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Within the last years it became evident that cysteine proteases 
play a pivotal role in programmed cell death and in response to 
both developmental cues and pathogen attack.1 Plant genomes 
encode for about 140 cysteine proteases that belong to 15 fami-
lies.2 Particularly proteases of family C1 Clan CA (papain-like 
cysteine proteases, PLCPs) are involved in plant-pathogen inter-
actions.1 A prominent example is the infection of tomato by the 
fungal pathogen Cladosporium fulvum, where the apoplastic 
PLCP RCR3 is essential for detection of the fungal avirulence 
protein Avr2 to induce host resistance mediated by the Cf-2 resis-
tance protein.3,4 Silencing of the cysteine protease C14 in tomato 
results in increased susceptibility to the oomycete Pytophthora 
infestans.5,6 Beside this, in Nicotiana benthamiana a Cathepsin B 
participates in the hypersensitive response and resistance to dif-
ferent bacterial pathogens, for example Erwinia amylovora and 
Pseudomonas syringae.7

Ustilago maydis is a basidiomycetous fungal pathogen that 
establishes a biotrophic interaction with its host plant maize, 
leading to the formation of plant tumors in basically all aerial 
plant organs.8,9 A crucial prerequisite for a successful infection 
by U. maydis is the suppression of host defense, particularly 
SA-associated immune responses and cell death. In a previous 
study we identified the apoplastic corn cystatin9 (CC9) being 
an essential compatibility factor, i.e., transient silencing of cc9 
by virus induced gene silencing resulted in host resistance of 
maize to U. maydis.10 Defense induction in cc9-silenced plants 
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smut fungus Ustilago maydis with its host plant maize. CC9 is transcriptionally induced during the compatible interaction 
with U. maydis and localizes in the maize apoplast where it inhibits apoplastic papain-like cysteine proteases. The 
proteases are activated during incompatible interaction and salicylic acid (SA) treatment and, in turn, are sufficient to 
induce SA signaling including PR-gene expression. Therefore the inhibition of apoplastic papain-like cysteine proteases 
by CC9 is essential to suppress host immunity during U. maydis infection. Here were present new experimental data on 
the cysteine protease-cystatin interaction and provide an in silco analysis of plant cystatins and the identified apoplastic 
cysteine proteases.

The maize cystatin CC9 interacts with apoplastic 
cysteine proteases

Karina van der Linde,1 André N. Mueller,1 Christoph Hemetsberger,1 Farnusch Kashani,2 Renier A. L. van der Hoorn2  
and Gunther Doehlemann1,*

1Max Planck Institute for terrestrial Microbiology; Marburg, Germany; 2Plant Chemetics Lab; Max Planck Institute for Plant Breeding Research; Cologne, Germany

Keywords: cystatin, maize, cysteine proteases, plant defense

Abbreviations: SA, salicylic acid; JA, jasmonic acid; CC9, corn cystatin9; CP1A, cysteine protease1-like A; CP1B, cysteine 
protease1-like B; CatB, cathepsinB3-like; XCP-2, xylem protease2-like; CP2, cysteine protease2-like; Y2H, yeast two hybrid; HA, 

human influenza hemagglutinin; PLCP, papain-like cysteine protease; PR, pathogenesis related

also involves activation of the SA marker genes PR1 and PR5.10 
As potential targets for CC9 we identified five apoplastic cyste-
ine proteases of maize, namely CP1A, CP1B, CatB, XCP2 and 
CP2. Activity of these proteases is strongly activated by SA treat-
ment.10-12 Moreover, infiltration of these proteases was sufficient 
to induce PR1 expression in naïve plants, indicating a central role 
of these proteases for the induction of defense responses. In pro-
tease activity assays with maize apoplastic fluid, CC9 was able 
to completely inhibit this SA-induced cysteine protease activity.10 
Furthermore, the induction of PR1 was blocked when CC9 was 
co-infiltrated to the apoplastic cysteine proteases.10 This demon-
strates that CC9 is a key compatibility factor during the biotro-
phic interaction of U. maydis with its host plant maize, since it 
blocks the activation of SA signaling and further SA dependent 
defenses responses by inhibition of apoplastic cysteine proteases.10

By analyzing the maize genome sequence, 13 different cys-
tatins were identified, which all share the active site QxVxG 
motif and the phytocystatin consensus sequence ([LVI]-
[AGT]-[RKE]-[FY]-[AS]-[VI]-X-[EDQV]-[HYFQ]-N).13-16 
In addition to these two common motifs, 11 cystatins harbor 
an N-terminal signal peptide sequence (in this study we used 
SignalP 3.0, http://www.cbs.dtu.dk/services/SignalP/). Maize 
microarray analysis of U. maydis infected seedling leaves revealed 
that only cc9 is transcriptionally induced during the early bio-
trophic stage of U. maydis infection.17 A comparison of maize, 
rice and Arabidopsis cystatins using clustalW2 (http://www.ebi.
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a predicted secretion signal. By contrast, a phylogenetic analy-
sis did not identify significant homologs of CC9 in A. thaliana 
or rice, respectively. The Arabidopsis cystatin AtCys1, which was 
found to be involved in cell death inhibition18 shares only 16% 
identity with CC9 and groups into cystatin cluster III (Fig. 1).

Our previous study showed that CC9 efficiently inhibits the 
five apoplastic maize PLCPs.10 In silico analysis of these proteins 
shows that they contain all required features of active proteases: 
an intact catalytic triad, presence of N-terminal signal peptide 

ac.uk/Tools/msa/clustalw2/) resulted in pairwise scores of amino 
acid identity between 3% and 89%. The cystatins subdivided 
into three supported clusters (Fig. 1, phylogenetic analysis was 
performed based on the clustalW alignments using RAxML 
BlackBox, http://phylobench.vital-it.ch/raxml-bb/). CC9 
belongs to cluster I, which contains only cystatins of the two 
monocotyledonous plants, while the clusters II and III contain 
cystatins of all three organisms. The closest homolog of CC9 is 
CC12, which shows 53% sequence identity but does not contain 

Figure 1. Phylogenetic analysis of cystatins from Zea mays, Oryza sativa and Arabidopsis thaliana. Alignment data of full length proteins from Arabi-
dopsis (AtCys), rice (OC) and maize (CC) cystatins were obtained using clustalw2 (http://www.ebi.ac.uk/Tools/msa/clustalw2/). The unrooted tree was 
calculated using RAxML BlackBox (http://phylobench.vital-it.ch/raxml-bb/) and was visualized by iTOL (http://itol.embl.de/). 100 bootstraps were 
performed. Bootstrap values are given in the Figure. Bootstrap-supported clusters of related cystatins (cluster I-III) are marked in shades of gray. CC9 is 
highlighted in bolt letters.
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this class of proteases.19 It also contains one additional, uncon-
served cysteine (Fig. 2, underlined).

To test for direct interaction of CC9 with the five PLCPs, 
a Y2H screen was performed (Fig. 3A). CC9 or an inactivated 
form of CC9 (CC9ia)10 were used as bait (binding domain-
MYC tag fusion protein). The PLCPs (without secretion sig-
nal) served as prey (activation domain-HA tag fusion protein; 
Matchmaker two-hybride system, Clontech, USA). As a nega-
tive control, only the activation domain was co-expressed with 
CC9 and CC9ia, respectively (Fig. 3A). Expression of the indi-
vidual proteins in yeast was tested by western detection (data not 
shown). Co-transformation of CC9/CC9ia and all five proteases 

indicating secretion, the inhibitory prodomain and a complete 
protease domain that contains all cysteine pairs that make the 
conserved disulphide bridges (Fig. 2). The proteases represent 
four different subfamilies. CP1A and CP1B are very highly simi-
lar and differ only in 28 aa. Both belong to subfamily 1 (granu-
lin proteases), which also includes Arabidopsis RD21 and tomato 
C14.19 Such granulin containing proteases exist in a 40 kDa 
immature isoform carrying the granulin domain (but lacking the 
N-terminal prodomain) and a 25 kDa mature isoform.20 XCP2 
is a subfamily 3 protease with a putative N-glycosylation site 
that is unique to this subfamily.19 Proteases of this class, which 
also contains the well-studied papain, are thought to reside in 
the xylem. CP2 is a typical aleurain-like protease (subfam-
ily 8) with conserved extra cysteine residues at the end of the 
prodomain (SRCST) and in the C-terminus (ATCAS).19 An 
extra cysteine pair makes a disulphide bond that fixes a 10 aa 
fragment (‘minichain’) of the prodomain in the substrate 
binding groove. As a result, aleurain proteases have amino-
peptidase activity. CP2 also carries aleurain-specific putative 
N-glycosylation sites in the prodomain and protease domain.19 
CP2 also contains the NPIR motif, which is found in over 
70% of aleurain-like proteases confers vacuolar targeting.19,21 
However, besides CP2 also in tomato, aleurain proteases have 
been detected in the apoplast.22 The CatB protease belongs to 
subfamily 9 and carries the three extra cysteine pairs and the 
conserved putative N-glycosylation site, which is typical for 

Figure 2. Structural features of the apoplastic maize cysteine proteases. All five apoplastic maize PLCPs10 carry a signal peptide (SP) for endomem-
brane targeting (gray), an autoinhibitory prodomain (Pro-, dark gray), and a protease domain (bright red), which harbours the catalytic triad (C-H-N, 
red). Two of the proteases (CP1A, CP1B) also carry a C-terminal proline-rich domain (P, gray) and a granulin domain (purple). Putative N-glycosylation 
sites (green dots) and disulphide bridges (thin bent lines) in the protease domain are indicated. CP2 also carries a vacuolar targeting signal (NPIR, blue) 
and a minichain (orange) that remains linked to the protease after cleavage of the Pro-domain.

Figure 3. Interaction of CC9 with the apoplastic maize cysteine 
proteases by Yeast-2-Hybrid and co-immunoprecipitation. A) Yeast-
2-Hybrid interaction assay of CC9 and inactive CC9 (CC9ia) with the 
five proteases. Yeast drop assays after co- transformation of CC9 
(CC9ia) fused to binding domain (BD) with CP1A, CP1B, CatB, CP2 or 
XCP2 fused to activation domain (AD). Growth on low stringency 
medium (SD -Ade, -His) selects for expression of AD and BD con-
structs. Growth of all strains on high stringency medium (SD -Ade, 
-His, -Leu, -Trp) indicates interaction of the co-expressed proteins. 
B) Yeast strains shown in (A) were used for co-immunoprecipitation 
experiments. From each yeast strain, 2 mg of total protein were in-
cubated with 50 μl of anti-HA beads (Roche, Germany) to co-immu-
noprecipitate the HA-tagged proteases with CC9-MYC. The eluted 
fractions were analyzed by western blotting using an anti-MYC 
antibody. CC9-MYC (or CC9ia-MYC) was detected at the expected 
size (37 kDa), demonstrating protein-protein interaction.
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protease activity.10 This may indicate that further residues outside 
the QxVxG motif are involved in the cystatin-protease interac-
tion. For the rice cystatin OC-I it was described that a PW-motif 
in the second hairpin loop also interacts with the active site of the 
papain,15,23 but this motif is lacking in CC9.

An intriguing question to answer in future approaches is 
which of the cystatin-protease interactions are actually crucial to 
modulate plant defense, i.e., to which extent the individual apo-
plastic PLCP’s contribute to plant immunity.

Sequences

Sequence data of cystatins from rice, A. thaliana and maize 
CCI-CC10 are published.16,24,25 Sequence data for CC11-CC13 can 
be found on http://www.maizesequence.org/index.html under 
the following accession numbers: CC11, GRMZM2G133620; 
CC12, GRMZM2G312061; CC13, GRMZM2G303361. 
Sequences of PLCPs are published in.10
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complemented yeast growth on high stringency plates (SD-Ade, 
-His, -Leu, -Trp), indicating interaction of CC9 with the prote-
ases (Fig. 3A). However, co-expression of CC9 (or CC9ia) with 
XCP2 and CatB resulted in a reduced growth on high stringency 
medium when comparing to CP1A, CP1B and CP2. This indi-
cates a weaker interaction between CC9 and these two proteases, 
particularly in case of CatB.

To validate the Y2H data, co-immunoprecipitation assays 
with total protein extract of the CC9-protease expressing yeast 
strains were performed (Fig. 3B). Using anti-HA matrix, CC9-
MYC was co-immunoprecipitated by all tested proteases but 
not by HA-tagged activation domain, which served as negative 
control. The same results were obtained when using yeast strains 
expressing the inactive version of CC9 (CC9ia). These results 
confirm the observed interaction of CC9 with the five apoplastic 
cysteine proteases (Fig. 3B).

Taken together these data provide further evidence for 
the interaction of CC9 with the five apoplastic maize PLCPs, 
although the interaction with XCP2 and, in particular CatB, 
seems to be less stable when compared with CP1A, CP1B and 
CP2. This may indicate a minor role of these two proteases dur-
ing SA dependent defense. In case of XCP2 the interaction with 
CC9 could also be a byproduct of apoplastic fluid preparation, 
since this protease is expected to localize mainly in the maize 
xylem. In addition, the present data suggests that the inactive 
form of CC9, in which the QxVxG motif is mutated to NxLxA, 
still interacts with the PLCPs, although CC9ia does not inhibit 
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