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Abstract

Thermostable cellulases from glycoside hydrolase family 7 (GH7) are the main components of 

enzymatic mixtures for industrial saccharification of lignocellulose. Activity improvement of these 

enzymes via rational design is a promising strategy to alleviate the industrial costs, but it requires 

detailed structural knowledge. While substantial biochemical and structural data is available for 

GH7 cellobiohydrolases, endoglucanases are more elusive and only few structures have been 

solved so far. Here we report a new crystal structure and biochemical characterization of a 

thermostable endoglucanase from the thermophilic ascomycete Rasamsonia emersonii, ReCel7B. 

The enzyme was compared with the homologous endoglucanase from the mesophilic model 

ascomycete Trichoderma reesei (TrCel7B), which unlike ReCel7B possesses an additional 

carbohydrate binding module (CBM). With a temperature optimum of 80°C, ReCel7B displayed a 

number of differences in activity and ability to synergize with cellobiohydrolases compared to 

TrCel7B. We improved both binding and kinetics in a chimeric variant of ReCel7B and a CBM, 

while we observe the opposite effect when the CBM was removed in TrCel7B. The crystal 

structure of ReCel7B was determined at 2.48 Å resolution, with Rwork and Rfree factors of 0.182 

and 0.206, respectively. Structural analyses revealed that ReCel7B has increased rigidity in a 

number of peripheral loops compared to TrCel7B and fewer aromatics in the substrate binding 

cleft. An increased number of glycosylations were identified in ReCel7B and we propose a 

stabilizing mechanism for one of the glycans. Global structure-function interpretations of ReCel7B 

highlight the differences in temperature stability, turnover, binding and cellulose accessibility in 

GH7 endoglucanases.

Introduction

Cellulases from glycoside hydrolase family 7 (GH7) have widespread interest because of their 

applicability in upcoming biorefineries and their ecological role in the terrestrial carbon cycle [1-

3]. Members of the GH7 family are mostly identified in fungal genomes [4], and can be divided 

into cellobiohydrolases (CBHs) and endoglucanases (EGs), based on their mode of action on 

cellulose [5]. CBHs (EC 3.2.1.176) are commonly described as exo-processive retaining enzymes, 

with high specificity for crystalline cellulose. EGs (EC 3.2.1.4) are endo-acting, and more specific A
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towards amorphous cellulose [6, 7]. However, this dichotomy may be an oversimplification, in as 

much as CBHs are able to perform endo-type initiation and some EGs show moderate processivity 

[8, 9]. Generally, CBHs are the most abundant enzymes in the secretome of cellulolytic fungi, 

while EGs are secreted to a smaller percentage [10, 11]. However, the presence of both is 

necessary for an efficient, synergistic degradation of cellulose [12-14]. Regarding their 

architecture, GH7 can be bi-modular, with a catalytic domain (CD) connected to a family 1 

carbohydrate binding domain (CBM) via a flexible peptide linker, although many lack the CBM 

and are composed solely by the CD [15]. Even though the CBM is not necessary for catalysis, the 

improved enzymatic action in the presence of a CBM is often credited to increased affinity for 

cellulose during cellulose targeting, which increase the local enzyme concentration [16-18]. In the 

CD, EGs and CBHs differ significantly since the latter has eight flexible loops which form a 

tunnel-shaped substrate-binding site, with up to 11 carbohydrate binding subsites [19]. The EGs 

has fewer subsites and a more exposed catalytic cleft, as a consequence of the shorter loops 

covering this region [20, 21]. It has been shown earlier that the length of the loops covering the 

catalytic cleft play a significant role in tuning processivity, binding and endolytic activity of GH7 

enzymes [22, 23].

There are more than 20 GH7 crystals structures deposited in the Protein Data Bank (PDB, 

www.rcsb.org), of which only four belong to the EGs [24]. Here we report the biochemical and 

structural investigation of ReCel7B, which is the major GH7 EG from the thermophilic 

ascomycete Rasamsonia emersonii (basionym: Talaromyces emersonii [25]). ReCel7B is 

composed of a single catalytic domain, and the crystal structure was determined at a resolution of 

2.48 Å, with Rwork and Rfree factors of 0.182 and 0.206, respectively. To elucidate structure-

function relationships, we performed detailed biochemical analyses of ReCel7B and TrCel7B, the 

major EG from the mesophilic ascomycete Trichoderma reesei. The catalytic domains of ReCel7B 

and TrCel7B have 58% amino acid sequence identity while TrCel7B includes a linker-CBM 

domain [20]. To account for this in the functional studies, we also expressed and characterized two 

variants, one of TrCel7B deprived of linker-CBM (TrCel7BΔCBM), and one of ReCel7B with an 

added linker-CBM from T. reesei Cel7A (ReCel7BinsCBM). Finally, since the ability of an EG to 

synergize with CBHs is an important element of its function, we investigated the effect of 

synergistic mixtures of ReCel7B in combination with the paralogous CBH (ReCel7A) or the CBH 

from T. reesei (TrCel7A), and compared the results with the synergistic capability of TrCel7B.A
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Results

Phylogenetic analysis of characterized GH7 

To evaluate and identify sequence differences of ReCel7B with respect to other EGs, we collected 

87 GH7 amino acid sequences with documented enzyme activity from the Carbohydrate Active 

Enzymes database (CAZy, www.cazy.org), [26]. The resulting phylogenetic tree (Fig. 1A) showed 

a separation between the sequences in three major clades, as supported by earlier works [27]. One 

clade corresponded to CBHs, mostly belonging to ascomycetes and basidiomycetes but also some 

metazoans and amoebozoans sequences. A second clade corresponded to the ascomycotal EGs, 

included ReCel7B, TrCel7B and other known EG structures such as Fusarium oxisporium 

FoCel7B (PDB 1OVW) [28], Humicola insolens HiCel7B (PDB 2A39) [29] and Trichoderma 

harzianum Cel7B ThCel7B ( PDB 5W0A) [30]. TrCel7B and ThCel7B share high sequence 

identity (~90%), while HiCel7B and FoCel7B are less similar (~60% sequence identity). The last 

clade corresponded to the parabasalian EGs, which diverge from their fungal equivalent, as 

expected by the organisms particular symbiotic lifestyle [31]. A structure-based sequence 

alignment with the homologous EGs is shown in Fig. 1B. With these, ReCel7B shared a relatively 

high amino acid sequence identity (~50-60%). A conservation of the catalytic triad was observed 

(black stars in Fig. 1B), with E199 and E204 in ReCel7B suggested as the nucleophile and the 

acid/base residues involved in the retaining mechanism, respectively [32].

Structure solution and overall quality of ReCel7B model

The structure of ReCel7B (PDB entry 6SU8) was determined at 2.48 Å resolution, with Rwork and 

Rfree at 0.182 and 0.206, respectively, and an average temperature factor (B-factor) of 53. The 

crystals have solvent content of 78% and a crystal packing suggesting that ReCel7B is able to form 

trimers, and each trimeric unit only forms one or two crystals contacts to make up the crystal 

lattice. The trimer interface is mainly formed by a number of flexible loops (Fig. 2G), described in 

detail below. However, we believe that ReCel7B is functional as a monomer and that the trimeric 

packing likely is an artefact inferred from the crystal conditions. The monomeric state of ReCel7B 

in solution was confirmed by analytical size-exclusion chromatography (Fig. 3). The crystals of 

ReCel7B belonged to the space group C2221 with three molecules in the asymmetric unit. 
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Statistical details regarding data collection, processing and refinement of the structure are found in 

Table 1. 

Structure of ReCel7B 

The overall fold of ReCel7B display a topology typical to the GH7 family, a β-jelly roll forming a 

distorted β-sandwich [33]. Compared to the structural homologous found amongst the CBHs, EGs 

generally display shorter loops covering the catalytic area, which create an exposed cleft [34]. The 

nomenclature for the most relevant loops has been proposed previously [35], and we will used this 

formalism throughout. In ReCel7B the six major loops, termed A1-A3, B1, B3 and B4 have been 

highlighted (Fig. 2A). To investigate the substrate-binding cleft, ReCel7B was superimposed on 

published structures of TrCel7B and ThCel7B (Fig. 2), as well as HiCel7B containing a substrate 

analogue in the active site [36] and FoCel7B complexed with cellobiose [37] (not shown). Two 

residues, W344 and W353 of ReCel7B, are highly conserved in the EG structures and are probably 

forming the subsites -2 and +1, respectively. Close to loop B1, two tryptophan residues in the 

homologous CBHs play a role in ligand binding in sub-sites -4 and -7 [38]. The aromaticity is 

conserved in TrCel7B and ThCel7B, both containing Y38 and W40 in these positions, absent in 

ReCel7B, FoCel7B and HiCel7B. In ReCel7B the aromatics are substituted into S37 and P39, 

respectively. Conserved residues are also R108/108, S342/318 and Y149/146 (ReCel7B/TrCel7B 

nomenclature), and in TrCel7B these residues probably interact via hydrogen bonding to the -2 

and -3 sub-sites of a cellulose chain [21]. Moreover, a histidine interacting with the ligand at 

subsite +1 [39] is present both in HiCel7B (H209) and FoCel7B, while it is absent in 

ReCel7B,TrCel7B and ThCel7B and they are all substituted to alanine (A211 in ReCel7B). Several 

proline residues in ReCel7B are replaced by other residues in TrCel7B, namely P14/T15, 

P216/S213, P239/A222, P265/T248 (ReCel7B/TrCel7B nomenclature). The first N-terminal 

glutamine was cyclized into pyroglutamic acid (PCA), as expected for expression in a fungal 

system. All the cysteines formed disulfide bonds (18 cysteines in total). Despite 20 mM cellobiose 

in the crystallization solution, we did not observe electron density for it in the substrate-binding 

region. 

Loop comparisons with TrCel7B, ThCel7B HiCel7B and FoCel7B 

Initial cellulose chain threading can occur at the B1 and A1 loop (Fig. 2A) [35, 40]. Both vary 

significantly in length and amino acid composition among the EG (Fig. 1B). As for the former, A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

HiCel7B and FoCel7B have the longest loops, followed by ReCel7B and TrCel7B/ThCel7B. The 

lengths of the A1 loop shows the opposite trend TrCel7B/ThCel7B>ReCel7B>HiCel7B>FoCel7B. 

The A2 loop in ReCel7B is delimited by a solvent exposed alpha helix (helix α6 in Fig. 1B) and a 

glycosylated asparagine, N363 (Fig. 2A). Interestingly, glycosylation on N363 was not observed 

in the other EG structures (Fig. 1B). Closer to the active site, the A3 loop (Fig. 2A) of ReCel7B 

contains a proline residue, (P347) which is not seen in the other known GH7 structures. The B3 

loop is truncated in TrCel7B and ThCel7B (Fig. 2C), as compared to ReCel7B and the other EGs 

considered (Fig. 1B). The longer B3 loop of ReCel7B is stabilized by an additional disulfide 

bridge (C225-C230). 

Finally in the product area, the short B4 loop (Fig. 2A) connects 2 α-helices in FoCel7B and 

HiCel7B (α2 and α3 in Fig. 1B). In ReCel7B the loop length is similar, however the presence of a 

proline residue (P322), absent in the other structures, impedes the formation of the α-helix α3 (Fig. 

1B). On the other hand, TrCel7B and ThCel7B have a different loop configuration where α2 is 

completely absent. 

Glycosylations in ReCel7B

The ReCel7B crystals studied here retained full glycosylation (no modification of glycans prior to 

crystallization), and it was possible to identify five N-glycosylation sites in connection with 

asparagines from visual inspection of the electron density in positions N28, N77, N185, N277 and 

N363 (Fig. 4). Therefore, in the model we were able to assign one N-acetyl glucosamine (NAG) 

molecule at position N28, N77, N277 and N363, while two NAGs and one mannose were assigned 

in position N185. The N-glycosylation site N185 is conserved in TrCel7B in position N182 (Fig. 

2C) and in ThCel7B in the same position, while the other structures have glycosylations elsewhere 

(magenta boxes in Fig. 1B). The crystal lattice (Fig. 2H) showed that all the glycans are facing the 

solvent and are evenly distributed along the structure. The high solvent content allowed the glycan 

to appear in an extended conformation, in fact we were able to detect additional electron density 

beyond most of the glycosylation sites, however the resolution was too low to further extend the 

glycan structure. Instead, we analysed the glycan composition of ReCel7B by intact protein mass 

spectrometry (MS). This revealed that ReCel7B expressed in A. oryzae is heavily and 

heterogeneously glycosylated (Fig. 5). Comparison of the MS spectra between ReCel7B native 

structure and ReCel7B deglycosylated with endoglycosidase H (Endo-H), allowed us to observe a 

mass shift corresponding to five N-acetylated hexoses and 44 hexoses between the main peaks in A
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the MS spectra (Fig. 5). To identify and quantify the glycan composition of ReCel7B, the enzyme 

was subjected to strong acid hydrolysis and the released monosaccharides were analysed with high 

performance anion exchange chromatography with pulsed amperometric detection (HPAEC-PAD, 

Fig. 6). The detected sugars were NAG, mannose and galactose, and their amount listed in Table 

2. 

Biochemical properties of ReCel7B, ReCel7BinsCBM and TrCel7B

The temperature optimum of ReCel7B, ReCel7BinsCBMCBM and TrCel7B was investigated on 

microcrystalline cellulose Avicel (Fig. 7A). As expected by the organism of origin [25], ReCel7B 

showed a very high temperature optimum (Topt) at about 80 °C, while TrCel7B showed an 

optimum around 55 °C. ReCel7BinsCBM displayed higher activity at all temperatures compared 

to the wild type, and the Topt shifted to lower values (75°C). The optimal pH on Avicel at 50 °C 

was also determined (Fig. 7B). ReCel7B showed a rather broad pH optimum around 2.5-5, while it 

was more narrow for TrCel7B, at 4.5. We measured the thermal transition midpoints (Tm) of 

ReCel7B, ReCel7BinsCBM and TrCel7B at different pH values using Differential Scanning 

Fluorimetry (DSF, Fig. 7C). ReCel7B and ReCel7BinsCBM showed very similar and high Tm at 

all pH values, with a maximum value of 84 °C at pH 4.5 for ReCel7B. A decrease in Tm is 

observed at pH values distant from the optimal region. TrCel7B showed similar Tm-pH 

relationships but overall lower values, with the highest Tm being 62 °C at pH 4.5. 

Steady-state kinetic analysis on insoluble substrate

We investigated ReCel7B activity on microcrystalline cellulose with two different approaches 

[41]. The first was based on rate measurements at substrate excess, and hence followed the 

conventional Michaelis-Menten (MM) framework:

(1)max 0
0

0

conv

conv
M

V Sv
K S




As shown in Fig. 7D, we could not reach saturation within a practicable substrate load (up to 

~100g/L), and we hence only report the specificity constant, η, specified by the slope in Fig. 7D 

for low Avicel loads. The specificity constant (Table 3) was much higher in TrCel7A compared to 

ReCel7B (0.04 and 0.01 g L-1 s-1 respectively). The removal of the CBM in TrCel7BΔCBM 

shifted η to a value closer to ReCel7B (0.015 g L-1 s-1), while ReCel7B and ReCel7BinsCBM 

showed similar η. A
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The second steady-state approach used is the so-called inverse Michaelis-Menten (invMM), which 

is well suited to describe interfacial enzymes [41]. This approach relies on rate measurements at 

enzyme excess and subsequent analysis of plots of rate vs. enzyme concentration. We used the so-

called inverse MM equation:

(2)max 0
0

0

inv

inv
M

V Ev
K E




Unlike the conventional enzyme-saturation case, invVmax describes the rate when all the 

hydrolyzable sites, or attack sites, present on the cellulose surface become occupied with enzyme 

[41]. Experimental points and best fits to Eq. 2 are shown in Fig. 7E, and parameters derived from 

these fits are listed in Table 3. For the wild type enzymes, the inverse maximal specific rate was 2-

fold higher for TrCel7B compared to ReCel7B (7.5 and 3.3 nmol g-1 s-1 respectively). 

ReCel7BinsCBM showed an improvement in invVmax compared to ReCel7B, while the removal of 

the CBM in TrCel7BΔCBM, decrease invVmax almost three-fold compared to TrCel7B. 

Finally, we made binding isotherms (Fig. 7F) by measuring the concentration of free enzyme in 

solution (Efree) and calculating the substrate coverage Γ=(E0-Efree)/S0. This is measured as a 

function of Efree:

(3)
max free

d free

E
K E


 


Where Γmax is the saturation coverage and Kd is dissociation constant. The two CBM-less 

enzymes, ReCel7B and TrCel7BΔCBM, bound very weakly, and we were unable to determine the 

difference in the numerator of eq. 3 with statistical significance. Hence, binding could not be 

quantified for these enzymes by the current method. For the two enzymes with CBM, binding was 

readily detectable, and as illustrated in Fig. 7F, TrCel7B adsorbed about three-fold more on Avicel 

than ReCel7BinsCBM.

Synergy with cellobiohydrolases

We made four independent synergy curves mixing the two investigated EGs with the CBH 

TrCel7A and ReCel7A (Fig. 8). To calculate the degree of synergy, the activities of the enzyme in 

the mixtures (black points in Fig. 8) were compared to the activities of the CBH and EG acting 

alone in the same conditions (coloured points in Fig. 8). Synergy was then quantified by 

calculating the degree of synergy (DS): A
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(4)
CBH EG

CBH EG

ADS
A A






where ACBH+EG is the activity of the enzyme mixture at a specific mole fraction of CBH, ACBH and 

AEG are the monocomponent activities at the same molar concentration (of the monocomponent) 

as the mixture. Synergy was evident in all cases, and the T. reesei CBH-EG mixtures showed 

overall higher DS than R. emersonii (Fig. 8 A-B). The highest DS was found with 25% EG for T. 

reesei, and about 50% EG for R. emersonii. Synergy of ReCel7B and TrCel7B was also tested in 

mixtures with the CBH of the opposite organism (Fig. 8 C-D). The DS, plotted as a function of the 

mole fraction of CBH (Fig. 9), indicated that for ReCel7B mixed with TrCel7A the maximum DS 

was reached with high amount of EG. Surprisingly, very low quantities (1-2%) of TrCel7B were 

capable of significantly enhancing the activity of ReCel7A and particularly TrCel7A (Fig. 9).

Discussion

Structural properties of ReCel7B

A phylogenetic tree of all biochemically characterized GH7 sequences (Fig. 1A) shows the 

evolutionary distribution of the structures from this family. According to CAZy database, there are 

20 unique published GH7 structures out of which 16 are CBHs. They are mostly distributed in the 

ascomycotal clade, although few structures are available from basidiomycetes, amoebozoans and 

metazoans. As for the EGs, the only four structures deposited to date are from ascomycetes, which 

are part of a separate clade. So far no structural information is available amongst the parabasalia 

EGs. ReCel7B can be found in the ascomycotal EG clade, clustering with a Talaromyces 

cellulolyticus EG, from which it shares about 65% sequence identity. Considering its phylogeny 

and thermophilic origin, ReCel7B seemed a promising candidate for expanding the structure-

function knowledge of the EGs. ReCel7B crystal structure was determined at 2.48 Å resolution. 

The overall fold was, as expected, highly conserved and, compared to TrCel7B, the most 

conspicuous differences were found in the so-called “exo” part of the structure, which appeared 

more enclosed (Fig. 2C), mainly due to the increased length of loops B3 and B4. Studies 

performed by Wang et al. [42] indicated that mutating a serine (S221) to a lysine in TrCel7B 

reduced the enzymatic activity more than 65%, comparable to the observed difference in activity 

between TrCel7B and ReCel7B (Table 3). The S221K mutation in TrCel7B corresponds to K238 A
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position in ReCel7B. It is therefore tempting to propose that K238 in ReCel7B plays a role for 

thermostability, particularly since the primary amine of K238 is engaged in a hydrogen bond 

network with the backbone carbonyl of C230 in the B3 loop and the backbone carbonyl of Q177 

(Fig. 2E). A corresponding lysine is found in HiCel7B and in FoCel7B (2A39 and 1OWV, 

respectively) and these enzymes both display lower activity than TrCel7B on cellulosic substrates 

[43], while an alanine is present in ThCel7B (A221). We propose that the added stabilization of a 

lysine in this region could negatively influence catalytic efficacy, since the introduction of the 

lysine in TrCel7B decreased the activity on Avicel and increased the processivity, as shown by 

Wang and co-workers [42]. 

Close to the B1 loop, the two aromatics of TrCel7B (W40 and Y38) are substituted to S37 and P39 

in ReCel7B (Fig. 2F). The same residues are also found in the thermophilic HiCel7B (S37/P39, 

not shown). Aromatics in this position have been suggested to interact with the substrate in an 

homologous CBH [38], and engineering of HiCel7B showed that it was possible to increase 

affinity on phosphoric acid swollen cellulose by introducing the mutations S37W/P39W [29]. 

Thus, ReCel7B appears to have fewer or weaker binding subsites compared to TrCel7B, as in the 

case of HiCel7B [29], and the sequence conservation shared between them suggests that these 

residues could be important for the thermostability, but coming at the price of reduced substrate 

interactions. Close to B4 loop, another loop is also elongated in ReCel7B (position S302-S304) 

compared to TrCel7B and ThCel7B, but it is shorter than FoCel7B and HiCel7B (Fig. 1B). Sonoda 

and co-workers observed with molecular dynamics simulations that in ThCel7B an additional 

subsite (+2') is well suited for accommodating branched polysaccharides typical of hemicelluloses, 

due to a more open cleft shape of the product site compared to HiCel7B and FoCel7B [30]. 

ReCel7B openness in the product area is intermediate between that of ThCel7B/TrCel7B and 

FoCel7B/HiCel7B, suggesting the possibility of a side hemicellulolytic activity.

A number of additional features were identified in ReCel7B structure which could be associated 

with increased rigidity compared to TrCel7B. In particular, the presence of unique prolines and 

superficial ion pairs (D152-R335, D293-R264, D136-K139) an additional disulfide bridge and a 

more compact hydrophobic core (due to the presence of W203 and F395, for example) are all 

stability promoting elements [44, 45]. Indeed, protein engineering studies showed that 

thermostability can be increased by the addition of more disulphide bridges in TrCel7B [46], and 

by increasing hydrophobicity of cavities in an EG from Trichoderma pseudokoningii [47]. A
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Interestingly, one proline residue (P239) is substituted to A222 in TrCel7B and S222 in ThCel7B. 

Molecular simulations studies of ThCel7B showed that S222 hydrogen bonds with cellotetraose 

and other oligosaccharides in subsite +2 [30]. The proline substitution in ReCel7B might be 

responsible for a decrease in affinity for cellobiose in the product site.

Additionally, ReCel7B displays high amount of N-glycosylation sites (Fig. 2C), five (N28, N77, 

N185, N277 and N363) compared to only two in TrCel7B (N56 and N182) [20, 48].We note that 

particularly the glycosylations promote a clear stability role in ReCel7B since enzymatic 

deglycosylation with Endo-H or Peptide-N-glycosidase F (PNGase F) give rise a loss in Tm of 

about 2 and 4 °C respectively. Moverover, MS and monosaccharide composition analysis 

indicated that ReCel7B is heterogeneously glycosylated and the hexoses added onto NAG at each 

site were mannose and, at a smaller percentage, galactose (Table 2). It was indeed surprising that 

the crystallization succeeded despite the extensive amounts of glycans present. 

Galactose residues have been detected before in the glycan composition of an A. oryzae β-

galactosidase [49], and as described also for other enzymes [50], this suggests that ReCel7B is 

mannosylated and galactose is most likely present at the end of the mannose chains to prevent 

further carbohydrate additions. All identified glycans were solvent exposed (Fig. 2G-H), and in 

most cases (particularly for N277, N28 and N77) we could not identify solvent patterns or 

significant intermolecular interactions with the neighbouring residues (Fig. 2A). The N363 

glycosylation is located close to the A2 loop (Fig. 2A), and this could reduce loop flexibility [35] 

and protein unfolding [51]. 

Moreover, a complex stabilizing interaction was identified for the N185 glycan in loop S1 (Fig. 

2D). The O6' of the NAG is in hydrogen bond distance with the carbonyl in the backbone of R159 

stabilizing and interaction with loop S2. A water molecule is bridging the B3 (S221) and S2 

(D154) loop via the acetyl group of NAG (Fig. 2D). Additionally, D154 interacts with S156 

through another hydrogen bond further stabilizing the S2 loop. The loops B3, S1 and S2 are thus 

all engaging in a hydrogen bond network involving the N154 glycan. This stabilization is probably 

also important for TrCel7B, since a glycosylation is present in the same position (N182, Fig. 2C) 

and in its close homolog ThCel7B [30]. Although it is widely acknowledged that a combination of 

several factors are responsible for stabilizing thermophilic structures [52], we note that the features 

listed above point as elements contributing to the high Tm of ReCel7B [53, 54]. In addition to this, 

the presence of N-glycans are probably important for the very high solubility of ReCel7B, another 

desirable trait from an industrial perspective [55].A
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Activity of ReCel7B, TrCel7B and CBM deletion/insertion variants

Biochemical characterization of ReCel7B on Avicel at 50 °C revealed a broader acidic pH 

optimum as compared to TrCel7B (Fig. 7B) and that the high thermostability was maintained over 

a broad range of pH values (Fig. 7C), particularly towards the acidic range. This collectively 

suggests that ReCel7B is a thermoacidophilic enzyme. The only other GH7 EG structure isolated 

from a thermophilic fungus is HiCel7B [56]. The temperature optimum for this enzyme is 62 °C 

and the pH optimum is 7.5 [57], much lower than the temperature optimum of 80 °C of ReCel7B 

(Fig. 7A). The other EGs have lower temperature optima, with TrCel7B and ThCel7B of about 55 

°C (Fig. 7A and [58]) and FoCel7B being the least thermostable [43]. Enzymatic saccharification 

is usually performed at 50-55 °C for 48-72 h at pH ~5 [59, 60]. Thus, high enzyme thermostability 

is needed for an efficient process. It is desirable to move to higher temperatures to further 

accelerate the mass transfer rates, improve mixing and reduce microbial contaminations [61]. This 

can be achieved by the implementation of thermostable cellulases in industrial mixtures. 

Therefore, ReCel7B is highly attractive in an industrial perspective due to its high thermostability 

and broad pH optimum, which allows the enzyme to remain stable under different environmental 

fluctuations. Moreover, among the GH7 EG structures available, ReCel7B has the highest 

temperature optimum, thus making it a valuable tool for protein engineering studies aimed at 

improving endoglucanases for biomass conversion. 

Kinetic investigations at 50 °C clearly showed activity of ReCel7B against Avicel. This was in 

contrast to an earlier work where activity against this substrate was not detected [32], perhaps as a 

result of low substrate loads. Under substrate excess conditions (Fig. 7D), TrCel7B was 

significantly more active than ReCel7B, with a specificity constant about four times higher (Table 

3). The addition of a CBM in ReCel7BinsCBM was beneficial for the activity, and the specificity 

constant improved by a factor of 1.5, while the removal of the CBM in TrCel7B decreased the 

specificity constant to the same level as ReCel7BinsCBM. 

We also investigated kinetics in the opposite limit of enzyme excess (Fig. 7E). In this case, the 

saturation rate (invVmax) is sensitive to the ability of an enzyme to locate hydrolizable sites on the 

cellulose surface [41]. TrCel7B showed high inverse maximal specific rate compared to ReCel7B 

(Table 3), suggesting that it is capable of forming more catalytically competent complexes on the 

cellulose surface. The strong effect of the CBM on this property was evident by an increase in 
invVmax of ReCel7BinsCBM and a considerable decrease for TrCel7BΔCBM (compared to the A
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corresponding wild type). The overall binding was also promoted by the presence of the CBM 

since it was measurable by the current method only for TrCel7B and ReCel7BinsCBM (Fig. 7F 

and Table 3).

Overall, the kinetic analysis showed that TrCel7B was catalytically more efficient on Avicel 

compared to ReCel7B. The better performance of TrCel7B was partially the result of the CBM and 

addition of a CBM to ReCel7B lessened the difference in catalytic performance. However, the 

chimeric enzyme ReCel7BinsCBM with the CD from Re and linker/CBM from TrCel7A remained 

distinctly inferior to the TrCel7B wild type with respect to both binding and catalysis. 

We conclude that the catalytic performance of the CD was poorer for the Re enzyme (the same 

conclusion may be reached by comparing the two CBM-less enzymes in Tab. 3). The biochemical 

results do not suggest that ReCel7A have evolved stronger ligand binding in the CD to compensate 

for the absence of a CBM (see Tab. 3 and Fig. 7F). This observation suggests that the higher 

degree of coverage of the ReCel7B binding cleft found in the structural part of this work does not 

promote substrate binding. However, since ReCel7B has not evolved to have additional domains, 

we cannot exclude that the linker-CBM chosen in this study is not optimal, and more systematic 

engineering works are needed to elucidate this aspect. Other possible roles are discussed below. 

Synergy with cellobiohydrolases

To further investigate the function of ReCel7B, we considered its ability to synergize with 

different CBHs and compared the results with TrCel7B (Fig. 8). 

Between CBHs and EG from the same organism, the T. reesei mixture showed higher DS than R. 

emersonii, at all investigated mole fractions (Fig. 9). This suggests that R. emersonii is probably 

not equipped with the same efficient endo-exo synergy system as T. reesei. When ReCel7B and 

TrCel7B were tested with the CBH from the opposite organism, the amount of EG necessary to 

reach the maximal DS was much higher for ReCel7B than TrCel7B (Fig. 9). Thus, ReCel7B did 

not seem to be a particularly good synergistic partner, regardless of the CBH used. TrCel7B, on 

the other hand, was very effective, as illustrated for example in a distinctive synergy at a fraction 

as little as 1% (Fig. 8A). 

One possible interpretation of the synergy measurements is that the activity of the EG 

monocomponent is directly proportional to the synergistic capability. In other words, the EG that 

is kinetically superior is also the most capable to synergize with a CBH. It is interesting to put this 

mechanistic interpretation in a more biological context. T. reesei and R. emersonii are both A
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saprophytic ascomycetes, capable of degrading cellulose-based biomass [62, 63]. One important 

difference between them is that T. reesei is a mesophile that is also capable of mycotrophy [64], 

while R. emersonii is a true thermophile [25]. A possible rationalization of the limited synergistic 

capability of the R. emersonii EG-CBH system is that there has been less selective pressure for 

this property. While T. reesei’s growth requirements might have exerted strong evolutionary 

pressure towards the most efficient cellulose-degrading system, high thermostability may have 

been more important for R. emersonii. 

Conclusions

Structural analysis revealed that ReCel7B had a number of loops with increased length and 

rigidity, and displayed more N-glycosylations compared to TrCel7B, which overall contribute to 

its high thermostability. Enzyme kinetics on Avicel indicated ReCel7B is a less efficient enzyme 

than TrCel7B, and analyses of variants with and without CBM showed that this difference could 

only be partially explained by the presence of a binding module in the Tr wild type. Tested in 

mixtures with cellobiohydrolases, ReCel7B was not a particularly good synergistic partner, unlike 

the mesophilic counterpart, which distinctly improved activity even at very low percentages. 

These results indicate that ReCel7B has not evolved specific structural features to compensate for 

the lack of a CBM, but instead promoted high thermostability over activity. We surmise that these 

new insights on the structure-function features of GH7 EGs could be useful for a better 

understanding of this industrially relevant enzyme family.

Materials and Methods 

Cloning, expression and purification of the enzymes

The enzymes ReCel7B, ReCel7A, ReCel7BinsCBM, TrCel7B ,TrCel7A and TrCel7BΔCBM were 

heterologously expressed in Aspergillus oryzae [65] and purified in three chromatographic steps 

following a previously established protocol [66]. ReCel7B (GenBank database ID: AHL20272.1) 

and ReCel7A (GenBank database ID: AAL89553.1) are respectively the wild type endoglucanase 

and cellobiohydrolase from Rasamsonia emersonii, while TrCel7B (GenBank database ID: 

AAA34212.1), and TrCel7A (GenBank database ID: CAH10320.1) are the wild type 

endoglucanase and cellobiohydrolase from Trichoderma reesei, respectively. ReCel7BinsCBM is A
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an engineered variant of ReCel7B, where linker and CBM sequences were added from TrCel7A. 

TrCel7BΔCBM is an engineered variant of TrCel7B where the linker and CBM at the C-terminal 

sequence was removed. The last amino acid in the sequence of the mature product of 

TrCel7BΔCBM is A375. The purity of the enzymes was confirmed by sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) using a NuPAGE 4-12% Bis-Tris gel (GE 

Healthcare). Enzyme concentrations were estimated by measuring the absorbance at 280 nm and 

using the following theoretical molar extinction coefficients [67]: 50975 M-1cm-1 for ReCel7B, 

74145 M-1cm-1 for TrCel7B, 74925 M-1cm-1 for ReCel7A, 86760 M-1cm-1 for TrCel7A, 57185 M-

1cm-1 for ReCel7BinsCBM and 62310 M-1cm-1 for TrCel7BΔCBM.

Phylogenetic tree building

To construct the phylogenetic tree, 87 amino acid sequences from the characterized and structures 

pages were retrieved from GH7 CAZy database [26]. A multiple sequence alignment was 

performed using ClustalW [68]. The pairwise and multiple alignment gap-opening values were set 

to 3 and 30, respectively and all other parameters were set to default values. The amino acid 

sequences corresponding to signal peptide, linker and CBM were removed from the aligned 

sequences (cut-off before Q18 for the signal peptide and after T411 for the linker-CBM, ReCel7B 

numbering). The sequences were subsequently re-aligned and a phylogenetic analysis was 

performed using MEGA7 [69]. A phylogenetic tree was built using the Maximum Likelihood 

method based on the Whelan And Goldman model [70]. The tree with the highest log likelihood (-

19685.6796) is shown. Initial tree(s) for the heuristic search were obtained automatically by 

applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using a 

JTT model, and then selecting the topology with superior log likelihood value. A discrete Gamma 

distribution was used to model evolutionary rate differences among sites. The rate variation model 

allowed for some sites to be evolutionarily invariable. All positions with less than 90% site 

coverage were eliminated. That is, fewer than 10% alignment gaps, missing data, and ambiguous 

bases were allowed at any position.

X-ray crystallography

The high solubility of ReCel7B allowed us to up-concentrate the protein to >60 mg/mL using 10 k 

molecular weight cut-off Vivaspin 500 centrifugal concentrators (Sartorius, Concord, CA) before 

initiating the crystallization screening trials. The protein was solvent exchanged with water, and A
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20 mM cellobiose was added prior crystallization with the hanging drop method. The screenings 

were carried out in 96 well plates with JCSG-plus MD1-37 (Molecular Dimensions, United 

Kingdom), and hits were found in 2.4 M sodium malonate pH 7. Crystals were grown with the 

hanging drop method by mixing in 1:1:1 ratio ReCel7B 60 mg/mL, sodium malonate and 

cellobiose 20 mM (Sigma-Aldrich, 22150). Crystals selected for data collection were mounted and 

frozen in liquid nitrogen. Diffraction data was collected at the Petra III synchrotron 

beamline P14 (Hamburg, Germany). The data were integrated and scaled using XDS, the structure 

was determined by Phaser molecular replacement [71] and HiCel7B as search model (PDB 

database ID: 2A39). Model building was performed using Coot [72] and refinement of the 

structure was performed with phenix.refine within the phenix package [73]. For cross validation, 

5% of the data was excluded for the refinement. Water molecules, sodium malonate and 

carbohydrate molecules were manually added by visual inspection of the electron density maps. 

The structure model coordinate was deposited in PDB with accession number 6SU8.

Temperature and pH optima 

ReCel7B, TrCel7B and ReCel7BinsCBM activities at different temperatures were determined on 

microcrystalline cellulose (Avicel, PH101, Sigma-Aldrich). Avicel was washed seven times in 

deionized water by decantation, then washed twice with 50 mM sodium acetate buffer pH 5 

(henceforth called standard buffer). Temperature optima were determined by mixing enzyme and 

Avicel in standard buffer to a final concentration of 0.5 µM and 90 g/L respectively, in a 

microtiter plate at 16 different temperatures (15 to 90 °C with 5 °C intervals). The final reaction 

volume was 250 µL. The plates were first incubated without enzyme for 20 min in a thermomixer 

equipped with Thermotop (Eppendorf, Hamburg, Germany) at the desired temperature, then 

enzyme was added and incubated for 1h with shaking at 1100 rpm. Reactions were terminated by 

a 3 min centrifugation at 2000 ×g. The concentration of soluble reducing ends was then 

determined from the supernatant using the para-hydroxybenzoic acid hydrazide (PAHBAH) 

method [74], with a procedure described elsewhere [23]. The concentration of the soluble sugar 

reducing ends was quantified against a 6-point cellobiose calibration curve in a concentration 

range between 31.25-1000 µM. The pH optimum was investigated on microcrystalline cellulose 

by measuring enzyme activity on Avicel mixed with 11 different buffers. The buffers used were 

citrate/phosphate buffers (McIlvaine buffer), prepared by mixing 0.1 M citric acid (VWR 

chemicals) and 0.2 M disodium hydrogen phosphate Na2HPO4 (Merck, Darmstadt) in different A
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proportions [75]. The pH values of the buffers used were experimentally confirmed to be the 

following: 2.45, 3.15, 3.5, 4.2, 4.66, 5.3, 5.7, 6.25, 6.56, 7.11, and 7.55. Avicel in water was 

diluted to a final concentration of 204 g/L. From this, 110 µL were withdrawn and mixed with 110 

µL of the buffer at the desired pH value in a microtiter plate. The reaction was then started by 

addition of 30 µL of enzyme to a final concentration of 100 nM and 90 g/L of Avicel. The final 

reaction volume was 250 µL. The plates were incubated for 1h at 50 °C in a thermomixer 

operating at 1100 rpm. The reaction was stopped by centrifugation and the amount of soluble 

reducing ends was quantified as described above. 

Thermal unfolding at different pH values

Thermal unfolding of TrCel7B, ReCel7B and ReCel7BinsCBM were monitored by measurements 

of their intrinsic tryptophan fluorescence as a function of temperature via differential scanning 

fluorimetry (nanoDSF) using a Prometheus NT.48 instrument (NanoTemper Technologies, 

Munich, Germany). Enzymes (1 µM) were mixed with McIlvaine buffers at different pH values 

(11 buffers were prepared from pH 2 to pH 7 separated by 0.5 pH units), prepared by mixing 0.2 

M citric acid and 0.4 M disodium hydrogen phosphate Na2HPO4 in different proportions. The final 

volume was 200 µL. The enzyme-buffer mixtures were transferred to a microtiter plate and 

equilibrated for 20 min at 25°C in an Eppendorf Thermomixer operating at 1100 rpm. Ten µL 

were then transferred to capillary tubes for the analysis. All measurements were done in 

duplicates, with a heating rate of 3.3°C/min from 20°C to 95°C. Two wavelengths (350 and 330 

nm) were recorded, and their ratio was plotted against the temperature. The first derivative was 

then used to determine the thermal unfolding transition midpoints (Tm). The results were analysed 

with the instrument software (PR. ThermControl v2.1.5, NanoTemper).

Enzymatic deglycosylation and intact mass determination

ReCel7B (1.5 mg/mL) was incubated at 37°C for 12 h with 50 mU of Endoglycosidase H (Endo-

H, Roche), in a total volume of 1 mL in standard buffer and 200 mM NaCl and 2 mM CaCl2, 

followed by inactivation at 100 °C for 30 min. ReCel7B treated and untreated with Endo-H was 

analysed for their intact molecular weight using a MAXIS II electrospray mass spectrometer 

(Bruker Daltonik GmbH, Bremen, Germany). The samples were diluted to 0.1 mg/mL and applied 

to an AdvanceBio Desalting-RP column (Agilent Technologies). Samples were eluted from the 

column with an acetonitrile linear gradient from 5 to 95% (v/v) and introduced to the electrospray A
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source with a flow of 400 mL/min by an Ultimate 3000 LC system (Thermo Fisher Scientific). 

Data analysis was performed with DataAnalysis version 4.3 (Bruker Daltonik GmbH, Bremen, 

Germany).

Thermostability of deglycosylated ReCel7B

ReCel7B at a final concentration of 0.5 mg/mL was incubated with either 62.5 mU of 

Endoglycosidase H (Endo-H, Roche) or 12.5 U of Peptide-N-glycosidase F (PNGase F, Roche) in 

20 mM buffer HEPES pH 7.0 in a final volume of 100 µL. A control was prepared in the same 

conditions but without either Endo-H or PNGase F. The reaction mixtures were incubated for 18 h 

at 37°C in an Eppendorf thermomixer operating at 800 rpm. After incubation, thermal unfolding 

was immediately measured in triplicates via differential scanning fluorimetry as described before.

Monosaccharide composition analysis of ReCel7B

Carbohydrate composition of ReCel7B was determined with acid hydrolysis to release 

monosaccharides. ReCel7B (0.74 mg) was incubated with 2.6 M trifluoroacetic acid (TFA) for 6 h 

at 100 °C in 500 µL. A mixture of six sugar standards (mannose, galactose, glucose, fucose, N-

acetylglucosamine and N-acetylgalactosamine) with known concentrations underwent the same 

procedure and were used as standards for the identification. After acid hydrolysis, the samples 

were cooled and dried overnight in a vacuum centrifuge at room temperature. To quantify 

background monosaccharides in untreated ReCel7B, a control was made where TFA was added to 

ReCel7B without incubation. All samples were reconstituted in 260 μL MQ water and quantified 

by HPAEC-PAD using a Dionex ICS-3000 ion chromatograph (Thermo Fisher Scientific, 

Waltham, MA) equipped with an electrochemical detector a CarboPac PA-1 column. Samples 

were eluted using the following multistep gradient program at a flow rate 0.8 mL/min: 15 mM 

NaOH (0-4.5 min), 35 mM NaOH (4.5-7 min), 25 mM NaOAc + 75 mM NaOH (7-10 min), 175 

mM NaOAc + 75 mM NaOH (10-20 min). Data was analysed using the instrument software 

Chromeleon 7.2. The final monosaccharide concentrations in the protein sample were corrected by 

a recovery factor [76], calculated from the ratio between the TFA treated and untreated sugar 

standards.

Data fitting and molecular visualizationA
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Data was analysed and fitted using Origin 2018 (OriginLab, Northampton, MA, USA), unless 

otherwise stated. Graphical representation of the structures were made using PyMOL Molecular 

Graphics System, version 2.1.1 (Schrödinger, LLC).

Conventional Michaelis-Menten

Aliquots of 230 μL of washed Avicel with final loads between 0.5 and 90 g/L were transferred to 

96-well microtiter plates (96F 26960 Thermo Scientific, Waltham, MA), and the enzymatic 

reaction was started by adding 20 μL of enzyme stock prepared in standard buffer to a final 

concentration of 100 nM. Each plate was sealed and mixed at 1100 rpm in a ThermoMixer 

equipped with a ThermoTop (Eppendorf, Hamburg, Germany). The enzyme-substrate contact time 

was 60 min at 50°C. The reaction was stopped by a 3-min centrifugation at 2000 ×g. Volumes of 

60 μL of the supernatant were retrieved and analysed for its content of reducing sugars by using 

the 4-hydroxybenzoic acid hydrazide (PAHBAH) method as described before[23]. Finally, 100 μL 

were transferred into a microtiter plate, and the absorbance at 405 nm was measured by a plate 

reader (SpectraMax M2e, Molecular Devices, Sunnyvale, CA). A six-point standard curve of 

32.15-1000 μM of cellobiose in standard buffer was included in each plate.

Binding isotherms and inverse Michaelis–Menten (invMM)

To quantify enzyme adsorption on microcrystalline cellulose, a constant substrate load of Avicel 

was used, and the enzyme load varied between 0.05 and 4 μM. Sixty µL of enzyme stock was 

added to microtiter plates containing 190 μL of Avicel so the final substrate concentration was 15 

g/L. The plates were placed in a ThermoMixer for 1 h at 50°C and then centrifuged at 2000 ×g for 

3 min to separate free from substrate-bound enzyme. Sixty μL of supernatant was then mixed with 

90 μL of standard buffer in a black microtiter plate (Greiner bio-one 655079), and the enzyme 

concentration was measured by intrinsic protein fluorescence in a plate reader by using excitation 

and emission wavelengths of 280 and 345 nm, respectively. The free enzyme concentration was 

quantified by comparing the fluorescence signal with a calibration curve made with enzyme 

dissolved in standard buffer with known concentrations ranging from 0.05 to 5 μM. In the inverse 

MM approach, the reaction condition was the same as for the binding isotherms, except that the 

final Avicel concentration was 8 g/L. The reactions were incubated and analysed for the reducing 

sugar content with the PAHBAH method as described before. Since high enzyme concentrations 

affect the absorbance signal, appropriate enzyme blanks were included for each concentration.A
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Synergy between EGs and CBHs

We used a final volume of 200 µL, 10 g/L Avicel in standard buffer and 1 h contact time at 25°C. 

In all the assays containing synergy mixtures, one CBH was mixed with one EG and the total 

enzyme concentration was kept constant to 4 µM, while the molar ratio of the two components 

was varied systematically, ranging from 2% to 99% CBH. Reference assays were conducted with 

each enzyme used as monocomponent, at concentrations ranging from 0 to 4 µM. The 

concentrations in these experiments matched the concentration of the component in the 

corresponding synergy mixtures. Enzyme activity was quantified by measuring the soluble 

reducing-end concentrations by PAHBAH method, as described before. All experiments were 

performed in triplicates, unless otherwise specified.

Analytical size-exclusion chromatography of ReCel7B

Size-exclusion chromatography of ReCel7B was performed using an AKTA system (GE 

Healthcare, USA). The column used was a Superdex-200 10/300 GL, equilibrated with a sodium 

acetate 50 mM buffer 100 mM NaCl operating at a flow rate of 0.7 mL/min. The absorbance at 

280 nm was monitored. The relative elution was calculated as Kav=(Ve-V0)/(Vc-V0), with Kav 

equilibrium distribution coefficient, Ve elution volume of the sample, V0 void volume (8.51 mL), 

Vc geometric column volume (23.56 mL). A calibration curve was created by plotting the log of 

the molecular weight vs Kav of the following molecular weight standards: Thyroglobulin (669 

kDa), Aldolase (158 kDa), Conalbumin (75 kDa), Ovalbumin (44 kDa). 
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Tables

Table 1. Statistics related to the X-ray data collection and refinement for ReCel7B 

structure

Data collection

Protein Data Bank accession number 6SU8

Beam line P14 Petra III

Wavelength (Å) 0.9802

Resolution range (Å)a 198 - 2.48 (2.57 - 2.48)

Space group C 2 2 21

Unit cell (Å) 113.4 263.2 197.8 

Molecules per asymmetric unit 3

Total reflections a 762235 (75632)

Unique reflections a 104816 (10160)

Multiplicity a 7.3 (7.4)

Completeness (%)a 99.7 (97.8)

I/σI a 8.9 (1.9)

Wilson B-factor 53.02

Rmerge
a 0.125 (0.839)

Rmeas
a 0.135 (0.900)

Rpim
a 0.05 (0.33)

CC1/2a 0.93 (0.58)

Refinement

Resolution range (Å)a 29.78 - 2.48 (2.57 - 2.48)

Reflections used for Rfree
a 5113 (487)

Rwork
a 0.182 (0.318)

Rfree
a 0.206 (0.330)

CC(work)a 0.96 (0.77)

CC(free)a 0.94 (0.76)

Number of non-hydrogen atoms 9359

macromolecules 8775

ligands 299

solvent 285

Protein residues 1188

Root mean square deviation (bonds) (Å) 0.010

Root mean square deviation (angles) (°) 1.18

Ramachandran favored (%) 97.63A
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Ramachandran allowed (%) 1.95

Ramachandran outliers (%) 0.42

Rotamer outliers (%) 2.13

Clashscore 5.27

Average B-factor (Å2) 63.2

Number of TLS groups 13

aStatistics for the highest-resolution shell are shown in parentheses.
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Table 2. Monosaccharide composition analysis for ReCel7B. Monosaccharides were 

determined by HPAEC-PAD on ReCel7B treated with Endo-H. Data indicates the 

average and standard deviation from three hydrolysis experiments.

Monosaccharide
Amount 

(µg mg-1 protein)

Mannose 85.0 ± 1.4

Galactose 27 ± 9

Glucosamine 42 ± 1

Galactosamine ND*

Glucose ND*

*ND:not detected
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Table 3. Kinetic and adsorption parameters for TrCel7B, ReCel7B, TrCel7BΔCBM and 

ReCel7BinsCBM on Avicel at 50 °C, obtained from the regression analyses shown in Fig. 

7. Standard errors are included.

Specificity 
constant

Inverse Michaelis-Menten Binding isotherms
Enzyme

η invVMax/S0 invKM Γmax Kd

gL-1s-1×10-3
µmolg-1s-1 × 

10-3
µM µmol/g µM

TrCel7B 41 ± 1.2 7.5 ± 0.14 0.16 ± 0.013
0.18 ± 

0.009
1.4 ± 0.16

TrCel7BΔCBM 15 ± 0.5 2.6 ± 0.10 0.16 ± 0.026 ND* ND*

ReCel7B 10 ± 0.9 3.3 ± 0.24 0.58 ± 0.127 ND* ND*

ReCel7BinsCBM 15 ± 2.8 3.5 ± 0.19 0.17 ± 0.037
0.10 ± 

0.028
4.0 ± 1.99

*ND: not detectable.
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Fig. 1. Phylogenetic tree of GH7 and EGs sequence alignment. (A) Phylogenetic tree 

of GH7 biochemically characterized sequences from CAZy database (www.cazy.org)[26]. 

Each sequence is indicated with the GenBank accession number 

(www.ncbi.nlm.nih.gov/genbank) followed by the organism name. Only for 

Phanerochaete chrysosporium Q7LIJ0 and Humicola insolens P56680 the Uniprot 

accession number (www.uniprot.org) is indicated instead. The taxonomic classification of 

the source organism is indicated for each sequence in different colors, according to the 

legend in the corner. Bold letters indicate whether the organism is a thermophile. 

Sequences marked with a star have the crystal structure solved, with ReCel7B 

highlighted in red. Bootstrap values are shown at the nodes as percentage of 100 

replicates. The scale bar is 0.2 amino acid substitutions per site. (B) Structure-based 

amino acid sequence alignment of the catalytic domain of five GH7 EGs with 

experimentally-determined structure: Humicola insolens Cel7B (HiCel7B PDB: 2A39), 

Fusarium oxisporium Cel7B (FoCel7B PDB: 1OVW), Trichoderma harzianum Cel7B 

(ThCel7B PDB: 5W0A), Trichoderma reesei Cel7B (TrCel7B PDB: 1EG1) and 

Rasamsonia emersonii Cel7B (ReCel7B PDB: 6SU8). Secondary structure elements of 

HiCel7B are shown on top of the alignment with the following figures and symbols: alpha 

helices (helices, α and η for a 310-helix), beta strands (arrows, β), turns (T, strict β-turns 

as TT and strict α-turns as TTT). Strictly identical residues are marked in white characters 

on a red background, while chemically similar residues are shown as red characters. 

Regions of conserved, highly similar residues are framed in blue boxes. Green frames 

indicate loop regions of interest, with loop nomenclature below and residue position in 

ReCel7B. Black stars indicate the residues involved in the catalysis (E199, D201 and 

E204 in ReCel7B). Asparagine residues where N-glycosylation was identified in the 

different structures are framed in magenta, and the residue numbering for ReCel7B is 

indicated below. Alignment created with Clustal Omega (www.ebi.ac.uk) [77] and 

rendered with ESPript 3.0 web server with default parameters (www.espript.ibcp.fr)[78].
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Fig. 2. ReCel7B structure and comparison with TrCel7B and ThCel7B. (A) Cartoon 

structural representation of ReCel7B (orange), with loops of interest highlighted (blue). 

Catalytic residues are marked as sticks, and glycosylations are shown in light gray. Loop 

nomenclature (A1-A3 B1-B3) and the one-letter code of both catalytic residues and 

glycosylated asparagines is indicated. (B) ReCel7B structure rotated by -115 ° on the 

horizontal plane, with emphasis on the glycosylation at N185 and neighbouring loops S1 

and S2 (red and cyan, respectively). (C) ReCel7B structure superimposed with TrCel7B 

(green, PDB 1EG1). Loop of interest in are highlighted in blue and magenta for ReCel7B 

and TrCel7B, respectively. The two glycosylations in TrCel7B are indicated and the 

glycans shown as dark green sticks (N56 and N182, conserved both in TrCel7B and 

ThCel7B. (D) The glycosylation at N185 (light gray sticks) and its stabilizing interactions. 

The first NAG and water molecules (red spheres) are actively engaging in stabilizing 

three adjacent loops S1 (red) S2 (cyan) and B3 (blue) via hydrogen bonding (represented 

as dotted lines). A water molecule stabilizes loop S1, S221 in loop B3 and D154 in loop 

S2. The 6′O of the NAG interacts with R159 of loop S2. The close residues PCA and Q2 

at the N-terminal are indicated. (E) ReCel7B (orange) superimposed to TrCel7B (green) 

and ThCel7B (gray, PDB 5W0A). The lysine K238 in ReCel7B is in hydrogen bond 

distance with a cysteine (C230) and a glutamine (Q177). In TrCel7B and ThCel7B, the 

glutamine (Q174 in both cases) is conserved, while lysine is replaced by a serine (S221) 

in TrCel7B and an alanine (A221) in ThCel7B. The cysteine interaction is lost in TrCel7B 

and ThCel7B because of the absence of the B3 loop. (F) Close to the B1 loop, the two 

aromatics Y38 and W40, both present in TrCel7B and ThCel7B, are substituted to S37 

and P39, respectively, in ReCel7B. (G) The unit cell of ReCel7B consists of a trimer 

decorated with glycans (gray). The trimer interface is mainly formed by the flexible loops. 

(H) The crystal lattice of ReCel7B consists of repeating units of the trimer. It has high 

solvent content, which allows the extended glycans to remain solvent exposed. The 

structures were visualized and processed in PyMOL (The PyMOL Molecular Graphics 

System, Version 2.3.2, Schrödinger, LLC).
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 Fig. 3. Analytical size-exclusion chromatogram of ReCel7B (orange continuous 
line) and molecular weight standards (gray dotted line). ReCel7B eluted in one 

symmetric peak with an experimental molecular weight of ~60 kDa (arrow), 

corresponding to a monomeric state in solution. Peak identity: 1, thyroglobulin (669 kDa), 

2, aldolase (158 kDa), 3, conalbumin (75 kDa), 4, ovalbumin (44 kDa). The apparent 

molecular weight of ReCel7B was calculated using a calibration curve of the protein 

standards (insert).
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Fig. 4. Omit map of ReCel7B glycosylations and active site residues. Difference 

electron density (F0−FC) simulated annealed omit map contoured at 2σ level (white mesh) 

and contoured at 4σ level (green mesh) of ReCel7B glycosylation sites shown as white 

sticks and the glycosylated asparagines as orange sticks for (A) N28, (B) N77, (C) N185, 

(D) N277, (E) N363 and (F) the active site residues E199, D201, E204 and close 

aromatic residues W344 and W353. Only when visible density above 4σ level was 

available the glycan was extended, in the case of N185 and only chain A has the 

additional mannose, while it was left out in chain B and C, and for N363 chain B and C 

has an additional N-acetylglucosamine. Electron density is only shown for chain A but 

equivalent densities are visible in chain B and C. 
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Fig. 5. Deconvoluted mass spectrum of deglycosylated ReCel7B (upper panel) and 

native ReCel7B (lower panel). Deglycosylation was performed enzymatically using Endo-

H. Mass values for the highest intensity peaks are indicated with an arrow. The observed 

molecular weight of deglycosylated ReCel7B corresponds to the theoretical one with the 

addition of 5 N-acetylated hexoses and a pyroglutamic acid modification, in accordance 

with the specificity of Endo-H. Difference between the main peaks of intact and 

deglycosylated ReCel7B corresponds to a mass shift of five N-acetylated hexoses and 44 

hexoses. Mass differences between the peaks in intact ReCel7B correspond to different 

amount of hexoses additions, indicating glycosylation heterogeneity in ReCel7B.
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Fig. 6. HPAEC-PAD chromatogram profiles of ReCel7B subjected to acid hydrolysis to 

release monosaccharides (blue continuous line) and a standard mixture of 

monosaccharides (black dotted line) treated in the same way. Peak identity: A, Fucose; 

B, N-acetyl galactosamine; C, N-acetyl glucosamine; D, Galactose; E, Glucose; F, 

Mannose. Peaks appeared after 12 min are considered impurities coming from the strong 

acid treatment of ReCel7B.
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Fig. 7. Biochemical characterization, enzyme kinetics and binding isotherms. (A) 
Effect of temperature on enzyme activity for ReCel7B (orange up-pointing triangles), 

TrCel7B (green squares) and ReCel7BinsCBM (black down-pointing triangles), 

Conditions: Avicel 90 g/L, 0.5 µM enzymes. (B) Effect of pH on ReCel7B and TrCel7B 

activity. Conditions: Avicel 90 g/L, 0.1 µM enzymes. (C) Thermostability, expressed as 

melting temperature values (Tm) as a function of pH for ReCel7B, TrCel7B and 

ReCel7BinsCBM. (D) Initial rates at low enzyme concentration and increasing substrate 

loads for ReCel7B, ReCel7BinsCBM, TrCel7B and TrCel7BΔCBM (blue circles). 

Conditions: 100 nM enzyme, substrate loads 0.5-90 g/L. A linear fit of the initial values 

(insert) was performed to extract the specificity constant. (E) Inverse Michaelis-Menten 

approach for ReCel7B, ReCel7BinsCBM, TrCel7B and TrCel7BΔCBM. Conditions: 

substrate load of 8 g/L, enzyme concentrations 0.05-4 µM. (F) Binding isotherms for 

ReCel7BinsCBM and TrCel7B on Avicel 15 g/L. In all cases, symbols represent 

experimental data, error bars indicate standard deviation from triplicate measurements, 

and lines are a linear fit, best fits of Eq. 2 and Eq. 3 for panel D, E and F, respectively.
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Fig. 8. Synergy curves for different EG-CBH combinations. Activity data for the 

synergy mixtures between (A) TrCel7A and TrCel7B, (B) TrCel7A and ReCel7B, (C) 

ReCel7A and TrCel7B and (D) ReCel7A and TrCel7B. Black squares correspond to the 

total activity in the synergy mixtures at different mole fraction of CBH. The 

monocomponent activity is indicated with blue circles for TrCel7A, orange triangles for 

ReCel7B, pink circles for ReCel7A and green triangles for TrCel7B. Dashed lines indicate 

the sum of the monocomponent activities used in each mixture. Conditions: 25 °C, 10 g/L 

Avicel, total enzyme concentration 4 µM. For each panel, the x-axis represents the 

fraction of CBH used in the mixture, calculated as [CBH]/([CBH+EG]). Error bars indicate 

standard deviation from triplicate measurements.
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Fig. 9. DS for different EG-CBH combinations. DS for the mixtures TrCel7A+TrCel7B 

(red squares), ReCel7A+ReCel7B (blue circles), TrCel7A+ReCel7B (green up-pointing 

triangles) and ReCel7A+TrCel7B (purple down-pointing triangles) is plotted as a function 

of the mole fraction of the CBH. DS was calculated for each experimental point coming 

from the synergy curves shown in Fig. 8 using Eq. 4. Error bars are propagated standard 

deviations. 
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