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A B S T R A C T   

The enzymatic hydrolysis of barley beta-glucan, konjac glucomannan and carboxymethyl cellulose by a β-1,4-D- 
endoglucanase MeCel45A from blue mussel, Mytilus edulis, which belongs to subfamily B of glycoside hydrolase 
family 45 (GH45), was compared with GH45 members of subfamilies A (Humicola insolens HiCel45A), B (Tri-
choderma reesei TrCel45A) and C (Phanerochaete chrysosporium PcCel45A). Furthermore, the crystal structure of 
MeCel45A is reported. 

Initial rates and hydrolysis yields were determined by reducing sugar assays and product formation was 
characterized using NMR spectroscopy. The subfamily B and C enzymes exhibited mannanase activity, whereas 
the subfamily A member was uniquely able to produce monomeric glucose. All enzymes were confirmed to be 
inverting glycoside hydrolases. MeCel45A appears to be cold adapted by evolution, as it maintained 70% activity 
on cellohexaose at 4 ◦C relative to 30 ◦C, compared to 35% for TrCel45A. Both enzymes produced cellobiose and 
cellotetraose from cellohexaose, but TrCel45A additionally produced cellotriose.   

1. Introduction 

In aquatic ecosystems, cellulose is produced in large quantities by 
algal plankton, which is an important energy source for filter feeding 
organisms such as mussels (Newell et al., 1989). Not surprisingly, 
cellulase activity has been demonstrated in the digestive tract of several 
bivalves (Kaur, 1997; Onishi et al., 1985; Purchon, 1977). The highest 
activity was found in so called crystalline styles, which most bivalves 
and some gastropods (snails and slugs) use for digestion. The crystalline 
style is a jelly-like translucent rod protruding into the stomach of the 

mussel. It aids in digestion by being rotated and pushed against the 
gastric shield, thus dragging the food from the gills into the stomach and 
grinding the food like a pestle and mortar. The style dissolves gradually 
and releases various enzymes that initiate extracellular digestion in the 
stomach (Purchon, 1977). 

In the blue mussel, Mytilus edulis, three enzymes with activity against 
carboxymethyl cellulose (CMC) have been detected, the smallest of 
which (around 20 kDa) has been purified from blue mussel collected off 
the Swedish west coast. It has been characterized and the protein and 
gene sequences have been determined (Xu et al., 2000). The mature 
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protein has 181 amino acid residues and consists of a single glycoside 
hydrolase family 45 (GH45) catalytic domain without any carbohydrate 
binding module or other accessory modules and was designated 
MeCel45A. It has a broad temperature optimum between 30 and 50 ◦C. 
Interestingly, it retains over 50% of the maximum activity at 0 ◦C. This 
may be related to observations that in Sweden, mussels actively ingest 
seston (suspended particles) at temperatures below 0 ◦C, suggesting that 
they can utilize spring phytoplankton blooms in boreal waters even at 
low temperatures (Loo, 1992). Although the enzyme did not show any 
activity at very high temperatures, it could withstand shorter periods 
(10 min) at +100 ◦C without irreversible loss of enzymatic activity (Xu 
et al., 2000). 

Today there are over 460 GH45 entries in the CAZy database (cazy. 
org), which have been divided into three subfamilies, A, B and C 
(Couturier et al., 2011; Igarashi et al., 2008; Nomura et al., 2019). All 
three have been found in fungi. GH45 members of nematodes, insects, 
springtail and bacteria belong to subfamily A (Kikuchi et al., 2004; Lee 
et al., 2004; Mei et al., 2016; Pauchet et al., 2010, 2014; Song et al., 
2017; Valencia et al., 2013), while molluscs only have subfamily B 
endoglucanases (Guo et al., 2008; Sakamoto & Toyohara, 2009; Tsuji 
et al., 2013; Xu et al., 2000). Subfamily C is only found in basidiomycete 
fungi, so far. 

Three-dimensional (3D) structures of nine GH45 enzymes are 
available in the PDB (rcsb.org), one of which is the structure of 
MeCel45A described in this paper. They all share a conserved six- 
stranded double-ψ β-barrel (DPBB) also known as GH45-like domain 
in their structure. The DPBB domain is evolutionarily and structurally 
related to that of expansins and their homologues (loosenins, swollen-
ins), where the same catalytic acid (aspartic acid) has been conserved in 
the catalytic center motif (Payne et al., 2015). In GH45 subfamily A and 
B, an additional aspartic acid at the catalytic center is proposed to act as 
catalytic base in the inverting hydrolytic mechanism, but the corre-
sponding residue is not conserved in subfamily C. In this regard, sub-
family C appears to be more similar to expansin-like one-domain 
proteins named loosenins, which also lack the putative catalytic base 
residue. However, no hydrolytic activity of loosenins has been docu-
mented yet, as opposed to subfamily C members which have shown β(1 
→ 4)-endoglucanase activity (Igarashi et al., 2008). 

Thus far, the most studied GH45 enzyme has been HiCel45A from the 
ascomycete fungus Humicola insolens. As such, it often serves as a GH45 
reference in structure and activity comparisons. HiCel45A is a subfamily 
A member that is widely used in treating textiles, for example as part of 
washing powders in the form of the product Carezyme from Novozymes. 
In subfamily B, the first published structure was that of AcCel45A from 
the snail Ampullaria crossean (Nomura et al., 2019), also known as 
EG27II, which appears to be the most similar structure to MeCel45A. In 
subfamily C there is only one enzyme with structures available, namely 
PcCel45A from the white-rot basidiomycete fungus Phanerochaete 
chrysosporium. Due to the exceptional nature of the catalytic center 
among subfamily C members, a distinctive catalytic “Proton-relay” 
mechanism has been proposed for PcCel45A (Nakamura et al., 2015). 

GH45 enzymes hydrolyze β(1 → 4) linkages in soluble beta-glucans 
via an inverting action mechanism, where one amino acid residue acts 
as a general acid that protonates the glycosidic oxygen and another 
residue acts as a general base that activates a water molecule to hy-
drolyze the glycosidic bond. Such a catalytic mechanism leads to 
inversion of position at the anomeric carbon, thus producing alpha- 
anomers from β(1 → 4) linked glucans. The highest catalytic activities 
of GH45 enzymes have been demonstrated on barley beta-glucan and 
lichenan, lower activities on CMC, phosphoric-acid-swollen cellulose 
(PASC) and hydroxyethyl cellulose (HEC), and minute activities on 
crystalline cellulose substrates such as Avicel (Gilbert et al., 1990; Sal-
oheimo et al., 1994; Schou et al., 1993). HiCel45A and other subfamily A 
members are able to hydrolyze various cellulosic substrates (PASC, 
CMC, Avicel and bacterial cellulose), as well as xylan and xyloglucan 
among others (Vlasenko et al., 2010). Subfamily B members have been 

shown to hydrolyze CMC (Karlsson et al., 2002; Liu et al., 2010; Nomura 
et al., 2019), PASC, Avicel, glucomannan (Karlsson et al., 2002; Liu 
et al., 2010), and xylan (Liu et al., 2010), whereas subfamily C member 
PcCel45A is unable to hydrolyze xyloglucan and Avicel (Godoy et al., 
2018). 

The roles of three residues proposed to be involved in the catalytic 
mechanism of GH45 enzymes have been investigated experimentally by 
mutations at those sites. Mutation of the catalytic acid leads to complete 
inactivation of the enzyme in all GH45 subfamilies (D121N in HiCel45A, 
D137A in AcCel45A, D117N in Fomitopsis palustris FpCel45, D114A and 
D114N in PcCel45A) (Cha et al., 2018; Davies et al., 1995; Godoy et al., 
2018; Nakamura et al., 2015; Nomura et al., 2019). Mutation of the 
catalytic base proposed for subfamily A and B, leads to inactivation in 
subfamily A (HiCel45A D10N), but the activity is not completely lost in 
subfamily B (AcCel45A D27A) (Davies et al., 1995; Nomura et al., 2019). 
Subfamily C members lack an acidic residue at the corresponding posi-
tion. Instead, an asparagine residue at another position, Asn92 in 
PcCel45A, has been proposed to act as catalytic base. Mutation of this 
residue, or the corresponding residue in other GH45 enzymes, drasti-
cally reduced the enzymatic activity in members from all GH45 sub-
families (D114N in HiCel45A, N112A in AcCel45A, N95D in FpCel45, 
N92D in PcCel45A) (Cha et al., 2018; Davies et al., 1995; Nakamura 
et al., 2015; Nomura et al., 2019). 

There are very few studies where enzymes from different GH45 
subfamilies have been compared side-by-side (Berto et al., 2019; Vla-
senko et al., 2010). Here we describe the crystal structure of MeCel45A 
and compare its enzymatic activity with representatives of GH45 sub-
families A, B, and C. We hypothesise that i) the reaction mechanism is 
inverting also in subfamily B and C, previously proven only for a sub-
family A enzyme; ii) GH45 enzymes of subfamilies A, B and C show 
differences in substrate specificity and bond cleavage preference on 
beta-glucan and glucomannan; iii) MeCel45A is more similar in struc-
ture and activity properties to the other GH45 subfamily B enzyme used 
in this study, TrCel45A, than to the members of subfamily A and C; iv) 
MeCel45A from blue mussel that lives in cold waters is more cold- 
adapted and retains higher activity at low temperatures than the ho-
mologous enzyme from a tropical fungus, TrCel45A. 

2. Results 

2.1. Isolation, purification and structure determination of MeCel45A 

The MeCel45A enzyme was isolated from the digestive gland of the 
common blue mussel, M. edulis, from waters off the Swedish west coast. 
From 29 kg of blue mussel, 8 mg of pure enzyme was obtained, by using 
a three-step purification procedure with immobilized metal affinity 
(IMAC), size exclusion, and cation-exchange chromatography. 

During the screening for crystallisation conditions it turned out that 
microcrystals appeared already in the concentrated protein solution. 
Crystals for X-ray analysis could be grown by equilibration against 0.6 M 
sodium acetate, pH 5.5, and 0.1–0.5 M NaCl without addition of other 
precipitants. The crystals were orthorhombic and the space group was 
P212121 with one protein molecule per asymmetric unit. The structure 
was solved by SIRAS (single isomorphous replacement with anomalous 
scattering) using a heavy-atom derivative with Baker's dimercurial 
(C10H16Hg2O6; 1,4-diacetoxymercuri-2,3-dimethoxybutane) for 
phasing, and was refined against a high-resolution dataset at 1.2 Å. 

The refined structure model contains the complete polypeptide chain 
(residues 1 to 181), 305 water molecules, one acetate molecule and two 
polyethylene glycol (PEG) molecules. Proline residues 8 and 108 are 
involved in cis-peptide bonds and all the 12 cysteine residues are 
involved in disulfide bridges with the pairings 4/16, 30/69, 32/176, 65/ 
178, 72/157, and 103/113. Electron density maps indicated distinct 
alternate conformations for the side chains of Thr20, Met55, Gln67, 
Lys74, Gln85, Ser94, Asn105, His122, His130 and Asp132, which were 
included in the refinement. Statistics relating to the quality of the X-ray 
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diffraction data and the refined protein model are summarized in 
Tables S1 and S2. 

2.2. Structure of MeCel45A 

M. edulis Cel45A has a compact and globular structure with 
approximate dimensions of 30 × 40 × 50 Å (Fig. 1A) built around a six- 
stranded β-barrel that has the characteristic DPBB fold (Fig. 1B). Loops 
that connect the beta-strands combine to extend one of the faces of the 
barrel into a shallow substrate-binding cleft (upwards in Fig. 1A). The 
protein contains a few secondary structure elements in addition to the 
canonical DPBB fold. At the N-terminus the first 14 residues form a very 
short strand-turn-strand anti-parallel β-sheet directly before strand β1. A 
short α-helix is present in the long loop between strands β1 and β2. 
Finally, two α-helices are present in the stretch of 26 residues after 
strand β6 at the C-terminus. The latter two helices form a protrusion 
from the β-barrel on the side opposite to the substrate-binding surface 
(downwards in Fig. 1A). On this protrusion three surface histidines are 
located. 

Among the GH45s with known structure, MeCel45A is most similar 
to the other subfamily B enzyme from a mollusc, AcCel45A from 
Ampullaria crossean. As expected from the high sequence similarity (48% 
identity) the structures are very similar with a low root-mean-square 
deviation (RMSD) of 1.7 Å over 168 aligned Cα atoms. In the overall 
fold, MeCel45A has a three-residue deletion at the tip of a loop near the 
N-terminus, and an eight-residue insertion near the C-terminus that 
forms an extra alpha helix and extends the size of the protrusion from the 
β-barrel. However, both these regions are distant from the active site and 
not likely to influence the catalytic properties. The active site of 
MeCel45A is nearly identical to that of AcCel45A, including the posi-
tions of Asp24, Asn109 and Asp132 that correspond to the proposed 
catalytic residues of AcCel45A (Asp27, Asn112, Asp137; Fig. 2), sug-
gesting that these residues have the same function in MeCel45A. Asp132 
at the bottom of the cleft is the catalytic acid that protonates the 
glycosidic oxygen, Asp24 corresponds to the proposed catalytic base in 
subfamily A enzymes (Asp10 in HiCel45A) and Asn109 is in the same 
position as the proposed catalytic base of the subfamily C enzyme 
PcCel45A (Asn92). Minor differences relative to AcCel45A include the 

lengthening of the loop where Asn109 is located by one residue 
(Tyr107), as well as the substitution of two residues on either side of 
subsite +2, where Arg24 and Lys89 in AcCel45A are replaced by Asn21 
and Gln85, respectively, in MeCel45A. 

2.3. Structure comparison with other GH45 enzymes 

The structure of MeCel45A was further compared with the other 
GH45 enzymes used in the activity measurements, HiCel45A (subfamily 
A), TrCel45A (subfamily B) and PcCel45A (subfamily C). For TrCel45A 
no experimentally determined structure is yet available. Therefore, a 
structure model of the catalytic domain of TrCel45A was built by ho-
mology modelling using SWISS-MODEL and the structure of MeCel45A 
as template. Percentage sequence identities and structural deviations 
(RMSD) relative to MeCel45A are listed in Table 1, and a multiple 
sequence alignment is shown in Fig. 3. The MeCel45A and PcCel45A 
enzymes consist of a single catalytic domain alone, whereas HiCel45A 
and TrCel45A are bimodular with a carbohydrate binding module 
(CBM1) attached by a Ser/Thr-rich linker peptide to the catalytic 
domain at the C-terminus. 

The β-strands of the DPBB core superpose closely, but the surface 
structures differ because of variations in the lengths of loop regions 
flanking the β-barrel (Fig. 4). The subfamily B and C enzymes 
(MeCel45A, TrCel45A, PcCel45A) are more similar to each other than to 
HiCel45A of subfamily A. HiCel45A has longer loops surrounding the 
catalytic center, forming a closed structure that resembles a tunnel, 
while the others have an open cleft. In PcCel45A, loops extend the cleft 
at both ends making the cellulose binding surface >5 Å longer (Fig. 5B). 
The central part of the cleft is noticeably narrower in MeCel45A than in 
TrCel45A and PcCel45A. 

The location of catalytic residues is well conserved, except for the 
catalytic base corresponding to Asp24 in MeCel45A, which is not present 
in PcCel45A (Fig. 5). In PcCel45A a glycine residue occupies this posi-
tion instead. Furthermore, HiCel45A has an aspartic acid (Asp114) 
instead of asparagine at the location of the alternate base (Asn109 in 
MeCel45A). Apart from the catalytic residues, a few additional amino 
acids are conserved near the catalytic acid. These are Thr20, Tyr22 and 
His130 in MeCel45A. His130 is on the same beta-strand as the catalytic 

Fig. 1. Overall structure of M. edulis Cel45A. (A) Ribbon drawing showing the location of a shallow cleft on one face of the central six-stranded β-barrel with the 
putative catalytic aspartate residues 24 and 132 sitting on either side of the cleft. On the other side, two α-helices at the C-terminus protrude from the β-barrel. (B) 
Folding topology diagram with β-strands and α-helices numbered according to the generalized double-psi fold (Castillo et al., 1999). Cel45A contains an extra α-helix 
at β1/β2, one short β-strand at the N-terminus and two C-terminal α-helices. The residue numbers of Cel45A at each end of the secondary structure elements 
are indicated. 
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acid Asp132. The sidechain of Asp132 is positioned between Thr20 and 
Tyr22 from the adjacent beta-strand, and conserved hydrogen bonds 
connect the sidechains in the order Asp132-Thr20-His130. 

In order to anticipate possible interactions with substrates, the 
MeCel45A structure was superposed with available GH45 ligand com-
plexes, and protein-ligand interactions were analyzed using LIGPLOT 
(Figs. S1, S2). The structures chosen for comparison were: i) AcCel45A 
with two cellobiose molecules bound in subsites − 3/− 2 and +1/+2, 
respectively (PDB code 5XBX); ii) HiCel45A D10N mutant in complex 
with cellohexaose where two cellotriosyl units are seen in subsites − 4/ 
− 3/− 2 and +1/+2/+3, respectively (PDB code 4ENG; Fig. 5A); and iii) 
PcCel45A with two cellopentaose molecules bound in subsites − 5 to − 1 
and +1 to +5, respectively (PDB code 3X2M; Fig. 5B). In the following, 
residue numbers refer to MeCel45A unless indicated otherwise. 

The position of sugar residues in subsites +1/+2 is very similar in all 
the structures with several interactions in common. The glucose unit at 
+1 is bound by hydrogen bonds between O4 and the catalytic acid 
(Asp132) and between O6 and the alternate catalytic base (Asn109). At 
subsite +2 the 6-hydroxyl is held in place by hydrogen bonds to the 
backbone N and O atoms of Asn21 and to the sidechain of an asparagine 
(Asn147), except in PcCel45A where the latter interaction is instead 
with a backbone O atom (Gly131 in PcCel45A; Fig. 5). The subfamily B 
enzymes also have a hydrogen bond between Trp112 NE1 and O3 that is 
not present in HiCel45A or PcCel45A. There are several additional in-
teractions in HiCel45A formed by the tunnel-enclosing loops that cover 
the +1 subsite and partially subsite +2. 

While the position of sugar units is similar at +1/+2, and presum-
ably at − 1, cellulose binding deviates towards both ends of the active 
site. At subsite +3 there is a small shift in the position of the glucose 
residue between HiCel45A and PcCel45A. However, both positions 
would clash with a protein loop in MeCel45A (at Gly84-Gln85) as well as 
in AcCel45A and TrCel45A, suggesting that either the cellulose chain 

takes on a different orientation in subfamily B enzymes from subsite +3 
and onwards, or the loop assumes a different conformation when ac-
commodating a substrate. 

Towards the other end of the active site the − 1 subsite is only 
occupied in PcCel45A but the mode of binding is likely similar in all 
enzymes due to the high degree of conservation of the structures here. 
The 6-hydroxymethyl arm of the sugar unit is deeply buried at the 
bottom of the cleft and is used as a handle for positioning by hydrogen 
bonding to the catalytic acid (Asp132) and by hydrophobic binding to 
the tyrosine conserved at this site (Tyr22). On the other side of the sugar 
ring, O3 is H-bonded to the alternate base (Asn109). At subsites − 2 and 
− 3 the sugar positions are very similar in AcCel45A and PcCel45A. The 
cellotrioside in HiCel45A is slightly shifted at subsite − 2 and displays 
increasing deviation over subsites − 3 and − 4 relative to the cello-
pentaose in PcCel45A, showing that the orientation of the cellulose 
chain differs between these enzymes. The substrate binding in 
MeCel45A at − 2/− 3 is likely similar to that seen in AcCel45A but may 
deviate from PcCel45A at subsite − 4 due to the difference in position of 
the tryptophan residue that forms a sugar-binding platform at this 
subsite. All the enzymes have a tryptophan sidechain exposed at subsite 
− 4, but this residue occupies different positions in the sequence in the 
respective subfamilies and are oriented differently in the structures 
(Fig. 5). The sidechain indole of Trp64 in MeCel45A (and Trp68 in 
AcCel45A) is shifted around 4.5 Å and is tilted roughly 30 degrees 
relative to Trp154 in PcCel45A, suggesting that a sugar residue at subsite 
− 4 would likely be tilted to a similar extent. In HiCel45A it is Trp18 that 
acts as the sugar-binding platform at this site. 

2.4. Enzymatic activity 

The hydrolytic activity of family GH45 endoglucanases HiCel45A, 
MeCel45A, TrCel45A and PcCel45A were evaluated on soluble fractions 

Fig. 2. M. edulis Cel45A (blue) structure superimposed on A. crossean Cel45A (gray). Assisting residues (Asn109 in MeCel45A; Asn112 in AcCel45A) and catalytic 
center residues (Asp132, Asp24 in MeCel45A; Asp137, Asp27 in AcCel45A) are represented as sticks (from left to right respectively). (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
GH45 endoglucanase structure and sequence similarities with MeCel45A.  

Name Organism GenBank accession ID PDB ID UniProt accession ID Percent sequence identitya Structure similarity 

RMSD (Å) Cα 

HiCel45A H. insolens CAB42307.1 2eng P43316  24 4.1 80 
TrCel45A T. reesei CAA83846.1 N/A P43317  44 N/A N/A 
AcCel45A A. crossean ABR92638.1 5xbu A7KMF0  48 1.7 168 
PcCel45A P. chrysosporium BAG68300.1 5kjo B3Y002  30 4.3 144  

a CBMs removed. 
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of barley beta-glucan (BG), konjac glucomannan (GM) and carbox-
ymethyl cellulose (CMC) (Fig. 6). 

Activity was expressed as formation of reducing ends measured by 
PHBAH assay. For all proteins the highest initial hydrolysis rates were 
observed on beta-glucan, for which the initial production of reducing 
ends was 2–7 times more rapid than on CMC (Table 2). On both CMC and 
BG, MeCel45A showed the second highest initial rate, preceded by 
HiCel45A and followed by PcCel45A and TrCel45A in that order. 

With GM as a substrate the enzymes did not show any linear phase at 
the start of the reaction, probably due to its heteropolymer nature, and 
reliable initial rates could not be determined for GM. Therefore, in order 

to gain a general understanding of the enzyme relative initial rates on 
the different substrates we chose an initial product concentration that 
was covered by all experiments (70 μM reducing ends), and then 
compared the time needed to reach this concentration among the en-
zymes (Table 2). For all enzymes GM was hydrolyzed faster than CMC, 
but much more slowly than BG. The highest activity on GM was 
exhibited by HiCel45A and TrCel45A, followed by MeCel45A and 
PcCel45A in that order. 

With BG as a substrate the reaction rapidly leveled off and appeared 
to reach an end point within less than 1 h. Therefore, a 60 min time point 
was used to calculate the yield of reducing ends from BG. The activity on 

Fig. 3. Sequence alignment of M. edulis Cel45A, 
H. insolens Cel45A, A. crossean Cel45A T. reesei 
Cel45A and P. chrysosporium Cel45A catalytic mod-
ules. Alignment visualized in ESPript 3.0. Secondary 
structure elements of MeCel45A are represented as 
springs (α-helices) and arrows (β-strands). Character 
coloration according to ESPript 3.0: green numbers 
indicate cysteine pairings; filled red box and a white 
character indicate strict identity; red character – 
similarity within a group; blue frame – similarity 
across groups. (For interpretation of the references to 
colour in this figure legend, the reader is referred to 
the web version of this article.)   

Fig. 4. Surface views of GH45 endoglucanases from subfamily A, B and C. Arrows point to substrate binding area in HiCel45A (PDB: 4ENG), PcCel45A (PDB: 5KJO), 
MeCel45A (PDB: 1WC2), TrCel45A (GenBank: CAA83846.1, homology model). Catalytic acid and base are shown as sticks in the cartoon representation. Letters A, B, 
C indicate subfamily membership. 
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CMC and GM did also level off, but no clear end point was reached, and 
the yield was instead calculated from the amount of reducing ends after 
24 h of hydrolysis. The yield is a measure of how many bonds in the 
polymers the respective enzymes are able to hydrolyze. 

The HiCel45A enzyme gave significantly higher yields on BG and on 
CMC than the other enzymes, especially on BG with more than twice as 
high concentration of reducing ends (Table 2). However, on GM the 
pattern was quite different. The highest yield of reducing ends from GM 

Fig. 5. Residues likely to interact with substrate in the active-site cleft of MeCel45A. (A) The active-site cleft of MeCel45A (PDB: 1WC2) aligned with the structure of 
HiCel45A (PDB: 4ENG) with two cellotriose molecules bound in the substrate binding groove; (B) The active-site cleft of MeCel45A (PDB: 1WC2) aligned with the 
structure of PcCel45A (PDB: 3X2M) with two cellopentaose molecules bound in the substrate binding groove. Substrate interacting residues are displayed as lines, 
and residue labels are in italics for MeCel45A. 

Fig. 6. General representations of the chemical structures of carboxymethyl cellulose (CMC), barley betaglucan (BG), and konjac glucomannan (GM).  
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was observed with TrCel45A and the lowest with HiCel45A. TrCel45A 
deviated from the other enzymes in its activity on GM. The rate of hy-
drolysis did not decline to the same extent over time as with the other 
enzymes. The yield of reducing ends for TrCel45A on GM after 24 h was 
nearly 10 times higher than it was on CMC after a similar period of time. 

Enzymatic activities of MeCel45A and TrCel45A were additionally 
evaluated on cellohexaose at +4 ◦C and +30 ◦C. Samples were analyzed 
every 65 min for 6 h using high performance anion exchange chroma-
tography (HPAEC). The main cleavage products of MeCel45A on cello-
hexaose were cellobiose and cellotetraose, while the main products of 
TrCel45A were cellobiose, cellotriose and cellotetraose (Fig. 7A–D). At 
30 ◦C MeCel45A and TrCel45A showed similar cellohexaose degrada-
tion rates (1.38 ± 0.05 min− 1 and 1.26 ± 0.20 min− 1, respectively), but 
at 4 ◦C these enzymes performed significantly differently. For MeCel45A 
the activity at 4 ◦C was 72% of that at 30 ◦C, whereas it was only 35% for 
TrCel45A (Fig. 7E). 

2.5. NMR spectroscopy 

The products from enzyme degradation of GM and BG were inves-
tigated by NMR spectroscopy to observe differences in specificity on the 
two substrates. Degradation of GM at 0.3 μM enzyme concentration was 
observed by following the formation of reducing end α-Glc and yielded 
initial build-up curves similar to those observed from PHBAH assays 
(Fig. S3A). It confirmed that all four enzymes are acting through an 
inverting mechanism, because α-Glc was formed rapidly before equi-
librium with the β anomer was reached. 

In order to obtain higher levels of degradation products from GM, the 
enzyme concentration was increased to 35 μM. This caused reducing end 
α-Glc to be formed very quickly before reducing end β-Glc was formed 
by mutarotation (Fig. 8 and S3B), which further confirmed the inverting 
mechanism of the enzymes. More interestingly, the formation of 
mannose reducing ends was also observed (Fig. 8). Among the four 
tested enzymes, TrCel45A was the most efficient in mannose cleavage, 
whereas HiCel45A, MeCel45A and PcCel45A were similar in efficiency 
after 23 h. However, HiCel45A and TrCel45A gave rise to the steepest 
increase of Man reducing ends during the first 6 h, whereas MeCel45A 
was the slowest. 

Degradation of GM at high enzyme concentration (35 μM) also 
allowed the detection of other degradation products. The 1H NMR 
spectra after 23 h of degradation clearly shows a difference between 
HiCel45A and the other enzymes (Fig. S4). Degradation by HiCel45A 
produced non-reducing end glucose, whereas the other three enzymes 
produced non-reducing end mannose (Fig. 8E and F). The non-reducing 
end residues formed instantly, similar to the reducing-end glucose res-
idues. Non-reducing end mannose was not detected from HiCel45A 
degradation and only small amounts of non-reducing end glucose was 
detected from TrCel45A, MeCel45A and PcCel45A degradation. In 
addition, non-reducing end 2-acetylated mannose (2Ac-Man) was 
formed from degradation by TrCel45A, MeCel45A and PcCel45A with 
the highest amount from TrCel45A (Fig. S3C). Furthermore, a small 
amount of monomeric glucose was observed from HiCel45A degradation 

(Fig. S4) in contrast to the other enzymes. 
Enzyme degradation of beta-glucan was also monitored by NMR with 

a low enzyme concentration (0.3–0.5 μM). Formation of reducing-end 
α-glucose was followed (Fig. S5) and corresponded well with the re-
sults from PHBAH assays. The reducing-end residues formed were linked 
at position 4 rather than position 3 (Fig. S6), showing a preference for 
cleavage next to a β(1 → 4) linkage. This preference was the same for all 
the four enzymes. 

3. Discussion 

All of the Cel45A enzymes tested in this study were able to produce 
reducing ends on barley beta-glucan, konjac glucomannan and carbox-
ymethyl cellulose. Barley beta-glucan was degraded most rapidly among 
the three selected substrates. It is a linear glucose homopolymer with 
β(1 → 3) and β(1 → 4) linkages, where three or four successive β(1 → 4) 
linked glucose residues are followed by one pair of β(1 → 3) linked 
residues (Fig. 6). During NMR experiments involving barley beta-glucan, 
we found that the reducing-end residues were β(1 → 4) and not β(1 → 3) 
linked. This shows that the Cel45A enzymes require a β(1 → 4) linkage 
between subsites − 2 and − 1. However, further studies are required to 
draw conclusions about restrictions for other subsites. The NMR ana-
lyses confirm that Cel45A from M. edulis, T. reesei and P. chrysosporium 
hydrolyze glycosidic bonds with an inverting action mechanism, thus 
proving that this mechanism is indeed common among all GH45 sub-
families known to date. An inverting catalytic mechanism has long been 
proposed for GH45 enzymes, but to our knowledge had only been 
experimentally proven for subfamily A member Cel45A from H. insolens 
(Schou et al., 1993). 

NMR spectroscopy on glucomannan revealed that HiCel45A can 
cleave β(1 → 4) linkage between mannose and glucose (Man-Glc) as 
pointed out by the cyan arrow in Fig. 8A, but the rate and preference for 
such cleavage is low. However, HiCel45A was much faster at producing 
non-reducing end glucose alongside reducing-end glucose, indicating 
cleavage between two glucose residues (Glc-Glc) and a preference for 
such linkages. Cleavage by HiCel45A also led to formation of monomeric 
glucose, which was not observed from the other enzymes. Another major 
difference was the absence of non-reducing end mannose in the 
HiCel45A product profile, whereas in the case of TrCel45A, MeCel45A 
and PcCel45A the formation of non-reducing end mannose and 
reducing-end glucose was fast and simultaneous, suggesting a cleavage 
between glucose and mannose (Glc-Man, magenta arrow in Fig. 8A) and 
a preference for such linkages. Furthermore, a slow formation of 
reducing-end mannose was accompanied by an increase of non-reducing 
end mannose in TrCel45A, MeCel45A and PcCel45A, which indicates 
cleavage between two mannose residues (Man-Man), thus mannanase 
activity. While all of the Cel45A enzymes showed an activity against 
glucomannan, Cel45A from T. reesei was outstanding in its ability to 
continue glucomannan degradation even after 24-hour incubation. We 
attribute this to the aforementioned mannanase activity, which was also 
demonstrated in a previous study by Karlsson et al. (2002). An inter-
esting observation was made regarding the levels of non-reducing end 

Table 2 
Family GH45 endoglucanase substrate specificity. Initial rate of formation and yield of reducing ends on 0.1% carboxymethyl cellulose (CMC), barley beta-glucan (BG) 
or konjac glucomannan (GM) as substrate. ±SD is standard deviation of triplicate determinations.  

Name Subfamily Initial rate on 0.1% substrate Yield on 0.1% substrate from 0.1 μM enzyme Required time for 0.1 μM Cel45A 
to produce 70 μM of reducing 
sugar on 0.1% substrate 

CMC BG CMC BG GM CMC BG GM 

(μM/μM)min− 1 ± SD (μM/μM)min− 1 ± SD μM ± SD, 24 h (*22 h) μM ± SD, 60 min μM ± SD, 24 h t, min t, min t, min 

HiCel45A A  235 ± 9,9  1139 ± 58,5  188 ± 4,8  547 ± 23,5  192 ± 4,4  >60  <1  10 
MeCel45A B  183 ± 9,7  296 ± 43,5  128 ± 3,3  229 ± 6,6  308 ± 42,0  >60  <5  60 
TrCel45A B  12 ± 4,1  90 ± 37,3  92 ± 4,0*  225 ± 4,0  1087 ± 43,2  >100  <30  30 
PcCel45A C  56 ± 5,0  109 ± 58,6  104 ± 14,7  195 ± 20,2  240 ± 22,5  >60  <10  >60  
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Fig. 7. Enzymatic activity of M. edulis Cel45A and T. reesei Cel45A on cellohexaose at +4 ◦C and +30 ◦C. HPAEC chromatogram time-lapse of product formation from 
cellohexaose degradation by MeCel45A at (A) +4 ◦C and (C) +30 ◦C, by TrCel45A at (B) +4 ◦C and (D) +30 ◦C. Chromatogram legends represent timepoints of 
degradation. (E) Hydrolytic activity is expressed as μM/min per 1 μM of enzyme of MeCel45A and TrCel45A on cellohexaose. The product formation rate is shown 
with positive values and substrate degradation rate with negative values. Average enzymatic activity rates are depicted as bars and individual datapoints as filled 
circles. Error bars represent standard deviation (n ≥ 3). 
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acetylated mannose residues. Cel45A from H. insolens did not facilitate 
formation of products with an acetylated mannose residue at the non- 
reducing end. As expected, the cleavage product reducing-end glucose 
residues were alpha-anomers for all enzymes, which once again con-
firms the inverting nature of these endoglucanases. 

All of the evaluated Cel45A enzymes were able to hydrolyze CMC, a 
synthesized cellulose derivative with carboxymethyl group substitutions 
(Fig. 6). Hydrolysis rates were comparatively slower and with lower 
yields of reducing ends, presumably due to the presence of carbox-
ymethyl substituents on some glucose residues. Interestingly, HiCel45A 
gave a higher reducing end yield than the other enzymes, suggesting 

more tolerance for substitutions despite having a more enclosed active 
site. It would be reasonable to assume that such bulky substituents could 
restrict the binding or cleavage in narrow active sites due to steric 
hindrance. 

Of the two subfamily B enzymes, MeCel45A retained over 70% of its 
activity at +4 ◦C relative to +30 ◦C, compared to 35% for TrCel45A 
(Fig. 7E). Considering the tropical habitat of T. reesei and the boreal 
habitat of M. edulis, this could indicate GH45 enzyme evolution towards 
cold adaptation in the mollusc. A broad optimum temperature range has 
previously been demonstrated by Xu et al. (2000). Further investigation 
of how the structure of this enzyme has evolved to retain high activity at 

Fig. 8. (A) Simplified formula of a glucomannan chemical structure and exemplified degradation pathways. (B) 1H NMR spectra from a) GM control, b) GM after 12 
min TrCel45A degradation, and c) GM after 24 h TrCel45A degradation. Signal assignments are 1) 2Ac-Man H2, 2) non-reducing end 2Ac-Man H2, 3) reducing end 
Glc H1-α, and 4) reducing end Man H1-α. The asterisk highlights a starch-like impurity. NMR-derived progress curves are plotted to show the formation of (C) 
reducing-end α-Man, (D) reducing-end α-Glc, (E) non-reducing end Man, and (F) non-reducing end Glc from degradation of glucomannan with 35 μM enzyme. Non- 
reducing end Man was not detected in samples with HiCel45A. Error bars correspond to ±1 standard deviation. 
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low temperatures could be an interesting study. The cellohexaose 
cleavage product profile differed between the enzymes (Fig. 7A–D). 
Cel45A from M. edulis produced predominantly cellobiose and cellote-
traose, which implies a distinct organization of substrate in the active 
site cleft. Cel45A from T. reesei produced cellotriose in addition to 
cellobiose and cellotetraose, indicating a less definitive cleavage 
preference. 

Structure and sequence comparisons reveal several similarities and 
differences between Cel45A from M. edulis and HiCel45A, AcCel45A, 
TrCel45A and PcCel45A. While the DPBB core superposes closely, there 
are variations in surface structures between the subfamilies due to dif-
ferences in the lengths of flanking loop regions. In this regard, subfamily 
B and C enzymes are more similar to each other than to the subfamily A 
enzyme, where longer loops enclose the catalytic center, thus creating a 
tunnel-like structure. In the subfamily C member PcCel45A, loops at 
both ends of the substrate-binding cleft make the cleft longer than in the 
other enzymes. MeCel45A appears to have the narrowest substrate 
binding cleft among the subfamily B members. Substrate binding and the 
catalytic mechanism of MeCel45A are most likely very similar to that in 
AcCel45A, since their active sites are nearly identical. In all of the en-
zymes a tryptophan residue is found at subsite − 4 (Trp64 in MeCel45A), 
which most likely serves as a sugar binding platform. Interestingly, this 
residue comes from different locations in the GH45 sequences, possibly 
underlining the functional significance of this residue. Godoy et al. 
(2018) mutated the corresponding tryptophan residue in PcCel45A 
(W154A), which led to 50% decrease in catalytic activity on lichenan. 

There is no GH45 structure available yet with substrate spanning 
over the active site with an un-cleaved bond connecting the − 1 and +1 
subsites. There are only a few structures where the − 1 subsite is occu-
pied by the reducing-end residue of an oligosaccharide, but the con-
formations differ between all of them. A distorted 4H5 half-chair is 
refined in a cellotetraose complex with Thielavia terrestris Cel45A of 
subfamily A (PDB code 5GLY) (Gao et al., 2017), whereas three variants 
of PcCel45A of subfamily C in complex with cellopentaose display 3S1 
skew, distorted 2H1 half chair, and 4C1 chair conformations, respec-
tively, of the glucose residue at subsite − 1 (wildtype, N92D, N105D 
variants; PDB codes 3X2M, 3X2H, 3X2K)(Nakamura et al., 2015). 

In the absence of clear information from X-ray crystallography of 
how a sugar residue will bind at the − 1 subsite prior to, during, and after 
cleavage, the catalytic reaction has been examined by computational 
methods. QM/MM calculations and transition path sampling (TPS) 
molecular dynamics (MD) simulations of celloheptaose hydrolysis by 
HiCel45A showed a conformational itinerary for the glucose unit at 
subsite − 1, from 4C1 chair to 2SO skew in the Michaelis complex, over a 
2,5B boat transition state, via 5S1 skew to a 1C4 chair for the α-anomer 
product (Bharadwaj et al., 2020). This type of catalytic itinerary, 2SO → 
2,5B‡ → 5S1, has been proposed earlier for other GH families, including 
inverting beta-glucoside active GH6 and GH8, and both retaining 
(GH11, GH120) and inverting (GH43) beta-xylosidases (Ardèvol & 
Rovira, 2015). 

While the role of the catalytic acid seems to be well established in all 
three GH45 subfamilies, the assignment of catalytic base function is 
more uncertain. The first assignment of catalytic residues was based on 
structures of HiCel45A of subfamily A, where Asp121 was proposed to 
act as general acid, implied by its hydrogen bonding to the glycosidic 
oxygen (4OH) of a glucose residue at subsite +1, and Asp10 was pro-
posed as the most likely general base. This was supported by complete 
inactivation of HiCel45A upon mutations at these sites (D121N and 
D10N mutants) (Davies et al., 1995). Consequently, these residues are 
considered to be indispensable for hydrolysis by GH subfamily A 
members. However, a role was also implicated for Asp114, since a 
HiCel45A D114N mutant only retained less than 1% activity compared 
to wildtype. It is interesting that in the subfamily A enzyme an Asp at 
this location is much more active than Asn, whereas it seems to be the 
opposite for subfamily C. PcCel45A has an Asn at this location and the 
activity was drastically reduced upon mutation to Asp (N92D mutant) 

(Nakamura et al., 2015). 
Members of GH45 subfamily C lack the Asp residue corresponding to 

the base in subfamily A. Instead, Nakamura et al. (2015) proposed 
Asn92 as the catalytic base, on the basis of structure studies of PcCel45A 
where high-resolution X-ray and neutron diffraction analyses revealed 
amide/imidic acid tautomerization of Asn92 and a proton relay-network 
that links Asn92 to the catalytic acid (Asp114 in PcCel45A) through a 
chain of hydrogen bonds. Nearly all of the residues in the proton-relay 
chain in PcCel45A (Asn92, Cys96, Phe95, Asn105, Ser14, His112, 
Thr16, Asp114) are also present in MeCel45A (Asn109, Cys113, Trp112, 
Asn123, Ser18, His130, Thr20, Asp132), but most are not conserved in 
HiCel45A. 

In the subfamily B enzymes, MeCel45A, AcCel45A and TrCel45A, 
both of the candidate base residues are present. Mutation of either of 
them in AcCel45A drastically reduced the activity but did not lead to 
complete inactivation (Nomura et al., 2019). The activity reduction was 
rather similar for the D27A and N112A mutants, about 30-fold and 60- 
fold, respectively. Based on these results and the position of the residues 
relative to a glucoside unit modelled at subsite − 1 of AcCel45A, Nomura 
et al. (Nomura et al., 2019) proposed that Asn112 in its imidic acid form 
acts as the catalytic base that activates a water molecule for nucleophilic 
attack at the anomeric carbon, whereas Asp27 is of primary importance 
for productive positioning of the glucose residue at subsite − 2. How-
ever, the orientation of the modelled glucoside is quite different from 
previous observations and models. The glucose residue modelled at 
subsite − 1 of AcCel45A is flipped so that the 2OH and 3OH groups point 
towards the bottom of the cleft, while the 6OH arm is pointing out from 
the active site. The anomeric carbon is exposed on the side of the glucose 
ring that is facing Asn112 and not Asp27 (Nomura et al., 2019). This is in 
contrast to the crystal structures with sugar bound at subsite − 1 as well 
as the QM/MM MD study by Bharadwaj et al. (2020). There, the glucose 
residue is instead oriented with its 6OH arm bound at the bottom of the 
cleft, while the 2OH and 3OH groups point out from the active site, 
which exposes the anomeric carbon on the side of the ring that is facing 
the Asp residue and not on the side where the Asn residue is located. 

Considering the high structural similarity between AcCel45A and 
MeCel45A, the corresponding residues in M. edulis Cel45A (Asp24, 
Asn109 and Asp132) should be of similar importance. Asp132 is the 
catalytic acid, but which residue is acting as the catalytic base, Asp24 or 
Asn109, remains an open question. Further research is obviously needed 
to fully elucidate the catalytic mechanism of GH45 and its subfamilies at 
the molecular level. 

4. Conclusions 

Our results show that the GH45 enzymes studied here share several 
common properties. All can hydrolyze barley beta-glucan, konjac glu-
comannan and carboxymethylcellulose with an apparent preference for 
barley beta-glucan. Hydrolysis by these enzymes leads to inversion of 
configuration at the anomeric carbon, thus indicating an inverting ac-
tion mechanism. We also demonstrated a few key differences such as 
mannanase activity among subfamily B and C members, and the ability 
of subfamily A member to produce monomeric glucose. We pointed out a 
variation in product profile within subfamily B and a possible evolu-
tionary cold adaptation of the enzyme in blue mussel. 

5. Methods 

5.1. Extraction and purification of MeCel45A 

MeCel45A from Blue Mussel, Mytilus edulis, (UniProt entry P82186) 
was prepared as described (Xu et al., 2000) with minor modifications – 
only the digestive gland of the mussel was used and the acid precipita-
tion and heat precipitation steps were omitted. The blue mussels were 
collected from waters off the Swedish west coast, frozen and their 
digestive glands excised (total 1.42 kg glands from 28.7 kg of whole 
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frozen mussels). The digestive glands were homogenized in a meat 
blender (cooled with ice), stirred for 30 min and insoluble materials 
were removed by centrifugation. The target protein was captured by 
immobilized metal affinity chromatography (IMAC) on a STREAMLINE 
Chelating gel (Amersham Biosciences) saturated with zinc ions and 
elution with 20 mM sodium phosphate, pH 7.0, 1 M NaCl, 50 mM EDTA, 
followed by size-exclusion chromatography on Superdex 75 pg (Amer-
sham Biosciences) and finally cation exchange chromatography on a 
Mono S column (Amersham Biosciences) eluted with a gradient of 
0–300 mM NaCl in 20 mM sodium acetate, pH 5.5. MeCel45A eluted at 
~200 mM NaCl. Activity against CMC during MeCel45A purification 
was assayed using dinitrosalicylic acid as reducing sugar reagent ac-
cording to Bhat and Wood (1998). The purified enzyme was concen-
trated by ultra-filtration in 50 mM sodium acetate, 0.2 M NaCl, pH 5.5, 
and was stored at +4 ◦C prior to crystallisation screening, and at − 20 ◦C 
for further use. The final yield was 8 mg of pure MeCel45A enzyme 
(extinction coefficient of 41,660 M− 1 cm− 1). Further details are pro-
vided in the Supplementary Information file. 

5.2. Preparation of HiCel45A, PcCel45A, TrCel45A 

All protein stock solutions were kept in 10 mM sodium acetate buffer 
pH 5 with protein concentration of less than 1.0 mg/mL, stored at room 
temperature directly before use, at +4 ◦C the day before use and − 20 ◦C 
for further use. 

Purified HiCel45A (GenBank: QCH00668, ext. coefficient 0.1% =
1.956) from Humicola insolens (including enzymatic deglycosylation 
with endo H, followed by size exclusion chromatography on Superdex 
75) was kindly provided by Kristian Bertel Rømer Mørkeberg Krogh at 
Novozymes A/S, Denmark. 

Methanol-induced heterologous expression of PcCel45A (GenBank: 
BAG68300, ext. coefficient 0.1% = 1.270) was done in Komagataella 
pastoris KM71H expression system according to Igarashi and colleagues 
(Igarashi et al., 2008). Culture filtrate, supplemented with 1 M 
(NH4)2SO4, was applied on a hydrophobic interaction chromatography 
(HIC) column (Phenyl Sepharose; elution buffer 10 mM NaAc pH 5.0). 
The collected protein solution was desalted on Biogel P6 column into a 
20 mM TrisHCl pH 8.0 buffer. Desalting was followed by anion exchange 
chromatography (DEAE Sepharose) with an elution buffer 0.5 M NaCl 
20 mM TrisHCl pH 8.0 using the following elution gradient: 0–50% 400 
mL; 50–100% 100 mL; 100% 200 mL. Size exclusion chromatography 
(Superdex 75, buffer: 10 mM NaAc pH 5.0) was carried out as a final 
purification step. 

TrCel45A from Trichoderma reesei (GenBank: CAA83846, ext. coef-
ficient 0.1% = 2.003) was kindly provided by Matti Siika-aho, VTT 
Biotechnology, Finland. The full-length TrCel45A enzyme (with CD- 
linker-CBM1) was obtained from culture filtrate of a T. reesei strain 
lacking the genes expressing the two major endoglucanases Cel7B and 
Cel5A and was purified as described in Karlsson et al. (2002). 

5.3. Crystallisation and structure determination of MeCel45A 

Crystallisation was done at room temperature by hanging drop 
vapour diffusion (McPherson, 1982). Crystals were grown with 12 mg/ 
mL protein solution in 50 mM sodium acetate, pH 5.5, 0.2 M NaCl, 
mixed with and equilibrated against 0.6 M sodium acetate, pH 5.5, and 
0.125 or 0.375 M NaCl. The heavy-atom derivative was obtained by 
adding a grain of solid of Baker's dimercurial (C10H16Hg2O6; 1,4-diace-
toxymercuri-2,3-dimethoxybutane; Anatrace) to drops with crystals. 
Crystals to be used for X-ray analysis were kept for 1–5 min in a cryo- 
protectant solution (30% monomethyl PEG 5000, 12.5% glycerol, 0.1 
M sodium morpholine-ethane-sulfonic acid, pH 6.0, and 10 mM CoCl2) 
and then flash-cooled using liquid nitrogen. X-ray diffraction data were 
recorded at 100 K, in-house on a CuKα RIGAKU/R-AXIS IIC system 
(native, 1.85 Å; dimercurial, 2.0 Å), and at beamline ID14-3, ESRF, 
France (native, 1.2 Å resolution). Diffraction data were indexed, 

processed and scaled with the HKL program package (Otwinowski & 
Minor, 1997). The structure was solved with SIRAS (single isomorphous 
replacement with anomalous scattering) using a derivative with Baker's 
dimercurial. The final structure model was refined with Refmac5 
(Murshudov et al., 1997) at 1.2 Å resolution and final R and Rfree-values 
of 0.147 and 0.162. Further details are provided in the Supplementary 
Information file. Statistics of X-ray diffraction data sets and structure 
refinement are summarized in Tables S1 and S2, respectively. Atomic 
coordinates of the structure model and the structure factors have been 
deposited with the Protein Data Bank (wwpdb.org) (wwPDB con-
sortium, 2019) as PDB entry 1WC2. 

5.4. Structure comparison 

To include Cel45A from T. reesei in structure comparisons, a ho-
mology model was created for TrCel45A, built in SWISS-MODEL 
(Waterhouse et al., 2018) using MeCel45A (PDB code 1WC2; this 
work) as a template. The PyMOL Molecular Graphics System, Version 
1.8.6.0 (Schrödinger, LLC) was used to align structures and investigate 
structural similarities. The structures were superposed using CEAlign 
command and structure deviation was expressed as root mean square 
deviation (RMSD, Å) over aligned Ca atoms, as generated by the CE 
algorithm. LIGPLOT v.4.5.3 (Wallace et al., 1995) was used for plotting 
protein-ligand interactions. The multiple sequence alignment was 
created using MUSCLE (Madeira et al., 2019) online at the EMBL-EBI 
server (ebi.ac.uk), later adjusted and visualized in ESPript (espript. 
ibcp.fr) (Robert & Gouet, 2014). The percentage sequence-identity 
matrix was created with Clustal 2.1 online using the EMBL-EBI server 
(ebi.ac.uk) (Madeira et al., 2019). 

5.5. Reducing sugar assay 

MeCel45A, TrCel45A, PcCel45A and HiCel45A were each incubated 
at 30 ◦C, 400 rpm, in 0.1 M sodium acetate buffer pH 5.0 on CMC (β-1,4 
linkage, degree of carboxymethyl substitutions 0.60–0.95, dynamic 
viscosity 0.7–1.5 Pa.s, purity >99%, BioChemika, Fluka), konjac glu-
comannan (β-1,4 linkage, mannose: glucose = 60: 40, kinematic vis-
cosity ~1.0 × 10-5 m2/s, purity >98%, Megazyme) or barley betaglucan 
(mixed β-1,4 and β-1,3 linkages, kinematic viscosity 2.0–3.0 × 10-5 m2/ 
s, purity ~95%, Megazyme) dissolved in water. Reaction was stopped by 
adding 1 M sodium hydroxide solution in a 1:1 ratio and cooling samples 
on ice. Hydrolytic activity was determined colorimetrically by quanti-
fying the reducing sugar formation with p-Hydroxybenzoic acid hy-
drazide (PHBAH, Sigma) solution (Lever, 1972): 0.1 M PHBAH; 0.2 M 
sodium potassium tartrate; 0.5 M sodium hydroxide solution. PHBAH 
solution was added in 1:1 ratio to the samples, followed by incubation at 
95 ◦C for 15 min and cooling on ice for 10 min. Samples were kept at 
room temperature for 5 min before absorption was read at 410 nm. 

5.6. Hydrolysis product analysis by high-performance anion-exchange 
chromatography (HPAEC) 

0.075 μM MeCel45A and 0.075 μM TrCel45A each were incubated at 
+30 ◦C and +4 ◦C with 85 μM cellohexaose (Seikagaku Corporation, 
dissolved in water) in 0.1 M sodium acetate buffer pH 5.0. 

Cellohexaose hydrolysis products were analyzed periodically (every 
65 min for 6 h) using DIONEX ICS3000 equipped with Dionex CarboPac 
PA200 column, HPAE-PAD detector. Column was equilibrated in 150 
mM NaOH/50 mM Na acetate. Peak separation was achieved at a 
flowrate 0.450 mL/min by three gradients: 1) from 150 mM NaOH/50 
mM Na acetate to 150 mM NaOH/125 mM Na acetate in 20 min; 2) from 
150 mM NaOH/125 mM Na acetate to 150 mM NaOH/250 mM Na ac-
etate in 15 min; 3) 150 mM NaOH/250 mM Na acetate for 15 min. 
Separation was followed by a cleaning step gradient from 150 mM 
NaOH/250 mM Na acetate to 150 mM NaOH/50 mM Na acetate in 15 
min. Cellobiose, cellotriose and cellotetraose (Seikagaku Corporation) 
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standards were used for peak identification and product quantification. 

5.7. NMR spectroscopy 

Degradation of beta-glucan and glucomannan with MeCel45A, 
TrCel45A, PcCel45A, and HiCel45A was investigated by NMR spec-
troscopy. The substrates were dissolved in D2O to yield 1% stock solu-
tions. Substrates and enzymes were mixed in 3 mm NMR tubes to a total 
volume of 160 μL, a final substrate concentration of 5–7 mg/mL, and 50 
mM phosphate buffer (pH 5.0). The enzyme concentration was either 
0.3–0.5 μM (for glucomannan and beta-glucan degradation) or 35 μM 
(for glucomannan degradation). 

NMR spectra were recorded on a Bruker Avance III 600 MHz spec-
trometer using a 5 mm inverse detection cryoprobe equipped with z axis 
gradient. The spectra were acquired at 30 ◦C with the HDO signal as 
internal reference (δ 4.71 ppm). After the enzyme was added, the tube 
was quickly placed into the probe and hydrolysis was monitored as a 
function of time. The first spectrum was acquired within 10 min after the 
reaction started, and from then on spectra were acquired every 5–10 
min. 1D spectra were obtained from the 1D NOESY experiment (noe-
sygppr1d) for water suppression, with water presaturation during the 
relaxation delay (1 s) and the mixing time (50 ms). A sweep width of 
6000 Hz was used, and 32 scans of 64 K data points were acquired. The 
enzyme and substrate concentrations were chosen to ensure fast enough 
reaction to allow determination of the glucose anomers before muta-
rotation occurred. Samples for glucomannan degradation with high 
enzyme concentration (35 μM) were run in duplicate for each enzyme to 
yield an error estimation. 

Signal assignments were carried out with the help of various 2D NMR 
experiments, including 1H,1H-TOCSY, 1H,1H-NOESY, and 1H,13C-HSQC, 
as well as comparison with previous assignments of beta-glucan 
(Petersen et al., 2013) and glucomannan (Mikkelson et al., 2013; Tele-
man et al., 2003) and predicted chemical shifts from the CASPER tool 
(Jansson et al., 2006; Lundborg & Widmalm, 2011). 

Proton signals were integrated and normalized to yield ratios of 
reducing-end or non-reducing end residues to interior residues. Since H1 
of interior Man and Glc residues of glucomannan were hidden by the 
water signal or affected by the water suppression, H2 of interior residues 
was used for normalization. Reducing-end Man was calculated from the 
ratio between reducing-end Man H1-α (5.17 ppm) and interior Man H2 
(4.11 ppm). Reducing-end Glc was calculated from the ratio between 
reducing-end Glc H1-α (5.22 ppm) and interior Glc H2 (3.35 ppm) and 
from the ratio between reducing-end Glc H2-β (3.28 ppm) and interior 
Glc H2 (3.35 ppm). For partly overlapping signals and signals with very 
low abundance, peak heights were used rather than integrals. By this 
means, non-reducing end 2Ac-Man was calculated from the ratio be-
tween non-reducing end 2Ac-Man H2 (5.45 ppm) and interior 2Ac-Man 
H2 (5.50 ppm). Similarly, non-reducing end Man was calculated from 
the ratio between non-reducing end Man H2 (4.05 ppm) and interior 
Man H2 (4.11 ppm), and non-reducing end Glc was calculated from the 
ratio between non-reducing end Glc H2 (3.30 ppm) and interior Glc H2 
(3.35 ppm). For beta-glucan, reducing-end Glc was calculated from the 
ratio between the integrated signal of reducing-end Glc H1-α (5.23 ppm) 
and β(1 → 4)-linked Glc H1 (4.54 ppm). 
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