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A B S T R A C T   

Background: Physarum polycephalum is an unusual macroscopic myxomycete expressing a large range of glycosyl 
hydrolases. Among them, enzymes from the GH18 family can hydrolyze chitin, an important structural 
component of the cell walls in fungi and in the exoskeleton of insects and crustaceans. 
Methods: Low stringency sequence signature search in transcriptomes was used to identify GH18 sequences 
related to chitinases. Identified sequences were expressed in E. coli and corresponding structures modelled. 
Synthetic substrates and in some cases colloidal chitin were used to characterize activities. 
Results: Catalytically functional hits were sorted and their predicted structures compared. All share the TIM 
barrel structure of the GH18 chitinase catalytic domain, optionally fused to binding motifs, such as CBM50, 
CBM18, and CBM14, involved in sugar recognition. Assessment of the enzymatic activities following deletion of 
the C-terminal CBM14 domain of the most active clone evidenced a significant contribution of this extension to 
the chitinase activity. A classification based on module organization, functional and structural criteria of char
acterized enzymes was proposed. 
Conclusions: Physarum polycephalum sequences encompassing a chitinase like GH18 signature share a modular 
structure involving a structurally conserved catalytic TIM barrels decorated or not by a chitin insertion domain 
and optionally surrounded by additional sugar binding domains. One of them plays a clear role in enhancing 
activities toward natural chitin. 
General significance: Myxomycete enzymes are currently poorly characterized and constitute a potential source 
for new catalysts. Among them glycosyl hydrolases have a strong potential for valorization of industrial waste as 
well as in therapeutic field.   

1. Introduction 

Chitin is an important structural component of cell walls in fungi, 
including yeasts, and in the exoskeleton of insects and crustaceans. It is 
the second most abundant renewable polymer on earth after cellulose. 
The annual production and steady-state amount of this polymer are on 
the order of 1010 to 1011 tons per year [11,17]. A large part arises from 
fresh water and marine plankton [61–63]. This large and insoluble 
structural polysaccharide consists of repeats of N-acetyl-D-glucosamine 
(GlcNAc) monomers connected by β(1–4) bonds. There are three forms 
of chitin: α chitin (the most spread-out form), which consists of 
anti-parallel GlcNAc chains [61,62]; β-chitin, in which the chains are 
parallel; and γ chitin, which consists of a mix of parallel and antiparallel 

chains. 
Despite its abundance, chitin does not accumulate in the environ

ment due to the action of chitinolytic enzymes, which are widely spread 
throughout many organisms, even those that do not synthesize chitin 
themselves. Chitin depolymerization into GlcNAc requires the coordi
nated action of endochitinase, exochitinase, and chitobiosidase, which 
are mainly classified in the GH18 and GH19 families of the CAZY 
database [43]. In addition, N-acetylglucosaminidases from the GH20 
family allow degradation of formed N, N′-diacetylchitobiose. They 
contribute to providing food sources, morphogenesis in fungi and in
sects, and defense against fungal diseases in plants. Over the last three 
decades, interest in chitinases has increased in various fields of 
biotechnology, such as the treatment of chitinous waste from the 
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seafood industry, the biocontrol of phytopathogenic fungi, and their use 
as a biopesticide [43]. More recently, medical applications have 
involved the use of chitooligomers as antitumor agents, dietary fiber, 
antihypertensives agents, and asthma-related treatments [16,25,43]. 

Chitinases of the GH18 family are widely distributed in many or
ganisms. GH18s are composed of several structural/functional elements: 
one or more catalytic domains, a signal peptide or transmembrane 
segment, zero to seven carbohydrate binding domains (CBMs), a serine/ 
threonine domain, one or no type III fibronectin-like domain. Some 
CBMs are preferentially found in certain organisms, such as CBM5 and 
CBM12 in bacteria or fungi. CBM50 and CBM18 are generally found in 
the chitinases of subgroup C of fungi. CBM14 is thought to be found in 
the chitinases of mammals and insects. The functions of GH18 chitinases 
are very diverse: cell wall degradation, nutrition, autolysis, invasion and 
pathogenesis, moulting, immune defense, tolerance to infectious stress, 
nodulation.[8]. 

Because of their considerable potential for multiple applications, 
original chitinases have been extensively sought from cultivable and 
non-cultivable organisms [9,19,22,25,31,32,39,55,60]. However, few 
chitinases are currently commercially available and used for industrial 
applications, mainly due to the lack of efficient expression systems and 
simple purification methods [39,48]. The limited efficiency of heterol
ogous chitinase expression in microbial hosts, such as Escherichia coli 
and Pichia pastoris [19,47,55,58] may result from the antibacterial and 
antifungal activities of chitinase, which interfere with the growth of the 
expression host [6]. 

In this context, we focused on the GH18 protein content of an un
usual cell wall-free organism, the acellular slime mold Physarum poly
cephalum (PP). This macroscopic myxomycete is related to amoeba and 
phylogenetically distant from any major model organism. PP mainly 
feeds by phagocytosis of bacteria and fungi. However, it is able to 
degrade alternative energy sources, such as oat flakes, which requires 
the secretion of glycolytic enzymes for degradation [18,26,57]. PP fea
tures a particularly rich genome, exceeding 100 M-bases in size, that 
profits from its being at an evolutionary crossroad, bringing together 
genes frequently found in bacteria, plants, and animals [35,45]. We used 
a GH18 family signature encompassing the catalytic site in a low strin
gency search to scan a publicly available PP transcriptome [15]. This 
paper illustrates the presence of a large set of multidomain chitinases in 
PP that combine a well-conserved catalytic core with extra N-and C- 
terminal domains that modulate their cellular location and enzymatic 
properties. 

2. Materials and methods 

2.1. Sequence identification of GH18 chitinases 

The gene search was performed at low stringency by scanning the 
pool of currently reported PP transcript sequences (NCBI-PRJNA295269 
and footnote 1) using the nine amino-acid GH18 PROSITE signature of 
active site. The used proprietary search algorithm (MagicGene) sur
passed the performance of classical PROSITE tools by allowing the 
identification of highly degenerate signatures up to the randomness 
statistical limit. The coding sequences of the resulting hits were 
extended on available transcripts upstream to the last available in-frame 
ATG codon preceding a stop codon and downstream to the first in-frame 
stop codon. Sequences without any detectable similarity with known 
chitinases or that were too short to encode most of the characteristic TIM 
Barrel structure of chitinases were discarded, as they were likely trun
cated in the library. This method proved to be more efficient and sen
sitive than a direct BLAST search in detecting putative chitinases poorly 
related to characterized references. Finally, selected hits were used to 
search available PP genomic sequences. However, the limited coverage 
and quality of available PP genome sequences did not allow us to 
significantly increase the set of hits or unambiguously extend the likely 
truncated transcripts. 

2.2. Structural predictions of GH18 chitinases 

3D-structural predictions were performed on hits using the TrRosetta 
algorithm [59] without the use of a specific template. Among the results, 
only structural predictions ranking with high or very high confidence 
levels (TM-score > 0.6) were retained for consideration. 3D-structures 
were visualized using chimeraX [40]. The search for putative signal 
peptides dedicated to protein exportation was conducted using SignalP- 
5.0 server [4]. Sequence segments corresponding to each structurally 
predicted domain were submitted separately to NCBI BlastP search to 
identify potential related domains of known function. The conserved 
domain database of the NCBI [33], SMART [30], HMMER [41] com
bined with Pfam [37] were used. For unsolved domain identification, 
protein sequences were submitted on Google Colaboratory to the 
DeepMind AlphaFold2 program, a deep-learning based algorithm, for 
structural prediction [23]. Resulting 3D-structures predicted with a high 
level of estimated confidence (pLDDT >70) were submitted to PDBefold 
[27] to identify structural domains with related folds and establish po
tential functions. The structures based alignment of the GH18 PP se
quences was established using the T-coffee (Expresso) software [38]. 

2.3. Construction of a phylogenetic tree 

Sequence alignments were performed using the Muscle algorithm. 
Phylogenic tree was established using the BioNJ software (datatype: 
protein, number of bootstraps: 1000, substitution model: John-Taylor- 
Thornton matrix or Dayhoff PAM matrix: the same results were ob
tained with both matrixes based on Muscle sequence alignments. 
Drawtree software was used as the tree viewer [10]. Phylogenetic trees 
in supplementary data have been built using IQtree web server and ITol 
web server (using 1000 bootstraps) [29,52] from Muscle alignments 
using the MPI bioinformatics toolkit [13]. 

2.4. Plasmid construction for Tr_10148PelB and Tr_10148PelB_DC 
expression 

Plasmids expressing Tr_10148PelB and Tr_10148PelB_DC were con
structed using the In-Fusion HD Cloning Plus kit (TakaraBio). Plasmid 
pET-29b(+) was prepared by restriction with NdeI and XhoI. The frag
ments cloned in the pET-29b (+) were amplified using the following 
matrix: pET-29b(+)-Tr_10,148 (built by Twist biosciences) and the 
Primers OBRT0062/OBRT0072 and OBRT0071/OBRT0072. These 
primers were used to add PelB sequence and to truncate the C-terminal 
domain to obtain plasmids expressing Tr_10148PelB and 
Tr_10148PelB_DC, respectively. The DNA sequence of Tr_10,148 and the 
primers are listed in supplementary Table S5. Both plasmids were vali
dated by sequencing before being transformed into E. coli DE3 strain to 
express proteins. 

2.5. Expression of PP GH18 chitinases 

GH18 cDNA sequences encoding putative proteins were tagged with 
a 6-His-encoding sequence at their C-termini and synthesized by Twist 
Biosciences using the E.coli code bias and inserted into the expression 
vector pET-29b(+) (Novagen) between the NdeI and XhoI sites. Plasmids 
were transformed into an E. coli DE3 strain (“T7 Express”- Reference 
C2566 or “T7 express lysY”-reference C3010, from NEB) following the 
supplier's protocol. After transformation of sequence checked plasmids, 
LB medium (5 ml) containing 50 μg/ml kanamycin was inoculated with 
the strains and the strains were cultivated overnight at 37 ◦C and 150 
rpm shaking (orbital 50 mm). These precultures were used to inoculate 
50 ml of LB medium in 250 ml baffled erlenmeyers flasks. Cultures were 
incubated at 37 ◦C and 150 rpm shaking (orbital 50 mm). IPTG (0.1 or 1 
mM) was added to induce expression when the OD600nm reached 0.6 to 
0.8. Different incubation temperatures (16 ◦C or 37 ◦C) under the same 
stirring conditions were used depending on the assay. An aliquot was 
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collected for each culture and pelleted. Cells were resuspended in 60 μl 
water before the addition of 20 μL 4× Laemmli buffer containing 1.4 M 
2-mercaptoethanol and incubation for 10 min at 95 ◦C. Expressed pro
teins were monitored by SDS-PAGE using stain free gel imaging (Bio
rad). For enzyme production, cultures were harvested by centrifugation 
(4500 xg, 10 min, 4 ◦C) and suspended in 1× PBS (Abcam). Cells were 
disrupted by sonication with a microprobe (power 40%, 3 min, pulser 
50%) and centrifuged at 15,000 g for 10 min at 4 ◦C to recover the su
pernatant, considered to be the soluble extract. Talon resin (HIS SPIN
TRAP TALON Ref: 29–0005-93 from Cytiva) was used to concentrate the 
proteins of the four candidates featuring the highest activity in cell ex
tracts. For that, the supplier's recommended centrifugation protocol was 
applied by using 50 mM sodium phosphate, 300 mM NaCl, pH 7.4 as 
binding buffer, 50 mM sodium phosphate, 300 mM NaCl, 5 mM imid
azole, pH 7.4 as wash buffer, and twice 200 μl of 50 mM sodium phos
phate, 300 mM NaCl, 150 mM imidazole, pH 7.4 as elution buffer. Then, 
a concentration and buffer exchange with PBS were operated with 
Amicon centrifugal filter unit with a 10KDa cut off. The eluted proteins 
of interest were concentrated by a factor 4 and the final imidazole 
concentration estimated <1 mM. 

2.6. Measurement of GH18 chitinases activity 

The “fluorescent chitinases assay kit” (Sigma-Aldrich- CS1030) was 
used to measure GH18 activity. The assays were conducted as 
mentioned by the supplier with minor modifications. The assay buffer 
was substituted by McIlvaine's buffer pH 5.2 [20,36,54]. 4-methyl 
umbelliferone (0–100 ng) was used as a standard. One unit is defined 
as one μmole of 4-methylumbelliferone liberated per min with the 
substrate 4MU-(NAcGlc)3. To determine the total activity in E. coli after 
overexpression, the activity was measured in the supernatant of the 
culture and the total activity was calculated using the volume of su
pernatant. The activity was also measured in soluble extract and the 
total activity calculated similarly. Then total activity in supernatant was 
reported as the sum of total activity in supernatant and in soluble 
extract. When needed, extracts were concentrated and buffer exchanged 
using Amicon units (Cut Off 10KDa). 

2.7. Test of colloidal chitin degradation 

Ten milliliters 37% hydrochloride acid was added to 1 g shrimp shell 
chitin (Sigma Aldrich-C9752) and mixed by magnetic stirring for 1 to 2 h 
before the very slow addition of 50 mL water. Colloidal chitin particles 
were collected by centrifugation (8000 xg, 20 min, 15 ◦C) and washed 
repeatedly with deionized water until the pH reached approximately 5. 
Finally, the pellet was suspended in deionized water to a final concen
tration of 50 mg/ml and autoclaved (20 min 121C). Colloidal chitin 
plates were prepared by mixing 10 ml 1% agarose, 8.4 mL 2× McIl
vaine's buffer pH 5.2, and 1.6 ml 50 mg/ml colloidal chitin. Superna
tants to be tested for chitinase hydrolysis were deposited on the plate 
surface. For volumes larger than 5 μl, deposition was performed in steps, 
with a drying time between each application. Commercial chitinases 
(Sigma-Aldrich) from Trichoderma viride or Streptomyces griseus were 
used as positive controls. 

3. Results 

3.1. Identification of encoded proteins exhibiting a GH18 signature in the 
PP transcriptome1 

Available PP transcriptomes were scanned at low stringency using 
the GH18 PROSITE signature [LIVMFY]-[DN]-G-[LIVMF]-[DN]- 

[LIVMF]-[DN]-x-E. Translated sequence segments matching the signa
ture were extended and filtered as described in Materials and Methods. 
This resulted in 19 distinct protein sequences (Supplementary Table S1) 
exhibiting the signature and matching at least one chitinase within the 
best 50 scores of a validation BLAST search. The best similarity (35 to 
40%) between selected PP sequences and a member of the NCBI data
base was found for GH proteins (accession number: AYV84706.1; 
AYV82936.1; AYV76418.1) assigned to giant viruses of the Hyper
ionvirus and Terrestrivirus families. Giant viruses have been shown to act 
as transferable genetic elements between amoeba through phagocytosis 
[1,42,46]. A search to match the identified transcriptome sequences 
with published versions of the PP genome contigs [45] resulted in only a 
limited number of short matching genomic fragments. Such a result is 
consistent with the frequent presence of genomic introns that interrupt 
ORF frames and the relatively poor quality and incomplete nature of the 
available PP genome sequence. Alignment of selected PP GH18 se
quences showed that all shared a well conserved common segment 
exhibiting high similarity with a part of the catalytic TIM barrel found in 
known GH18 chitinases (supplementary data: Fig. S2 and S13). Outside 
of this conserved sequence segment, similarity between the hits dropped 
off or disappeared within the N- and C-terminal extensions of various 
sizes. 

3.2. 3D-structural predictions and sequence classification 

The 19 selected sequences were run through the TrRosetta algorithm 
[59], resulting in 3D structural predictions rated with very high or high 
confidence levels (TM-score > 0.6) (Supplementary Fig. S1). Depending 
on the case, one to at least three independent folding domains were 
predicted for each sequence. All predicted PP structures included a 
similar (α/β)8 TIM barrel (in some cases incomplete) exhibiting a large 
central channel surrounded by the expected acidic catalytic residues of 
the search signature (Figs. 1, 2 and supplementary Fig. S2). Structural 
predictions revealed that five (Tr_09449, Tr_13,162, Tr_09402, 
Tr_08219, Tr_17,144) among selected hits lack parts of the barrel 
structure likely resulting from sequence truncation at mRNA levels or 
sequencing. The limits of the incomplete TIM barrels were confirmed on 
the basis of the structural alignment of Fig. 1. A search against the 
genome did not allow us to unambiguously assign the missing se
quences. Interestingly, the presence of a hydrophobic N-terminal helix 
was predicted for all sequences, excepted for the four that were already 
expected to be truncated on the N-terminal side: Tr_09449, Tr_13,162, 
Tr_09402, Tr_08219. However, predicted structures evidenced that 
these helixes can form isolated domain as in Tr_29,722 or Tr_14,380 but 
also be part of domain interface as in Tr_13,810 or Tr_07972 (Supple
mentary Fig. S3). They thus could play different roles. Predictions 
(Supplementary Table S2) obtained with the “signal P" server [4] sug
gested that most could constitutes an extracellular export signal 
sequence, excepted for sequence Tr_29,722, which was better predicted 
as a lysosome localization signal based on Deeploc 1.0 software [3]. 

A well-folded N-terminal domain between the putative export signal 
peptide and the TIM barrel structure was predicted for three sequences 
(Tr_08891, Tr_29,722, and Tr_08969). Two contained an already known 
structure: for Tr_08969, a double LysM pattern (also known as carbo
hydrate binding module (CBM) 50), and for Tr_08891, a double chitin- 
binding domain type1 (ChitBD1) pattern (also known as CBM18), as 
identified using the conserved domain database (CDD) from NCBI. The 
N-terminal domain of Tr_08891 featured 45% similarity with the cor
responding region of the chitinase of Fusarium bulbicola and that of 
Tr_08969 showed 61% similarity with the peptidoglycan-binding 
domain (LysM) of Eubacteriaceae bacterium [33]. No known pattern 
was found for the third N-terminal domain of Tr_29,722. However, this 
domain was predicted by the TrRosetta and Alphafold algorithms to be a 
coiled coil domain attached by flexible polypeptide linkers composed of 
glycine and serine to the catalytic domain. Four of the selected GH18 
hits (Tr_10,148, Tr_09446, Tr_07972, and Tr_07540) include various 

1 https://www.regulationsbiologie.ovgu.de/Downloads/Physarum+pol 
ycephalum+Genome+Resource.htm 
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additional domains on the C-terminal side of the TIM barrel domain 
(Fig. 3A). A Blast search using the NCBI database revealed no similar 
sequences but a search by fold similarity with PDBefold using the 
structure predicted by the Alphafold program allowed us to determine 
that a part of this domain is likely chitin-binding domain type 2, also 
known as CBM14 (Supplementary Fig. S4). Matching of CBM14 in the 
CAZY database with the putative corresponding portion Tr_07972, 
Tr_09446 and Tr_10,148 was performed and confirmed the structural 
similarity. A chitin-binding function has been demonstrated in several 
cases for such module of approx. 70 residues that is found attached to 

several chitinase catalytic domains and non-catalytic proteins as well. 
Although the predicted C-terminal domain structure of Tr_09446 was of 
lower modelling quality, sequence alignments showed the characteristic 
expected pattern: six cysteines completed by several aromatic amino 
acids [14]. The C-terminal domain of Tr_07540 was probably incom
plete however, the available part corresponded to the serine- and 
threonine-rich linker that is present in the three other C-terminal do
mains between the TIM barrel and CBM14. 

Concerning the catalytic TIM barrel domain, all characterized PP 
GH18 shared a very similar core structure (RMSD lower than 5 Å) 

Fig. 1. Structurally conserved sequence segments of PP GH18. Alphafold predicted structures were RMSD minimalized using the structure of Tr-10,148 sequence 
as reference and the UCSF Chimera software. A structure-based sequence alignment was generated from matched structures using the software “Match- > Align” 
plug-in and a threshold distance of 5 Å. Resulting sequence segments structurally conserved between Physarum clones are listed on the figure and graphically 
represented on Fig. 2. 

Fig. 2. Common structural feature of Physarum 
chitinases. A. Predicted structure of sequence 
Tr_10,148 exhibition the central hole of the Tim 
barrel. The red colored parts correspond to the 
structurally conserved elements (RMSD <5 Å) be
tween all cloned PP GH18 as defined in Fig. 1. B. 
Close view of the conserved active site including the 
catalytic acidic residues (red colored). (For interpre
tation of the references to colour in this figure legend, 
the reader is referred to the web version of this 
article.)   
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forming a large central channel where acidic catalytic residues are 
located (Fig. 2A). However, similar large extra-loops were identified in 
the Tr_08891, Tr_08608, and Tr_11,260 structures (Fig. 3B). This 
insertion, which occurred between the 7th and the 8th β-strand of the 
TIM barrel, was similar to the previously described (α + β) Chitin 
Insertion Domain (CID) present in subfamily A of some bacterial chiti
nases for which a classical model is the smChiA chitinase from 
S. marcescens. Tr_08608 predicted structure and X-ray structure PDB- 
7FD6 of smchiA chitinase exhibited a RMSD of 1.04 Å for AA-158- 
564. Such a very low value signed almost identical structures both for 
the TIM and CID parts. The extra-loop in the Tr_08608 and Tr_11,260 
core sequences exhibited also 65% and 71% similarities, respectively, 
with lectin Ym1 (also named chitinase-like 3) from Mus musculus. 

Similarity with the same lectin module in Tr_08891 was lower (48%). 
The TIM barrel of Tr_12,536 that does not contain CID insertion was 
found more sequence related to bacterial enzymes that the previous ones 
and was particularly structurally related to structure PDB-3OAR of 
Yersinia entomophaga (RMSD of 1.27 Å for 78 of 269 atom pairs). 
Phylogenetic, modular structure and structural relationships of PP GH18 
chitinases were summarized in Table 1. 

The described modular structures were classified considering only 
the 13 apparently complete sequences (Fig. 4 and Table 1), resulting in 
five groups: group 1, containing only the catalytic domain barrel (CaD); 
group 2, including an additional C-terminal domain; group 3, including 
an N-terminal and catalytic domain; group 4, containing the catalytic 
domain, including an extra-loop; and group 5, including an additional N- 

Fig. 3. Alphafold predicted structures of the 
additional C-terminal domains and CID loop in
sertions in the catalytic domains of PP-chitinases. 
Predicted structure for clone Tr_14,380 (in blue) was 
used as structural reference as its structure does not 
contain additional domain inserted in the TIM barrel 
or N- or C-extension. Top: chitinases (in pink colour) 
featuring a CBM14 like additional C-terminal chitin 
binding domain (green colored). Bottom additional 
CID domain (green colored) forming a subdomain 
inserted in the catalytic TIM barrel structures (pink 
colored). (For interpretation of the references to 
colour in this figure legend, the reader is referred to 
the web version of this article.)   

Table 1 
Summary of the classification of chitinase like GH18 from Physarum polycephalum.  

Group1 Clusters2 Tr_ Id N-term. 
helix 

N-term. CBM Catalytic domain C-term CBM Activity3 

Nat. lysY 
Classifi- 
cation 

Related species 

1A C2 
C2 
C2 
C2 

13,533 
12,881 
14,380 
13,810 

Yes 
Yes 
Yes 
Yes 

No 
No 
No 
No 

TB 
TB 
TB 
TB 

No 
No 
No 
No 

yes /yes 
ND /ND 
ND/ yes 
yes/yes 

See 5 

See 5 

See 5 

See 5 

Giant virus 
Giant virus 
Giant virus 
Giant virus 

1B C5 12,536 Yes No TB No ND/yes Bact. 
B type6 

Bacteria 

2 C3 
C3 
C3 
C3 

09446 
10,148 
07972 
07540 

Yes 
Yes 
Yes 
Yes 

No 
No 
No 
No 

TB 
TB 
TB 
TB 

CBM14 
CBM14 
CBM14 
Trc CBM 

yes/yes 
yes/yes 
yes/yes 
ND/yes 

See 5 

See 5 

See 5 

See 5 

Giant virus 
Giant virus 
Giant virus 
Giant virus 

3 NC 
C1 

29,722 
08969 

Yes 
Yes 

Yes UNK 
2× CBM50 

TB 
TB 

No 
No 

yes/yes 
yes/yes 

See 5 

See 5 
Giant virus 
Giant virus 

4 C4 
C4 

08608 
11,260 

Yes 
Yes 

No 
No 

TB+ CID 
TB+ CID 

No 
No 

yes/yes 
yes/ND 

See 4 

See 4 
Plant 
Plant 

5  08891 Yes 2× CBM18 TB+ CID No ND/ND See 4 Plant parasite 
6 C1 

C1 
C1 
C1 
ND 

08219 
09402 
13,162 
09449 
17,144 

No 
No 
No 
No 
Yes 

No 
No 
No 
No 
No 

trc TB 
trc. TB 
trc. TB 
trc. TB 
C-trc. TB 

ND 
No 
No 
No 
No 

ND 
ND 
ND 
ND 
ND  

Giant virus 
Giant virus 
Giant virus 
Giant virus 
ND 

1Groups as defined in Fig. 4. 2Clusters from phylogenetic trees of supplementary figs. S5 A, B, C. 3Activities as defined in Figs. S7 A and B toward synthetic substrates 
(Nat: T7 express cells, lysY: T7 express lysY), ND: not detected, yes: active (in bold higher values)). 4Plant class V according to phylogenetic analysis but structurally 
related to CID (α + β) containing bacterial TIM barrels of subfamily A (structural RMSD of 1.04 Å (Tr_08608) with Serratia marcescens SmChia X-ray structure PDB- 
7FD6 AA 158–564). 5Phylogenetically related to the independent branch of giant virus but structurally related to Plant and bacterial chitinases more or less decorated 
by N-or C-terminal CBMs.6Phylogenetically and structurally related for the TIM barrel part to bacterial chitinases (structural RMSD of 1.27 Å (78/269 pairs) to PDB- 
3OAR of Yersinia entomophaga). NC: sequence rejected during phylogenetic tree construction. CBM: carbohydrate binding module, TB: TIM barrel, TB + CID: TB 
containing a chitin insertion domain. N-trc or C-trc: N or C-terminal truncations. Trc-CBM: truncated CBM. Plant parasite refers to nematodes of Heterodera types and 
Giant virus to virus related to Terrestrivirus. 
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terminal domain relative to group 4. The relations between this pro
posed classification and the sequence conservation were evaluated. The 
catalytic domain sequences, including extra-loop (when present) were 
aligned and trees constructed as mentioned in the experimental section. 
The proteins belonging to the same classes in Fig. 4 also clustered in the 
same group of sequence similarity (Fig. 5). Only clone Tr_12,536 escape 
to the rule, suggesting that proteins of group 1 may potentially have 
different evolutive origins. These findings were confirmed by extending 
sequence classification to a global phylogenetic tree involving others 
species (Supplementary Figs. S5 A, B, C). Interestingly, all sequences 
lacking N-terminal helixes and considered as N-truncated belong to 
sequence cluster C1 (Fig. S5 C). Provided to exclude a clustering artifact, 
this may question a potential role of their truncated TIM barrel. The 
truncated sequence Tr_17,144 that was hardly classified could be a 
subpart of group 1 with Tr_12,536. Together, results suggested a 
possible evolutionary relationship between the capture of extra C- and 
N- domains surrounding the catalytic domain and the evolution of the 
catalytic domain itself. Most of the PP GH18 (Tr_12,881, Tr_14,380, 
Tr_13,533, Tr_13,810, Tr_09449, Tr_29,722, Tr_13,162, Tr_08219, 
Tr_08969, Tr_09402, Tr_10,148, Tr_07972, Tr_09446, Tr_07540) 
belonged to a unique part of the phylogenetic tree related to giant virus. 
This part is also related to bacterium of the genus Francisella and Pseu
doalteromonas. A second branch including Tr_12,536 and possibly 

Tr_17,144 also hold GH18 from fungi (Trichoderma, Beauveria) and from 
bacteria (Vibrio, Bacillus, Chromobacterium). PP GH18 that included an 
extra-loop in the catalytic domain were in contrast related to chitinases 
from plants like Medicago, cycas, Arabidopsis, nicotiana (Tr_11,260 and 
Tr_08608) or from parasitic plant organisms like Leishmania and Heter
odera (Tr_08891). 

3.3. Expression and characterization of selected PP GH18 members in 
E. coli 

The ORFs encoding the identified GH18 (full and truncated) were 
recoded using the standard E. coli codon bias, synthesized, and cloned 
into expression vectors. Bacteria-mediated expression in total and sol
uble extracts was analyzed by SDS-PAGE following IPTG induction. 
Additional protein bands at the expected size (Supplementary Table S3) 
were visualized in total extracts for a portion of the candidates (sup
plementary Fig. S6). By contrast, such additional bands were not iden
tified in soluble extracts, suggesting that a large part of expressed 
proteins can be trapped into inclusion bodies. 

Chitinase activities were tested on soluble extracts using model 
substrates: 4-methylumbelliferyl N,N′-diacetyl-β-D-chitobioside, a sub
strate suitable for fluorescent detection of chitobiosidase activity, 4- 
methylumbelliferyl N-acetyl-β-D-glucosaminide to monitor of β-N- 

Fig. 4. PP GH18 classification based on domain 
topologies. Domain identification was based on 
predicted 3D-structures (TrRosetta and Alphafold). 
GH18-containing sequences with the same profile 
were gathered. Likely sequences featuring apparently 
incomplete Tim barrels were are grouped at the bot
tom of the table. *This column indicates that addi
tional bands of the expected molecular weight were 
detectable (+, ++, +++) or not (− ) in total extracts 
of “T7 express” transformed cells following induction 
with 1 mM IPTG for 2 h at 37 ◦C. Results were based 
on visual inspection of SDS-PAGE (supplementary, 
Fig. S6).**Expressed sequences were classified by 
relative activities: highest (dark grey), low but reli
ably detected (light grey), and negative or close to 
background (white) following measurements in solu
ble extracts prepared from cells expressing the se
quences cultivated under various conditions 
(Supplementary Fig. S8). CaD: catalytic domain; C- 
ter: C-terminal domain; N-ter: N-terminal domain.   
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acetylglucosaminidase activity, and 4-methylumbelliferyl β-D-N,N′,N′ ′- 
triacetylchitotriose (4MU-(GlcNAc)3) for the detection of endochitinase 
activity. However, only the latter substrate allowed detection of signif
icant activities, indicating that expressed proteins exhibited endochiti
nase but not detectable exochitinase activities. Prepared soluble extracts 
from transformants in strain E. coli T7 express, and in the corresponding 
lysY cells were cultivated and activities tested as described in Supple
mentary Fig. S7 legends. The best repressed lysY cells were tested to try 
limiting the E. coli growth inhibition (even without induction) observed 
with some of the GH18 candidates, inhibition that could have influenced 
activity ranking. In later experiments, constructs encompassing a lysS 
export sequence were also used to try limiting intracellular GH18 
accumulation and toxicity. Based on the four expression conditions 
tested, activities of the described GH18 were ranked (Supplementary 
Fig. S7 and Table 1): Tr_10,148 and Tr_07972 performed the best; 
Tr_13,533, Tr_14,380, Tr_13,810, Tr_08969, and Tr_08608 showed 
lower activity; whereas the activity of Tr_12,881, Tr_12,536, Tr_09446, 
Tr_07540, Tr_29,722, Tr_11,260, Tr_08891, and Tr_17,144 were close to 
the limit of detection and found only under some of the conditions 
tested. Clones Tr_09449, Tr_13,162, Tr_09402, and Tr_08219, suspected 
to be truncated, exhibited no activity. The catalytic activities of 
Tr_10,148, Tr_07972, Tr_13,810, and Tr_08969 were also evaluated on 
colloidal chitin (Supplementary Fig. S8) using the formation of hydro
lysis halos on agarose plates [44,49]. The results confirmed that the 
Tr_10,148, Tr_07972, and Tr_13,810 proteins efficiently hydrolyzed 
colloidal chitin but Tr_08969 did not exhibited detectable activity in 
such test. However, considering the limited sensitivity of halo formation 
test and the use of unpurified extracts, only positive results can be 
considered as robust. Attempts were performed to purify some of the 
expressed chitinases using affinity tags (Supplementary Fig. S12). 
However, such approach was found insufficient to reach a level of purity 
usable for more precise catalytic constant characterizations. 

3.4. Analysis of the roles of the N- and C-terminal extensions surrounding 
the core domain 

Functional contributions of the N- and C-terminal extensions present 
in the most active clone, Tr_10,148 were evaluated (Supplementary 
Fig. S9). A putative N-terminal export sequence signal is present on this 

chitinase but eukaryotic export signal might be poorly recognized and 
processed in E.coli [24]. When not recognized, such hydrophobic 
extension could cause protein aggregation. To avoid such limitation, a 
construct in which the eukaryotic signal of Tr_10,148 was substituted by 
a standard export signal used in E. coli: pelB, was designed (Supple
mentary Table S5). The limits of the sequence substitution was defined 
based on signalP 5.0 software predictions [4]. The activities of resulting 
constructs (Fig. 6) measured using similarly concentrated culture su
pernatants were higher for chitinase Tr_10148PelB than for Tr_10,148 
(432 and 74 nmol/min/protein respectively), suggesting a better protein 
export with pelB fusions. However, activity level released in the culture 
medium still represented a small fraction (4%) of activity in cell lysates, 
indicating improved but still insufficient export. Concerning the CBM14- 
like C-terminal domain of Tr_10148PelB, corresponding amino acids 
325 to 407 were deleted, giving construct Tr_10148PelB_DC. This 
resulted in an approximately two-fold decrease of activity toward the 
model substrate (Supplementary Fig. S10) suggesting that the C-termi
nal extension of Tr_10,148 (constituting a CBM14 domain) significantly 
enhanced activity by facilitating substrate recognition. Similar results 
were obtained with the C-terminal deletion on two versions of Tr_10,148 
in which the 28-N-terminal residues were deleted and replaced or not by 
the export pelB sequence) (Supplementary Fig. S10). The activity of 
chitinase Tr_10148PelB and Tr_10148PelB_DC from concentrated su
pernatants of cultures on colloidal chitin were also tested (Supplemen
tary Fig. S8). The same level of activity based on 4MU-(GlcNAc)3 
hydrolysis was deposited for all chitinases, including commercial ones 
from S. griseus and T. viride. Tr_10148PelB appeared to be at least as 
efficient as the S. griseus enzyme and exhibited better time dependence 
of hydrolysis than that the one of T. viride. The C-terminal domain 
truncation of Tr_10148PelB significantly decreased the efficiency of 
colloidal chitin hydrolysis, as already observed with the model sub
strate. This effect is not attributable to a loss of stability, as 
Tr_10148PelB, Tr_10148PelB_DC, and control activities evaluated simi
larly during prolongated incubation (Supplementary Fig. S11). Thus, the 
C-terminal domain in Tr_10,148 has a clear role in improving chitinase 
activity without affecting its stability. 

4. Discussion 

We identified nineteen PP sequences including a GH18 signature that 
are distantly sequence related to already characterized chitinases. Seven 
of them exhibited some endochitinase activities on the model substrate 
(4MU-(GlcNAc)3 and for the most actives, hydrolysis of colloidal chitin 
was demonstrated. Eight others for which activities were close to 
background could correspond to partially truncated sequences. 
Sequence similarity analysis evidenced a modular structure, including 
various N- and C-terminal extensions surrounding the catalytic domain. 
Similarity of the core catalytic domain was maximal with related se
quences found in giant viruses that infect amoebae. Most of the PP GH18 
enzymes clustered together within a distinct phylogenetic branch 
(Supplementary Figs. S5 A, B, C) and share a highly structurally 
conserved TIM barrel catalytic structure. Notably, this branch included 
chitinase Chi23 from P. aurantia, an uncommon bacterial endochitinase 
[56]. The total number of GH18 chitinases found in PP was quite 
elevated for a chitin-free organisms, a feature also presents in fungi. This 
number was likely underestimated on the basis of transcriptome analysis 
as gene expression in PP is strongly dependent on the phase of devel
opment and on a range of environmental conditions. Attempts to 
correlate or extend the results from transcript screening with the 
available genomic sequences were mostly unsuccessful due to poor 
genome sequence quality, fragmentation and limited coverage. 

A classification of PP GH18 chitinases was proposed mostly based on 
topological considerations (domain type and organization), sequence 
and structural conservations. The modular organization associating 
various carbohydrate binding domains to a common catalytic core could 
significantly contribute in diversifying activities. Some of the extensions 

Fig. 5. Phylogenetic tree for the isolated catalytic domain of the GH18 family 
of P. polycephalum. 
Sequences of the catalytic Tim barrel domains of PP GH18 were aligned using 
the Muscle algorithm. A phylogenetic tree was created using BioNJ and 
Drawtree software [10]. The colors and textures refer to the classification 
mentioned in Fig. 4. Green, yellow, pink, hatched green, and hatched pink 
represents groups 1 to 5, respectively. Blue arrays represent sequences featuring 
incomplete Tin barrel domains. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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show limited sequence similarity but strong predicted structure con
servation with known domains involved in carbohydrate binding, such 
as CBM50 (LysM), which can bind (GlcNAc)-containing glycans [5], and 
CBM18 (ChitBD1) and CBM14 (chitBD2) for chitin binding. A BLAST 
search against bacteria, fungi, and amoebae taxids for sequences related 
to the PP lysM modules optimally matched with bacterial sequences. 
However, the presence of the four-cysteine residue motif in the lysM unit 
and the asparagine residue at position 33 or 34 from the domain start 
could favor a fungal origin [2]. This characteristic was also found in two 
plant chitinases (PrChiA and EaChiA) but not in bacteria [51]. LysM 
modules can exert strong antifungal activity, independently of the cat
alytic domain [51]. Interestingly, expression of Tr_08969 in E. coli had a 
strong negative impact on E. coli growth (data not shown). Bacteria do 
not contain chitin but some GlcNAc in peptidoglycans that can act as a 
target for lysM modules. Some chitinases can also have a lysozyme like 
effect [6], but this was not true for Tr_08969 under the tested conditions 
(data not shown). 

Concerning the chitin binding modules, CBM18 is mainly associated 
with the GH19 chitinase catalytic domain and, exceptionally, with GH18 
chitinase in plants [28,50]. This organization is also found in filamen
tous fungi (subgroup C1) as killer toxin-like chitinase [53]. CBM14 is 
also known as a peritrophin-A domain found in proteins strongly bound 
to the peritrophic matrix. Such matrices constitute acellular linings in 
the gut of most insects that is formed of proteins and sugar polymers, 
including chitin. The similarity between CBM14 domains is generally 
low but they remain identifiable due to the conserved positioning of the 
six cysteine residues and a high percentage of aromatic residues [14]. 
CBM14 is also found in pathogenic fungi as an effector to counteract host 
immunity during infection [21]. In addition to the N- and C- domain 
extensions, some of the characterized chitinases include a CID-like 
domain inserted within the catalytic TIM barrel domain. Such domain, 
that could be involved in chitin hydrolysis processivity, have already 
been observed in several chitinases: for example, CAD1 from Ostrinia 
furnacalis (5WUP), chitinase 40 from Streptomyces thermoviolaceus 
(4W5U), chitinase B from Serratia marcescens (7C34), and human 
chitotriosidase-1 (4WKA) [7,12,31,34]. 

5. Conclusions 

PP expresses a large number of GH18 chitinases featuring large 
variations in their modular organization but surrounding a catalytic 
domain with a common and structurally conserved TIM barrel. Despite 
their modular and structural proximities with Plant and bacterial chi
tinases, the PP sequences mostly form an independent branch in 
phylogenetic trees much closer to giant virus than to any other char
acterized organisms. Such giant virus have hypothetical roles in genetic 
information transfers between myxomycetes. Furthermore, in the same 

organism, PP GH18 combines optional CID and several types of CBM 
found either in insects, fungi or bacteria but usually not in the same 
organism. Considering their N-terminal extension resembling export 
sequences, these enzymes could have extracellular location and be of 
interest in the development of biotechnical applications exploiting the 
PP or recombinant expression contexts. Tr_10,148 that contains a 
CBM14 domain, was characterized in more details and was found at 
least as efficient in hydrolyzing chitin than currently commercially 
available enzymes. 
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Fig. 6. Schematic structure of engineered chitinase derived 
from clone Tr_10,148. 
The putative signal peptide (22 amino acids) of Tr_10,148 
identified in the PP transcriptome, identified using Signal P 
5.0, was replaced by the sequence of pelB, giving rise to 
Tr_10148PelB. Subsequent truncation of the C-terminal domain 
(amino acids 325 to 407) gave Tr_10148PelB_DC. Protein 
sequence of_ Tr_10148PelB and Tr_10148PelB_DC are available 
in supplementary Table S4.   
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