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ABSTRACT

Partially acetylated chitosan oligosaccharides (paCOS) are potent biologics with many potential applications, and their bioactiv-
ities are believed to be dependent on their structure, i.e., their degrees of polymerization and acetylation, as well as their pattern
of acetylation. However, paCOS generated via chemical N-acetylation or de-N-acetylation of GIcN or GIcNAc oligomers, respec-
tively, typically display random patterns of acetylation, making it difficult to control and predict their bioactivities. In contrast,
paCoOS produced from chitin deacetylases (CDAs) acting on chitin oligomer substrates may have specific patterns of acetylation,
as shown for some bacterial CDAs. However, compared to what we know about bacterial CDAs, we know little about the ability
of fungal CDAs to produce defined paCOS with known patterns of acetylation. Therefore, we optimized the expression of a chi-
tin deacetylase from the fungus Puccinia graminis f. sp. tritici in Escherichia coli. The best yield of functional enzyme was ob-
tained as a fusion protein with the maltose-binding protein (MBP) secreted into the periplasmic space of the bacterial host. We
characterized the MBP fusion protein from P. graminis (PgtCDA) and tested its activity on different chitinous substrates. Mass
spectrometric sequencing of the products obtained by enzymatic deacetylation of chitin oligomers, i.e., tetramers to hexamers,
revealed that PgtCDA generated paCOS with specific acetylation patterns of A-A-D-D, A-A-D-D-D, and A-A-D-D-D-D, respec-
tively (A, GIcNAg; D, GIcN), indicating that PgtCDA cannot deacetylate the two GIcNAc units closest to the oligomer’s nonreduc-
ing end. This unique property of PgtCDA significantly expands the so far very limited library of well-defined paCOS available to
test their bioactivities for a wide variety of potential applications.

IMPORTANCE

We successfully achieved heterologous expression of a fungal chitin deacetylase gene from the basidiomycete Puccinia graminis
f. sp. tritici in the periplasm of E. coli as a fusion protein with the maltose-binding protein; this strategy allows the production of
these difficult-to-express enzymes in sufficient quantities for them to be characterized and optimized through protein engineer-
ing. Here, the recombinant enzyme was used to produce partially acetylated chitosan oligosaccharides from chitin oligomers,
whereby the pronounced regioselectivity of the enzyme led to the production of defined products with novel patterns of acetyla-
tion. This approach widens the scope for both the production and functional analysis of chitosan oligomers and thus will even-
tually allow the detailed molecular structure-function relationships of biologically active chitosans to be studied, which is essen-
tial for developing applications for these functional biopolymers for a circular bioeconomy, e.g., in agriculture, medicine,
cosmetics, and food sciences.

hitosans are a family of functional biopolymers derived from

the partial de-N-acetylation of chitin, one of the most abun-
dant biopolymers in the world. Whereas chitin, a linear homo-
polymer of (3-1,4-glycosidically linked N-acetylglucosamine
(GleNAc) residues, forms crystalline fibers and is insoluble in
aqueous solvents, chitosans are soluble at slightly acidic pH
values, due to the positive charges conveyed by their de-N-
acetylated glucosamine (GIcN) residues. The unique polyca-
tionic nature of chitosans is at least partially responsible for the
many bioactivities of chitosans, such as their antimicrobial,
plant-strengthening, and wound-healing activities (1-6). Ad-
ditionally, though, their biological functionalities are depen-
dent on the degree of polymerization and acetylation of the
chitosan, and possibly also on its pattern of acetylation (7-9).
However, detailed structure-function relationships are not yet
fully understood, in particular regarding the postulated role of
the pattern of acetylation. This is mostly because all chitosans
available commercially today are prepared from chitin by par-
tial de-N-acetylation, or by full de-N-acetylation followed by
partial re-N-acetylation, and the chemical methods used for
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these conversions invariably lead to chitosans with random
patterns of acetylation (10, 11). In contrast, chitosans are also
generated naturally by the action of chitin de-N-acetylases
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(CDAs; E.C.3.5.1.41) (9,12, 13), but the patterns of acetylation
found in natural chitosans are presently unknown.

It has recently been proposed that some if not most of the
biological activities of chitosan polymers are attributable to the
oligomeric degradation products generated by chitosan hydro-
lases present in the target tissues, such as bacterial chitinases and
chitosanases, plant chitinases, or human chitotriosidase (9). As
these hydrolytic enzymes have more or less pronounced sequence
specificities, e.g., cleaving exclusively between two acetylated
GIcNAc residues, the pattern of acetylation of the chitosan poly-
mer will define the quantity and quality of the resulting oligomers
(14). Importantly, even if the polymeric substrate had a random
pattern of acetylation, the acetylation pattern of the enzymatically
produced oligomers is expected not to be completely random, as
the cleavage specificity of the hydrolase will define the nature of
the monosaccharide units present at the oligomeric products’ re-
ducing and nonreducing ends (15). As a consequence, under-
standing the structure-function relationships of partially acety-
lated chitosan oligosaccharides (paCOS) will be key to developing
reliable applications of chitosans in food sciences, agriculture, and
biomedicine.

Although it is critical to produce paCOS with fully defined
structures, the paCOS available today are typically mixtures of
chitosan oligomers that differ in their degrees of polymerization
and acetylation as well as in their patterns of acetylation (16). The
paCOSs in these mixtures can be separated according to their de-
grees of polymerization and degrees of acetylation, which allows
one to experimentally study how these parameters influence the
biological activities of paCOS (17-20), but it is not yet possible to
separate paCOS with identical degrees of polymerization and acet-
ylation but that differ in their patterns of acetylation.

Thus, to study how the acetylation pattern affects paCOS bio-
activities, we must be able to produce paCOS with defined non-
random patterns of acetylation. This can best be achieved using a
CDA that acts on fully acetylated chitin oligomers of a defined
degree of polymerization. However, to date, only a few CDAs have
been analyzed in detail to determine their products’ pattern of
acetylation. The best known examples of CDAs yielding paCOS of
fully defined architecture are the bacterial NodB (21) and COD
(22, 23) from Rhizobium and Vibrio species, respectively. NodB
acts specifically on the GlcNAc unit at the nonreducing end of
chitin oligomers, while COD specifically deacetylates the penulti-
mate GlcNAc unit next to the nonreducing end. Thus, when
acting on a chitin oligomer with a degree of polymerization “n”
(GleNAc,,), these enzymes will generate the monodeacetylated
paCOS GIeN-GleNAc,, ;) and GlcNAc-GIeN-GIcNAc,_»),
respectively. We have recently shown that these two CDAs can be
combined to yield the dideacetylated paCOS GIcN,-GIcNAc,, )
(24). Because regioselective CDAs such as these are emerging as
a powerful tool for producing paCOS of fully defined architec-
ture (12, 13), more CDAs with different and known regioselec-
tivities are urgently required. However, most of the bacterial
and fungal CDAs analyzed to date yield mixtures of paCOS and
often eventually fully de-N-acetylate chitin oligomers, even if
the sequence of deacetylation varies between enzymes (20, 25—
27). Hence, it would be highly advantageous to identify CDAs
that are both regioselective and can lead to specific deacetyla-
tion patterns.

One problem hampering progress in this field is the difficulty
in expressing eukaryotic CDA genes (such as those from fungi) in
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prokaryotic hosts, such as Escherichia coli. Issues arise because
these hosts use different codons and cannot perform posttransla-
tional modifications, such as glycosylation or disulfide bond for-
mation, both of which occur in fungal CDAs (13), possibly leading
to incorrect protein folding in E. coli. While this problem can be
overcome by using yeast expression systems, such as Pichia pasto-
ris (28, 29), these systems are less suitable than E. coli for compre-
hensive large-scale mutational studies that would be required to
understand the regioselectivity of CDA on a molecular level, a
prerequisite for the targeted engineering of CDAs with novel or
improved specificities.

So far, a few fungal CDA genes, such as Saccharomyces cerevi-
siae CDA1 and CDA2 (30-32), CICDA from Colletotrichum linde-
muthianum UPS9 (33), Flammulina velutipes CDA (34), and Rhi-
zopus circinans CDA (35), have been expressed successfully in
eukaryotic hosts, namely, S. cerevisiae and Pichia pastoris. Even
fewer fungal CDA genes have been expressed successfully in E. coli,
namely, CICDA (ATCC 56676) (36), CDA2 from Saccharomyces
cerevisiae (37), as well as Aspergillus nidulans CDA (38).

In this study, we systematically optimized the expression of a
fungal CDA gene from the plant-pathogenic basidiomycete Puc-
cinia graminis f. sp. tritici, a natural chitosan producer (39), in E.
coli, and we then characterized the recombinant enzyme in terms
of its regioselectivity.

MATERIALS AND METHODS

Materials. N-Acetylglucosamine (GlcNAc) was purchased from Sigma-
Aldrich (Munich, Germany). N-Acetyl-chito-oligosaccharides, namely,
dimers to hexamers (A, to Ag; A, GIcNAc), were procured from Seikagaku
Corporation (Tokyo, Japan), and a chito-oligosaccharide mixture (COS
mixture, A;/A, of ca. 85% A and 15% A, with traces of A,D, [D, GlcN])
was obtained from the Bio Base Europe Pilot Plant (BBEPP, Ghent, Bel-
gium). Chitosan polymers and the colloidal chitin polymer were pro-
duced and characterized as previously described (40, 41). The a-chitin
and B-chitin polymers were bought from Mahtani Chitosan Pvt. Ltd.
(Veraval, India), and glycol chitin was prepared from glycol chitosan
(Sigma-Aldrich, St. Louis, MO) (42). The plasmid purification and gel
extraction kits were acquired from Analytik Jena (Biometra, Jena, Ger-
many). All the FastDigest restriction enzymes were from Fermentas (St.
Leon Rot, Germany), and the T4 DNA ligase kit for PCR ligations was
from Fermentas (Thermo Scientific, Waltham, MA). The PCR for gene
amplification and cloning was done using the Phusion II Hot Start high-
fidelity DNA polymerase from Finnzymes (New England BioLabs GmbH,
Frankfurt, Germany). All reagents were of analytical grade, unless other-
wise stated (Sigma-Aldrich, Munich, Germany). Acetate release was mea-
sured by using the acetate kit from R-Biopharm (Darmstadt, Germany).

Three-dimensional modeling. The crystallographic structure of
CICDA from Colletotrichum lindemuthianum (PDB 2IWQO) served as a
template for generating the model of PgtCDA. Sequence alignment be-
tween the target and template was carried out using Clustal Omega (43).
The online structure prediction program SWISS-MODEL was applied for
structure modeling. The model obtained was refined by the online tool
KoBaMIN (44). The quality of the model was assessed by MolProbity (45).
Both PyMOL and VMD (46, 47) were used for structure visualization and
image generation. The protein topology graph was generated by Pro-
origami, available online (48).

CDA cloning. To assess the PgtCDA expression in a variety of different
bacterial strains, we first had to clone the gene (NCBI accession no.
XP_003323413.1) in different vectors. The gene for P. graminis CDA (49)
(see Fig. S1 in the supplemental material) was codon optimized by
GenScript (NJ, USA) and was obtained in plasmid pJET1.2. The vector
pET-22b(+) was purchased from Novagen (Darmstadt, Germany) and
used as a template to include a Strep II tag (WSHPQFEK) encoding a
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sequence downstream of the multiple-cloning site (50). This was accom-
plished by PCR using the 5'-phosphorylated primer pair pET22b_Strep
II_for (Pho-CAATTTGAAAAATAGGCTTGCGGCCGCACTC) and
pET22b_Strep II_rev (Pho-AGGATGTGACCATTGTCGACGGAGCT
CQG), resulting in pET-22b(+ )::Strep IIC. The PgtCDA gene was inserted
into the vector pET-22b(+)::Strep IIC by digestion with Ndel and Sacl,
yielding pET-22b(+)::PgtCDA-Strep IIC. To enhance solubility, the
maltose-binding protein (MBP) was fused to the N terminus of
the PgtCDA protein. To this end, the MBP gene was amplified from the
PMAL-p5x vector obtained from New England BioLabs (Ipswich, MA,
USA) using the primer pair MalE_for (GCTCTAGAAATAATTTTGTT
TAAGAAGGAGATATAATTATGAAAATCGAAGAAGGTAAAC), with
an Xbal restriction site followed by a ribosomal binding site; and
MalE_rev (GAGATTCCATATGCCTTCCCTCGATCCCG), with an
Ndel restriction site. The amplified MBP gene was ligated into the
pET22b(+)::PgtCDA::Strep IIC plasmid, yielding pET22b(+)::MBP-
PgtCDA-Strep IIC. For periplasmic localization of the MBP-PgrCDA
fusion protein, we cloned the PgtCDA-Strep IIC gene into the
PMAL-p5x vector, which contained an N-terminal signal sequence
encoded in its malE gene designed to direct the protein into the
periplasm. Thus, we created a set of different bacterial plasmids coding
for different versions of PgrCDA to check for cytoplasmic and periplas-
mic expression in different bacterial expression strains. The strains
Rosetta2(DE3)/pLysSRARE from Merck (Darmstadt, Germany),
BL21(DE3) from Novagen (Merck, Germany), E. coli K-12 ER2508
from New England BioLabs (NEB), and Rosetta2(DE3)/pLysSRARE/
pCDFDuet-1::DsbC/TrxA were used. The plasmid pCDFDisul, namely,
pCDFDuet-1 (Novagen) containing DsbC/TrxA, encodes a cytoplasm-
localized version of the disulfide bridge isomerase DsbC and thioredoxin
A, thus generating a more-oxic cytoplasm to help in disulfide bridge for-
mation. pCDFDisul was constructed by cloning the optimized open read-
ing frames (ORFs) (GenScript, Piscataway, NJ, USA) of the disulfide
bridge isomerase DsbC from E. coli K-12 without the leader peptide-
encoding sequence (amino acids [aa] 13 to 228; GenBank accession no.
AMH34137.1) via Ncol/HindIII and thioredoxin A (trxA) in its Grx-like
form from E. coli K-12 (G34P, P35Y; GenBank accession no. BAE77517.1)
via Ndel/Xhol in pCDFDuet-1 (Novagen, Madison, WI).

Regardless of the plasmid used, the recombinant protein PgtCDA-
Strep II had an expected molecular mass of 29.21 kDa and a theoretical
isoelectric point of 7.31, and the same construct with MBP had an ex-
pected molecular mass of 71.81 kDa with a theoretical isoelectric point of
5.69, as deduced by the in silico tool Sci-Ed software clone manager.

Protein purification from E. coli strains. Transformation of compe-
tent bacterial strains with PgtCDA plasmids (51) was followed by the
induction of protein production and purification. LB medium (1 liter)
was inoculated with the corresponding bacterial strains and the requisite
antibiotics (100 pg - ml~" ampicillin, 34 pg - ml~* chloramphenicol, 25
pg - ml~! kanamycin, and 50 g - ml~' streptomycin final concentra-
tions). The final culture was incubated for 48 h at 120 rpm and 26°C.
Autoinduction medium was used as described by Studier (52), followed
by a second induction using 0.5 mM isopropyl-p-p-thiogalactopyrano-
side (IPTG) 3 h before harvesting the cells. The cells were centrifuged at
4,000 X g and 4°C for 30 min, and the supernatant was discarded. The
pellet was dissolved in 50 ml of 20 mM triethanolamine (TEA) buffer (pH
8.0). During the freeze-thaw lysis, the serine protease inhibitor phenyl-
methylsulfonyl fluoride (PMSF, 1 mM; Sigma-Aldrich, Munich, Ger-
many), was added. The cell pellet was sonicated after the addition of 4 pl
(100 U) of Benzonase nuclease (Merck KGaA, Darmstadt, Germany) dis-
solved in 10 mM MgCl,, which reduced the turbidity and sticky texture of
the lysate. The crude extract was obtained by centrifuging the lysate at
40,000 X gand 4°C for 30 min. The supernatant was then loaded onto the
affinity column for purification. The Strep-Tactin affinity chromatogra-
phy was carried out using a 1-ml Strep-Tactin superflow Plus cartridge
(Qiagen, Helden, Germany) with the AKTAprime plus fast protein liquid
chromatography (FPLC) system (GE Healthcare, Freiburg, Germany).
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The fractions with CDA activity were pooled and concentrated using
Amicon Ultra 15-ml centrifugal filters (10 kDa; Merck Millipore, Billerica,
MA) and dialyzed against 20 mM TEA buffer (pH 8.0). The purified
proteins were concentrated to a 1-ml volume and stored at 4°C after
adding 10% glycerol.

Zymography by seminative activity PAGE. The protein purity and
activity on glycol chitin were determined by zymography. A seminative
polyacrylamide gel containing 1% glycol chitin as the substrate was run at
4°C at 20 mA after loading 2 g of recombinant enzyme per lane. The gel
was washed with 20 mM TEA buffer (pH 8.0) containing 10% Triton
X-100 and incubated overnight in 20 mM TEA buffer (pH 8.0). The pro-
tein activity was observed under UV light after staining the gel with cal-
cofluor white M2R (Sigma) before and after treatment with sodium nitrite
and sulfuric acid that depolymerized glycol chitosan produced by the
action of CDA (53).

CDA activity assay. After protein purification, the CDA activity assay
was used for all subsequent optimization and characterization experi-
ments. CDA activity was estimated by measuring the amount of acetate
released using a coupled enzymatic assay. The reactions were stopped by
adding 10 pl of 5% formic acid. The acetate assay kit from R-Biopharm
(Darmstadt, Germany) was diluted (by a factor of 10) for use in a micro-
titer plate in a total reaction volume of 400 pl, and the increase in NADH +
H™ was measured spectrophotometrically at a wavelength of 340 nm us-
ing a Multiskan GO microplate spectrophotometer (Thermo Scientific,
Germany). All experiments reported in the study were carried out a min-
imum of three times and in triplicate, using three separate batches of
purified proteins.

Comparison of expression strains. We then determined which re-
combinant protein had the highest specific activity (nanokatals per nano-
mole). A total reaction volume of 400 pl of 50 mM TEA buffer (pH 8)
containing 210 nmol chitin hexamer (Ay) or 250 pg of COS mixture was
incubated with 0.21 nmol of each enzyme for 4 h at 37°C, and then the
acetate assay was performed. The total protein yield (in nanomoles per
milliliter and nanokatals per milliliter) from each expression strain was
also determined. However, for all subsequent characterization and mode-
of-action experiments, we used the periplasmic MBP-PgtCDA-Strep 1I
enzyme that displayed the maximum specific activity, here referred to as
recombinant PgtCDA.

Optimal pH and temperature. To determine the optimum pH, re-
combinant PgtCDA (0.207 nmol) was incubated for 1 h with the COS
mixture (250 pg) at 37°C in 400 pl of the universal buffer (40 mM
NH,HCO,, 20 mM Na,HPO,, 20 mM KH,PO,, 20 mM TEA) adjusted to
pH values in the range of pH 3 to 10.

The optimal temperature was determined by incubating the same re-
combinant enzyme (0.207 nmol) at temperatures ranging from 10°C to
60°C for 1 h with the COS mixture (250 pg) in 400 pl of 50 mM TEA
buffer (pH 8.0).

Effect of metal cofactors and EDTA. Since most CDAs are metalloen-
zymes, we tested if adding metal cofactors or EDTA affected enzyme ac-
tivity. Recombinant PgtCDA (0.207 nmol) was preincubated for 1 h at
room temperature with 1 mM EDTA and 1 mM metal ions in the form of
chloride salts (MgCl,, KCIl, CaCl, MnCl,, CoCl,, ZnCl,, FeCl,, and
CuCl,) in 400 pl of 50 mM TEA buffer (pH 8.0). This was followed by
addition of substrate (250 g of COS mixture) and further incubation for
1 h at 37°C for monitoring the activity of the enzyme.

Activity on substrates: chitin polymers, chitosan polymers, and chi-
tin oligomers. To assess CDA activity on different substrates, recombi-
nant PgtCDA (0.207 nmol) was incubated with 0.5 mg - ml™" different
chitin polymers (a-chitin, B-chitin, and colloidal chitin) and chitosan
polymers with different degrees of acetylation (DAs, 32%, 40%, 50%, and
61%) in 400 pl of 50 mM TEA buffer (pH 8.0) for 5 h at 37°C.

To further assess CDA activity on smaller substrates, chitin oligomers
(1 mg- ml ') ranging from degree of polymerization (DP) 1 to 6, namely,
chitin monomers to hexamers (A, to A,), were incubated with periplas-
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C1CDA MSPLARRQ-VPVGTPILOCTQPGLVALTYDDGPFTFTPQLLDILKQONDVRATFFVNGNNW 59
***:: * . * *::***'********: . e * *: '''' **:*****:
o2 B4 L2 a3
PgtCDA DCIYDEAIVKHLKRTFSQGHLIGSETWSEANISSLSAAELNQQLDLVEVALIKILGVKPK 120
CI1CDA ANIEAGSNPDTIRRMRADGHLVGSHTYAHPDLNTLSSADRISQMRQLEEATRRIDGFAPK 119
* : . ::* -:**‘k:**:*::: -_:**:*: .*: :* * :* *. * *
B5, L3 ad B6, B7 L4 a5 L5
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CI1CDA YMRAPYLSCDAGCQGDLGGLGYHIIDTNLDTKDYENNKPETTHLSAEKFNNELSADVGAN 179
HER &% O S S B 3 B O
B8 L6 a6 B9 a7
PgtCDA SQITﬁ%&ETYQTTAEKVTPYAVPLLQKAGYKLVHISECLGTGTKLTDLYQWVGKPSVRDA 235
CI1CDA SYIVLSHDVHEQTVVSLTQKLIDTLKSKGYRAVTVGECLGDAPEN----— WYKA-—-—-——— 228
ool . L0 S A T A o S *
PgtCDA SWTCNGTPAPTDN 248
cicrA R 00 ———————————— 228

FIG 1 Clustal Omega amino acid sequence alignment of PgtCDA from P. graminis and CICDA (PDB 2IWO) from C. lindemuthianum. The sequence analysis
shows comparison of amino acid sequences of CICDA and PgtCDA without signal peptide removed using SignalP 3.0 server. Alpha-helices and beta-sheets are
marked by red lines and blue arrows, respectively, and the positions of loops (L) decorating the active site are indicated in green. The five conserved motifs of CE4
enzymes are marked in yellow. The catalytic and metal ligand binding (underlined) residues are marked in red. The cysteines predicted in disulfide bonds are
marked in blue. One potential N-glycosylation site is marked in bold. The consensus symbols have the usual meanings, i.e., asterisks (*) indicate positions which
have a single, fully conserved residue, colons (:) indicate conservation between groups of strongly similar properties, and periods (.) indicate conservation

between groups of weakly similar properties.

mic recombinant PgtCDA (0.207 nmol) for 30 min each at 37°C in 400 p.l
of 50 mM TEA buffer (pH 8.0).

HP-TLC. Recombinant CDAs were tested for activity against chitin
oligomers ranging from chitin dimers (A,) to hexamers (A,) using high-
performance thin-layer chromatography (HP-TLC) (see the supplemen-
tal material). The chitin oligomers (1 mg - ml~ ') were incubated at 37°C
with 0.34 nmol recombinant enzyme overnight in a 20-pl reaction mix-
ture in 20 mM TEA buffer (pH 8.0). The enzyme was removed from the
samples using centrifugal filters (modified PES 3K; VWR, Germany) with
a cutoff of 3 kDa, and the flowthrough was used for HP-TLC analysis.
From the flowthrough, 10 pl of the sample was applied via Camag auto-
matic TLC sampler 4 (Camag, Berlin, Germany) to the silica plates (60
F,s, plates from Merck, Darmstadt, Germany). A mixture of butanol-
methanol-ammonia-water (5:4:2:1) was used as the mobile phase. The
bands were visualized using a protocol modified from that of Gal (54).
After solvent evaporation, the silica plate was dipped in 30% ammonium
bisulfate solution. Finally, a stream of hot air was used to visualize the
bands on the plate.

Ultraperformance liquid chromatography—evaporative light-scat-
tering detection—electrospray ionization—mass spectrometry in MS"
mode. To analyze the gradual formation of differentially deacetylated
products over time, chitin oligomers (1 mg-ml~") with DP 4 to 6 (A, As,
and A,) were incubated in a master mix containing 0.6 nmol recombinant
PgtCDA in a total reaction volume of 200 pl of 50 mM TEA buffer (pH
8.0), from which 30-pl aliquots were evaluated over time (at 3, 6, 12, 24,
and 48 h, respectively). The reactions were stopped by adding 6 .l of 5%
formic acid, and the protein was removed by centrifuging the samples for
30 min at 13,000 X gin centrifugal filters (modified PES 3K; VWR, Ger-
many), with a cutoff of 3 kDa. These samples were analyzed with mass
spectrometry (24) after previous re-N-acetylation with [*H]acetic anhy-
dride (MS') and '®O-labeling (MS?), using a modified protocol based on
Lavertu et al. (55) and Remoroza et al. (56) (S. Cord-Landwehr, P. Thmor,
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H. Luftmann, B. M. Moerschbacher, and M. Mormann, unpublished
data), allowing us to quantify the partially deacetylated intermediates and
final products and also to determine the sequence of deacetylation caused
by the enzyme.

RESULTS AND DISCUSSION

Bioinformatic analysis of the chitin deacetylase PgtCDA gene.
The deduced protein from P. graminis f. sp. tritici, PggCDA (49),
was analyzed by a conserved domain search on NCBI (CDD) (57),
revealing the presence of the polysaccharide deacetylase NodB
homology domain, characteristic of chitin deacetylases (EC
3.5.1.41), containing the five distinct sequence motifs (MT 1 to 5,
also known as CE4 motif) (Fig. 1). No other domains, such as the
substrate-binding domains, were identified. The amino acid se-
quence alignment (Clustal Omega 2.1) (43, 58) of PgtCDA com-
pared to CICDA from C. lindemuthianum, which has been char-
acterized extensively (25, 33), showed an amino acid identity of
33.63%. Analysis of PgtCDA by I-TASSER (59-61) and SWISS-
MODEL (62) predicted that CICDA’s crystal structure (PDB
2IWO) was the closest template for Pg¢CDA modeling, which was
done using PyMOL (Molecular Graphics System, version 1.8) (see
Fig. S2A in the supplemental material) (46). After KoBaMIN re-
finement, MolProbity analysis showed that >94% of the residues
were present in the Ramachandran-favored region, representing a
good-quality model for further analysis. The model shows good
agreement among the secondary structure elements. Like CICDA,
the modeled structure of PgtCDA contains seven alpha-helices
and nine beta-sheets, forming an inner-core beta-sheet barrel sur-
rounded by outer-core alpha-helices. Also, the connections be-
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TABLE 1 Different bacterial expression strains and plasmids used in the expression study to determine the strain yielding recombinant PgtCDA

with the highest yield and highest specific activity

Construct Protein yield Enzyme activity Specific activity
no. Expression strain Plasmid (nmol/ml) (nkat/ml) (nkat/nmol)
CDAL Rosetta disulfide/pLysSRARE/pCDFDuet1-DsbC/TrxA pET22b:PgtCDA-Strep IIC 3.08 2 1

CDA2 Rosetta2(DE3)/pLysSRARE pET22b::PgtCDA-Strep 1IC 2.26 58 25

CDA3 BL21(DE3) PET22b::PgtCDA-Strep IIC 2.45 202 82

CDA4 Rosetta disulfide/pLysSRARE/pCDFDuet1-DsbC/TrxA  pET22b:MBP-PgtCDA-Strep IIC 4.38 719 164

CDA5 Rosetta2(DE3)/pLysSRARE pET22b::MBP- PgtCDA-Strep IIC 4.85 1,001 206

CDA6 BL21(DE3) pET22b::MBP-PgtCDA-Strep 1IC 6.57 1,700 258

CDA7 ER2508 PMAL-p5x::MBP-PgtCDA-Strep IIC  1.70 697 410

CDAS8 Rosetta2(DE3)/pLysSRARE PMAL-p5x::MBP-PgtCDA-Strep IIC  3.30 1,485 450

tween helices and sheets as shown in the Pro-origami diagram (see
Fig. S2B in the supplemental material) are similar to the CICDA
topological diagram (25).

Since some fungal CDAs are known to be glycosylated (13), the
deduced PgtCDA protein was analyzed for potential N-glycosyla-
tion sites (NetNGlycl.0 server) (63); one such site was identified
to be Asn91 (marked on Fig. 1). However, after visually inspecting
PgtCDA on the PyYMOL viewer (PyMOL Molecular Graphics Sys-
tem, version 1.8) (46), Asn91 was found to be located on the sur-
face of the protein. Since CICDA, as PgtCDA’s most closely related
CDA, is not glycosylated, even when expressed in P. pastoris (33),
we assumed that PgrCDA is also not a glycoprotein. In addition to
glycosylation, we assessed if and where disulfide bonds might
form in PgrtCDA. The DiANNA server (64) predicted that a single
disulfide bond forms between Cys19 and Cys213. On homology
modeling using the CICDA structure as a template, we found that
these conserved cysteine residues in PgtCDA correspond to the
first disulfide bridge in CICDA (Cys18-Cys217). PgtCDA does not
contain the corresponding cysteines that form CICDA’s second
disulfide bond.

Determining which recombinant PgtCDA had the highest
specific activity. Expressing fungal enzymes in bacterial systems is
often difficult, but several factors, such as codon optimization
(65), solubility-enhancing fusion proteins (66), or varying subcel-
lular localization (67), can be helpful for enhancing protein ex-
pression and folding. So far, only a very few fungal CDAs have
been successfully expressed in E. coli. A. nidulans CDA was ob-
tained by cytoplasmic expression in E. coli, leading to the forma-
tion of inclusion bodies from which the active enzyme had to be
refolded (38). CDA2 from S. cerevisiae was obtained as an active
enzyme in the periplasmic space of E. coli (37), while CICDA was
secreted from the bacterial cells into the medium with the help of
a signal sequence from Streptomyces lividans (36).

To systematically study the recombinant expression of PgtCDA in
E. coli, the codon-optimized gene was cloned in vectors containing
a Strep II tag for purification at the C terminus but not containing
the N-terminal 22-amino-acid signal sequence as predicted by the
SignalP 3.0 server (68). Additionally, the vectors either did or did
not have the N-terminal addition of the maltose-binding protein
(MBP), and they either did or did not have the signal peptide of
MBP for periplasmic secretion.

When the recombinant enzymes resulting from the different
constructs were purified and their activities toward chitin hex-
amer (Ag) were compared (Table 1 and Fig. 2), we found that the
constructs producing cytoplasmic PgrtCDA without the MBP
(CDALI to CDA3) showed the lowest yields and lowest specific
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activities. Cytoplasmic production of MBP-PgtCDA fusion pro-
teins (CDA4 to CDAG6) showed higher yields and higher specific
activities, and secretion of the fusion proteins into the periplasm
(CDA7 and CDAS) gave even higher specific activities, although
with slightly lower yields. Expressing the genes in E. coli Rosetta2
containing the pLysSRARE plasmid for better handling of rare
codons or in a strain containing pLysSRARE in addition the pCD-
FDisul plasmid (which allowed for better formation of disulfide
bonds), negatively affected production of the active enzyme. The
secretion of MBP-PgtCDA fusion protein into the periplasm
(CDAS) gave the highest specific activity and very good yields,
possibly caused by the positive effect of an oxidizing milieu in the
periplasm favoring the formation of the disulfide bond predicted
in PgtCDA, and the presence of MBP, which can aid protein fold-
ing (69). This enzyme was therefore used for further characteriza-
tion.

How temperature, pH, metal ions, and EDTA affected en-
zyme activity. The recombinant PgtCDA showed an optimum
pH of 8 to 9 (Fig. 3A) and an optimum temperature of 50°C
(Fig. 3B) toward a mixture of chitin pentamers and tetramers

500

400 -

B

300 A

Specific activity (nkat/nmol)

200 -
100 4

CDA1 CDA2 CDA3 CDA4 CDA5 CDA6 CDA7 CDA8

Purified CDA from different expression strains
(0.21 nmol enzyme / 210 nmol substrate)

FIG 2 Specific enzyme activities of recombinant PgtCDA produced in dif-
ferent bacterial expression strains. PgtCDA (0.21 nmol) from each con-
struct was incubated with chitin hexamer as the substrate (210 nmol) at
37°C for 4 h in 50 mM TEA buffer (pH 8.0) to determine specific activity of
the enzyme. Strain numbers refer to those shown in Table 1. Data given
represent mean = standard deviation (SD) values of the results from three
independent experiments.
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FIG 3 Effects of pH (A) and temperature (B) on enzyme activity. (A) The optimal pH was determined at 37°C by incubating the enzyme (0.207 nmol) at
different pH values in universal buffer (40 mM NH,HCOj, 20 mM Na,HPO,, 20 mM KH,PO,, 20 mM TEA) with the A;-A, chitin oligomer mixture (250
pg) as a substrate for 1 h. (B) For optimum temperature, the enzyme (0.207 nmol) was subjected to incubation at different temperatures in 50 mM TEA
buffer (pH 8.0) with the chitin oligomer mixture (250 ng) as a substrate for 1 h. Data given represent the mean * SD values of the results from three

independent experiments.

(As/A,). As the PgtCDA gene has a signal peptide (which was
removed for expression in E. coli), the native enzyme is expected
be secreted into the medium. Most extracellular fungal CDAs,
such as CICDA ATCC 56676, CICDA DSM 16344, CICDA UPS9,
A. nidulans CDA, and S. cerevisiae CDA2p, have been reported to
have an optimum pH ranging between pH 7 and 12 and an
optimum temperature in the range of 50°C to 60°C (13, 26, 31,
33, 36, 70, 71).

Chitin deacetylases are metalloenzymes requiring divalent cat-
ions, such as Zn>", in their active site (25), and the addition of
metal ions, such as Co>™ in Mortierella sp. DY52 CDA and in F.
velutipes CDA, or, to a minor extent, Ca>* in these two CDAs as
well as in A. nidulans CDA, have been reported to enhance activity
(13, 34, 38, 71). However, for the recombinant PgtCDA, the pres-
ence of 1 mM EDTA did not inhibit the enzyme’s activity, and the
presence of 1 mM metal ions (Mg*", K*, Ca*>*, Mn*", Co*™,

>

18

Acetate release (mg/l)
=

Lo e LI

a-chitin B-chitin col.chitin DA32% DA40% DA50% DA61%
Substrate (0.5mg/ml)

Zn**, Fe’*, and Cu** as chloride salts) did not increase its activity
(see Fig. S3 in the supplemental material). Possibly, the metal ion
is tightly bound in the catalytic site of the enzyme and is thus
unable to equilibrate with the solution, as was also observed for
CICDA (25).

How chitin deacetylase affected different chitinous sub-
strates. Recombinant PgtCDA was almost inactive toward insol-
uble a- and B-chitin and showed only slight activity toward col-
loidal chitin (Fig. 4A), but it was active toward the soluble chitin
derivative glycol-chitin in a seminative zymography assay (see Fig.
S4 in the supplemental material). The enzyme was also active on
soluble partially acetylated chitosan polymers, and activity in-
creased with increasing degree of acetylation. These properties
resemble results that have been reported for CDAs from Mucor
rouxii, A. nidulans, and F. velutipes (26, 34, 72).

PgtCDA was inactive toward very small chitin oligomers of DP

ov)

25 1

20

15

10 4

Acetate release (mgl/l)

0 ' === [T ] T T T
A1 A2 A3 A4 A5 A6
Substrate (1mg/ml)

FIG 4 Enzyme activity on chitin and chitosan polymers (A) and chitin oligomers (B). (A) Different substrates: a-chitin, B-chitin, colloidal chitin (col.chitin),
and chitosan polymers, with degree of acetylation (DA) of 32 to 61%, with a final concentration of 0.5 mg - ml™~' were incubated with PgtCDA (0.207 nmol) at
37°C for 5 h. (B) Chitin oligomers (final concentration, 1 mg- ml™ ") with DP 1 to 6, i.e., monomers to hexamers, were treated with PgtCDA (0.207 nmol) for 30
min at 37°C. Data given represent the mean * SD values of the results from three independent experiments.
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FIG 5 UHPLC-ELSD-ESI-MS analysis of chitin tetramer (A,) (1 mg- ml™") treated with PgtCDA (0.6 nmol). The ELSD chromatogram shows the elution of
initial buffer peaks (2 to 6 min) followed by target peaks. The m/z ratios in the MS spectra correspond to the mass of the substrate (A,; m/z 831.24), which after
incubation with enzyme gives rise to single- and double-deacetylated products A;D, (1m/2789.25) and A,D, (m/z 747.23), respectively. A combined spectrum is
also attached for an overview. See the supplemental material for the same analysis of chitin pentamer (A;) and hexamer (Ay) treated with PgtCDA. intens.,

intensity; Arb., arbitrary units.

1to3 (A, to A;), butitsactivity increased with increasing DP from
4t06 (A, to Ag) (Fig. 4B). HP-TLC analysis showed the formation
of multiple deacetylation products from DP 4 to 6 (see Fig. S5 in
the supplemental material). This is a significant difference com-
pared to CICDA, which has shown activity toward chitin dimers
and trimers (73). Thus, recombinant PgtCDA has a more limited
oligomer substrate range than CICDA and CDAs from A. nidu-
lans, Mortierella spp., and F. velutipes, all of which are active on
dimers and larger oligomers (26, 34, 73, 74). It is also slightly more
limited than the CDA from M. rouxii, which is inactive on GlcNAc
monomers and dimers but can deacetylate chitin oligomers that
are trimers or larger (27).

Sequential de-N-acetylation of chitin oligomers by recombi-
nant PgtCDA. By re-N-acetylating the enzymatic products of chi-
tin oligomers using [*H,]acetic anhydride, labeling their reducing
ends using '®0, and then applying ultraperformance liquid chro-
matography—evaporative light-scattering detection—electrospray
ionization—mass spectrometry in MS"” mode (UHPLC-ELSD-ESI-
MS") analysis, we were able to quantify recombinant PgtCDA’s
partially deacetylated intermediate and final products and deter-
mine the products’ sequence of deacetylation. The MS' spectra for
chitin tetramer deacetylation are shown in Fig. 5; the time course
of deacetylation is given in Fig. 6A (for chitin pentamers and
hexamers, see the supplemental material). Invariably, the final
products of recombinant PgtCDA digestion of chitin oligomers
(A, with n = 4 to 6) were paCOS, with two remaining acety-
lated units [A,D,_,]. Only upon very long incubation times
(>24 h) or when excessive enzyme was added was further and
eventually complete deacetylation observed. This is in stark con-
trast to the results reported for CICDA, which readily proceeds to
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complete deacetylation yielding fully deacetylated glucosamine
oligomers (D,,).

In a comparison of the stepwise deacetylation of chitin te-
tramers, pentamers, and hexamers, we found that the first
deacetylation never occurred at the two units closest to the
nonreducing end, nor at the reducing end unit (Fig. 7). Thus,
the chitin tetramer (A, [A-A-A-A]) was first deacetylated to
A-A-D-A (Fig. 6B), followed by deacetylation at the reducing end,
yielding the final product A-A-D-D (Fig. 6C). The first deacetyla-
tion in the chitin pentamer and hexamer (A, with n = 5 or 6)
occurred at the fourth or third unit from the nonreducing end in
aratio of 3:1, yielding A;-D-A(,,_,, (i.e., A-A-A-D-A and A-A-A-
D-A-A) asamajor productand A,-D-A, _, (i.e., A-A-D-A-A and
A-A-D-A-A-A) as a minor product. The monodeacetylated hex-
amer A,-D-A (i.e.,, A-A-A-A-D-A) occurred in trace amounts
only. The second deacetylation of the pentamer yielded the prod-
ucts A-A-D-D-A and A-A-A-D-D in a 3:1 ratio, showing that
deacetylation of the reducing end unit is disfavored, and the third
deacetylation then yielded A-A-D-D-D as the final product. The
second deacetylation of the hexamer yielded the products A-A-A-
D-D-A and A-A-D-D-A-A in a 3:1 ratio (and traces of other pat-
terns); the third deacetylation yielded more than twice as much
A-A-D-D-D-A than A-A-A-D-D-D (and traces of other patterns),
again showing that deacetylation at the reducing end is less fa-
vored. Finally, the fourth deacetylation then yielded A-A-D-D-
D-D as the final product. A similar analysis has been reported for
C. lindemuthianum CDA but only up to a DP of 4 where, like for
recombinant PgtCDA, the first deacetylation is two units from the
nonreducing end, giving rise to A-A-D-A. However, subsequent
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FIG 6 (A to C) Time curve of deacetylation (A) and hydrophilic interaction liquid chromatography-tandem mass spectrometry (HILIC-MS?) chromato-
gram of the deacetylation products from PgtCDA (0.6 nmol) incubated with chitin tetramer (A,) (1 mg- ml~") as the substrate, giving single deacetylation
A-A-D-A (B) and then double deacetylation A-A-D-D (C). After incubation with the enzyme for different lengths of time, the products were re-N-
acetylated with [*HgJacetic anhydride, '*O-labeled at the reducing ends, followed by UHPLC-ELSD-ESI-MS". (B and C) The precursor ion m/z values and
the MS? spectra for sequencing the precursor ion are shown. See the supplemental material for the same analysis of chitin pentamer (A;) and hexamer (A)

treated with PgtCDA.

steps lead to a complete deacetylation with intermediate products
(such as D-A-D-A and A-D-D-A, and finally D-D-D-D) (73).
This prominent difference in the products formed by the CDAs
from P. graminis and C. lindemuthianum is very interesting, espe-
cially given that both enzymes are rather closely related, as detailed
above. The product patterns of CDAs have recently been explained by
asubsite capping model based on the crystal structure of the bacterial

CDA COD from Vibrio compared to those of other CDAs. The sub-
site capping model states that the position and movement of loops
play a potent role in substrate preference and regioselectivity of the
deacetylation, thus determining the pattern of acetylation of the chi-
tosan oligomers produced (75). Such a detailed structural analysis
and comparison with other CDAs, however, will have to wait until the
crystal structure of PgtCDA has been solved.

o
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FIG 7 Sequence of deacetylation of chitin oligomers by PgtCDA. Chitin tetramers to hexamers were treated with PgtCDA, and at different time points, the

products were analyzed as described in the Fig. 6 legend.
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In conclusion, this study reports the bacterial expression and
characterization of a fungal chitin deacetylase, PgtCDA, from the
basidiomycete P. graminis. It elucidates the mode of action of
recombinant PgtCDA on a range of substrates, such as chitin and
chitosan polymers, as well as on chitin oligomers. Recombinant
PgtCDA produces paCOS with a fully defined structure, namely,
A-A-D,, (withn > 1), anovel pattern that has not been reported so
far for CDAs that produce specific deacetylations. CDAs, like
PgtCDA, thus emerge as a powerful tool for the production of
defined paCOS that cannot currently be produced in any other
way. These paCOS can be further analyzed for their structure-
function relationships and used in various applications, such as
plant protection or biomedicine, based on their biological activi-
ties (4, 76).
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