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SUMMARY

Plant class IV chitinases have a small amino-terminal chitin-
binding domain and a larger chitinase domain, and are involved in
plant defence against fungal infection. Our previous work on the
chitinases ChitA and ChitB from the model monocotyledon Zea
mays showed that the chitin-binding domain is removed by
secreted fungal proteases called fungalysins. In this article, we
extend this work to dicotyledons. The effects of fungalysin-like
proteases on four class IV chitinases from the model dicotyledon
Arabidopsis thaliana were analysed. Four Arabidopsis chitinases
were heterologously expressed in Pichia pastoris, purified and
shown to have chitinase activity against a chitohexaose (dp6)
substrate. The incubation of these four chitinases with Fv-cmp, a
fungalysin protease secreted by Fusarium verticillioides, resulted
in the truncation of AtchitIV3 and AtchitIV5. Moreover, incubation
with secreted proteins from Alternaria brassicae, a pathogen of
A. thaliana and brassica crops, also led to a similar truncation of
AtchitIV3 and AtchitIV4. Our finding that class IV chitinases from
both dicotyledons (A. thaliana) and monocotyledons (Z. mays) are
truncated by proteases secreted by specialized pathogens of each
plant suggests that this may be a general mechanism of plant–
fungal pathogenicity.

Chitinases (EC 3.2.1.14) are enzymes that catalyse the degra-
dation of chitin, a linear polymer of N-acetyl-D-glucosamine
(GlcNAc). Plants produce many types of chitinases. On the basis
of sequence, they are grouped into five classes (Neuhaus et al.,
1996). Classes I, II and IV have chitinase domains that belong to
family 19 of the glycosyl hydrolase classification system, whereas
classes III and V belong to family 18 (Henrissat, 1991). In addition
to their family 19 chitinase domains, classes I and IV also have
amino-terminal chitin-binding domains. Class IV chitinases
evolved from class I through a series of four deletions (Collinge
et al., 1993). One deletion removed a vacuole-targeting sequence
and, as a result, class IV chitinases are secreted to the apoplast
rather than being stored in vacuoles.The remaining three deletions

shortened the catalytic domain, resulting in a protein with a
shorter, wider catalytic cleft and fewer GlcNAc binding sites (Price
and Naumann, 2011; Ubhayasekera et al., 2009).

Plant class IV chitinases have been implicated in many biological
processes, including defence against fungal pathogens. As fungal
hyphae contain chitin, class IV chitinases may either inhibit the
growth of fungal hyphae (Huynh et al., 1992; Schlumbaum et al.,
1986) or cleave chitin fragments from hyphae to produce signalling
molecules that induce plant defences (Kaku et al., 2006). However,
evidence that some class IV chitinases are involved in other proc-
esses—response to abiotic stress (Gerhardt et al., 2004), defence
against bacterial pathogens (Gerhardt et al., 1997), embryogenesis
(De Jong et al., 1992; Wiweger et al., 2003)—has also been
reported. It is therefore likely that biochemical and functional
studies of class IV chitinases will reveal the existence of subclasses
with distinct functions.

ChitA and ChitB are class IV chitinases that are abundant in Zea
mays kernels.They are truncated during ear rot caused by Bipolaris
zeicola (Naumann et al., 2009) or Stenocarpella maydis (Naumann
and Wicklow, 2010). This truncation results from direct proteolysis
by secreted fungal proteases, termed chitinase-modifying proteins
(cmps). This cmp activity is also present in secreted protein
extracts from diverse members from the genus Fusarium, and
the protease from F. verticillioides (Fv-cmp) has been identified
as a member of the fungalysin family of proteases (Naumann
et al., 2011). Fv-cmp has been found to be an endoprotease that
cleaves in a region of the protein that is conserved in class IV plant
chitinases, suggesting that it may be capable of truncating chiti-
nases found in other plants.

To determine whether chitinases from dicotyledons are targets
for fungal cmps, we constructed five heterologous strains of the
methylotrophic yeast Pichia pastoris to produce recombinant class
IV chitinases from cDNAs from the model dicotyledon Arabidopsis
thaliana. Aided by The Arabidopsis Information Resource (TAIR)
(Swarbreck et al., 2008), and a published analysis of chitinases in
the genome of A. thaliana (Passarinho and De Vries, 2002), plas-
mids with complete cDNAs for five of the nine predicted class IV
chitinases in the A. thaliana genome were obtained (Fig. 1A). For
simplicity, the five chitinases were named in order according
to their genome location:AtchitIV1,AtchitIV2,AtchitIV3,AtchitIV4,
AtchitIV5. AtchitIV5 has been described previously as AtchitIV*Correspondence: Email: todd.naumann@ars.usda.gov
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(Gerhardt et al., 1997) and AtEP3 (Passarinho et al., 2001). Each of
the cDNAs was polymerase chain reaction (PCR) amplified and used
to create heterologous strains of P. pastoris that secrete recom-
binant class IV chitinases. For each of the five strains, cultures were
grown to density, and protein expression was induced.After 2 days,
cell-free medium was analysed (Fig. 1B), which indicated that four
of the five strains secreted recombinant chitinase. Each of these
chitinases was purified from cell-free medium (Appendix S1, see
Supporting Information). AtchitIV2 did not produce a detectable
amount of recombinant protein and was not studied further.

The amino acid sequences of each of the four expressed A. thal-
iana chitinases and Z. mays ChitA and ChitB were compared by
a series of pairwise global alignments (Fig. 1C) (Needleman and
Wunsch, 1970). Sequences of the mature recombinant proteins
were used.Although Z. mays ChitA and ChitB are 84.9% identical,

none of the A. thaliana chitinases share more than 59.2% identity
with each other. Both AtchitIV3 and AtchitIV4, like ChitA and ChitB,
are basic proteins with high isoelectric points (pI), whereas Atchi-
tIV1 and AtchitIV5 are acidic. The highest identity between A. thal-
iana and Z. mays chitinases was 60.6% (ChitB and AtchitIV5).

The catalytic activity of each A. thaliana chitinase was confirmed
using short polymers of GlcNAc with degree of polymerization 6
(dp6) (Price and Naumann, 2011). Each chitinase was incubated
with substrate, and reactions were analysed by matrix-assisted
laser desorption/ionization (MALDI) and detected with a time-of-
flight (TOF) mass analyser (Fig. 2). All chitinases converted dp6 to
smaller products.The products were a mixture of dp5, dp4, dp3 and
dp2.The dp5 product was not detected in AtchitIV4 reactions at the
5-min time point, but was present at the 10-min time point (not
shown). Despite the presence of dp5, dp1 was not detected in any

Fig. 1 Heterologous expression of class IV chitinases from Arabidopsis thaliana. (A) cDNAs that encode five different class IV plant chitinases showing forward and
reverse primers designed for polymerase chain reaction (PCR) cloning. Uppercase letters in the primer sequences indicate restriction sites. Each cDNA was amplified
by PCR and cloned into EcoRI/XbaI-treated pPICZaA, except for AtchitIV5, which was cloned into PstI/XbaI-treated pPICZaB (Invitrogen, Carlsbad, CA, USA).
(B) Sodium dodecylsulphate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis of protein expression. Heterologous strains of Pichia pastoris were induced
and protein expression was analysed by SDS-PAGE and Coomassie staining. M, molecular weight marker. (C) Summary of pairwise sequence alignments of ChitA
and ChitB from Zea mays and the four expressed A. thaliana class IV chitinases. Percentage identity is in black, and percentage similarity and percentage gap are
in grey. Isoelectric points (pI) are shown above each chitinase.
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reaction at any time point. Although not conclusive, this result
suggests the possible synthesis of dp5 by transglycosylation of
dp2 and dp3 products (Taira et al., 2010; Zakariassen et al., 2011).
Further experiments, however, are needed to confirm this activity.

The purified, active A. thaliana chitinases were tested as sub-
strates to determine whether they could be truncated by Fv-cmp,
a fungalysin protease that truncates Z. mays ChitA and ChitB
(Fig. 3A). Each chitinase was incubated in the absence (left
lane) or presence (right lane) of Fv-cmp, and analysed by sodium
dodecylsulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
and protein staining. For AtchitIV5, two different fractions from
the final step of purification (acetone precipitation) were tested.
AtchitIV5, which precipitated at higher acetone concentration
(AtchitIV5a), consisted of two major substrate bands (s1, s2).
AtchitIV5, which precipitated at lower acetone concentration
(AtchitIV5b), consisted of three (s1, s2, s3). Fv-cmp truncated
both AtchitIV3 and AtchitIV5. AtchitIV3, like ChitA and ChitB, was
truncated to a specific product. In the AtchitIV5 reactions, the
three substrates were converted to two products (p1, p2).

To further examine the AtchitIV5 substrates and products, reac-
tions were analysed by SDS-PAGE followed by glycoprotein staining
(Fig. 3B). Both AtchitIV4 substrate bands and the three AtchitIV5
substrate bands were positively stained, indicating that these
proteins are glycosylated. ForAtchitIV5, the minor product (p2) was
also glycosylated, whereas the major product (p1) was not. Further
analysis ofAtchitIV5 demonstrated that its glycosylation was aspar-
agine linked (Fig. S1, see Supporting Information). Therefore, the
majority of glycosylation occurs on the asparagine residue that is on
the amino-terminal side of the Fv-cmp cleavage site.

The purified A. thaliana chitinases were then tested as sub-
strates to determine whether they could be truncated by Bz-cmp, a
fungal protease secreted by Bipolaris zeicola that also truncates

Z. mays ChitA (Fig. 3C). Bz-cmp truncated ChitA and, to a reduced
amount, ChitB. However, none of the A. thaliana chitinases were
cleaved by Bz-cmp. The cleavage site of Bz-cmp is in the linker
region of ChitA, which contains 11 consecutive glycines (Fig 3D)
(Naumann, 2011).The ChitB linker is glycine rich, but is shorter and
interrupted by two serines.AtchitIV1 has four consecutive glycines,
but was not cleaved by Bz-cmp. The remaining A. thaliana chiti-
nase linkers lack consecutive glycines and are not cleaved by
Bz-cmp. In contrast, the Fv-cmp cleavage site is in a region which
contains residues that are conserved in all six chitinases.

Secreted proteins from Alternaria brassicae (Berk.) Sacc., the
causal agent of grey leaf spot, and a specialized pathogen of plants
from the family Brassicaceae (crucifer family), were tested for cmp
activity (Parada et al., 2008; Pedras et al., 2001).Two isolates were
tested. Each was grown on autoclaved maize seed followed by
the extraction of secreted proteins. Fungal secreted proteins were
incubated with each of the six class IV chitinase substrates, and the
activity was analysed by SDS-PAGE and peptide staining (Fig. 4).
Both fungal isolates gave equivalent results, showing that the
Z. mays chitinases were truncated, with preference for ChitB over
ChitA. Of the A. thaliana chitinases, AtchitIV3 and, to a lesser
extent, AtchitIV4 were truncated, whereas AtchitIV1 and AtchitIV5
were not. The best substrates were Z. mays ChitB and A. thaliana
AtchitIV3.

In conclusion, we found that some class IV chitinases from
A. thaliana are susceptible to cleavage by proteases secreted by
fungal pathogens, whereas others are resistant. In our experiments,
Fv-cmp, a fungalysin purified from the maize pathogen F. verticil-
lioides, efficiently truncated AtchitIV3 and AtchitIV5, but not Atchi-
tIV1 orAtchitIV4 (Fig 3A).Additional experiments also showed that
a fungal pathogen of crucifers, A. brassicae, secretes cmp activity.
When protein extracts were incubated with purified chitinases,

Fig. 2 Chitinase activity. Arabidopsis thaliana
chitinases were incubated with
N-acetyl-D-glucosamine (GlcNAc) oligomers
with degree of polymerization 6 (dp6).
Reactions consisted of 1 mM

hexa-N-acetylchitohexaose (dp6) (Seikagaku,
Tokyo, Japan) in sodium acetate buffer (10 mM,
pH 5.2). Chitinase (0.01 mg protein/mL) was
added and reactions were stopped by adding
an equal volume of matrix (saturated
2,5-dihydroxybenzoic acid in acetonitrile).
Conversion of dp6 to a mixture of dp5, dp4,
dp3 and dp2 was visualized by matrix-assisted
laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS) on a Bruker
Daltonic OmniFlex instrument (Billerica, MA,
USA).
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truncation of ChitA and ChitB from Z. mays and AtchitIV3 and
AtchitIV4 from A. thaliana was observed (Fig. 4). These results
provide direct experimental evidence that the truncation of plant
class IV chitinases by secreted fugal proteases—first observed
in diseased ears of Z. mays—may represent a broad pathogenic
mechanism utilized by diverse fungi to promote plant disease
(Soanes et al., 2007).

Of the four dicotyledon chitinases tested, only AtchitIV3 was
truncated by both Fv-cmp and the A. brassicae extracts. Despite
sharing less than 60% amino acid identity with ChitA and ChitB
(Fig. 1D), AtchitIV3 is similar to these maize chitinase in a number
of ways. Like ChitA and ChitB, it binds insoluble chitin at pH 8, and
was purified by the same method (Appendix S1, see Supporting
Information). The three chitinases are basic, nonglycosylated and

Fig. 3 Proteolysis of plant chitinases by fungal chitinase-modifying proteins (cmps). Each of the Zea mays chitinases (ChitA and ChitB) and the four Arabidopsis
thaliana chitinases were incubated alone (left lane) or with purified cmp (right lane). Two different fractions from the final step of AtchitIV5 purification were used:
AtchitIV5a, which precipitated at high acetone concentration, and AtchitIV5b, which precipitated at low acetone concentration. Reactions consisted of 10 ng cmp
and 20 mg chitinase; reactions were incubated for 2 h at 25 °C. The three substrate bands (s1, s2, s3) and two product bands (p1, p2) refer to the AtchitIV5 reactions.
(A) Fv-cmp (cmp from Fusarium verticillioides) activity analysed by sodium dodecylsulphate-polyacrylamide gel electrophoresis (SDS-PAGE) with Coomassie staining.
(B) Fv-cmp activity analysed by SDS-PAGE with glycoprotein staining (GelCode glycoprotein staining kit; Thermo scientific, Rockford, IL, USA). (C) Bz-cmp (cmp from
Bipolaris zeicola) activity analysed by SDS-PAGE with Coomassie staining. (D) Peptide sequence alignment in cmp-targeting region. Dots indicate identity. Grey shading
indicates conserved amino acids. Black bar above glycines indicates region of ChitA that is cleaved by Bz-cmp.

Fig. 4 Secreted protein extracts of Alternaria brassicae. Secreted proteins were extracted from solid-substrate fermentation cultures of two isolates of A. brassicae:
QM-1733 and ATCC 58169. Each of the six chitinase substrates were incubated either alone (left lane) or with secreted proteins (right lane). After incubation,
samples were analysed by sodium dodecylsulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and peptide staining. AtchitIV5 substrate was an equal mixture of
both AtchitIV5a and AtchitIV5b. Isolate QM-1733 (=NRRL 54668, =CBS 102.24) was originally isolated from a leaf spot of Cochlearia officinalis by P. C. Bolle
(1924). Isolate ATCC 58169 was isolated from Brassica tournefortii and deposited by P. J. Cotty. Both isolates were grown as potato dextrose agar slant cultures
and on autoclaved maize as described previously for other plant pathogens (Naumann and Wicklow, 2010).
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have the same triad of aromatic amino acids in the chitin-binding
domain (F–Y–Y)—residues predicted to be important in carbohy-
drate binding (Aboitiz et al., 2004). We speculate that these
similarities might be shared by a subclass within plant class IV
chitinases, a subclass of chitinases that are susceptible to trunca-
tion by fungal cmps.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article:

Fig. S1 Glycosylation analysis of AtchitIV5. (A) Peptide-N-
glycosidase F (PNGase F) treatment of AtchitIV5 converted glyco-
sylated chitinase into a single major product ( ) with a predicted
mass of 26.7 kDa. (B) AtchitIV5 contains three asparagine residues
with a minimal N-linked glycosylation motif of N–X–(T/S) (inverted
sequence). (C) Model of Fv-cmp (chitinase-modifying protein
from Fusarium verticillioides) truncation of glycosylated AtchitIV5.
Fv-cmp cleaves AtchitIV5, releasing a small, amino-terminal
glycoprotein product and the large, carboxy-terminal product p1
(2.37 kDa).
Appendix S1 Chitinase purification.

Please note:Wiley-Blackwell are not responsible for the content or
functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to
the corresponding author for the article.
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