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Cryptococcus neoformans is an opportunistic fungal patho-
gen causing cryptococcal meningoencephalitis. Interestingly,
the cell wall of C. neoformans contains chitosan, which is cri-
tical for its virulence and persistence in the mammalian host.
C. neoformans (H99) has three chitin deacetylases (CDAs),
which convert chitin to chitosan. Herein, the classification
of the chitin-related protein (CRP) family focused on cryp-
tococcal CDAs was analyzed by phylogenetics, evolutionary
pressure (dn/ds), and 3D modeling. A phylogenetic tree of
110 CRPs revealed that they can be divided into two clades,
CRP I and II with bootstrap values (> 99%). CRP I clade com-
prises five groups (Groups 1-5) with a total of 20 genes, while
CRP II clade comprises sixteen groups (Groups 6-21) with
a total of 90 genes. CRP I comprises only fungal CDAs, in-
cluding all three C. neoformans CDAs, whereas CRP II com-
prises diverse CDAs from fungi, bacteria, and amoeba, along
with other carbohydrate esterase 4 family proteins. All CDAs
have the signal peptide, except those from group 11. Notably,
CDA s with the putative O-glycosylation site possess either the
glycosylphosphatidylinositol (GPI)-anchor motif for CRP I
or the chitin-binding domain (CBD) for CRP II, respectively.
This evolutionary conservation strongly indicates that the
O-glycosylation modification and the presence of either the
GPI-anchor motif or the chitin-binding domain is important
for fungal CDAs to function efficiently at the cell surface.
This study reveals that C. neoformans CDAs carrying GPI
anchors have evolved divergently from fungal and bacterial
CDAs, providing new insights into evolution and classifica-
tion of CRP family.
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Introduction

Chitin is the most abundant biopolymer in nature after cellu-
lose (Sharp, 2013). It is present in vertebrates, fungi, and bac-
teria, but not in higher plants (Sharp, 2013; Tang et al., 2015;
Patel and Goyal, 2017) and is an important structural com-
ponent of fungal cell walls and the exoskeletons of insects and
crustaceans (Peter, 2005; Hoell et al., 2010). This polymer has
a unit called N-acetyl-D-glucosamine (GlcNAc) bound through
B-1,4-linkages (Kumar, 2000). Chitosan, the deacetylated ver-
sion of chitin, is generated by the conversion of GIcNAc to
D-glucosamine via the enzymatic action of chitin deacety-
lases (CDAs) and thus possesses differing degrees of deace-
tylation (Rinaudo, 2006; Cheung et al., 2015; Kyzas and Biki-
aris, 2015). Chitosan is present in the cell wall and is impor-
tant for cell wall integrity and spore formation in plant pa-
thogenic and biocontrol fungi (Coluccio and Neiman, 2004;
Palma-Guerrero et al., 2008).

Several enzymes are involved in the biosynthesis and proc-
essing of chitin and chitosan (Supplementary data Fig. S1).
Chitinase (EC 3.2.1.14) and chitosanase (EC 3.2.1.132) per-
form the endo-hydrolysis of chitin and chitosan, respectively
(Jaworska, 2012; Lombard et al., 2014; Kaczmarek et al., 2019).
B-N-Acetylhexosaminidase (EC 3.2.1.52) and exo-p-D-glu-
cosaminidase (EC 3.2.1.165) (GlcNase) are exo-hydrolases
associated with chitin and chitosan, respectively (Lombard
et al., 2014; Thadathil and Velappan, 2014; Kaczmarek et al.,
2019). The chitin-active lytic polysaccharide monooxygenase
(EC 1.14.99.53) (LPMO) is capable of cleaving glycolic bonds
in crystalline chitin by oxidizing either C1 or C4 of the glu-
copyranose ring (Lombard et al., 2014; Courtade and Aach-
mann, 2019; Kaczmarek et al., 2019). Chitin synthase (EC
2.4.1.16) utilizes UDP-N-acetylglucosamine to form the chi-
tin polysaccharide (Arakane et al., 2012; Lombard et al., 2014).
CDA (EC 3.5.1.41) induces the conversion of chitin and be-
longs to the carbohydrate esterase 4 (CE4) family (Lombard
et al., 2014; Kaczmarek et al., 2019). The CE4 family is com-
posed mainly of CDAs (EC 3.5.1.41) and chitooligosaccharide
deacetylases (EC 3.5.1.-), peptidoglycan N-acetylglucosamine
deacetylases (EC 3.5.1.104), peptidoglycan N-acetylmuramic
acid deacetylases (EC 3.5.1.-), and poly-f-1,6-N-acetylglu-
cosamine deacetylase (EC 3.5.1.-), though it also contains
some acetylxylan esterase (EC 3.1.1.72) (Aragunde et al.,
2018).

CDAs (EC 3.5.1.41) are found in fungi, bacteria, one proto-
zoan species (Entamoeba histolytica) and a few insects (Tri-
bolium castaneum, Drosophila melanogaster, Anopheles gam-
biae, and Apis mellifera) (Dixit et al., 2008; Zhao et al., 2010;
Jaworska, 2012; Grifoll-Romero ef al., 2018). CDAs perform
critical roles in plant-pathogen interactions (Hoell et al., 2010;
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Cord-Landwehr et al., 2016). Plant pathogens invade the host
by secreting CDAs to eliminate the substrate of the chitinase
(Cord-Landwehr et al., 2016). The bacterial CDAs, also known
as chitin oligosaccharide deacetylases, are found in Vibrio,
Shewanella, and Arthrobacter (Kadokura et al., 2007; Hirano
et al., 2015; Tuveng et al., 2017; Grifoll-Romero et al., 2018).
Fungal CDAs are important for cell wall formation and in-
tegrity, defense mechanisms, fungal nutrition, morphogenesis,
development, spore formation, germline adhesion, and fun-
gal autolysis (Grifoll-Romero et al., 2018). For example, CDAs
are involved in spore formation and cell wall integrity in Sac-
charomyces cerevisiae (Lin et al., 2013). The fungal CDAs were
classified based on whether they play a role in the cell wall in-
tegrity and infection-associated autolysis using phylogenetic
analysis (Grifoll-Romero et al., 2018). However, three CDAs
in Cryptococcus neoformans var. grubii serotype A (strain H99)
were involved in both cell wall function and infection (Baker
et al., 2007; Grifoll-Romero et al., 2018; Upadhya et al., 2018).
Thus, the functional classification of the two types of CDAs
is not clear.

Cryptococcus neoformans is an opportunistic fungal patho-
gen causing cryptococcal meningoencephalitis in immuno-
compromised individuals. Notably, the cell wall of C. neofor-
mans contains a substantial amount of chitosan. The chitin
content in the cell wall of yeast is typically 1-2% (Klis, 1994;
Banks et al., 2005), while chitosan is not present in S. cer-
evisiae, Candida, or Aspergillus (Cabib et al., 2001; Garcia-
Rubio et al., 2020). In C. neoformans, the cell wall is com-
posed of chitin, glucans, melanin, and chitosan (Baker et al.,
2007; Garcia-Rubio et al., 2020), and chitin and chitosan con-
tents are 5% (Reiss et al., 1986; Simmons, 1989). C. neofor-
mans (H99) has three genes coding for CDAs (Cdal, Cda2,
and Cda3), which convert chitin to chitosan by the hydro-
lysis of the acetamido group of GIcNAc. A chitosan-defi-
cient C. neoformans strain was generated by deleting all three
CDAs, and this strain is avirulent in mice, as it was rapidly
cleared from the lungs of infected mice (Upadhya et al., 2016).
Here, we carried out the evolutionary analysis and protein
family classification of cryptococcal CDAs based on bioin-
formatic approaches. Our analyses suggested that the three
C. neoformans CDAs diverged from most fungal and bacterial
CDAs, with distinctive structural organization. This study
is expected to serve as a critical starting point for fungal pro-
tein family classification of chitin-related genes and under-
standing their evolutionary history.

Materials and Methods

Multiple sequence alignments and phylogenetic analysis

Multiple alignments of all chitin-related protein (CRP) se-
quences were generated using MAFFT with the L-INS-i al-
gorithm and MAFFT-profile alignment option (ver. 7.407)
(Katoh and Standley, 2013). Sequence alignment, the sec-
ondary structure of MP98, and active sites are displayed in
Supplementary data Fig. S2. All CRP sequences used in this
study are available at: http://eyunlab.cau.ac.kr/fungi_CRP.
Phylogenetic relationships were reconstructed by the maxi-
mum-likelihood method with the substitution model (JTT
matrix) using the HPC-PTHREADS-AVX version of RAxML

(ver. 8.2.12) (Stamatakis, 2014). The neighbor-joining phy-
logenetic method was performed using the Phylip package
(ver. 3.697) (Felsenstein, 2005). Non-parametric bootstrap-
ping with 1,000 pseudo-replicates was used to estimate the
confidence level of branching topology for the maximum-
likelihood and neighbor-joining phylogenies. The presenta-
tion of the phylogenies was generated with FigTree (ver. 1.4.3)
(http://tree.bio.ed.ac.uk/software/figtree).

Domain prediction and protein sequence analysis for the
protein diagram construction

Protein domain prediction was performed by Pfam (https://
pfam.xfam.org), NCBI CDS (Conserved Domain Search,
https://www.ncbi.nlm.nih.gov/Structure/cdd), and SMART
(Simple Modular Architecture Research Tool, http://smart.
embl-heidelberg.de) (Finn et al., 2014; Letunic and Bork, 2018;
Lu et al., 2020). The presence of signal peptide, GPI-anchor,
and location of the w site for the GPI-anchor were predicted
by SignalP (ver. 4.1) (http://www.cbs.dtu.dk/services/SignalP-
4.1) and PredGPI (http://gpcr.biocomp.unibo.it/predgpi)
(Pierleoni et al., 2008; Petersen et al., 2011). Transmembrane
regions were predicted using TMHMM (ver. 2.0) (http://www.
cbs.dtu.dk/servicess TMHMM) (Krogh et al., 2001). Potential
O-glycosylation sites were predicted using NetOGlyc (ver.
4.0) (http://www.cbs.dtu.dk/services/NetOGlyc) (Steentoft
et al., 2013). We defined this site as one showing more than
50% of putative O-glycosylation sites, as assessed by NetOGlyc
(ver.4.0) (Steentoft et al., 2013). The protein diagrams were
summarized from the most overlapping proteins or from the
smallest proteins among those with similar structures, except
for proteins shorter than 100 aa.

The calculation of amino acid composition ratio and support
vector machine (SVM) analysis

The amino acid composition was calculated by COPID
(COmposition-based Protein IDentification, http://crdd.osdd.
net/raghava/copid) (Kumar et al., 2008). The amino acid com-
position in the main domain (catalytic domain, for example,
polysaccharide deacetylase) in the protein sequences was cal-
culated. To calculate the amino acid composition ratio be-
tween CRP clades I and II, protein sequences without the
main domain were obtained by removing the domain regions.
The chitin-binding domain sequences were obtained in the
Pfam alignments and then, their amino acid compositions
were calculated (Finn et al., 2014).

We used 3 packages: protr, kernlab, and RColorBrewer in
R (Karatzoglou et al., 2004; Neuwirth, 2014; Xiao et al., 2015).
Four steps were performed using the RColorBrewer function
in R package: 1) readFASTA function [protein sequences were
imported], 2) protcheck function [checking the amino acid
types for excluding amino acids that were not among the 20
default amino acid types], 3) extractAAC function [amino
acid composition was calculated], and 4) SVM graph was con-
structed with the ksvm function in the kernlab package and
graph color selection.

Tests for positive selection

To examine positive selection, our codon alignment files and
phylogenetic tree files were submitted to the CODEML pro-



gram in PAML (ver. 4.9) (http://abacus.gene.ucl.ac.uk/soft-
ware/pamlhtml). CODEML was used to analyze the data un-
der six different models and parameters (Yang, 2007; Xu and
Yang, 2013). The results are summarized in Supplementary
data Table S3.

3D protein model prediction

The homology-based modeling of the group 4 proteins was
performed using the SWISS-MODEL Web server (Waterhouse
et al., 2018). The template was selected from the results ob-
tained from SWISS-MODEL (Waterhouse et al., 2018). Struc-
tural modeling of Cda2 was conducted using Phyre2 (inten-
sive mode) (Kelley et al, 2015). The graphical representation
of the template and model protein structure was prepared
with PyMOL (ver. 2.0) (DeLanoScientific). The secondary
structure was predicted by PSIPRED (ver. 4.0) (Buchan and
Jones, 2019). We confirmed the secondary structure via ad-
ditional alignment with group 4 proteins included in Cda2
and their template, Colletotrichum lindemuthianum CDA
(PDB ID: 2IW0).

Results and Discussion

Collection of the CRP family

To perform the classification of chitin-related protein (CRP)
family focused on C. neoformans CDAs, we collected 110
genes involved in the synthesis and processing of chitin and
chitosan from fungi, bacteria, and amoeba; these are desig-
nated as members of the CRP family. Three representative
CDA sequences (Cdal [XP_012050538.1], Cda2 [XP_0120-
49402.1, MP98], and Cda3 [XP_012049409.1, MP84]) in C.
neoformans var. grubii serotype A (strain H99) were obtained
from four previous studies (Levitz et al., 2001; Biondo et al.,
2005; Loftus et al., 2005; Baker et al., 2007). Furthermore,
CDAs and other CE4 proteins from diverse species such as
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Table 1. The number of protein sequences obtained from each procedure

Source Sequence number

Aragunde et al. (2018) 15
Baker et al. (2007) 3
Biondo et al. (2005)
Grifoll-Romero et al. (2018) 14
Levitz et al. (2001) 1
Web-blast 55
Similarity search by stand-alone blast* 10
PDB information” 11

Total 110

“Stand-alone blast search against in the genomes or proteomes

b B . . .
In the PDB site (www.rcsb.org), we confirmed the existence of additional protein

sequences that shared the same PDB in other organisms.

fungi, bacteria, and amoeba that were collected from six stu-
dies (Levitz et al., 2001; Biondo et al., 2005; Levitz and Specht,
2006; Baker et al., 2007; Aragunde et al., 2018; Grifoll-Romero
et al., 2018) were added to our sequence sets. A similarity
search was carried out using stand-alone blast (tblastn and
blastp) against multiple species with an E-value threshold of
3.63 x 107" (Supplementary data Table S1). Additional pro-
tein sequence similarity searches using web-blast and PDB
information were also performed (Berman et al., 2000; Ca-
macho et al., 2009). To exclude proteins unrelated to CRPs
in the previous processes, we confirmed whether they belong
to the CE4 gene family by analysis using the Pfam and CAZy
databases (Finn et al., 2014; Lombard et al., 2014). Our data-
set was clustered at 95% identity using by USEARCH (ver.
11.0.667) (Edgar, 2010). A total of 110 sequences were ob-
tained; they are summarized in Table 1 (46 fungi [26 genera],
25 bacteria [19 genera], and 1 amoeba; the species used are
summarized in Supplementary data Table S4) (Levitz et al.,
2001; Biondo et al., 2005; Levitz and Specht, 2006; Baker et
al., 2007; Aragunde et al., 2018; Grifoll-Romero et al., 2018).
All proteins were categorized into CDAs and the CE4 pro-
teins.

Fig. 1. The maximum-likelihood phylogeny of
chitin deacetylase and other carbohydrate esterase
4 family proteins. The collected 110 CRP genes
from fungi, bacteria, and amoeba were subjected
to phylogenetic analysis. The purple and green
arcs indicate the CRP I clade and CRP II clade,
respectively. The CRP II clade is composed of
chitin deacetylase and other carbohydrate ester-
ase 4 family proteins. Non-parametric bootstrap-
ping with 1,000 pseudo-replicates was used to
estimate the confidence of branching topology
for the maximum-likelihood and neighbor-join-
ing phylogenies. The blue node indicates that the
bootstrap value of the node is supported by 50%
and the red node indicates that the bootstrap
value of the node is supported by 70%. The black
node indicates that the bootstrap value of the
node is not supported because the value is lower
than 50%. CDAs from C. neoformans (H99) are
red-colored and underlined. The accession num-
bers are listed in Supplementary data Table S2.

Bootstrap value > 70%
Bootstrap value > 50%
Bootstrap value < 50%
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Fig. 2. Phylogenetic analysis of the protein family group and domain dia-
gram. The representative proteins in the diagram are the most overlapping
structures or the smallest proteins among those showing similar structures.
The protein diagrams summarize the domain organization of the represen-
tative protein. CRP I clade proteins have four domains (signal peptide, poly-
saccharide deacetylase, putative O-glycosylation site, and GPI anchor),
and CRP II clade proteins contain common domain (polysaccharide deace-
tylase) and additional diverse structures (1 to 7 regions, signal peptide, trans-
membrane region, hypothetical glycoside family 13, GBS_Bsp-like repeat
region, chitin-binding domain, putative O-glycosylation site and GPI an-
chor). The phylogenetic relationship is based on Fig. 1.

Phylogenetic analysis of CRPs

The phylogenetic tree is largely divided into two clades, CRP
Iand CRP II (Fig. 1, bootstrap values > 99%). The CRP I clade
can be further divided into five groups (groups 1 to 5) and the
CRP II clade has sixteen groups (groups 6 to 21) (Figs. 1 and
2). All groups are strongly supported by a high bootstrap
value (> 61.7%). The CRP I clades have only fungal CDAs and
are supported with a high bootstrap value (> 70%). The CRP
IT clades are composed of CE4 proteins and have various
bootstrap values (< 50-100%) because their proteins are pro-
bably from more diverse species.

Protein diagram construction and the analysis of the struc-
ture of each CDA group by domain and site prediction

To identify the structural characteristics between two clades,
several bioinformatic tools were used to analyze protein do-
mains (Pfam, NCBI CDS search, and SMART) and specific
sites (SignalP, PredGPI, TMHMM, and NetOGlyc). The com-

mon structures in each group are summarized in Fig. 2. Pro-

teins from the CRP I clade (groups 1 to 5) showed an iden-
tical structural organization; they comprised a signal peptide,
polysaccharide deacetylase (PDA) domain, the putative O-gly-
cosylation site, and the GPI-anchor. None of the members
of CRP I clade has the chitin-binding domain (CBD). In con-
trast, all the CDAs (groups 1 to 6, 11 to 19, 21) showed the
structural features containing the signal peptide, PDA do-
main, the putative O-glycosylation site, and CBD except for
CDAs from group 11, which have only the PDA domain. In
the CRP II clade, CDAs were found in eleven groups (groups
6, 11 to 19, 21). In all the CDAs, the putative O-glycosylation
site is generally located between the catalytic domain and the
GPI-anchor or the CBD (Cord-Landwehr et al., 2016; Hof3-
bach et al., 2018). In general, the GPI-anchor is accompanied
with a serine/threonine-rich region (de Groot et al., 2003;
Gonziélez et al., 2012) as observed in all the members from
CRP I. However, CDAs from group 17 in CRP II are predicted
to have only a GPI-anchor without the putative O-glycosyla-
tion site. It is interesting that all CBD-containing CDAs from
CRP II also possessed the putative O-glycosylation site, in-
dicating that the modification by O-glycosylation might be
important for fungal CDAs to perform their function at the
cell surface.

Group 8 possesses only PDA domain, but all other groups
has additional regions. For example, groups 7, 9, 10, and 20
have additional regions such as transmembrane region in
group 7, hypothetical glycoside hydrolase family 13 in group
9, signal peptide and GBS Bsp-like repeat in group 10, and
signal peptide in group 20. While groups 13 to 18 have CBDs,
tive groups (6, 11, 12, 19, and 21) do not have CBDs.

; 2 o . _\._\-\_\‘\\_}_\ﬂ' _/r’_//
. . ,
Lt . * CRP I clade
S ve * CRP Il clade

T T T
0.04 0.06 0.08 0.10 0.12 0.14

Thr

Fig. 3. Support vector machine (SVM) analysis of protein composition be-
tween CRP clade I and II. The amino acid composition was analyzed by
protr package in R, and the SVM model is constructed using the kernlab
package in R. The graph shows that clade I proteins showed a higher com-
position ratio of both serine and threonine than clade II proteins (Both
serine and threonine, CRP I clade = 11%, CRP II clade = 7%).



Amino acid composition ratio calculation relative to the CBD

We confirmed whether there was a difference between the two
clades with regard to the amino acid composition ratio. The
amino acid composition ratios can be used as protein discri-
mination (Liu et al., 2003; Nanni ef al., 2012) and also cryp-
tococcal CDAs had generally Serine/Threonine-rich region.
The CRP I clade proteins showed high serine and threonine
composition (S/T) ratios of 10.76% and 10.55%. The CRP II
clade proteins have S/T ratios of 7.62% and 7.44%. Among
the CRP II clade, CDAs having two or more CBDs (26 pro-
teins from nongroup and groups 13 to 18) showed S/T ratios
similar to those of the CRP I clade, with ratios of 9.51% and
8.77%. To confirm the serine and threonine compositions as
a suitable parameter for the presence of the CBD, SVM an-
alysis was used to determine the difference in S/T ratios be-
tween the two clades (Fig. 3). The SVM is a machine learn-
ing algorithm created for the classification of data (Cortes
and Vapnik, 1995; Burges, 1998). Therefore, the ratio of se-
rine and threonine clarifies the difference between the two
clades.

Motif analysis of CDAs

Previous studies identified five motifs and revealed their func-
tions in fungal CDAs (Blair et al., 2006; Aragunde et al., 2018;
Grifoll-Romero et al., 2018). These five motifs were identi-
fied in C. neoformans Cda2. Among the motifs, those inter-
acting with the metal cation and active site are indicated in
Fig. 4 and Supplementary data Fig. S2. Among all CDAs in
this study, the ratio of CDAs containing the conserved five
motifs was 92.21%, while two groups (groups 11 and 21), rep-
resenting Encephalitozoon and Schizosaccharomyces CDAs,
have no motifs. The Encephalitozoon CDAs were reported as
inactive enzymes with functions other than the deacetylase

Fig. 4. The 3D structural model of Cda2 (green) superimposed with the fun-
gal chitin deacetylase (CDA). The active sites and B-strands, which are in-
dicated by the expansion of the active sites of in C. neoformans Cda2 are
presented. The template for constructing the protein model above (Colletot-
richum lindemuthianum CDA, PDB: 2IW0, AAT68493.1) was selected us-
ing SWISS-MODEL and is indicated using a gray color (http://swissmodel.
expasy). The predicted 3D structure of Cda2 was modeled by Phyre2 (http://
www.sbg.bio.ic.ac.uk/phyre2). The wheat sphere is Zn" (zinc ion). The amino
acids of the active site are indicated in cyan and labeled with one letter and
the positions in the template and model protein. B-Strands in the 3D-struc-
ture are indicated in red and marked as f1-f5. The graphical representa-
tion was generated using PyMOL (ver. 2.0).
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activity (Urch et al., 2009; Aragunde et al., 2018). The Schizo-
saccharomyces CDAs were determined to represent proteins
more closely related to CE4 gene family than the CDA groups
in our phylogenetic tree. Therefore, our phylogeny and motif
analysis suggest the possibility that Schizosaccharomyces CDAs
may have an additional function that is not deacetylation.

The 3D modeling and positive selection

An estimation of the dn/ds ratio, i.e., the ratio between the
nonsynonymous (dy) and the synonymous (ds) substitution
rates in an alignment of amino acid-coding sequences (named
“dn/ds methods” in the rest of the article) has been used exten-
sively to identify individual codon positions evolving under
positive selection (Nielsen, 2005; Moury and Simon, 2011).
Synonymous substitution is thought to be largely neutral,
while non-synonymous substitution is influenced by selec-
tion (Nielsen, 2005; Tennessen, 2008). Thus, when the dx/ds
ratio is high between genes, functional divergence is assumed
to be high, whereas when the dx/ds ratio is low, the functional
properties of the gene products involved are thought to be
conserved (Nielsen, 2005; Tennessen, 2008). To consider po-
sitive selection in CDAs and CRPs, the dy/ds ratio calcula-
tion was performed using PAML (ver. 4.9). We analyzed each
group in our dataset and identified no groups, confirming
that positive selection was partially present (Supplementary
data Table S3).

When the dn/ds ratio is high between genes, functional di-
vergence is assumed to be high (Nielsen, 2005; Tennessen,
2008). Group 4 has the higher dx/ds ratio (0.19951) among
variable CRP I groups, this group was selected for the 3D
modeling. To explore structure of group 4 proteins in more
detail, we performed 3D modeling of C. neoformans Cda2.
In the SWISS-MODEL, the template is Colletotrichum linde-
muthianum CDA (PDB ID: 2IW0). Figure 4 shows the posi-
tion of the B-strand and active sites. We paid attention to the
B-strands because P-strands are composed of the section
within the active site, which is well conserved between C.
neoformans Cda2 and the template. The secondary structure
in Cda2 and the active sites in group 4 and the template are
shown in Supplementary data Fig. S1. The 3D modeling and
alignment indicate that the foundational structure (active site
and PB-strands) is same between identified CDAs and repre-
sentative cryptococcal CDA, Cda2.

Conclusion

Our study shows a clear structural difference between CRP
clade I and II. In the CRP I clade, CDAs are composed of
four domains (signal peptide, the catalytic domain, the pu-
tative O-glycosylation site, and GPI-anchor). In the CRP II
clade, CDAs display two representative structural organiza-
tions: one with two domains (signal peptide and the catalytic
domain) and the other with four domains (signal peptide, the
catalytic domain, the putative O-glycosylation site, and CBD).
It is noticeable that the putative O-glycosylation site is com-
monly conserved in all the CDAs not only in CRP clade I but
also in CRP clade II, suggesting the importance of this post-
translational modification for the function or structural sta-
bility of CDAs. Elucidating the specific roles of the putative
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O-glycosylation site is further required. This study provides
new insights into the protein family classification of chitin-
related genes because three CDAs from C. neoformans H99
are clustered divergently from most fungal and bacterial CDAs
because of their distinctive structural organization. Particul-
arly, the possession of GPI-anchors instead of CBD, or the op-
posite, appears to be a major event causing the CRP I clade
to diverge from the common ancestor of CRP.
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