OsAcXE (CE6) under the same conditions

(Figure 4). MtAcE (CE16) action on GGM was comparable to that of an acetyl mannan esterase
(AGME) from Aspergillus niger [20,21], an acetyl xylan esterase (CE1) from Schizophyllum
commune [24], and a feruloyl esterase (CE1) from Aspergillus oryzae [24]. In each of these

cases, between 90 and 95% of acetyl groups from GGM were released. By comparison, the

family CE1 AcXEs from Penicillium purpurogenum (30%) and AGME (unclassified CE) from
Aspergillus oryzae [24] were previously shown to release approximately 70% of acetyl groups

from GGM.

Consistent with the expected higher degree of polymerization of GGM (recovered from a TMP
process waters) compared to MGX (recovered from a steam explosion process), reaction products
from GGM precipitated upon enzyme treatment. As a result, qHSQC analyses could not be
performed in D20 or DMSO-d6. Accordingly, 'H NMR spectra were collected to identify acetyl
group positions most resistant to enzyme action (Figure 5). Most notably, OsAcXE (CE6) targeted
all acetyl groups in GGM, whereas 2(b)-O-acetyl-Manp was resistant to hydrolysis by AnAcXE
(CE1) and MtAcE (CE16). Positions 2(a)-O-acetyl-Manp and 2(b)-O-acetyl-Manp (along with 3(a)-
O-acetyl-Manp and 3(b)-O-acetyl-Manp) differ in terms of neighboring sugars [40,44]. Retention of
2(b)-0O-acetyl-Manp in GGM therefore reveals that neighboring groups along the polysaccharide

backbone influence enzyme accessibility to pendent acetyl groups.

3.4. Specific activity and positional preference of selected carbohydrate esterases

OsAcXE (CE6) and MtAcE (CE16) showed similar specific activity towards MGX, which were
approximately four times higher than that obtained for AnAcXE (CE1) (Table 3). By contrast,
similar specific activities were measured for AnAcXE (CE1) and OsAcXE (CE6) on GGM, which
were lower than corresponding enzyme activities on MGX (Table 3). MtAcE (CE16) was
interestingly distinguished by demonstrating 100 times higher activity on GGM compared to
AnAcXE (CE1) and OsAcXE (CE6), and five times higher activity on GGM than MGX (Table 3).
The specific activity of MtAcE (CE16) towards GGM (~2000 nkat/mg; 120 pg/min/mg) was
comparable to that reported for AGME from Aspergillus niger (1190 nkat/mg) where 5 times
higher GGM concentration was used [20,21]. Similarities between MtAcE (CE16) and AGME

suggests that MtAcE (CE16) is likewise an unspecific acetyl mannan esterase [8].

Real time '"H NMR was then performed for each enzyme to unravel potential preferences for
11
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specific positions within MGX and GGM. Positional preference was defined as the ratio of
deacetylation rate for a given acetyl group position to the abundance of corresponding acetyl groups
in the original substrate. It is important to note here that calculated rates of acetyl group release
from 2-O-acetyl-Xylp and 3-O-acetyl-Xylp may underestimate true values since reaction products

after removal of one of the acetyl groups from 2,3-O-acetyl-Xylp will contribute to these signals.

Although the specific activity of AnAcXE on MGX differed from both other enzymes, AnAcXE
(CEl), OsAcXE (CE6) and MtAcE (CE16) similarly demonstrated comparatively high activity
towards acetyl groups present on doubly substituted Xylp (i.e., 2,3-O-acetyl-Xylp, Table 4).
Although it was not possible to resolve which of these two acetyl residues were preferentially
targeted, preferred action towards 2,3-O-acetyl-Xylp positions was previously also reported for
Talaromyces emersonii TeCE1 [32], Orpinomyces sp. PC-2 OsCE6 [29,32], and Aspergillus
niger AnCE16A [33].

Considering singly substituted Xylp positions, AnAcXE (CE1), OsAcXE (CE6) and MtAcE (CE16)
all revealed preference towards 2-O-acetyl-Xylp positions, which is consistent with reported
activities for above mentioned 7eCE1, OsCE6 and AnCE16A [29,32,33]. AnAcXE (CEl) and
OsAcXE (CE6) were similarly active towards 3-O-acetyl-Xylp, whereas activity towards this
position was not observed for MtAcE (CE16) (Table 4). In contrast to MtAcE (CE16), TrCE16 was
shown to preferentially target 3-O-acetyl-Xylp and 4-O-acetyl-Xylp positions of oligosaccharides
of acetyl-glucuronoxylan [43]. However, AnCE16A rapidly targets 2,3-O-acetyl-Xylp positions,
followed by 2-O-acetyl-Xylp and 3-O-acetyl-Xylp positions, of polymeric xylans [33], but poorly
targets 2-O-acetyl-Xylp positions in methyl B-D-xylopyranoside diacetates and triacetates Puchart
et al. 2016), thus showing differing posion specificty with polymeric and monomeric substrates.
Similarly, then, the difference in reported positional preference of MfAcE and 7+CE16 may be due

to differences in the length of substrates used in corresponding analyses.

Whereas AnAcXE (CE1) and OsAcXE (CE6) displayed similar positional preferences in MGX, the
positional preferences of OsAcXE (CE6) and MtAcE (CE16) were most similar when evaluated
using GGM. Specifically, when considering the anomeric region of corresponding '"H NMR spectra
where peak signals were clearly resolved, it could be seen that both OsAcXE (CE6) and MtAcE
(CE16) displayed similar preference for 2-O-acetyl-Manp positions in GGM, whereas highest rates
of AnAcXE (CE1) activity were towards 3-O-acetyl-Manp substituents. Notably, however,
positional preference within GGM was less clear when considering the acetyl region of

corresponding '"H NMR spectra, where peak signals are more intense but also overlapping (Figure
12
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2B, Table 5). Still, the comparably high activity of M¢AcE (CE16), as well as 4AnAcXE (CE1) and
OsAcXE (CE6) towards the O-2 acetylated position of both Xylp in MGX and Manp in GGM
suggests that stereochemistry plays a minor role in substrate recognition by these enzymes. 7rCE16
preferentially targets 3-O-acetyl-Xylp in oligo-saccharides of MGX; it was also shown to
deacetylate oligomers of GGM [ 18], however, regio-selective activity of 77CE16 or other AcEs

from CE16 on oligomers or polymers of GGM has not been characterized.

4. CONCLUSION

The comparison of three CE families using both MGX and GGM uncovered substrate-
dependent and enzyme dependent differences in reaction rates, extent of substrate conversion,
and regio-selectivity. In particular, the acetyl xylan esterases AnAcXE (CE1) and OsAcXE
(CE®6) displayed different specific activities towards MGX yet similar regio-selectivity. On the
other hand, these enzymes were similarly active towards GGM. Notably, MtAcE (CE16) was
set apart from both acetyl xylan esterases by its comparatively high specific activity towards
GGM. Nevertheless, comparably high activity of all three enzymes on 2-O-acetylated positions
in GMX and GGM, which has equatorial orientation in Xylp and axial orientation in Manp,
suggests that the stereochemistry of the acetyl group has little effect on the activity of these

enzymes.

The comparative analysis of three CE families on MGX and GGM underscore the impact of the
selected substrate on reported enzyme activity as well as regio-selectivity, further highlighting
known challenges associated with predicting enzyme action based on model compounds.
Positions within major hemicellulose sources that remain resistant to CE action were confirmed,
including (2-O-MeGlcpA)3-O-acetyl-Xylp in MGX, and some 2-O-acetyl-Manp or 3-O-acetyl-
Manp in GGM, thereby identifying targets for enzyme discovery as well as enzyme combinations
that could be harnessed to promote hemicellulose recovery (e.g., through precipitation) versus full
saccharification. Finally, earlier reports which tested AXE activity on ground wood powder [45],
and fungal AXE expressed in plants [26], show that enzyme action on hemicelluloses embedded
with plant fibre could be predicted from enzyme action on extracted hemicelluloses. However,

direct comparison of different AXEs on MGX or GGM present in plant fibre remains to be done.

ACKNOWLEDGEMENTS

13



O 00 N o v b

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

This work was supported by a grant to GM from Ella and Georg Ehrnrooth foundation (Finland), a

FiDiPro Fellowship to ERM from the Finnish Funding Agency for Technology and Innovation

(Tekes), and an ERC Consolidator Grant to EM (BHIVE — 648925).

REFERENCES

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

A. Ebringerova, Z. Hromadkova, T. Heinze, Hemicellulose, Adv. Polym. Sci. 186 (2005) 1-
67. doi:10.1007/b136816.

H. V Scheller, P. Ulvskov, Hemicelluloses, Annu. Rev. Plant Biol. 61 (2010) 263-289.
doi:10.1146/annurev-arplant-042809-112315.

S. Willfor, R. Sjoholm, C. Laine, M. Roslund, J. Hemming, B. Holmbom, Characterisation
of water-soluble galactoglucomannans from Norway spruce wood and thermomechanical
pulp, Carbohydr. Polym. 52 (2003) 175-187. doi:10.1016/S0144-8617(02)00288-6.
P.M.-A. Pawar, S. Koutaniemi, M. Tenkanen, E.J. Mellerowicz, Acetylation of woody
lignocellulose: significance and regulation, Front. Plant Sci. 4 (2013) 118.
doi:10.3389/1pls.2013.00118.

M. Busse-Wicher, T.C.F. Gomes, T. Tryfona, N. Nikolovski, K. Stott, N.J. Grantham, D.N.
Bolam, M.S. Skaf, P. Dupree, The pattern of xylan acetylation suggests xylan may interact
with cellulose microfibrils as a twofold helical screw in the secondary plant cell wall of
Arabidopsis thaliana, Plant J. 79 (2014) 492-506. doi:10.1111/tp;.12575.

D. V. Evtuguin, J.L. Tomas, A.M.S. Silva, C.P. Neto, Characterization of an acetylated
heteroxylan from Eucalyptus globulus Labill, Carbohydr. Res. 338 (2003) 597-604.
doi:10.1016/S0008-6215(02)00529-3.

A. Teleman, J. Lundqvist, F. Tjerneld, H. Stilbrand, O. Dahlman, Characterization of
acetylated 4-O-methylglucuronoxylan isolated from aspen employing 1H and 13C NMR
spectroscopy, Carbohydr. Res. 329 (2000) 807—15. doi:10.1016/S0008-6215(00)00249-4.

S. Koutaniemi, M.P. van Gool, M. Juvonen, J. Jokela, S.W. Hinz, H.A. Schols, M.
Tenkanen, Distinct roles of carbohydrate esterase family CE16 acetyl esterases and polymer-
acting acetyl xylan esterases in xylan deacetylation, J. Biotechnol. 168 (2013) 684-92.
doi:10.1016/j.jbiotec.2013.10.009.

A. Teleman, M. Tenkanen, A. Jacobs, O. Dahlman, Characterizarion of O-acetyl-(4-O-
methylglucurono)xylan isolated from birch and beech, Carbohydr. Res. 337 (2002) 373-377.
doi:10.1016/S0008-6215(01)00327-5.

V. Lombard, H.G. Ramulu, E. Drula, P.M. Coutinho, B. Henrissat, The carbohydrate-active
enzymes database (CAZy) in 2013, Nucleic Acids Res. 42 (2014) D490-D495.

14



O 00 N o uu B~ W N P

W W W W W W N N N N N N N N NN P P P P R P P R R, R
B W N P O O 0 N O U B W N P O W 00 N OO 1 B W N P O

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

doi:10.1093/nar/gkt1178.

O. Alalouf, Y. Balazs, M. Volkinshtein, Y. Grimpel, G. Shoham, Y. Shoham, A new family
of carbohydrate esterases is represented by a GDSL hydrolase/acetylxylan esterase from
Geobacillus stearothermophilus, J. Biol. Chem. 286 (2011) 41993-42001.
doi:10.1074/jbc.M111.301051.

P. Biely, J. Puls, H. Schneider, Acetyl xylan esterases in fungal cellulolytic systems, FEBS
Lett. 186 (1985) 80—-84. doi:10.1016/0014-5793(85)81343-0.

P. Biely, Microbial carbohydrate esterases deacetylating plant polysaccharides, Biotechnol.
Adv. 30 (2012) 1575-1588. doi:10.1016/j.biotechadv.2012.04.010.

F.A. Adesioye, T.P. Makhalanyane, P. Biely, D.A. Cowan, Phylogeny, classification and
metagenomic bioprospecting of microbial acetyl xylan esterases, Enzyme Microb. Technol.
93-94 (2016) 79-91. doi:10.1016/j.enzmictec.2016.07.001.

P. Biely, B. Westereng, V. Puchart, P. De Maayer, D.A. Cowan, Recent Progress in
Understanding the Mode of Action of Acetylxylan Esterases, 44 (2014). doi:10.5458/jag.jag.
K. Poutanen, M. Sundberg, An acetyl esterase of Trichoderma reesei and its role in the
hydrolysis of acetyl xylans, Appl. Microbiol. Biotechnol. 28 (1988) 419-424.
doi:10.1007/BF00268207.

K. Poutanen, M. Sundberg, H. Korte, J. Puls, Deacetylation of xylans by acetyl esterases of
Trichoderma reesei, Appl. Microbiol. Biotechnol. 33 (1990) 506-510.
http://www.springerlink.com/index/m171047h67876585.pdf (accessed January 18, 2013).
M. Tenkanen, J. Puls, M. Rétto, L. Viikari, Enzymatic deacetylation of
galactoglucomannans, Appl. Microbiol. Biotechnol. 39 (1993) 159-165.
doi:10.1007/BF00228600.

M. Tenkanen, Action of Trichoderma reesei and Aspergillus oryzae esterases in the
deacetylation of hemicelluloses, Biotechnol. Appl. Biochem. 27 (1998) 19-24.
doi:10.1111/5.1470-8744.1998.tb01370.x.

M. Tenkanen, J. Thornton, L. Viikari, An acetylglucomannan esterase of Aspergillus oryzae;
purification, characterization and role in the hydrolysis of O-acetyl-galactoglucomannan, J.
Biotechnol. 42 (1995) 197-206. doi:10.1016/0168-1656(95)00080-A.

J. Puls, Acetylmannanesterase: a new component in the arsenal of wood mannan degrading
enzymes, in: M. Kuwahara, M. Shimada (Eds.), Biotechnol. Pulp Pap. Ind., Uni Publishers
Co.Ldt, Tokyo, 1992: pp. 357-363.

R.P. de Vries, J. Visser, Aspergillus enzymes involved in degradation of plant cell wall
polysaccharides, Microbiol. Mol. Biol. Rev. 65 (2001) 497-522.

doi:10.1128/MMBR.65.4.497.
15



O 00 N o uu B~ W N P

W W W W W W N N N N N N N N NN P P P P R P P R R, R
B W N P O O 0 N O U B W N P O W 00 N OO 1 B W N P O

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

R. Gutiérrez, E. Cederlund, L. Hjelmqvist, a Peirano, F. Herrera, D. Ghosh, W. Duax, H.
Jornvall, J. Eyzaguirre, Acetyl xylan esterase II from Penicillium purpurogenum is similar to
an esterase from Trichoderma reesei but lacks a cellulose binding domain., FEBS Lett. 423
(1998) 35-8. http://www.ncbi.nlm.nih.gov/pubmed/9506837.

M. Tenkanaen, J. Eyzaguirre, R. Isoniemi, C.B. Faulds, P. Biely, Comparison of catalytic
properties of acetyl xylan esterases from three carbohydrate esterase families, in: Am. Chem.
Soc., 2003: pp. 211-229.

H. Rabemanolontsoa, S. Saka, Various pretreatments of lignocellulosics, Bioresour. Technol.
199 (2016) 83-91. doi:10.1016/j.biortech.2015.08.029.

P.M.A. Pawar, M. Derba-Maceluch, S.L. Chong, L.D. Gémez, E. Miedes, A. Banasiak, C.
Ratke, C. Gaertner, G. Mouille, S.J. Mcqueen-Mason, A. Molina, A. Sellstedt, M. Tenkanen,
E.J. Mellerowicz, Expression of fungal acetyl xylan esterase in Arabidopsis thaliana
improves saccharification of stem lignocellulose, Plant Biotechnol. J. 14 (2016) 387-397.
doi:10.1111/pbi.12393.

J. Zhang, M. Siika-Aho, M. Tenkanen, L. Viikari, The role of acetyl xylan esterase in the
solubilization of xylan and enzymatic hydrolysis of wheat straw and giant reed, Biotechnol.
Biofuels. 4 (2011) 1-9. doi:10.1186/1754-6834-4-60.

J. Thornton, M. Tenkanen, R. Ekman, B. Holmbom, L. Viikari, Possibility of icreasing
mechanical pulp yield by enzymatic treatment, Holzforschung. 48 (1994) 436—440.

I. Uhliarikova, M. VrSanskd, B. V McCleary, P. Biely, Positional specifity of acetylxylan
esterases on natural polysaccharide: an NMR study, Biochim. Biophys. Acta. 1830 (2013)
3365-3372. doi:10.1016/j.bbagen.2013.01.011.

L. Pouvreau, M.C. Jonathan, M.A. Kabel, S.W.A. Hinz, H. Gruppen, H.A. Schols,
Characterization and mode of action of two acetyl xylan esterases from Chrysosporium
lucknowense C1 active towards acetylated xylans, Enzyme Microb. Technol. 49 (2011) 312—
320. doi:10.1016/j.enzmictec.2011.05.010.

D.L. Blum, X.-L. Li, H. Chen, L.G. Ljungdahl, Characterization of an acetyl xylan esterase
from the anaerobic fungus Orpinomyces sp. strain PC-2, Appl. Environ. Microbiol. 65 (1999)
3990-3995.

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=9973 1 &tool=pmcentrez&rendert
ype=abstract.

K.G. Neumiiller, A.C. de Souza, J.H. van Rijn, H. Streekstra, H. Gruppen, H.A. Schols,
Positional preferences of acetyl esterases from different CE families towards acetylated 4-O-
methyl glucuronic acid-substituted xylo-oligosaccharides, Biotechnol. Biofuels. 8 (2015) 7.

doi:10.1186/s13068-014-0187-6.
16



O 00 N o uu B~ W N P

W W W W W W N N N N N N N N NN P P P P R P P R R, R
B W N P O O 0 N O U B W N P O W 00 N OO 1 B W N P O

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

V. Puchart, J.W. Agger, J.G. Berrin, A. Varnai, B. Westereng, P. Biely, Comparison of
fungal carbohydrate esterases of family CE16 on artificial and natural substrates, J.
Biotechnol. 233 (2016) 228-236. doi:10.1016/j.jbiotec.2016.07.003.

G. Mai-Gisondi, O. Turunen, O. Pastinen, N. Pahimanolis, E.R. Master, Enhancement of
acetyl xylan esterase activity on cellulose acetate through fusion to a family 3 cellulose
binding module, Enzyme Microb. Technol. 79-80 (2015) 27-33.
doi:10.1016/j.enzmictec.2015.07.001.

F. Mollerup, E. Master, Influence of a family 29 carbohydrate binding module on the
recombinant production of galactose oxidase in Pichia pastoris, Data Br. 6 (2016) 176—183.
doi:10.1016/j.bbagen.2015.10.023.

P. Gullén, M.J. Gonzalez-Munoz, H. Dominguez, J.C. Parajo, Membrane processing of
liquors from Eucalyptus globulus autohydrolysis, J. Food Eng. 87 (2008) 257-265.
doi:10.1016/.jfoodeng.2007.11.032.

S. Willfor, P. Rehn, A. Sundberg, K. Sundberg, B. Holmbom, Recovery of water-soluble
acetylgalactogluco- mannans from mechanical pulp of spruce, Tappi J. 2 (2003) 27-32.

W. Shao, J. Wiegel, Purification and characterization of two thermostable acetyl xylan
esterases from Thermoanaerobacterium sp. strain JW/SL-YS485, Appl. Environ. Microbiol.
61 (1995) 729-733.
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=167333&tool=pmcentrez&render
type=abstract.

M. Mastihubova, P. Biely, Lipase-catalysed preparation of acetates of 4-nitrophenyl pB-D-
xylopyranoside and their use in kinetic studies of acetyl migration, Carbohydr. Res. 339
(2004) 1353—-1360. doi:10.1016/j.carres.2004.02.016.

T. Hannuksela, C.H. Du Penhoat, NMR structural determination of dissolved O-acetylated
galactoglucomannan isolated from spruce thermomechanical pulp, Carbohydr. Res. 339
(2004) 301-312. doi:10.1016/j.carres.2003.10.025.

S.-L. Chong, L. Virkki, H. Maaheimo, M. Juvonen, M. Derba-Maceluch, S. Koutaniemi, M.
Roach, B. Sundberg, P. Tuomainen, E.J. Mellerowicz, M. Tenkanen, O-acetylation of
glucuronoxylan in Arabidopsis thaliana wild type and its change in xylan biosynthesis
mutants, Glycobiology. 24 (2014) 494-506. doi:10.1093/glycob/cwu017.

V. Puchart, J.-G. Berrin, M. Haon, P. Biely, A unique CE16 acetyl esterase from Podospora
anserina active on polymeric xylan, Appl. Microbiol. Biotechnol. 99 (2015) 10515-10526.
doi:10.1007/s00253-015-6934-1.

P. Biely, M. Cziszarova, J.W. Agger, X.L. Li, V. Puchart, M. Vrsanska, V.G.H. Eijsink, B.

Westereng, Trichoderma reesei CE16 acetyl esterase and its role in enzymatic degradation of
17



O 00 N o uu B~ W N P

W W W W W W N N N N NN N N NN NN P P P P R P P PR P p
M W N P O O 0 N O U B W N P O O 0O N OO0 1 M W N R O

[44]

[45]

acetylated hemicellulose, Biochim. Biophys. Acta. 1840 (2014) 516-525.
doi:10.1016/j.bbagen.2013.10.008.

J. Lundqvist, A. Teleman, L. Junel, G. Zacchi, O. Dahlman, F. Tjerneld, H. Stalbrand,
Isolation and characterization of galactoglucomannan from spruce (Picea abies), Carbohydr.
Polym. 48 (2002) 29-39. doi:10.1016/S0144-8617(01)00210-7.

E. Margolles-Clark, M. Tenkanen, H. S6derlund, M. Penttild, Acetyl Xylan Esterase from
Trichoderma reesei Contains an Active-Site Serine Residue and a Cellulose-Binding
Domain, Eur. J. Biochem. 237 (1996) 553-560.
http://onlinelibrary.wiley.com/doi1/10.1111/7.1432-1033.1996.0553p.x/full (accessed June 22,
2013).

18



v b~ W N

O 00 N O

10
11
12
13
14
15
16

17
18

TABLES

Table 1. Specific activity (umol/min/mg) of AnAcXE (CE1), OsAcXE (CE6) and MtAcE
(CE16) on 4-MUA at pH 6.0 and 7.0.

Enzyme pH 6.0 pH 7.0
AnAcXE (CE1) 24+ 0 26+ 1

OsAcXE (CE6) 201 £13 237+5
MtAcE (CE16) 506 +7 547 £ 28

n=3; errors indicate standard deviation

Table 2. HSQC NMR analysis of enzyme treated acetyl-4-O-methylglucuronoxylan. Mole
percent remaining (compared to untreated MGX) of specific acetyl group positions following

enzyme treatment.

acetyl-4-O-methylglucuronoxylan Untreated® AnAcXE OsAcXE MtAcE
(MGX) (CEl) (CE®6) (CE16)
2-O-acetyl-Xylp 241+ 0.2 0.2 1.1 1.1+04
3-O-acetyl-Xylp 57.6+0.4 23 4.9 27+14
2,3-O-acetyl-Xylp 6.5+0.3 0.2 1.2 0.2+0.1
(2-O-MeGlepA)3-O-acetyl-Xylp  11.7+0.1 8.1 9.0 7.6+0.9
total acetylation (%) 100.0 10.8 16.3 11.6 £0.2
reduction acetylation (%) 89.2 83.7 88.4

a. The mole percent of acetyl group positions in the original MGX. n=2 for untreated and MrAcE
(CE16), otherwise n=1.
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Table 3. Specific activity (umol/min/mg) of AnAcXE (CE1), OsAcXE (CE6) and MtAcE
(CE16) on MGX and GGM. Reactions were performed at pH 7.0 and 40° C; acetyl group
release was measured using the acetic acid kit.

Substrate AnAcXE (CE1) OsAcXE (CE6) MtAcE (CE16)
Eucalyptus acetyl-4-O- 54+0.7 22.8+3 20.1£2

methylglucuronoxylan (MGX)

Spruce acetyl- galactoglucomannan (GGM) 1.2+0.1 1.6+0.3 120 + 20
n=3 (minimum); errors indicate standard deviation

Table 4. Relative activity (%) towards specific acetyl group positions in eucalyptus acetyl-4-O-
methylglucuronoxylan (MGX) determined using real time '"H NMR.

Enzyme 2-0- 3-0- 2,3-0- (2-O-MeGlcpA)3-
acetyl-Xylp acetyl-Xylp acetyl-Xylp O-acetyl-Xylp
AnAcXE (CEl) 32 13 55 ND
OsAcXE (CE6) 40 15 46 ND
MtACE (CE16) 45 ND 55 ND

Relative activity was calculated as follows: (slope/mgenzyme/(% acetyl groups at the specific
position in untreated MGX)/ > (slope/mgenzyme/(% acetyl groups at the specific position in
untreated MGX) *100. ND, not determined given that corresponding slope values were

insignificantly different from zero (Suppl. Fig. 4).
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Table 5. Relative activity (%) towards specific acetyl group positions in spruce acetyl-

galactoglucomannan (GGM) determined using real time '"H NMR.

Enzyme 2-0- 3-0- 2-0-acetyl- 3-O-acetyl-
acetyl-Manp acetyl-Manp Manp; H2 Manp, H3
AnAcXE (CE1) 39 61 31 69
OsAcXE (CE6) 56 44 83 17
MtACE (CE16) 50 50 84 16

Calculation for relative activity: (slope/mge,yme/(% acetyl groups at the specific position in
untreated GGM)/ . (slope/mgep,yme/(% acetyl groups at the specific position in untreated GGM)
*100.
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FIGURE LEGENDS

Fig. 1. Molecular structures of acetyl-4-O-methylglucuronoxylan (MGX) (A) and
acetyl-galactoglucomannan (GGM) (B). Acetyl group positions are shown in red.

Fig. 2. "TH NMR spectra following enzyme action on acetyl-4-O-methylglucuronoxylan
(MGX) and acetyl-galactoglucomannan (GGM) in buffered D20 at 40° C. The first spectrum
was collected after 10 min of reaction; subsequent spectra were collected every 1.8 min. (A) MGX
before and after treatment with AnAcXE (CE1) (5 pg/mg MGX), OsAcXE (CE6) (1 pg/mg
MGX), MtAcE (CE16) (1 png/mg MGX); (B) GGM before and after treatment with AnAcXE
(CE1) (10 pg/mg GGM), OsAcXE (CE6) (10 pg/mg GGM), MtAcE (CE16) (1 png/mg GGM).

Fig. 3. Enzyme stability at pH 6.0 and 40°C for up to 24 h. Relative activity was measured
using 4-MUA. Average values are indicated above each bar. n=3; error bars indicate standard

deviation.

Fig. 4. Deacetylation of acetyl-4-O-methylglucuronoxylan (MGX; black bars) and acetyl-
galactoglucomannan (GGM; grey bars). Percent of acetyl group content released by AnAcXE
(CEl), OsAcXE (CE6), and MtAcE (CE16) (10 pg enzyme /1 mg substrate) measured after 24 h
at 40°C and pH 6.0, using the Acetic Acid kit from Megazyme. Average values are indicated
above each bar. Non-enzymatic release of acetyl groups from MGX and GGM at pH 6.0 after 24 h

was 4 % and 2%, respectively. n=3; error bars represent standard deviation.

Fig. 5. HSQC spectra of GGM in DMSO at 60° C. Acetyl-galactoglucomannan (GGM) in
DMSO-d6 before and after treatment with AnAcXE (CEl), OsAcXE (CE6), MtAcE (CE16) (10 pg
enzyme /1 mg substrate) for 24 h at pH 6.0 and 40°C. Scaling for the native substrate was
adjusted to show all available peaks. Acetylated O-2 (H2) and O-3 (H3) positions in the
anomeric region are shown due to the partial overlap of signals in the acetyl group region between

2.5-2.0 ppm.
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A. 'H NMR spectra of enzyme treated MGX B. 'H NMR spectra of enzyme treated GGM
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SUPPLEMENTAL TABLE

Suppl.Table 1. Reported compositions (mol%) of acetyl-4-O-methylglucuronoxylan (MGX), acetyl-galactoglucomannan (GGM), determined using NMR or by

acid methanolysis/gas-chromatography (Meth-GC)

Sample Extraction/ B-D- Xylp Me-GlcpA B-D-Manp B-D-Glcp a-D-Galp O-Ac (DS) Ref.
Determination
method
68 3 - - - 29 (0.4) [9]
MGX (Birch) DMSO/
NMR
MGX (Beech) 70 4 - - - 26 (0.3)
Microwave/ 60 6 - - - 35 (0.6) [7]
MGX (Aspen)
NMR
- - 68 32 - (0.2) [10]
Hot water/
GGM (Birch)
NMR
GGM (Spruce) 2-9 1-2 43-65 7-19 7-20 (0.5) [3]
TMP or wood Meth-GC

DS: degree of substitution
- not determined or not detected

TMP: thermomechanical pulp



SUPPLEMENTAL FIGURES

Suppl.Fig. 1. SDS-PAGE analysis of purified enzymes (15 pg). Lanes, PageRuler™ Prestained
Protein Ladder, 10 to 180 kDa (ThermoFisher Scientific; USA), 2: AnAcXE (CE1); 3: OsAcXE
(CE®6); 4: MtAE (CE16).

Suppl.Fig. 2. Optimum pH of selected enzymes measured using 4-MUA. (A) AnAcXE(CE1);
(B) OsAcXE (CE®6), and (C) MtAcE (CE16).

Suppl.Fig. 3. Optimum pH of (A) AnAcXE (CE1) and (B) MtAcE (CE16) using MGX.
Suppl.Fig. 4. Normalized resonance signals from H' NMR plotted against time. (A) Plots
showing activity of each enzyme towards each acetyl group in MGX and GGM, (B) Slopes

calculated from plots shown in (A). Prob(F) values were obtained using ANOVA (Origin 2017

software); Prob(F) values >0.05 indicate insignificant difference from zero.
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Calculated slopes derived from enzyme-treated MGX

Enzyme 2-0- Prob (F) 3-0- Prob (F) 23-0- Prob (F) 2-0- Prob (F)
acetyl-Xylp 2-0- acetyl-Xylp 3-0- acetyl-Xylp 2,3-0- MeGlcpA) (2-0-
acetyl-Xylp acetyl-Xylp acetyl-Xylp 3-0O-acetyl- MeGlcpA)
Xylp 3-O-acetyl-
Xylp
?C”ﬁlc)XE 0114002  35x10°  0.06+0.01 78x 104 0.10=0.002 0.0 0.002+0.002  3.1x 10"
(ocsgg)XE 0.114001  19x10""  0.054 0.0l 39x 107 00740003  21x102  0001+£0002  6.1x 10"
MtAcE 27 -1 -8 -2
(CB16) 0.11 < 0.01 49x 10 0.003+£0.007  7.1x 10 0.07 0.01 13x 10 0.01£0.003  63x10
Calculated slopes derived from enzyme-treated GGM
Enzyme 2-0- Prob (F) 3-0- Prob (F) 2-0- Prob (F) 3-0- Prob (F)
acetyl-Manp 2-0- acetyl-Manp 3-0- acetyl-Manp; 2-0- acetyl-Manp; 3-0-
acetyl-Manp acetyl-Manp H2 acetyl-Manp; H3 acetyl-Manp;
H2 H3
f‘é’ﬁf)XE 0.25 + 0.02 1.1x 10% 0.26 = 0.02 53x 107 0.08 = 0.02 5.2 x 10 0.24 + 0.03 8.1x 108
(ocsﬁg)XE 0.23 +0.03 3.9x 107 0.13 = 0.02 1.1x 10 0194001  23x10%°  0.05+0.01 7.7 x 10
%’EAIC;E) 0314001  22x101°  0.19+0.01 3.1x 101 036 +0.01 0 0.09 = 0.01 6.3 x 10

Suppl.Fig. 4B



