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Glycoside hydrolase family 7 (GH7) cellulases are key enzymes responsible

for carbon cycling on earth through their role in cellulose degradation and

constitute highly important industrial enzymes as well. Although these

enzymes are found in a wide variety of evolutionarily distant organisms

across eukaryotes, they exhibit remarkably conserved features within two

groups: exo-acting cellobiohydrolases and endoglucanases. However,

recently reports have emerged of a separate clade of GH7 endoglucanases

from protist symbionts of termites that are 60–80 amino acids shorter. In

this work, we describe the first crystal structure of a short GH7 endogluca-

nase, RsSymEG1, from a symbiont of the lower termite Reticulitermes

speratus. A more open flat surface and shorter loops around the non-

reducing end of the cellulose-binding cleft indicate enhanced access to cel-

lulose chains on the surface of cellulose microfibrils. Additionally, when

comparing activities on polysaccharides to a typical fungal GH7 endoglu-

canase (Trichoderma longibrachiatum Cel7B), RsSymEG1 showed signifi-

cantly faster initial hydrolytic activity. We also examine the prevalence and

diversity of GH7 enzymes that the symbionts provide to the termite host,

compare overall structures and substrate binding between cellobiohydrolase

and long and short endoglucanase, and highlight the presence of similar

short GH7s in other organisms.

Introduction

Glycoside hydrolase family 7 of carbohydrate-active

enzymes contains some of the most prominent known

cellulose-degrading enzymes. As one of the key

enzymes fungi use for degradation of polymeric cellu-

lose, they play a significant role in the carbon cycle in

nature [1]. They are also important in many biotechni-

cal applications and have been central in the develop-

ment of cellulosic ethanol as a biofuel with perpetual

improvement of the enzyme formulations used for

cellulose hydrolysis, where GH7 enzymes are the major

components. Significant advancements have been made

to date in improving the properties of these enzymes

for industrial processes, with majority of academic

research having focused on fungal enzymes from asco-

mycetes such as Trichoderma reesei, and basidiomy-

cetes such as Phanerochaete chrysosporium [2–4].
While a vast majority of the GH7 sequences known

today belong to fungi, they are found in remarkably
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diverse organisms across the eukaryotic tree, for exam-

ple, including species of crustaceans and amoeba, sug-

gesting either an ancient origin of the enzyme family

or multiple occurrences of horizontal gene transfer [5].

While the host organisms are diverse, the sequences

display strikingly conserved features with clustering

into two main categories based on sequence and func-

tion, so-called endoglucanases (EG) and cellobiohydro-

lases (CBH) [6]. Whereas CBHs possess a long

substrate binding tunnel and cleave cellulose chains

through a processive mechanism with the main prod-

uct being cellobiose, the active site of EGs is more

open with a substrate binding groove, with their pri-

mary mode of action being endo-cleavage. Most char-

acterized enzymes demonstrate distinct prevalence of

one mode of action over the other, and recent studies

have elucidated sequence and structure features impor-

tant for governing the balance of exo- and endo-

cleavage [1,6–8].
Studies of wood-degrading termites have shown that

they produce endogenous cellulose-degrading enzymes,

including glycoside hydrolases from families GH1,

GH9, and GH45, but do not express GH7 enzymes.

However, lower termites gain access to GH7 enzymes

through intricate symbiosis with primitive unicellular

eukaryotic protists possessing GH7 genes, and in fact

depend on their symbionts for growth on cellulosic

material [9,10]. The most prominent symbionts identi-

fied are parabasalids and oxymonads that belong to the

very early diverging Excavata super-group of the

eukaryotic tree [11–14]. With an increasing amount of

sequencing data becoming available, it has become

clear that these organisms carry genes for GH7 cello-

biohydrolases, but also a previously unknown class of

60–80 amino acids shorter GH7 endoglucanase

enzymes seemingly found only in symbionts of the

lower termites [15,16]. Previously, biochemical charac-

terization of a few enzymes belonging to this new class

of GH7s has illustrated activity profiles diverging from

those of the typical fungal GH7s, with high initial reac-

tion rates and higher pH optimums [17–19]. However,

no structural information has been published for any of

these novel enzymes to date. In this work, we have

strived to shed light on the novel structure architecture

of the short endoglucases by solving the structure of

RsSymEG1, a short GH7 endoglucanase encoded by a

transcript isolated from an unknown symbiont of the

termite Reticulitermes speratus that has previously been

expressed in Aspergillus oryzae and characterized bio-

chemically [19]. We also study the sequence diversity of

family GH7 enzymes with a focus on the enzymes

found in termite symbiont protists and possible implica-

tions to the evolution of this enzyme family.

Results

Crystal structure of RsSymEG1

Recombinant RsSymEG1 was obtained from the pre-

viously described Aspergillus oryzae expression strain

where it is expressed as part of a fusion protein. RsSy-

mEG1 is appended to the C terminus of A. oryzae

alpha-amylase AmyB, linked by a Kex2 protease site

that is cleaved by endogenous proteases [19]. From 3 L

of culture, � 54mg of purified RsSymEG1 was

obtained, after ammonium sulfate precipitation and

protein purification by ion exchange and size exclusion

chromatography. The protein was further deglycosy-

lated with Endoglycosidase H (Endo H) prior to crys-

tallization experiments. Figure 1 shows an SDS/PAGE

analysis of the purified RsSymEG1 before and after

Endo H treatment.

Crystals of the novel GH7 cellulase RsSymEG1

were obtained in space group I41, with one protein

molecule per asymmetric unit. An x-ray crystal struc-

ture was solved by molecular replacement, refined at a

resolution of 1.85 Å, and deposited in the Protein Data

Bank with PDB ID: 8POF. The structure exhibits a

beta-sandwich core typical to the GH7 family, with six

anti-parallel beta sheets forming a base for a substrate

binding site, and several loops arranging to form a

groove-like structure (Fig. 2A). At the N terminus of

the protein, Gly1 is the first visible residue in the elec-

tron density, suggesting that there are no residues left

from the KEX-linker region included in the construct,

and confirming the absence of typical pyroglutamate

(PCA) N-terminal structure. Gly1 is also the first resi-

due following the predicted signal peptide cleavage site

Before
EndoH
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Fig. 1. SDS/page analysis of purified RsSymEG1 before and after

enzymatic deglycosylation, using 1 μg Endo H per 1mg of

RsSymEG1, incubated overnight at pH 6.0 and 28 °C (n = 1). Red

indicates oversaturated pixels.
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in the native protein sequence. There is a potential

N-glycosylation site at Asn38, and while the electron

density suggests that there is likely at least partial

glycosylation, not enough density is seen to justify

modeling a N-acetylglucosamine residue. However,

treatment with Endo H prior to crystallization led to

decrease in apparent molecular weight on SDS/PAGE,

thus confirming the N-glycosylation (Fig. 1).

The x-ray structure shows that RsSymEG1 contains

four disulfide bridges, Cys100–Cys290, Cys127–
Cys137, Cys154–Cys166, and Cys171-Cys245. Glu139

and Glu144 constitute the catalytic nucleophile and

catalytic acid/base, respectively, while Asp141 forms

the assisting residue. As an artifact from the crystalli-

zation conditions, a TRIS molecule is seen making a

close contact with these three catalytic residues at the

active site. Similar TRIS binding has previously been

observed in PcCel7D by Ubhayasekera et al. [20], who

also demonstrated an inhibitory effect of TRIS on that

enzyme. Within the RsSymEG1 structure, one metal

atom is observed, presumably Na, coordinating with

the carbonyl oxygens of Gly285 and Gly288, three

water molecules, and a polyethylene glycol (PEG) mol-

ecule. Overall, the structure is well defined with an

average B-factor of 21.7 Å2 for the peptide chain.

Significant ambiguity of the electron density is seen

only at the flexible Gly-Ala-Gly-Gly loop constituting

residues 206–209. Relevant statistics from data collec-

tion, processing, and structure refinement are shown in

Table 1.

Comparison of RsSymEG1 to existing GH7 struc-

tures shows that despite the highly similar core archi-

tecture, there are several major differences compared

to other enzyme structures in the family. Side-by-side

comparison with the Trichoderma reesei CBH Tre-

Cel7A and EG TreCel7B reveals that like TreCel7B,

RsSymEG1 lacks the loops A4, B2, B3, and B4 (as

denoted in Haddad Momeni et al. [21]) seen in Tre-

Cel7A and other GH7 cellobiohydrolases (Fig. 2).

However, it also completely lacks any structure corre-

sponding to the B1 loop in TreCel7B. This leads to

RsSymEG1 having a significantly more exposed sub-

strate binding site, especially at the early part of the

binding groove corresponding to substrate binding

positions �5 and �4 (as annotated for TreCel7A by

Divne et al. [22]). The effects of missing sequence

regions on the overall shape of the enzyme are seen

most of all in the space corresponding to surroundings

of the B1 and B2 loops in TreCel7A and TreCel7B,

with RsSymEG1 missing a sizable volume in this area

A1

A2
A4

A3

B1
B2 B3

B4

A1

A2

A3

B1

A1
A2

A3

+2+1

-1

-2-3-4-5-6-7

sEG - RsSymEG1 EG - TreCel7B CBH - TreCel7A

(A) (B) (C)

Fig. 2. Crystal structures of catalytic domains of the three types of GH7 enzymes. The GH7 catalytic domain is built on a highly conserved

beta-sandwich core, with more or less extended loops (highlighted in red) flanking the active site. (A) Our new structure of RsSymEG1 pre-

sented herein is the first structure of a small GH7 EG (sEG) from termite symbionts. It lacks loops B1 and B2 and surrounding regions

(green circle) as well as the B3 and B4 loops. The cellononaose molecule, with glucose-binding subsites labeled, was fitted to the enzyme

using AutoDock Vina. (B) Full-length endoglucanases (EG) are represented by TreCel7B from Trichoderma reesei (PDB code 1EG1), shown

with cellononaose from structure 4C4C superposed. (C) The TreCel7A complex with cellononaose (PDB code 4C4C) shows that CBHs have

long loops that enclose the cellulose chain in a tunnel. Structure images were created with MACPYMOL [69].
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(Fig. 2). This is also the region where GH7 enzymes

typically contain an N-terminal PCA-residue embed-

ded within a hydrophobic pocket in the structure, thus

capping the N terminus of the peptide chain and con-

tributing to the stability of the enzyme (Fig. 3). This

whole section is missing in RsSymEG1, and it is, thus,

not surprising that the N terminus of the enzyme does

not contain the typical post-translational modification

where an N-terminal glutamine is converted into

a PCA.

Further comparison to 20 existing GH7 structures

through sequence and structure alignments reveals sev-

eral conserved residues within the substrate binding

groove, but also highlights some features unique to the

RsSymEG1 structure (Fig. 4). Starting from the non-

reducing chain end of the substrate binding groove,

interestingly, on the A1 loop of RsSymEG1, there are

two tryptophan residues, Trp61 and Trp65, with the

side chains oriented into the substrate binding groove,

lining the likely substrate binding positions �6, �5,

and �4 (Fig. 5A). There are no tryptophans present in

corresponding positions in other published GH7

structures, and while structures of the CBHs Lqu-

Cel7B, HirCel7A, MalCel7B, MthCel7A, and

DpuGH7 (PDB entries: 4IPM, 2XSP, 2RFZ, 5W11,

4XNN) have a tyrosine at the tip of the A1 loop, it is

positioned in the opposite direction, forming the

beginning of the substrate binding tunnel and extend-

ing beyond the �7 site [21,23–25]. The way it is posi-

tioned in the crystal structure, Trp65 takes up

significant space within the RsSymEG1 binding

groove. Superposing the RsSymEG1 with other GH7

structures, including structures with bound ligands

(4C4C, 4ZZU, 2RFZ, 3PL3), shows that in this

region, the active site tunnel is more narrow than in

other GH7 structures, and does not fit a cellulose

chain in the orientation observed previously for GH7s

at the �5 and �4 binding sites (Figs 2 and 5). Conse-

quently, AutoDock Vina was run to model fitting a

cellononaose chain taken from the TreCel7A

structure 4C4C into the active site of RsSymEG1 [26].

The best-fit result shows glucose unit �6 aligning par-

allel to the Trp61 side chain, while Trp65 aligns with

the �4 glucose, representing likely stacking interac-

tions between the cellulose chain and the enzyme

(Figs 2A and 5A). Whether there is enough flexibility

within the A1 loop region of RsSymEG1 to allow

more space for binding a cellulose chain within the �5

and �4 sites in various positions cannot be assessed

solely from the crystal structure, but no ambiguity of

Table 1. Statistics from X-ray diffraction data collection and proces-

sing, structure refinement, and final model.

A. Diffraction data

Beamline BioMax, MAX IV

Cell dimensions (Å) 114.6, 114.6, 50.0

Space group I 41

Resolution range (Å) 45.8–1.85 (1.89–1.85)
No. of unique reflectionsa 27 804 (1666)

Completeness (%)a 99.8 (98.9)

Multiplicitya 4.2 (4.1)

I/σ(I)a 9.8 (2.6)

Rmerge
a,b 0.087 (0.50)

B. Structure refinement

Resolution used in refinement (Å) 45.8–1.85
No. of reflections, work set 27 793

No. of reflections, test set 1405

R (work set)c 0.166

Rfree
c 0.187

No. of nonhydrogen atoms 2701

Protein atoms 2420

Water atoms 203

Other atoms 9

Average B factors (Å2) 22.0

Protein 21.9

Water 30.6

Other atoms 28.7

RMSD bond lengths (Å) 0.004

RMSD bond angles (°) 1.23

Ramachandran plot outliersd 0

aNumbers in parentheses are for the highest resolution bin;
bRmerge ¼ ∑hld∑i I� Ih ij j=∑hld∑i Ij j; cR ¼ ∑ F0jj j� Fc jj j=∑ F0j j; the final

R-factor is given; dwwPDB Validation Service.

PCA1

Phe182

Glc -7

Fig. 3. N-terminal capping by pyroglutamate in GH7s. Glutamine/Q

is highly conserved at the N terminus of GH7 sequences after sig-

nal peptide cleavage. All known GH7 structures to date, except for

RsSymEG1, have a Gln1 residue cyclized to pyroglutamic acid

(PCA). The PCA1 residue is buried in a hydrophobic pocket under

loop B1 near the non-reducing end of the active site, as shown in

the structure of TreCel7A with cellononaose bound (PDB

code 4C4C). The image was created with MACPYMOL [69].
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the loop position is seen in the electron density, indi-

cating lack of significant mobility or alternate confor-

mations of the loop within the crystal.

Continuing toward the active site, RsSymEG1 lacks

the Trp/Tyr residue at the base of the binding groove/-

tunnel at the �4 subsite (Trp38 in TreCel7A, Tyr38 in

TreCel7B) seen in most GH7 structures (Fig. 5). At

the �3 site RsSymEG1 contains a conserved arginine,

Arg68, typically interacting with a bound cellulose

substrate. Trp271 and Trp281 form the typical sugar

binding platforms at the substrate binding sites �2

and +1, respectively, and the �1, �2 sites are further

lined by conserved tyrosine residues Tyr107 and

Tyr126 (Fig. 5). In addition to the three catalytic resi-

dues, Glu139, Asp141, and Glu144, there are other

conserved residues in the immediate vicinity of the

active site, including Asp128, Gln130, and His155,

completing the archetypal GH7 catalytic center.

Fig. 4. Alignment of fungal cellobiohydrolases (CBH) and endoglucanases (EG), and termite symbiont GH7 amino acid sequences. TreCel7A

and TreCel7B represent fungal CBHs and EGs, respectively. GHF7-6 and BAF57386.1 are the CBH and EG sequences, respectively, from

termite symbionts chosen for structure prediction. RsSymEG1 represents the smaller protist endoglucanases (sEG) GH7s. The top three

rows mark active site loops, secondary structure elements (helices, beta-strands as arrows, and TT as turns), and residue numbers in Tre-

Cel7A as reference. White characters on red show identical residues, red letters similar residues, and blue boxes outline conserved regions.

Yellow stars mark the conserved catalytic residues, and green numbers the disulfide pairing of cysteines in TrCel7A. Residues of interest in

RsSymEG1 are noted in blue at the bottom. The figure was created using ESPript [68], with further loop and residue annotations added in

Microsoft PowerPoint. Figure and legend reproduced from [70] with modifications. The copyrights to the doctoral thesis [70] and the original

image this has been reproduced from are held by the author, Topi Haataja. The authors and The FEBS Journal have been granted permission

to reproduce the image. The images have also been licensed under the Creative Commons license CC BY NC 4.0, allowing non-commercial

use.
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Ser348

Ser232
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Thr41
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Tyr45

His368

Trp365
Trp374 Tyr379

Asp174

Trp35
Glu212

Asp209

Arg390

Asp256

Arg248
His223

Trp33

Asn195

Tyr166

Tyr140

Asp366

Glu207
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Asn136
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-2

Trp61 Trp65

Trp271
Trp281

Arg177

His155Arg68

Tyr126

Tyr107
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Ser269

Asn63

-7 -6 -5 -4 -3 +2
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+1-2

(A)

sEG

(B)

EG

(C)

CBH

Fig. 5. Cellulose binding in GH7s from protist symbionts of termites. (A) Crystal structure of the short endoglucanase (sEG) RsSymEG1 with

cellononaose fitted using AutoDock Vina. Note the two sugar-binding platforms at subsites �7 to �4 formed by Trp61 and Trp65. Glu139 is

the catalytic nucleophile and Glu144 is the acid/base that cleaves the glycosidic bond between subsites �1 and +1. (B) Predicted structure

from sequence BAF57386, a full-length endoglucanase (EG), with cellononaose from TreCel7A structure 4C4C. (C) Predicted structure of

GHF7-6 cellobiohydrolase (CBH; red) with residue labels, superposed on the TreCel7A (cyan)/cellononaose (yellow) crystal structure (PDB

code 4C4C). Structure images were created with MACPYMOL [69].
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Furthermore, the residues present at the +1, +2, and
+3 subsites conform to the clear endoglucanase nature

of the rest of the structure with the absence of two

arginines shown to promote strong cellobiose product

binding in CBHs (Arg251 and Arg394 in TreCel7A),

or other side chains likely to constitute strong binding

of cleaved products, even if Arg177 likely contributes

to substrate binding (Fig. 5) [27].

Sequences and structure models of parabasalid

CBHs and EGs

In order to explore the diversity of GH7 enzymes

within parabasalids in lower termites, a blast search of

parabasalid sequences within the NCBI non-redundant

database was conducted using the RsSymEG1

sequence as a query. Following a manual grooming of

the result sequences, a sequence alignment confirms

the presence of both CBH and short endoglucanase

(sEG) sequences (Figs S1 and S2), examples of both of

which have been previously described [17–19]. How-

ever, there are also sequences corresponding to the fea-

tures of typical GH7 EGs. RoseTTAFold-server was

initially used to produce structure models of example

sequences of both CBHs and EGs from termite symbi-

ont parabasalids in order to make comparisons to

RsSymEG1 and other GH7 structures [28]. As the

quality of the RoseTTA models regarding side-chain

placement was considered insufficient, MODELLER

was subsequently used to produce higher quality

models based on sequence alignments with suitable

GH7 templates [29,30].

GHF7-6 (GenBank id: AGT15840), a GH7 enzyme

from a Reticulitermes flavipes symbiont, was selected

as an example of a CBH for modeling as its activity

and expression was previously characterized [17].

Based on the model and a sequence alignment with

existing structures, GHF7-6 conforms to typical GH7

CBH features. It contains the characteristic loops A1-

A4 and B1-B4 forming the substrate binding tunnel,

while notably the B3 loop appears to be two residues

longer than in any existing GH7 structure. Another

divergence is observed at the N-terminal end of the

protein, where between the N-terminal residue and the

first conserved glutamic acid residue (Glu9 in Tre-

Cel7A) GHF7-6 appears to be lacking five amino acids

compared to known GH7 structures (with the excep-

tion of RsSymEG1). Highlighting the probable cellu-

lose binding residues within the substrate binding

tunnel by superposing the GHF7-6 model with cello-

nonaose from the TreCel7A-structure 4C4C shows an

arrangement of typical residues (Fig. 5C). At the tun-

nel “entrance,” similar to structures LquCel7B,

HirCel7A, MalCel7B, MthCel7A, and DpuGH7

(PDB: 4IPM, 2XSP, 2RFZ, 5W11, and 4XNN), two

sides of the tunnel are lined with aromatic residues,

with Tyr95 at the tip of the A1-loop and Trp35 on the

opposite side corresponding to binding site �7. The

�4 site is formed by Trp33, corresponding to Tre-

Cel7A residue Trp38, shown to be crucial for substrate

loading into the substrate binding tunnel [31,32].

Toward the catalytic site, subsites �3, �2, and �1 are

lined with Tyr140, Tyr166, Trp365, Arg102, as well as

His368 at the A3-loop. Beyond the catalytic residues

Glu207, Asp209, and Glu212, likely product binding

residues ‘comprise His223, Arg 248, Trp374, and

Arg390 (Fig. 5C)’.

In the absence of any omics or activity data, the

sequence BAF57386 from an uncultured symbiont of

Neotermes koshunensis was arbitrarily selected as an EG

to model from three “full length” parabasalid GH7 EG

sequences that were found in our queries (GenBank:

BAF57386, BAF57417, and BAF57463). Despite rela-

tively low sequence similarity to existing EG structures

(< 40%), this sequence as well presents a typical array

of GH7 EG substrate binding residues, including

Arg240, His211, Trp357, Trp350, Arg102, and Trp35

(Fig. 4B). Interestingly, BAF57386 also contains a tyro-

sine not seen in other GH7 structures at position Tyr74,

possibly involved in substrate binding at the early part

of the binding groove. The first predicted residue after

signal peptide cleavage for both GHF7-6 and

BAF57386 is glutamine, consistent with a possible modi-

fication into a PCA N terminus. However, this feature

does not seem to be conserved throughout the parabasa-

lid CBHs and EGs based on the predicted signal peptide

cleavage sites [33] (Fig. S2).

GH7 phylogenetics

In order to understand the potential evolutionary rela-

tionships of the different types of GH7 enzymes found

in parabasalids, as well as their position in the wider

context of eukaryotes, a maximum likelihood phyloge-

netic tree of 371 GH7 sequences was constructed. Two

sequences from the distantly related GH16 family were

included in order to root the tree. From this analysis,

a smaller tree of 116 selected sequences across the orig-

inal tree was constructed for visualization, with the

clades containing termite symbiont sequences included

in their entirety. The distribution of selected CBHs,

EGs, and sEGs within the resulting phylogenetic tree

is shown in Fig. 6. In line with a previous report by

Schiano-di-Cola et al. [16], there appears to be two

somewhat separate clades containing sEG sequences

from termite symbionts. The sequence of RsSymEG1

1174 The FEBS Journal 291 (2024) 1168–1185 ª 2023 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

RsSymEG1 structure T. Haataja et al.

 17424658, 2024, 6, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1111/febs.17029 by Sw

edish U
niversity O

f A
gricultural Sciences, W

iley O
nline L

ibrary on [05/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

info:refseq/AGT15840
https://doi.org/10.2210/pdb4IPM/pdb
https://doi.org/10.2210/pdb2XSP/pdb
https://doi.org/10.2210/pdb2RFZ/pdb
https://doi.org/10.2210/pdb5W11/pdb
https://doi.org/10.2210/pdb4XNN/pdb
info:refseq/AGT15840
info:refseq/AAY83390.3
info:refseq/BAB64553.1


clusters into a more sparsely populated clade of the

two, with only two other closely related sequences. In

contrast, the second clade consists of 27 sEG

sequences. Interestingly, there is also a third clade con-

taining sequences very similar to the termite symbiont

sEGs in their features, with large deletions in similar

locations. These sequences originate from different

species of small water-dwelling crustaceans of the

genus Daphnia (water fleas), with 10 sequences

showing up in our screen. Structures of a GH7 CBH

from Daphnia pulex have been deposited previously

(e.g., PDB entry: 4XNN), but we are not aware of any

of the sEGs from these organisms being characterized

so far [34]. The full-length EGs from termite symbi-

onts locate in a separate cluster, closer to fungal EGs.

Furthermore, our analysis indicates 38 CBH sequences

from lower termite symbionts, with all of these

sequences clustering together as their own clade,

Lower termite symbiont sEGs, Clade 1
Lower termite symbiont sEGs, Clade 2

Daphnia sEGs
Fungal EGs

Crustacean CBHs & EG
Lower termite symbiont EGs

Lower termite symbiont CBHs
Oomycete CBHs & EGs

Dinoflagellate CBHs
Diatom CBH

Amoeba CBH
Fungal CBHs

Tree scale:
1

sEG clade 1
sEG

clade 2

Daphnia sEG

Fig. 6. Maximum likelihood phylogenetic tree of GH7 sequences. For visualization, 116 sequences were selected from the original tree of

371 GH7 sequences. Clades containing termite symbiont sequences are included in their entirety. Short endoglucanase (sEG) sequences

from termite symbionts divide into two clades. RsSymEG1 clusters into the more sparsely populated clade of the two, with only two other

closely related sequences. Two sequences from the distantly related family GH16 (black) were included to root the tree. The tree was built

with IQ-TREE web server using the default settings (bootstrap alignments n= 1000), based on an alignment generated with MAFFT-L-INS-I

algorithm on the MAFFT web server, and visualized using iTOL web server [64,66,67]. Figure and legend reproduced from [70] with modifi-

cations. The copyrights to the doctoral thesis [70] and the original image this has been reproduced from are held by the author, Topi Haataja.

The authors and The FEBS Journal have been granted permission to reproduce the image. The images have also been licensed under the

Creative Commons license CC BY NC 4.0, allowing non-commercial use.
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separately from other CBHs. Notably, none of the

examined GH7 sequences from lower termite symbi-

onts contain a carbohydrate-binding module (CBM).

Activity measurements

The enzymatic activity of RsSymEG1 was tested by

analyzing release of reducing sugars from glucoman-

nan, carboxymethyl cellulose (CMC), and barley

β-glucan in order to provide a comparison to a com-

mercially available GH7 EG, Trichoderma longibra-

chiatum Cel7B (TloCel7B). Hydrolysis experiments were

conducted at two different pHs, pH 5.0 representing

typical conditions for cellulase trials, and pH 6.5 which

was previously determined to be optimal for RsSymEG1

for CMC hydrolysis [19]. On all three tested substrates

at both pHs, RsSymEG1 demonstrated higher initial

hydrolysis rates compared to TloCel7B at equimolar

concentrations (Fig. 7). After the fast initial hydrolysis

from 0 to 8 h, however, sugar release by RsSymEG1

plateaus more rapidly, in some cases leading to lower

final released sugar concentrations at 74 h compared to

TloCel7B. This effect is especially clear on glucoman-

nan, where by 48 h the hydrolysis by TloCel7B has sur-

passed that of the RsSymEG1 at both pH 5.0 and 6.5.

On CMC at pH 5.0, TloCel7B shows higher level of

reducing sugars already at 24 h, while at pH 6.5 the per-

formance of the Trichoderma enzyme is subdued and

does not surpass that of RsSymEG1 even at 74 h. On

barley β-glucan on the other hand, both enzymes reach

very similar degrees of hydrolysis, at 74 h the final

reducing sugar values being essentially equal for the two

enzymes.

A qualitative high-throughput GlycoSpot assay

demonstrated soluble sugar release by RsSymEG1

from dyed cellulose and barley glucan (Fig. 7D). Tlo-

Cel7B was used as a control, and in contrast to RsSy-

mEG1 showed activity on xylan, xyloglucan, and

galactomannan, in addition to cellulose and barley glu-

can. With RsSymEG1, activity was seen also on amy-

lose, but this stems most likely from a slight α-amylase

contamination from the expression culture as RsSy-

mEG1 was co-expressed with an Aspergillus oryzae

amylase, as described previously [19].

Discussion

In this work, we have successfully solved the first x-

ray crystal structure of an enzyme belonging to the

group of short family GH7 endoglucanases from ter-

mite symbiont protists, the RsSymEG1, and explored

the diversity of GH7 enzymes in protozoa in lower ter-

mites. The short termite symbiont GH7 sequences

have received surprisingly little attention in academic

literature given their divergence from other GH7

sequences, and certain interesting characteristics of

their sequence and activity profiles, as well as the

industrial importance of this enzyme family. With

increasing number of parabasalid sequencing data

becoming available, more of similar short GH7 endo-

glucanases have consistently appeared, and now show

up as distinct phylogenetic clades, highlighting that

these are in fact viable, active protein sequences

(Fig. 6) [16].

RsSymEG1 structure

As the first published crystal structure of this enzyme

type, the RsSymEG1 structure provides important

insights into the structure–function characteristics of

these novel GH7 enzymes. While the core structure

of the enzyme clearly conforms to the archetypal fold

of GH7 enzymes, and the residues at the active site are

highly conserved, the significantly shorter primary

structure has major implications to the shape of the

enzyme and the configuration of the substrate binding

site. The complete lack of the B2 and B3 loops found

in GH7 CBHs, as well as the B1 loop present in typi-

cal fungal GH7 EGs, leads to a remarkably open

architecture of the substrate binding site. It is possible

that this could have a major effect on accessibility of

substrate at the active site. The missing B1 loop could

facilitate binding of a more diverse set of carbohy-

drates, and the flat surface of the enzyme at the sub-

strate binding face potentially increases accessibility to

cellulose chains which might not be accessible for

endo-cleavage to typical GH7 enzymes with prominent

B1 and/or B2 loops, for example, when adjoining cel-

lulose chains block binding (Fig. 8). Furthermore,

looking at the shape of the binding site, it is reason-

able to hypothesize that this open architecture could

even accommodate productive binding of branched

chain carbohydrates for cleavage. However, no indica-

tion of this was seen in the GlycoSpot assay, which

only showed activity on typical GH7 EG substrates

cellulose and barley β-glucan, and not, for example, on

xyloglucan (Fig. 7D).

Interestingly, while the missing B1 and B2 loop

structures lead to seemingly more exposed �3, �2,

and �1 binding sites, the binding groove is notably

narrow at subsites �6 to �4 due to the space taken up

by the sidechains of Trp61 and Trp65 located on the

A1 loop. Although there may be some flexibility

within the A1 loop, it is difficult to see the position of

Trp65 changing sufficiently to significantly open up

the �4 binding site given its position adjoining a
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structural β-strand. The same is true for the short α-
helix (Thr24-Arg27) forming the opposite side of the

binding groove at the �4 and �5 sites. Thus, while

there is possibly more freedom than in other GH7s for

the positioning of a cellulose chain for productive

binding at the �1 to �3 sites, binding into the binding

groove further away from the active site could be

rather restricted regarding substrate conformation.

Based on sequence alignments, the two tryptophan res-

idues seen in the A1 loop of RsSymEG1 (Trp61 and

Trp65) are not a conserved feature within the termite

symbiont sEG sequences, with both of them present

only in two other closely related sequences (Genbank:

BAF57303.1 and BAF57294.1; Fig. S1), while one of

the residues (corresponding to Trp61 in RsSymEG1) is

seen in further three symbiont sEGs (Genbank:

BAF57295.1, AAY83390.3, and BAB64553.1). Inter-

estingly, also two of the Daphnia magna sEG

sequences (Genbank: XP_032784718.1, KZS07709.1)

have a tryptophan residue in this region, although

likely display a significantly shorter A1 loop (Fig. S1).

Another notable feature of the RsSymEG1 structure

is the architecture of the N terminus of the enzyme,

where all hitherto structurally characterized GH7

enzymes contain a structurally inherent PCA residue,

while no such composition is seen in the RsSymEG1

[1]. Previous studies have demonstrated the importance

of this feature to the thermal stability of GH7

enzymes, with the inability of expression hosts such

as S. cerevisiae to sufficiently perform this post-

translational modification leading to reduced thermal

stability [35]. Perhaps this is also an explaining factor

to the relatively low thermal stability of RsSymEG1,

as well as other similar sEGs in previous studies, as a

consequence of the absence of stability increasing

hydrophobic interactions seen in a typical PCA cleft,

as well as the lack of capping structure at the peptide

chain end, potentially leading it to more readily serve

as an initiation point for unfolding. Interestingly,

Woon et al. [18] showed partial recovery of activity of

a similar enzyme GH1254 at lower temperatures after

heat inactivation at 45 °C, suggesting spontaneous
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Fig. 7. Enzymatic activity of RsSymEG1 compared with the fungal GH7 endoglucanase TloCel7B. (A–C) Progress curves of hydrolysis of

0.5% glucomannan, barley beta-glucan, and carboxymethyl cellulose (CMC), respectively, at 20 °C, pH 5.0 and 6.5. Reducing sugar was

quantified with p-hydroxybenzoic acid hydrazide (PHBAH) against glucose standards. Mean values are derived from one experiment, error

bars represent SD (n= 3). (D) Qualitative results from Glycospot substrate specificity assay against a panel of dyed polysaccharides (n = 1).

*The activity against amylose is probably a false-positive result caused by alpha-amylase contamination from the protein expression system.
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refolding of the protein. Another factor contributing

to the relatively low thermal stability could be the low

number of stabilizing disulfide bridges in RsSymEG1,

only four, compared to, for example, TreCel7A con-

taining 10, and TreCel7B stability demonstrably

increasing with addition of disulfide bridges through

selected mutations [36]. Given that Cleveland observed

early on that cellulose digesting lower termite symbi-

ont protozoa die rapidly when temperature is raised to

36 °C, it is perhaps not terribly surprising that these

enzymes have not evolved toward high thermal stabil-

ity [9,10].

Structure models of a lower termite symbiont

CBH and EG and significance in their hosts

Given the high degree of sequence conservation, GH7

CBHs and EGs can be modeled with relatively high con-

fidence. In this work, we chose to model the GHF7-6

previously characterized by Sethi et al. [17], as an exam-

ple of a termite symbiont GH7 CBH, and BAF57386

representing a more typical GH7 EG. Our modeling

suggests that overall GHF7-6 presents highly typical

features for GH7 CBHs, with characteristic residues

within the catalytic site and substrate binding tunnel.

Several studies have established the prevalence of GH7

CBH transcripts in termite symbiont protists through

RNA analysis, and protein extract analysis also point-

ing to them as the major cellulase component in the

hindguts of lower termites [15,37–39]. In the case of

GHF7-6, its viability after heterologous expression was

previously confirmed through enzyme activity measure-

ments by Sethi et al. [17], and its expression in the native

host verified through qRT-PCR experiments with pro-

tist samples isolated from R. flavipes gut.

When it comes to BAF57386, based on our model-

ing also this enzyme conforms to highly typical fea-

tures seen in previous GH7 endoglucanase structures.

While there is a large number of lower termite symbi-

ont protist GH7 CBH and sEG sequences available,

sequences from these organisms conforming to the typ-

ical “full length” GH7 EG features are scarce,

BAF57386 being one of only three such sequences we

were able to find. This could suggest that the biologi-

cal significance of these GH7 EGs in these organisms

is limited, with their functional role perhaps overlap-

ping that of sEGs such as RsSymEG1. It is of course

possible that these sequences originate from a contami-

nation with a non-protist organism, for example,

fungi, thus explaining the scarcity in termite symbiont

protist samples. However, the closest matches in the

NCBI non-redundant database share less than 45%

identity to BAF57386, discounting the contamination

hypothesis to some extent. While the three full-length

EG sequences were identified in a study by Todaka

et al. [38], as transcripts from enriched protist samples

from lower termite hindguts, to our knowledge, their

expression levels have not been assessed. However,

there is nothing in the sequence or structure model of

BAF57386, suggesting that it would not be a viable,

active enzyme. It remains to be seen if further sequenc-

ing and omics data from lower termite symbiont pro-

tists show the full-length EGs to be as prevalent as

CBHs and sEGs in these organisms, but as of now,

this does not seem to be the case based on the number

of sequences detected.

(A) CBH (B) EG (C) sEG

Fig. 8. Space-filling models of symbiont GH7s engaged with a cellulose chain on the surface of a cellulose microfibril. (A) Predicted structure

of the cellobiohydrolase (CBH) GHF7-6. (B) Predicted structure from the endoglucanase (EG) sequence BAF57386.1. (C) Crystal structure of

the short GH7 endoglucanase (sEG) RsSymEG1. The more flat surface of RsSymEG1 potentially increases its accessibility to cellulose

chains at the surface of the microfibril. The models were created by superposing the structures with the catalytic domain of full-length Tre-

Cel7A (with linker-CBM) that had been docked to a cellulose microfibril by MD simulation [71]. Atom coordinates of the TreCel7A on microfi-

bril model were kindly provided by CM Payne. The structure images were created with MACPYMOL [69].
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Phylogenetics

Given the ancient origins and conserved nature of the

GH7 enzyme family, presumably due to continuous

gravitation toward a few optimal structure architec-

tures, it is likely that significant degree of evolutionary

information has been lost due to repeated mutations.

Therefore, any findings from a phylogenetic analysis

of these sequences should be taken with appropriate

caution. In our analysis, we have taken an approach

where gap regions in the sequence alignments have

been removed and not taken into account in the phy-

logenetic analysis in order to mitigate the tendency of

sequences with more gaps to group together. This way

we have strived to shed light on the true evolutionary

relationships between CBHs, EGs, and sEGs from ter-

mite symbiont protozoa, as well as other organisms

throughout the eukaryotic tree.

For the protozoan GH7s, all three types (CBHs,

EGs, and sEGs) of sequences are found when non-

cultured sequences from termite symbionts are

included. None of these three types show a close rela-

tion to each other, suggesting that the divergence has

not been a recent event within these protists. On the

other hand, sEG sequences with very similar character-

istics to the parabasalid sEGs are found from water

flea (Daphnia) species, even if these two groups do not

show a close relation to each other (Fig. S1; Fig. 6).

The fact that this type of short GH7 endoglucanase is

seen not only in lower termite symbiont protists, but

in Daphnia species as well, could suggest that there is a

functional benefit to the architecture, even if their

prevalence is seemingly limited, and absence in fungi is

notable. The existence of two separate clades of sEGs

within the lower termite symbionts could possibly be

explained by the sequences originating from two differ-

ent taxa of Excavata, that is, parabasalids and oxymo-

nads, the two main groups of symbiotic protists in

lower termites [40]. While the existence of GH7

enzymes has been verified in parabasalid species in

lower termite guts by single-cell transcriptomics, we

are not aware of similar evidence for oxymonads [13].

However, most of the sequencing data available for

sEGs is derived from aggregate samples of protists in

the hindguts of lower termites, and do not, therefore,

differentiate between parabasalids and oxymonads.

There are no stand-out differences in the sequences of

the two clades of sEGs from termite symbiont protists,

suggesting that they are functionally similar.

Notably, none of the GH7 enzyme sequences from

termite symbiont protists analyzed in this study con-

tain a CBM. In fact, family 1 CBMs, the type often

seen associated with GH7 enzymes in fungi, seem to

be completely absent in parabasalids and oxymonads,

based on available sequences. Considering that the

main function of CBMs is to increase enzyme produc-

tivity by increasing their concentration on substrate

surfaces, the presumably high substrate loading of

fragmented cellulosic material in the confined digestive

tracts of lower termites does not necessarily represent

an environment where a CBM offers a significant

advantage. As Kern et al. [23] hypothesized in the case

of the marine wood borer Limnoria quadripunctata,

this could explain why these organisms have not

adopted, or have lost, this feature which is abundant

in many cellulolytic organisms. On a related note,

while it remains unclear to which extent the open

active site architecture of the sEGs decreases the sub-

strate binding affinity compared to their longer GH7

counterparts with prominent B1 and/or B2 loops, also

this could be an adaptation to high substrate concen-

trations. As demonstrated by Kari et al. [41], optimal

binding affinity for cellulases is highly dependent on

substrate loading.

Activity

To date, several studies have demonstrated enzymatic

activity from enzymes in this group, albeit with vary-

ing success [17–19]. In a previous study, Todaka et al.

[19], successfully expressed RsSymEG1 in Aspergillus

oryzae, and characterized the activity in some detail.

The authors demonstrated its high initial activity rates

on CMC, yet substantially lower rates on microcrystal-

line Avicel. A pH activity profile on CMC showed a

somewhat higher pH optimum at 6.5 than most stud-

ied GH7 enzymes. Similar activity characteristics

on the model substrate 4-methylumbelliferyl β-D-

cellobioside were reported by Woon et al. [18], for

another similar enzyme GH1254 from a symbiont of

Coptotermes curvignathus, expressed in Pichia pastoris,

although no activity on Avicel or CMC could be dem-

onstrated. Sethi et al. [17] successfully utilized a

baculovirus–insect cell expression system to express

three GH7 enzymes from symbionts of R. flavipes, one

sEG and two CBHs, with all three demonstrating a

pH optimum of 7 on 4-nitrophenyl β-D-cellobioside

[17]. In our experiments on CMC, glucomannan, and

barley β-glucan, high initial hydrolysis rates by RsSy-

mEG1 were confirmed in direct comparisons to a typi-

cal GH7 EG, the commercially available TloCel7B.

While we hypothesize that the open binding site struc-

ture could facilitate substrate binding and hydrolysis

in areas which are not accessible to longer GH7 EGs,

it is not clear what is behind the somewhat rapid level-

ing off of hydrolysis rates at lower conversion levels
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compared to TloCel7B, seen especially on CMC and

glucomannan. As the structure and previous product

profile data by Todaka et al. [19] do not suggest that

there would be a great degree of processivity, the pla-

teauing activity is presumably not caused by strong

product inhibition as is seen in CBHs. Also, given that

the assays were conducted at a moderate temperature

(20 °C), lower enzyme stability is likely not an explain-

ing factor either [19]. Overall, however, it can be said

that RsSymEG1 seems to be less “persistent” when it

comes to the extent of conversion of the tested

substrates.

Potential for enzyme engineering

The novelty of the RsSymEG1, the ability to express it

in a fungal host, and the industrial importance of

GH7 family enzymes make this structure a potential

template for future protein engineering through both

rational design and systematic approaches. For

improving stability of the enzyme, previous enzyme

engineering studies of GH7 cellulases would provide

ample support for targeted improvements. Interest-

ingly, beneficial mutations in studies conducted via

GH7 expression in Saccharomyces cerevisiae are often

seen in the region surrounding the N terminus, result-

ing in improvement in stability of enzymes where a

PCA structure is lacking, and thus perhaps providing

insights for RsSymEG1 improvement as well [35,42].

The relatively small size and natively non-capped N

terminus could also make RsSymEG1 and other sEGs

interesting candidates for various multidomain fusion

proteins. Inspired by the highly effective multidomain

Caldicellulosiruptor bescii cellulase CelA, Brunecky

et al., recently constructed synthetic cellulases contain-

ing a GH7 CBH domain, a cellulose-binding module,

and a GH5 EG domain, demonstrating enhanced deg-

radation of cellulose compared to separate domains, as

well as a boosting effect on lignocellulose degradation

in combination with a commercial cellulase cocktail

[43]. It would be highly interesting to see the perfor-

mance of short GH7 endoglucanase domains in a simi-

lar setting, or in other synthetic constructs.

Furthermore, it can be hypothesized that the smaller

architecture with few disulfide bridges and less require-

ments for post-translational modifications (in terms of

the missing PCA) could facilitate the use of other

expression hosts that are often used for high-

throughput engineering studies but have usually had

limited success in expressing GH7 enzymes, for exam-

ple, Saccharomyces cerevisiae [1,35]. Expression in

S. cerevisiae would be especially interesting given it is

commonly used in ethanol fermentations where

simultaneous saccharification and fermentation (SSF)

through enzyme expression in the fermenting organism

can be a highly desirable feature. Indeed, Todaka

et al. [44] reported expression of a number of sEG

GH7s in Saccharomyces, although further studies are

needed to demonstrate expression levels. Expression of

short GH7s in E. coli has been reported as well, hold-

ing promise for simplified expression protocols for

enzyme studies and production [39]. However, more

investigations are required also in this regard in order

to verify viability of bacterial expression in terms of

expression levels and enzyme stability.

Conclusions

In this work, we have presented the structure of RsSy-

mEG1, a novel short GH7 endoglucanase from a ter-

mite symbiont. Three GH7 architectures, CBHs, EGs,

and what we have denoted here sEGs, have been iden-

tified in studies of protist symbionts of lower termites.

While the prevalence of the full-length GH7 EGs in

these organisms remains somewhat unclear, CBHs and

sEGs have been shown to be major components of

enzymatic machinery in lower termite hindguts [15,37–
39]. The examples of a CBH and EG from these

organisms we have examined in this study conform to

typical features of these enzyme classes within GH7s.

The structure of RsSymEG1, however, demonstrates a

different architecture, with similar core fold, but nota-

bly open binding site groove structure. Phylogenetic

analysis suggests that similar short architecture sEGs

have possibly emerged separately, and are observed

also in Daphnia species, even if the activity of these

enzymes has not been demonstrated. Given the limited

attention the short GH7 endoglucanases have garnered

so far despite their interesting characteristics, we feel

these enzymes certainly warrant further studies. The

RsSymEG1 structure provides important information

about the structure–function relationships within

GH7s and provides a template for engineering new

types of GH7 enzymes.

Materials and methods

Expression and purification of RsSymEG1

The amino acid sequence of native RsSymEG1 is found in

GenBank accession no BAF57296.1. An Aspergillus oryzae

strain expressing RsSymEG1 was a kind gift from Associ-

ate Professor Jun-ichi Maruyama and Associate Professor

Manabu Arioka, Department of Biotechnology, The Uni-

versity of Tokyo, Japan. The expression strain and its con-

struction has been described previously [19]. In the strain,
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RsSymEG1 is expressed under a dextrin-inducible alpha-

amylase promotor as a fusion protein of N-terminal

A. oryzae alpha-amylase AmyB, linked by a Kex2 protease

cleavage site containing linker peptide KRGGG to RsSy-

mEG1 at the C terminus. The two proteins were separated

in the cultures through cleavage at the linker peptide by

endogenous proteases.

Three liters of 5X DPY medium in 1-L baffled flasks

was inoculated with spores collected from one potato dex-

trose agar plate. The cultures were grown in +25 °C with

150 rpm shaking for 4 days. The cultures were harvested by

filtrating consecutively through Whatman GF-B and GF-F

glass filters (Cytiva, Uppsala, Sweden), and then 0.45 and

0.2 μm PES filters (VWR International, Radnor, PA,

USA). RsSymEG1 was precipitated from the culture filtrate

by adding ammonium sulfate to 80% saturation, at +4 °C
and collected by centrifugation at 13 000 g for 20 min. The

protein pellet was dissolved in 10 mM BISTRIS buffer, pH

6.0. To remove remaining ammonium sulfate and small

molecular weight impurities, the protein solution was buffer

exchanged on a Sephadex G-25 column (GE Healthcare,

Uppsala, Sweden) into 10-mM BISTRIS, pH 6.0. The pro-

tein was subsequently purified by loading on a 20 mL Sour-

ceQ column (GE Healthcare) and eluted with a 1 M NaCl

gradient, and further polished by running size exclusion

chromatography on a 16/600 Superdex 75 PG column (GE

Healthcare) with 10 mM BISTRIS, 0.15 M of NaCl, pH 6.0

buffer. For crystallization experiments, the enzyme was

deglycosylated with Endo H by mixing 1 μg of Endo H per

1 mg of RsSymEG1 and incubating at 28 °C overnight. The

protein was concentrated as needed with Vivaspin500 spin

columns (Sartorius AG, Goettingen, Germany) with a

5 kDa cutoff. Protein concentrations were determined spec-

trophotometrically at 280 nm using extinction coefficients

of 57 870 M
�1�cm�1 for RsSymEG1 and 75 635 M

�1�cm�1

for TloCel7B, calculated from the amino acid sequence

using the PROTPARAM tool within Expasy portal [45].

Crystallization and structure determination

Crystals of the RsSymEG1 were obtained at 20 °C in Mor-

pheus crystallization screen (Molecular Dimensions, Shef-

field, UK) through a sitting drop vapor diffusion

experiment in conditions containing 0.03 M Sodium fluo-

ride, 0.03 M Sodium bromide, 0.03 M Sodium iodide, 12%

v/v PEG 500MME, 6% w/v PEG 20000, and 0.1 M Tris-

Bicine, pH 8.5. The crystallization drop was set up with

0.6 μL of 28mg�mL�1 RsSymEG1 in 10 mM BISTRIS pH

6.0 and 0.2 μL of the crystallization solution. Crystals were

first observed 12months after setting up the screen with

approximately 50% of the mother liquor having evapo-

rated, indicating that the crystals emerged at a very high

protein concentration.

X-ray diffraction data were collected at the BioMAX

beamline of the Max IV synchrotron in Lund, Sweden,

using MXCUBE3 software for data collection [46,47]. The

data were processed using XDSApp and Aimless in the

PRESTO software package at BIOMAX computer cluster

[48,49]. In Aimless, reflections with resolution higher than

1.85 Å were excluded, and 5% of reflections were assigned

to an Rfree set [49]. The structure was solved by molecular

replacement using Phaser, using a homology model of

RsSymEG1 as search model, which was generated using I-

TASSER [50,51]. The structure was refined by several

rounds of iterative refinement in Refmac and manual

model building in COOT [52]. Aimless was run using the

CCP4i interface, and Phaser, Refmac, and COOT were run

using the CCP4i2 interface [52–55].
Coordinates for the cellononaose chain from the PDB

entry 4C4C were extracted in PyMOL, and its potential

binding to RsSymEG1 was modeled using the AUTODOCK

VINA (version 1.2.1) extension of AMDOCK (version 1.5.2)

with default settings, defining the search space as the sub-

strate binding face of the enzyme [26,56–58].

Enzyme activity measurements

Enzyme assays with RsSymEG1 and Trichoderma longibra-

chiatum Cel7B (Megazyme, Bray, Ireland) on 0.5% w/v glu-

comannan (Megazyme), 0.5% w/v CMC (Sigma-Aldrich,

Burlington, MA, USA), and 0.5% w/v barley beta-glucan

(Megazyme) were conducted at 20 °C with 900 rpm shaking.

Reactions with all substrates were conducted in two different

buffers, 20 mM sodium acetate pH 5.0 and 20 mM MES

hydrate pH 6.5 with enzyme concentrations of 30 nM for glu-

comannan and 7.5 nM for CMC and barley beta-glucan.

Samples were taken at 2, 4, 8, 24, 48, and 74 h and analyzed

for reducing sugars using a PHBAH assay essentially as

described previously in [59]. Briefly, samples of 50 μL were

mixed with 50 μL of 1 M NaOH to stop the reactions and

subsequently mixed with 100 μL of PHBAH solution (0.5 M

NaOH, 0.1 M PHBAH, and 0.2 M NaKTartrate). After incu-

bating at 99 °C for 10 min, the samples were cooled down on

ice for 10 min and absorbances were measured at 410 nm.

Reducing sugar concentrations were calculated using glucose

samples as standards. GlycoSpot enzyme assays were con-

ducted using the GlycoSpot Discovery Kit (GlycoSpot ApS,

Søborg, Denmark) according to the manufacturer’s instruc-

tions. Briefly, 200 μL of 7.5 nM enzyme solutions (RsSy-

mEG1 and TloCel7B) in 10 mM BISTRIS pH 6.0 buffer was

incubated on the substrate reaction plates for 17 h at 25 °C
with 130 rpm shaking, with blank samples containing only

buffer used as a negative control. Subsequently, the samples

were filtered through the filter of the reaction plate by vac-

uum, into a 96-well deep-well block. For each sample 150 μL
was transferred to an optical 96-well plate and the absor-

bances were measured at 517 and 595 nm for the red and blue

substrates, respectively. Enzyme samples showing at least

twofold absorbance compared to the negative control were

considered positive for activity toward the substrate.
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Phylogenetic tree construction, homology

models, and sequence alignments

GH7 sequences were searched with the blastp web server

from the NCBI GenBank non-redundant database using

the RsSymEG1 sequence as a query [60,61]. SIGNALP 6.0

was used to predict and remove signal secretion signals

[33]. Sequences without a predicted secretion signal were

discarded, and mature sequences were aligned with

sequence of the TrCel7A catalytic domain using the

MUSCLE-algorithm in UNIPRO UGENE version 37 [62,63].

All sequences were trimmed to the sequence region overlap-

ping the TrCel7A catalytic domain, and sequences contain-

ing less than 300 amino acids within this region, or

containing the word ‘partial’ in the sequence name were

deleted. Furthermore, sequences missing amino acids corre-

sponding to the catalytic triad (TrCel7A residues Glu212,

Asp214, Glu217), or the core beta-sheets (corresponding to

TreCel7A residues 83–87, 90–94, 125–131, 140–147, 223–
228, 288–293, 300–305, 359–367, 416–425). Two protein

sequences (Uniprot: Q874E3 and E0XN39, with respective

PDB identifiers 2W52 and 3WDT) from the distantly

related GH16 family were included in the sequence set in

order to enable rooting of the tree. The sequences were

subsequently re-aligned using MAFFT-L-INS-I algorithm

on the MAFFT version 7 web server [64]. Gap regions were

removed from the alignment using TRIMAL 1.3 on the Phyle-

mon2 server [65]. IQ-TREE web server was used to build a

maximum likelihood phylogenetic tree using the default set-

tings (1000 bootstrap alignments) [66]. iTOL web server

was used for visualizing selected branches of the phyloge-

netic tree [67]. Sequence alignments of selected termite sym-

biont GH7 sequences were constructed using the

MUSCLE-algorithm in UNIPRO UGENE version 37 [62,63],

and visualized using the ESPript 3.0 web server [68].

The structure model of AGT15840 (GHF7-6) was cre-

ated with the MODELLER extension in Chimera [29,30],

using a sequence alignment with sequences of the PDB

structures 2RZF, 4XNN, 4IPM, 4CSI, 5W11, 4ZZQ,

5O5D, 1CEL, 2YOK, 4XEB, 4ZZV, 3PL3, 4V20, 1Z3V,

and 2XSP aligned with MUSCLE algorithm in UGENE as

input [62,63]. MODELLER model of BAF57386 was con-

structed the same way, but using a sequence alignment with

sequences of the PDB structures 6SU8, 1EG1, 5W0A,

1OVW, and 1OJJ as input.
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Beckham GT & Payne CM (2021) Machine learning

reveals sequence-function relationships in family 7

glycoside hydrolases. J Biol Chem 297, 100931.

7 Schiano-di-Cola C, Røjel N, Jensen K, Kari J,

Sørensen TH, Borch K & Westh P (2019) Systematic

deletions in the cellobiohydrolase (CBH) Cel7A from

the fungus Trichoderma reesei reveal flexible loops

critical for CBH activity. J Biol Chem 294, 1807–
1815.
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Fig. S1. Amino acid sequence alignment of selected

short GH7 endoglucanases (sEG) with fungal GH7

CBH TreCel7A and EG TreCel7B.
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biohydrolases (CBH) and endoglucanases (EG) of ter-

mite symbionts, and selected fungal CBHs and EGs.
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