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Cryptococcus neoformans is an opportunistic fungal pathogen
that infects ~280,000 people every year, causing >180,000 deaths.
The human immune system recognizes chitin as one of the major
cell-wall components of invading fungi, but C. neoformans can
circumvent this immunosurveillance mechanism by instead expos-
ing chitosan, the partly or fully deacetylated form of chitin. The
natural production of chitosans involves the sequential action of
chitin synthases (CHSs) and chitin deacetylases (CDAs). C. neofor-
mans expresses four putative CDAs, three of which have been
confirmed as functional enzymes that act on chitin in the cell wall.
The fourth (CnCda4/Fpd1) is a secreted enzyme with exceptional
specificity for p-glucosamine at its —1 subsite, thus preferring
chitosan over chitin as a substrate. We used site-specific mutagenesis
to reduce the subsite specificity of CnCda4 by converting an atyp-
ical isoleucine residue in a flexible loop region to the bulkier or
charged residues tyrosine, histidine, and glutamic acid. We also
investigated the effect of CnCda4 deacetylation products on hu-
man peripheral blood-derived macrophages, leading to a model
explaining the function of CnCda4 during infection. We propose
that CnCda4 is used for the further deacetylation of chitosans
already exposed on the C. neoformans cell wall (originally pro-
duced by CnChs3 and CnCda1 to 3) or released from the cell wall
as elicitors by human chitinases, thus making the fungus less sus-
ceptible to host immunosurveillance. The absence of CnCda4 dur-
ing infection could therefore promote the faster recognition and
elimination of this pathogen.

fungal pathogen | chitin | CnCdad/Fpd1/d25 | degree of acetylation |
pattern of acetylation

he human immune system is well equipped to deal with

fungal pathogens, partly because the fungal cell wall offers
convenient pathogen-associated molecular patterns (PAMPs)
such as chitin oligomers, which are set free by the action of
human chitinases and subsequently recognized by pattern rec-
ognition receptors such as Toll-like receptors (TLRs) and C-type
lectin-like receptors (CLRs) (1, 2). TLR2 was recently identified
as the primary fungal chitin sensor in mammalian cells, recog-
nizing chitin oligomers with a degree of polymerization (DP) >6
(3). However, a small number of fungal pathogens can evade the
immune system by replacing the chitin in their cell walls with
chitosan, a partially deacetylated derivative of chitin. These in-
clude fungal pathogens of plants (4) and some human pathogens
such as Cryptococcus neoformans (5-7), both of which express
enzymes known as chitin deacetylases (CDAs) to convert cell-
wall chitin into chitosans.

CDAs (EC 3.5.1.41) (8) are amino hydrolases belonging to
carbohydrate esterase family 4 (9, 10). They catalyze the hy-
drolysis of N-acetyl groups from N-acetylglucosamine (GIcNAc)
units in chitin and chitosan oligomers and polymers (11-14).
Although chitosans are rare in nature, CDAs have been identi-
fied in many fungi and insects as well as other organisms such as
diatoms, bacteria, and even viruses. In fungi and insects, CDAs
may play a role in morphogenesis, whereas bacterial CDAs may
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contribute to chitin degradation for nutritional purposes. In-
terestingly, CDAs differ in their regioselectivity when acting on
chitin oligomers, yielding products with different degrees of
acetylation (DAs) and patterns of acetylation (PAs) (4, 12, 15-22).
This suggests that both the DA and PA may influence the bi-
ological activities of chitosan oligomers and, possibly, polymers (4,
23, 24). In fungi, different types of CDAs have been described
based on their subcellular localization, which may also define
different physiological roles (12). Some extracellular, secreted
CDAs possess glycosylphosphatidylinositol (GPI) anchors that
tether them to the outer surface of the plasma membrane, leading
to a periplasmic localization. Their role is the deacetylation of
nascent chitin polymer chains emerging from transmembrane
chitin synthases in chitosan-containing cell walls. In contrast,
nonanchored, secreted, extracellular CDAs often act on chitin
oligomers released from the cell wall by host chitinases during
host—pathogen interactions. In both cases, CDAs act as pathoge-
nicity or virulence factors, helping the pathogen to evade the host
immune system. CDAs are therefore promising targets for the
development of antifungal drugs.

The targeting of CDAs has been proposed as a therapeutic
strategy against C. neoformans, which infects ~280,000 people
every year, more than 180,000 of whom suffer fatal cryptococcal
meningitis within 3 mo due to the low efficacy of current treat-
ments (25-27). The pathogen infects humans via the lung and
from there enters the bloodstream, allowing it to spread to other

Significance

The opportunistic fungal pathogen Cryptococcus neoformans is
a major threat to immunocompromised patients. Most fungal
cell walls expose chitin, which is recognized by the human
immune system, but C. neoformans is one of the few species
that instead exposes chitosan, the deacetylated form of chitin.
Chitosan is produced by chitin synthases and chitin deacety-
lases, the latter acting on chitin as a substrate. Here we de-
scribe the detailed functional analysis of CnCda4, a chitin
deacetylase with unusual subsite specificity resulting in a
preference for chitosan rather than chitin. By testing the effect
of CnCda4 deacetylation products on human peripheral blood-
derived macrophages, we show that the enzyme probably
helps the pathogen to evade the host immune system by fur-
ther deacetylating exposed chitosans.

Author contributions: L.H., M.B., C.G., and B.M.M. designed research; L.H., M.B., and C.G.
performed research; L.H., M.B., and C.G. analyzed data; and L.H., M.B., C.G., and B.M.M.
wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

Published under the PNAS license.

"To whom correspondence may be addressed. Email: moersch@uni-muenster.de.

This article contains supporting information online at https://www.pnas.org/lookup/suppl/
doi:10.1073/pnas.1915798117/-/DCSupplemental.

First published February 3, 2020.

PNAS | February 18,2020 | vol. 117 | no.7 | 3551-3559

>
3
=4
4]
=
[}
4
(%4
=]
[



http://orcid.org/0000-0002-1575-7423
http://orcid.org/0000-0002-6910-2174
http://orcid.org/0000-0002-3788-6429
http://orcid.org/0000-0001-6067-3205
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1915798117&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:moersch@uni-muenster.de
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915798117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915798117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1915798117

organs (28, 29). Ultimately, the central nervous system is in-
fected, often leading to severe symptoms and death, particularly
in immunocompromised patients (30-32). The C. neoformans
genome contains four CDA-like genes, three of which (CDAI,
CDA2, and CDA3) encode intracellular-type enzymes with GPI
anchors, whereas there is evidence that CnCda4, also known as
d25 (33) and fungal polysaccharide deacetylase 1 (Fpd1) (5), is a
secreted enzyme. CnCdal to 3 have been shown to account for
all cell-wall chitosan produced during vegetative growth in yeast
extract peptone dextrose medium, and each can compensate for
the loss of the other two (5). In contrast, when C. neoformans was
grown in RPMI-1640 medium (typically used for the cultivation
of mammalian cells), CnCdal alone was shown to be responsible
for pathogenesis (34). The loss of CnCdal to 3 activity strongly
inhibits the virulence of C. neoformans. Mice infected with a
mutant strain deficient for all three enzymes (C. neoformans
cdalA, cda2A, cda3A) showed no symptoms of infection, and
fungal cells were fully degraded within 24 h (6). Fungal clearance
was closely associated with a spike in the concentration of
proinflammatory molecules related to the Thl-type adaptive
immune response (35). In contrast, the loss of CnCda4 had no
effect on cell-wall composition or fungal virulence, hence its
initial designation as Fpd1 rather than CnCda4. However, some
studies have shown that all four CDAs seem to induce protective
immune responses in mice, with Cdal, 2, and 3 being more ef-
fective than Fpd1/Cda4, thereby making promising drug targets
(33, 34, 30).

To gain more insight into the role of CnCda4, we optimized its
expression as a recombinant protein in Escherichia coli Lemo21
(DE3) and Rosetta2 (DE3) cells, followed by biochemical
characterization and site-directed mutagenesis in the active
groove in order to investigate in detail its substrate preferences
and mode of action against chitin and chitosan oligomers. Fi-
nally, we evaluated its natural role in pathogenesis by examining
the effect of the well-defined hexameric products of CnCda4 on
human macrophages.

Results and Discussion

Heterologous Expression of CnCda4 in E. coli. The codon-optimized
CDA4 gene of C. neoformans was fused to a C-terminal Strep tag
II sequence and expressed in E. coli Lemo21 cells. Optimal yields
of soluble protein were achieved by including 1 mM a-L-rhamnose
in the medium (SI Appendix, Fig. S1). CnCda4 was purified from
the soluble fraction of bacterial lysates by affinity chromatography
for further characterization. We found that the optimum tem-
perature was 37 °C and the optimum pH was 7, and that 50 mM
sodium bicarbonate was the most suitable buffer (SI Appendix, Fig.
S2). The construct with the C-terminal Strep tag II achieved a
moderate yield (24 pg/L culture medium) under optimal condi-
tions. We therefore tested other constructs to see if this could be
improved. The insertion of a linker sequence of 12 amino acids
(mainly glycine and serine residues) between the C-terminal Strep
tag II and protein did not have a significant effect. However,
removing the 21-amino acid N-terminal signal peptide predicted
by SignalP v4.1 (37) increased the yield to 137 pg/L. Attaching an
additional N-terminal Strep tag II and expressing the protein in
E. coli Rosetta (DE3) cells increased the yield even further, to
800 pg/L.

Cofactor Analysis. The catalytic mechanism of CDAs requires a
divalent metal ion bound to the active site, coordinated by a
conserved His-His-Asp triad (38). CDA reactions therefore
tend to be inhibited by the metal-chelating compound EDTA
and enhanced by the presence of Co?*, Ca®*, or Zn**
(BRENDA:EC3.5.1.41). Accordingly, we found that the in-
cubation of CnCda4 with 20 mM EDTA strongly inhibited its
activity, but the subsequent addition of Zn*" (and, to a lesser
extent, Co®* or Mn?") restored activity to normal (SI Appendix,
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Fig. S3). However, none of the ions increased the activity of
CnCda4 above the level achieved in the absence of EDTA.
Therefore, no metal ions were added in subsequent activity tests.

CnCdad Activity Against Polymeric Chitinous Substrates. Zymog-
raphy experiments revealed that CnCda4 showed high activity
against glycol-chitin, but low activity against colloidal chitin in
solution, only reducing the initial DA by ~1% (SI Appendix, Fig.
S3). In comparison, Podospora anserina CDA (PaCDA) (21),
Puccinia graminis CDA (PgtCDA) (17), and PesCDA (7) re-
duced the initial DA by 12%, 6%, and 7%, respectively. CnCda4
did not show any detectable activity against the crystalline sub-
strates a-chitin and p-chitin, which are very poor substrates for
all CDAs described thus far. In contrast, partially acetylated
chitosan polymers were good substrates for CnCda4. The
enzyme reduced the DA of DA50% chitosan to 19% and that
of DA30% chitosan to 15% within 24 h, corresponding to 15-
fold (DA30%) and 32-fold (DA50%) higher activity against
chitosans compared to colloidal chitin (SI Appendix, Fig. S2).
Under similar conditions, PesCDA also showed high activity
against chitosan polymers, albeit less activity than CnCda4,
reducing the DA of DA50% chitosan to 34% and that of
DA30% chitosan to 22% within 24 h (7), corresponding to 1.1-
fold (DA30%) and 2.3-fold (DA50%) higher activity against
chitosans compared to colloidal chitin. The higher preference
of CnCda4 for chitosans in comparison to other CDAs is
probably related to the unusual abundance of chitosan (at
least twice as much chitosan compared to chitin) in the C.
neoformans cell wall during vegetative growth (7).

CnCda4 Mode of Action Against Oligomeric Substrates. For brevity,
partially acetylated chitosan oligosaccharides (paCOSs) are de-
scribed hereafter using a single-letter code from the nonreducing
to the reducing end: A, N-acetylglucosamine (GIcNAc); and D,
glucosamine (GIcN). When chitin oligomers (DP 1 to 6) were
used as substrates, CnCda4 was inactive against GIcNAc (A) and
chitobiose (A2), slightly active against chitotriose (A3), and in-
creasingly active against the larger oligomers (A4 to A6). The
complete time course for the deacetylation of A4, AS, and A6
are shown in Fig. 1 B-D. Fig. 14 shows the mode of action of
CnCda4 against the chitin oligomers by summarizing the results
of our quantitative MS' and MS? experiments to determine the
PA. After 48 h, CnCda4 modified only 5% of the chitotriose
(A3), whereas more than 90% of the larger oligomers were
converted to paCOS varying in DA. CnCda4 modified 90% of
the chitin tetramer (A4), and most (83%) of the products were
deacetylated on one unit to yield a rather pattern-pure oligomer
(90% AADA). Only 7% of the tetrameric products were
deacetylated at two units, with the predominant pattern AADD
(86%). When presented with the chitin pentamer (AS), CnCda4
produced single and double deacetylated products, the former at
a slightly higher proportion. The single deacetylated products
were remarkably pattern-pure (94% AAADA) whereas the
double deacetylated products had the predominant pattern
AADDA (72%). Under the same conditions, the chitin hexamer
(A6) was fully processed to A4D2 and A3D3, hence the single
deacetylated product A5SD1 was only detected at shorter in-
cubation times. In all cases, there was a predominant pattern
(A5D1, 80% AAAADA; A4D2, 79% AAADDA; and A3D3,
83% AADDDA). In the A5 and A6 substrates, the first attack
was always at the sugar unit located adjacent to the reducing end,
and deacetylation then continued toward the nonreducing end
until only two adjacent acetylated units were left at the non-
reducing end. By increasing the amount of enzyme or the re-
action time, one further deacetylation step occurred, leaving only
the reducing and nonreducing end units acetylated, thus yielding
the patterns ADDDA and ADDDDA (Fig. 1 C and D). These
data indicated that several factors affect the PA, including the
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Fig. 1. Mode of action and activity of CnCda4 on chitin oligomers. (A) Scheme to visualize the activity and mode of action of CnCda4 against oligomeric

chitin substrates ranging from DP3 (A3) to DP6 (A6). The intensity of the arrows and the adjacent values represent the proportion of paCOS produced with the
given DA, whereas red values represent the proportion of paCOS with the indicated PA among all paCOS with the same DA. All data were obtained after
incubation for 48 h except for the data for A5D1, which were obtained after 15 h. (B-D) Time course of deacetylation on (B) the chitin tetramer (A4), (C)
pentamer (A5), and (D) hexamer (A6), with red lines highlighting samples taken after 48 h as visualized in A. We incubated 0.5 pg CnCda4 with the chitin
oligomers (1 mg/mL final concentration) in 50 mM NaHCOs3 (pH 7) for up to 144 h (n = 3). Samples were taken after 0, 5, 15, and 30 min and after 1, 2, 3, 6, 12,
24, 48, 72, and 144 h by stopping the reaction with 0.5% (final concentration) formic acid. The profile of partially acetylated chitosan oligomers in all samples

was determined by LC-MS' and LC-MS? analysis.

DP and thereby the positioning of the substrate in the active site,
ultimately revealing that certain subsite specificities play a key
role during the deacetylation of chitin and chitosan oligomers by
CnCda4. Given that we never observed deacetylation at the
nonreducing end, whereas deacetylation at the reducing end was
rare but did occur on occasion, we concluded that the catalytic
activity of CnCda4 requires subsite —1 to be occupied. There-
fore, we next investigated the subsite specificities in the
substrate-binding cleft of CnCda4 and their potential influence
on the mode of deacetylation when the enzyme acts on paCOS
instead of chitin.

CnCda4 Activity Against Defined paCOS with Specific Acetylation
Patterns. When the pattern-pure chitosan tetramers DAAA,
ADAA, AADA, and AADD were used as substrates, CnCda4
showed 5 to 10 times higher activity against the single deacety-
lated tetramer ADAA than the fully acetylated A4, and even
lower activity against the other three chitosan tetramers (Fig.
2A). This suggests that the natural substrates of CnCda4 are
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partially acetylated chitosans rather than fully acetylated chitin.
To further understand the mode of action, the PA of the
resulting products was analyzed by MS? (Fig. 2B) to propose a
model explaining the binding preferences of CnCda4 (Fig. 2C).
The activity of CnCda4 against the substrates DAAA and
AADD was too low to analyze the PA of the products, but, when
presented with the substrates ADAA and AADA, CnCda4 pre-
ferred to deacetylate the neighboring unit downstream (further
toward the reducing end) of the already deacetylated unit,
yielding the products ADDA and AADD, respectively (Fig. 2B).
Given that CnCda4 shows atypical activity against the chitin
tetramer A4 in comparison to A5 and A6, we investigated its
activity and mode of action against ADAAAA and A6 (Fig. 2F).
Again, CnCda4 showed a significant (1.6-fold) preference for the
partially deacetylated substrate, and, interestingly, the preferred
deacetylation site was again the position downstream of the al-
ready deacetylated unit, yielding ADDAAA as the main product
(53%). ADAADA, the product that would result if the four
subsites of CnCda4 bound to the fully acetylated part of the
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Fig. 2. Regioselectivity and regiospecificity of CnCda4 against partially acetylated chitosan tetramers and hexamers. (A) Relative activity of CnCda4
against five tetrameric substrates differing in DA and PA, as determined by quantitative MS' (performed with four independent enzyme batches of
CnCda4; values are means + SD). (B) MS? spectra of the deacetylation products of A4, ADAA, and AADA after fragmentation, showing the fragment
masses and composition of b-ions (nonreducing end) and y-ions (reducing end). (C) Model representing the binding preferences of CnCda4 at four
subsites (-2, —1, 0, +1) where subsite 0 is the catalysis site. (D) Homology model of CnCda4 (based on PDB ID code 2I1W0), with Zn?* (gray) and lg4 in dark
orange, showing docking results for AAAA and ADAA in the active site. Subsites —2, —1, 0, and +1 are indicated in white. Docking scores are given for all
substrates. (E) The same homology model showing docking results for AAAAAA and ADAAAA. (F) Activity ratio of wild-type CnCda4 and three mutants
against partially deacetylated AD(A), vs. fully acetylated AA(A),, where n = 2 for tetrameric substrates and n = 4 for hexameric substrates (values are

means of four replicates each +SD).

substrate ADAAAA, was less frequent (24%). This confirmed
that CnCda4 prefers the —1 subsite to be occupied by GIcN
rather than GIcNAc, which explains its preference for partially
deacetylated chitosan substrates rather than chitin. This sub-
strate preference sets CnCda4 apart from already characterized
CDAs of other organisms, all of which act on both chitin and
chitosans. We therefore propose that CnCda4 is a “chitosan
deacetylase” differing from known “chitin deacetylases.”

Homology Modeling and Molecular Docking. To gain insight into the
substrate-binding behavior of CnCda4, we modeled the enzyme
using the structure of Colletotrichum lindemuthianum CDA
(CICDA; PDB ID code 2IW0) as a template for the four subsites
ranging from —2 to +1. The chitin substrates A4 and A6, and
corresponding single deacetylated variants with GIcN adjacent to
the nonreducing end (ADAA and ADAAAA), were generated
using GLYCAM-Web. All four substrates were successfully
docked into the active site using AutoDock VinaCarb v1.0 (39),
resulting in docking scores of —6.0 (AAAA), —5.6 (ADAA), 5.5
(AAAAAA), and —6.5 (ADAAAA,; Fig. 2 D and E). The high
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docking scores were thus in agreement with the experimental
data shown in Fig. 2 4 and F.

Site-Directed Mutagenesis. To understand the CnCda4—substrate
interactions at a molecular level, the amino acid sequence of
CnCda4 was compared to the well-characterized CDAs PesCDA
and CICDA, which strongly prefer A4 as a substrate over any
partially deacetylated tetramer. Given that CnCda4 strongly
prefers a deacetylated unit at subsite —1, whereas PesCDA and
CICDA both prefer an acetylated unit, the amino acid residues
surrounding subsite —1 were selected for mutagenesis. CnCda4
has an isoleucine residue at position 201 (Io;; dark orange in
Fig. 2 D and E), which is, according to the model, part of a
flexible loop close to subsite —1, whereas PesCDA and CICDA
feature a histidine residue at the corresponding position. In
addition to the I,o;H substitution, we also created the mutants
I501Y and I E, which replace the isoleucine residue in CnCda4
with less flexible (tryptophan) or bulky and negatively charged
(glutamic acid) residues. The three mutants were then compared
to wild-type CnCda4 in terms of their activity against the single
deacetylated substrates ADAA and ADAAAA and the fully
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Fig. 3. LC-MS chromatograms of the oligomeric fractions tested for their
ability to stimulate macrophages. Chitin hexamer (600 pg) was incubated in
50 mM NaHCOs (pH 7) at 37 °C for either 1 h (early) or 90 h (late) with 100 pL
(116 pg) of purified CnCda4d. A heat-inactivated batch of CnCda4 was used
for the two controls (A6 and D6). The reaction was stopped by passing the
sample through a 3-kDa filter, removing the enzyme.

acetylated counterparts A4 and A6 (Fig. 2F). All three mutants
still preferred ADAA over A4, but not as strongly as the wild-
type CnCda4 (Fig. 2F), indicating that there was a greater ac-
ceptance of acetylated units at subsite —1 in all of the mutants. In
contrast, the mutants showed no significant changes in prefer-
ence for the hexameric substrates. Interestingly, whereas the
wild-type enzyme converts ADAAAA mostly into ADDAAA (as
detailed earlier), all three mutants produced significantly more
ADAADA than the wild-type enzyme, indicating a reduced
preference for GlcN at subsite —1. We hypothesize that, by
changing I,o; to the less flexible tyrosine or the larger and
charged histidine or glutamic acid residues, we have weakened
the preference for a deacetylated unit at the —1 subsite of
CnCda4.

Effect of Early and Late CnCda4 Products on Macrophages. CnCda4 is
known to stimulate CD4* T cells, causing them to secrete higher
levels of IFNy and IL-2. It also induces a delayed-type hyper-
sensitive reaction in mice infected with C. neoformans (33).
CnCdal to 3 are required for the synthesis of cell-wall chitosans
(40) and thus confer virulence (6), but no natural function has
yet been assigned to the secreted enzyme CnCda4. However, a
CDA secreted by the plant endophytic fungus Pestalotiopsis sp.
may help to inactivate elicitor-active chitin oligomers (4). We
therefore tested the CnCda4 reaction products for their ability to
induce the proinflammatory marker tumor necrosis factor o« (TNNFa)
in human peripheral blood-derived macrophages (HPBMs), antic-
ipating low activity. The fully acetylated chitin hexamer A6 is
a potent activator of macrophages, but the fully deacetylated
chitosan hexamer D6 is not (41, 42). A6 also induces the secretion
of human chitotriosidase (ChT), which cleaves A6 into smaller,
elicitor-inactive oligomers. In humans, two functional chitinases
are known: ChT and the acetic mammalian chitinase (43).
Monocytes express high levels of ChT during their differentia-
tion into macrophages, whereas the expression levels of acetic
mammalian chitinase remain very low (44). We therefore treated
HPBMs with the control oligomers A6 and D6 (both incubated
with heat-inactivated CnCda4) as well as the early and late products
of CnCda4 (Fig. 3). MS analysis revealed the early fraction com-
prised A6, ASD1 (AAAADA), and A4D2 (AAADDA), whereas the
late fraction comprised A3D3 (AADDDA) and A2D4 (ADDDDA).
After removing the enzyme, all samples were tested for their
ability to elicit the release of TNFa and ChT from HPBMs (Fig. 4
A and B and SI Appendix, Fig. S4). As anticipated, A6 elicited the
release of TNFoa and ChT into the supernatant, whereas D6 did
not. Interestingly, the early products of CnCda4 showed even
stronger elicitor activity than A6, whereas the late products were
weaker. Given that, in contrast to most fungi, the C. neoformans
cell wall contains more chitosan than chitin, the availability of a
chitosan deacetylase rather than a chitin deacetylase may help to
eliminate weakly deacetylated chitosan oligomers with strong
elicitor activity by converting them into more completely deacet-
ylated products with weak elicitor activity. We therefore propose
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Fig. 4. The effect of early and late CnCda4 products and A6/D6 controls on the secretion of TNFa by macrophages and the cleavage products generated by
recombinant human chitotriosidase (ChT). (4) Activation of human peripheral blood-derived macrophages (HPBMs) by different chitin and chitosan hexamers
(1 pg/mL). Secretion of TNFa into the supernatant was measured 6 h after stimulation. Data from five independent experiments with different batches of
macrophages were normalized to the negative control (starvation medium, 0%) and to the positive control (10 ng/mL LPS, 100%). Data are presented as
means + SD (B) Activity of the human ChT measured in the supernatant after stimulation with the different chitin and chitosan hexamers (1 pg/mL). The
concentration of ChT in 5 pL supernatant was determined by adding 20 mM of the ChT-specific substrate 4-methylumbelliferyl-B-o-N,N’-diacetylchitobioside
hydrate in 100 mL Mcllvain buffer (100 mM citric acid, 200 mM sodium phosphate, pH 5.2). The enzyme reaction was stopped after 20 min at 37 °C by adding
200 mL of 300 mM glycine-NaOH buffer, pH 10.5. Converted substrate was measured by fluorimetry at 450 nm and related to a standard of recombinant ChT.
Values are means of three independent experiments +SD. (C) Relative ChT activity on the oligomeric substrates GIcNAcg (A6), GIcNg (D6), and the early and
late hexameric products of CnCda4. Isolated ChT (50 ng) was incubated with the oligomeric substrates (2.5 pg) for 24 h at 37 °Cin 50 mM ammonium acetate
(pH 4.5). Products were detected and quantified by HPLC-MS analysis, and ChT activity was quantified by the amount of hydrolyzed substrate, described as the
degree of scission (), where 100% equals complete degradation of the substrate. All data are based on five independent experiments (n = 5) and are given as
means + SD. Statistical analysis was performed using the t test (*P < 0.5).
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that the initial deacetylation steps may inhibit hydrolysis by ChT
but not yet prevent recognition by a potential chitin receptor,
thereby increasing elicitor activity. The detection of chitin and,
possibly, sufficiently acetylated chitosan oligomers by the human
immune system may involve different subsets of pattern recognition
receptors such as TLR2 or Dectin-1 (45). Further deacetylation of
the chitosan oligomers by CnCda4 may prevent molecular recogni-
tion and thus reduce elicitor activity. To test this hypothesis, we next
investigated the ability of purified ChT to hydrolyze the hexameric
CnCda4 products (Fig. 4C).

Effect of Recombinant ChT on Early and Late CnCda4 Products. The
early and late hexameric products of CnCda4 (and the controls
A6 and D6) were incubated with purified recombinant ChT, and
the resulting products were quantified by LC-MS!. ChT activity
was presented as the degree of scission (), defined as the
number of substrate cleavages relative to theoretical complete
hydrolysis (Fig. 4C). The complete product profiles are shown in
SI Appendix, Fig. S5. ChT hydrolyzed ~50% of the A6 substrate,
but D6 and the late deacetylation products of CnCda4 were
untouched. Interestingly, and counter to our expectations, the
early deacetylation products were more efficiently hydrolyzed
than the fully acetylated chitin hexamer A6. ChT is a chitinase
belonging to glycosyl hydrolase family 18 (GH18) with an ab-
solute specificity for acetylated units at subsites —2 and —1 and
a preference for an acetylated unit at subsite +1, although a
deacetylated unit can also be accepted (46). As a consequence,
A6 should be the preferred substrate in the early CnCda4
product mixture, but the partially deacetylated products
AAAADA and AAADDA can probably also be hydrolyzed,
although this should be a slower reaction. Taking a closer look
at the hydrolysis profile of the early CnCda4 products (S
Appendix, Fig. S5), ChT indeed appears to mainly attack A6,
but also ASD1 (AAAADA). Based on these data, the subsite
specificity of ChT should be investigated in more detail.

Conclusion

We have shown that CnCda4 is a functional enzyme that catalyzes
the deacetylation of oligomeric and polymeric chitinous substrates.

In contrast to other well-described CDAs, CnCda4 prefers partially
deacetylated chitosans rather than fully acetylated chitin, making
CnCda4 a chitosan deacetylase. Our data indicate that the final
products of CnCda4 are not fully deacetylated but still possess a
certain number of GIcNAc units, typically the terminal residues
in longer oligomers. The physiological role of CnCda4 must be
seen in the context of the other three C. neoformans CDAs, for
which natural functions have been described. Cdal is known to
deacetylate cell-wall chitin produced by chitin synthase Chs3 and
its regulator Csr2 (5, 7, 34) during vegetative growth, but, under
certain conditions, CnCda2 and CnCda3 can compensate for the
loss of CnCdal, thus ensuring that the predominance of chitosan
over chitin in the cell wall is maintained (5). CnCda3 is known to
mediate the adhesion of C. neoformans to epithelial lung cells,
thereby also directly participating in the infection process (46).
There is evidence that CnCdal to 3 are mainly anchored to the
plasma membrane and may also be associated with the cell wall
(40) or even partly secreted (47), whereas CnCda4 is likely to be
solely secreted into the medium or the glucuronoxylomannan
(GXM) capsule surrounding the fungal cell. We hypothesize that
CnCda4 supports the infection process by helping C. neoformans
to evade the host immune system as summarized in Fig. 5, and
that two main strategies may be involved. First, CnCda4 may
further deacetylate cell-wall chitosans produced by the combined
activities of Chs3, Csr2, Cdal, Cda2, and Cda3 (especially on the
outer, exposed layers). Second, it may further deacetylate chitosan
oligomers released as PAMPs from the fungal cell wall by
host chitinases such as ChT so that they are trapped more effi-
ciently in the negatively charged GXM capsule and/or no longer
recognized by the host’s pattern recognition receptors (Fig. 54).
To evaluate this hypothesis and the proposed mechanisms, the
phenotype of the existing CDA4-knockout mutant (5, 6) should
be investigated during infection. Additionally, the influence of
the GXM capsule of C. neoformans on the release of chitosan
oligosaccharides should be investigated closely. Our data suggest
that, in the absence of CnCda4, highly acetylated chitosan olig-
omers would be recognized by the host cell, initiating an early
immune response involving the increased secretion of ChT,
generating a positive feedback loop (Fig. 5B). Given that the
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Fig. 5. Proposed role of CnCda1 to 3 and CnCda4 during the infection of human cells by the opportunistic pathogen C. neoformans. (A) Infections by the
wild-type pathogen. (B) Infection by a CnCda4-deficient mutant. Cell wall chitin produced by chitin synthase CnChs3 together with CnCsr2 is partially
deacetylated by the cell wall-associated enzymes CnCda1 to 3, whereas CnCda4 further deacetylates the outer layers as well as the released oligomers and
small polymers until only the terminal sugar units remain acetylated. (A) With all four CDAs present, C. neoformans can successfully hide its presence from the
human immune system. (B) With CnCda4 absent, highly acetylated oligomers and small polymers are recognized by the host and defense responses are
initiated, including secretion of chitotriosidase (ChT), attacking the fungal cell wall and thereby releasing more oligomers and small polymers, intensifying the

host immune response.
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C. neoformans cdalA, cda2A, cda3A strain is easily defeated
by the host (35), it seems that CnCda4 alone, which is geared
toward chitosan rather than chitin as a substrate, cannot achieve
sufficient deacetylation of the cell-wall chitin to prevent recog-
nition by the host. Rather, CnCda4 seems to act in concert with
the other CDAs to amplify their stealth effect. This role of CnCda4
is similar to the proposed role of other secreted fungal CDAs such
as PesCDA (4). In the case of C. neoformans, with its atypical
chitosan-containing cell wall, this role is best performed by a
chitosan deacetylase.

Our study provides preliminary indications that the deacety-
lation of chitin oligosaccharides has a biological impact on the
immune response to a cryptococcal infection, but more evidence
is required. We therefore propose a two-step approach to de-
velop an in vivo model. The first step would involve the evalu-
ation of virulence in a CDA4-knockout strain of C. neoformans,
such as the fpdIA strain that has already been described (5, 6).
Removing CnCda4 from the system would prevent the in-
activation of immunostimulatory chitosan oligomers with a high
degree of acetylation, leading to reduced virulence. However,
removing CnCda4 would also remove the immunostimulatory
effect of the protein itself, consequently increasing virulence, and
the two opposing effects might result in a noninformative phe-
notype. Therefore, the second step would involve the evaluation
of virulence in a C. neoformans strain expressing a catalytically
inactive form of CnCda4, which could be generated by site-
directed mutagenesis. The loss of CnCda4 activity would again
reduce virulence, but the protein would retain its immunostim-
ulatory effect, and a more informative low-virulence phenotype
would be anticipated.

Materials and Methods

Genes, Enzymes, and Plasmids. The C. neoformans (formerly Filobasidiella
neoformans) gene encoding CnCda4 (d25, Fpd1; UniProtKB Q96TR5_CRYNE,
GenBank CAD10036.1, CNAG_06291) was codon-optimized for E. coli and syn-
thesized by GeneArt. The gene was inserted into vector pET-22b(+) (Novagen),
and variants were produced with the endogenous N-terminal signal peptide
and a C-terminal Strep Il tag [pET22b(+)::SP-CDA4-Strepll], with a C-terminal
linker sequence inserted before the Strep Il tag [pET22b(+)::SP-CDA4-linker-
Strepll], without a linker but with the N-terminal signal peptide sequence
removed [pET22b(+)::CDA4-strepll], and with Strep Il tags at both termini
[PET22b(+)::Strepll-CDA4-Strepll]. All sequences are shown in S/ Appendlix,
Fig. S6. All constructs were introduced into E. coli Lemo21 (DE3) cells (New
England Biolabs) by heat shock (48), and the fourth construct was also
introduced into E. coli Rosetta2 (DE3) [pLysSRARE2] cells (Novagen).
HPBM-derived cDNA representing the ChT gene was inserted into vector
pDsRed-Monomer-N (Takara) in which the DsRed monomer cassette was
replaced by a Hisg tag. The ChT construct was introduced into HEK293 cells,
and stably transfected cells were selected using geneticin (G418).

Recombinant Protein Expression. E. coli Lemo21 (DE3) cells carrying either of
the plasmids were inoculated to an ODggo of 0.2 in lysogeny broth (LB)
supplemented with 0 to 2 mM a-L-rhamnose and incubated at 37 °C shaking
at 160 rpm until the ODggo reached 0.6 to 0.8. The expression of CnCda4 was
then induced by adding IPTG to a final concentration of 400 pM and in-
cubating the cells as described for a further 5 h. E. coli Rosetta2 (DE3)
[pLysSRARE2] cells carrying pET22b(+)::Strepll-CDA4-Strepll were incubated
in 500 mL autoinduction medium in a 2-L flask for 48 h at 26 °C, shaking at
160 rpm (49). Cells were harvested by centrifugation (4,000 x g, 20 min, 4 °C),
resuspended in 30 mL of fast protein liquid chromatography (FPLC) washing

buffer (20 mM TEA, 400 mM Nadl, pH 8.0), and stored at —20 °C. HEK293
cells carrying the ChT expression plasmid were cultivated in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal calf serum
(FCS), 1% penicillin/streptomycin, and 1% L-glutamine at 37 °C and 5% CO,.
When the HEK293 cell layer reached a confluence of 80%, the culture me-
dium was replaced with serum-free production medium (OptiPRO SFM;
Gibco). After 3 d of culture, cell supernatants containing recombinant ChT
were harvested and stored at —20 °C.

Enzyme Purification by Affinity Chromatography. Cells were lysed by thawing
and incubating at room temperature after adding lysozyme (1.5 g/L final
concentration) and sodium chloride (~10 g/L final concentration), followed
by three 15-s pulses at 40% amplitude using a Branson Digital Sonifier model
250-D (Emerson). After centrifugation (60 min, 40,000 x g, 4 °C), CnCda4 was
captured from the supernatant by Strep-Tactin affinity chromatography and
eluted using 2.5 mM p-desthiobiotin in FPLC washing buffer. Recombinant
ChT was captured from HEK293 cell supernatants by Hisg tag affinity chro-
matography and eluted in phosphate-buffered saline (PBS; pH 7.4).

SDS/PAGE and Western Blotting. The concentration of eluted protein was
determined using the Bradford method (50). We then separated 3 to 6 pg per
lane by SDS polyacrylamide gel electrophoresis (SDS/PAGE) (51). The gels
were stained with 0.05% Coomassie Brilliant Blue G-250 in 40% methanol
and 5% acetic acid. For Western blotting, proteins were transferred to a
nitrocellulose membrane and detected using horseradish peroxidase (HRP)-
conjugated Strep-Tactin and the chemiluminescent substrate luminol according
to the manufacturer’s instructions (IBA).

Acetate Assay to Determine Enzyme Activity. To determine the optimal pH,
temperature, and buffer for CnCda4, as well as its activity against different
polymeric substrates, we measured the amount of acetate released using the
Acetate Assay Kit (r-Biopharm), adapted to a microtiter plate format (4).

LC-MS' Analysis. The activity of CnCda4 against oligomeric substrates was
measured using the methods shown in Table 1 as previously described (52—
55). Reaction products were separated on a Dionex Ultimate 3000RS UHPLC
system (Thermo Fisher Scientific) coupled to an amaZon speed ESI-MS" detector
(Bruker). Oligomers were separated by hydrophilic interaction chromatography
(HILIC) using a VanGuard precolumn (1.7 um, 2.1 x 35 mm) and an Acquity
UHPLC BEH Amide column (1.7 pm, 2.1 x 150 mm; Waters). A gradient of
solvent A (80% acetonitrile, 20% water) and solvent B (20% acetonitrile, 80%
water), both containing 10 mM NH4HCO, and 0.1% (vol/ivol) formic acid, was
used for separation. MS detection was performed in a positive mode and mass
spectra acquired over a scan range of m/z of 50 to 2,000 in enhanced resolu-
tion scan mode. Data were processed using Data Analysis v4.1 software
(Bruker). The oligomers were quantified by measuring peak areas.

LC-MS? Analysis. The PA of oligomer samples (5 to 10 pg) was determined by
labeling the reducing ends with H,'®0 (Euriso-top) in two steps (1 x 5 L, 1 x
10 uL, 70 °C) as previously described (55). The samples were separated as
described earlier for LC-MS' analysis, and product ions of certain m/z values
were selected (S/ Appendix, Table S1). An isolation width of 1.0 m/z was
used, and fragmentation was carried out using an amplitude gradient of 80
to 120% over 40 ms. MS/MS spectra were acquired over a scan range of m/z
of 50 to 2,000 and analyzed using Data Analysis v4.1 software.

Mode of Action Against Chitin Oligomers. CnCda4 (0.5 pg) was incubated with
the chitin oligomers A1 to A6 (1 mg/mL final concentration) in 50 mM
NaHCOs; (pH 7). Samples were taken after 0, 5, 15, and 30 min and after 1, 2,
3, 6, 12, 24, 72, and 144 h by stopping the reaction with 0.5% (final con-
centration) formic acid. The oligomer products in all samples were analyzed
by LC-MS" and LC-MS? as described earlier.

Table 1. LC-MS' methods for the detection and quantification of partially acetylated chitosan oligomers
Column oven Isocratic Linear Isocratic
Method temperature, °C Flow, mL/min  100% A, min gradient, min Isocratic, min  Reequilibration, min  100% A, min Duration, min
1 35 0.4 0-2.5 2.5-12.5, 0-75% B — 12.5-13.5, 75-0% B 13.5-15 15
2 75 0.8 0-0.8 0.8-3.3, 0-70% B — 3.3-4.3, 70-0% B 4.3-5.5 5.5
3 75 0.8 0-0.8 0.8-4.8, 0-90% B 4.8-6.8 6.8-7.3, 90-0% B 7.3-8 8
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Activity of CnCda4 Against Polymeric Substrates. CnCda4 (1 pg) was incubated
with different soluble and insoluble substrates (chitosan DA30% and
DA50%, colloidal chitin, 1% [wt/vol] a-chitin, or 1% [wt/vol] B-chitin) for 24 h
at 37 °Ciin 50 mM NaHCO; (pH 7). Activity was determined by measuring the
amount of acetate released as described earlier. Zymography experiments to
determine activity on glycol chitin were performed according to the dot blot
assay method (56), with glycol-chitin incorporated into the acrylamide gel.
To detect CDA activity, the chitosan produced within the gel was depoly-
merized using a mixture of nitric and sulfuric acids (7.59 g NaNO, dissolved
in 20 mL H,O mixed with 550 pL concentrated H,SO,4) for 10 min at room
temperature before the gel was washed twice (10 min each) with water and
illuminated under UV light. The a-chitin and p-chitin were purchased from
Mahatani Chitosan. DA30% and DA50% chitosans were prepared by the
chemical acetylation of DA0% chitosan (57). Colloidal chitin (58) and glycol
chitin (59) were prepared as previously described.

Production of Defined paCOS. Chitin oligomers A2, A3, A4, A5, and A6 were
purchased from Megazyme. A4 and A6 were used as substrates for the
preparation of pattern-specific paCOS by exposing them to the enzymes
NodB [DAAA (52)], COD/VcCDA [ADAA, ADAAAA (52)], PesCDA [AADA (4)],
and PgtCDA [AADD (17)].

Determining Regioselectivity and Regiospecificity. Four independent batches
of purified CnCda4, equally adjusted according to their activity against A4,
were incubated with 1 mg/mL DAAA, ADAA, AADA, or AADD in 50 mM
NaHCOs (pH 7) at 37 °C. The reaction was stopped after 1 h or 72 h by adding
formic acid (0.5% final concentration). The paCOS in all samples were ana-
lyzed by LC-MS" and LC-MS? as described earlier, and the relative activity at
different sites was determined by counting the number of attacks.

Comparative Activity Against AD(A), and AA(A),. Wild-type CnCda4 and the
corresponding mutants ly01Y, l201H, and l,o1E were adjusted for their activity
against A4 and incubated with 1 mg/mL of ADAA, A4, ADAAAA, or A6 in
50 mM NaHCOs (pH 7) at 37 °C. The reaction was stopped after 45 min by
adding formic acid (0.5% final concentration). The paCOS in all samples was
analyzed by LC-MS' and LC-MS? as described earlier. In more challenging
cases, MS? analysis to determine the dominant PA was carried out using
nonchemically acetylated samples. The relative activity was determined by
quantifying the number of attacks, and the ratio of relative activities against
the partially deacetylated and fully acetylated substrates was calculated.
Significant differences in enzyme activities were determined by one-way
analysis of variance (ANOVA).

Cofactor Analysis. CnCda4 (1.2 M) was incubated with 20 mM EDTA in 50 mM
NaHCOs (pH 7) at room temperature for 2 h to remove all metal ions, before
seven rounds of dialysis against 1,000 volumes of EDTA-free 50 mM NaHCO3
(90 h). EDTA levels were monitored by LC-MS. The mixture was aliquoted to
add 1 mM ZnCl,, CoCl,, MnCl,, CaCly, MgCly, MgSOy, FeSO,4, or CuCl; in
triplicate. After incubation at room temperature for 1 h, A4 was added
to a final concentration of 0.5 mM. The samples were incubated at 37 °C
for 2 h before the reaction was stopped by adding formic acid (0.5%
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final concentration). The activity was measured by LC-MS' analysis as
described earlier.

Homology Modeling and Substrate Docking. A three-dimensional model of
CnCda4 was generated using the online structure prediction tool SWISS-
MODEL (60-62). The crystal structure of CICDA (PDB ID code 2IWO0; amino
acid sequence identity 33%) was used as the template. The geometric ac-
curacy of the model was evaluated with MolProbity (63). Because the models
were created without a metal ion in the active site, the Zn®* ion from the
CICDA crystal structure was inserted at the estimated location by aligning
the two enzymes in PyMOL. Substrate docking was performed using two
different chitin tetramers and two different chitin hexamers, all created
using the carbohydrate builder from GLYCAM (64). All four substrates were
docked using AutoDock VinaCarb v1.0 (39).

Sample Preparation for the Stimulation of HPBMs. CnCda4 was heat-
inactivated at 89 °C for 15 min before mixing with 600 pg D6 (Carbosynth)
or 600 pg A6 at 37 °C for 90 h in 50 mM NaHCO3 (pH 7). In addition, 600 pg
A6 was incubated under the same conditions with active CnCda4 for 1 h (to
generate early products) and 90 h (to generate late products). The reaction
was stopped by passage through a 3-kDa cutoff filter to remove the enzyme,
and the sample composition was determined by LC-MS' and LC-MS? as
described earlier.

Isolation and Stimulation of HPBMs. HPBMs were isolated from buffy coats
(German Red Cross) by two-step density centrifugation as previously de-
scribed (65). Washed monocytes were seeded into a 24-well plate (200,000
cells per well) and cultivated for 7 d in 500 pL RPMI-1640 medium sup-
plemented with 10% human serum, 1% nonessential amino acids, and 1%
L-glutamine at 37 °C in a 5% CO, atmosphere to differentiate them into
macrophages. The cells were starved 24 h before stimulation with chitin and
chitosan hexamers by switching to RPMI-1640 medium supplemented with
1% nonessential amino acids and 1% t-glutamine but no serum. HPBMs
were stimulated with paCOS or lipopolysaccharides (LPSs) diluted in starva-
tion medium (300 pL per well) for 6 h. TNFa and ChT activity were measured
in cell supernatants by enzyme-linked immunosorbent assays (ELISAs) and
enzyme activity assays, respectively, as previously described (41). Significant
differences in the response to treatment were determined by one-way ANOVA.

Measurement of ChT Degree of Scission. The hexameric samples used to
stimulate HPBMs (2.5 pg) were incubated in vitro with 50 ng of purified
human ChT at 37 °C for 24 h in 50 mM ammonium acetate (pH 4.5). Products
were detected and quantified by HPLC-MS, and ChT activity was quantified
by LC-MS' and LC-MS? analysis as described earlier. Significant differences in
enzyme activities (degrees of scission, «) were determined by one-way ANOVA.

Data Availability. All materials, data, and associated protocols will be made
available upon request from the corresponding author.
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