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            Abstract
Fungi-induced plant diseases affect global food security and plant ecology. The biotrophic fungus Ustilago maydis causes smut disease in maize (Zea mays) plants by secreting numerous virulence effectors that reprogram plant metabolism and immune responses1,2. The secreted fungal chorismate mutase Cmu1 presumably affects biosynthesis of the plant immune signal salicylic acid by channelling chorismate into the phenylpropanoid pathway3. Here we show that one of the 20 maize-encoded kiwellins (ZmKWL1) specifically blocks the catalytic activity of Cmu1. ZmKWL1 hinders substrate access to the active site of Cmu1 through intimate interactions involving structural features that are specific to fungal Cmu1 orthologues. Phylogenetic analysis suggests that plant kiwellins have a versatile scaffold that can specifically counteract pathogen effectors such as Cmu1. We reveal the biological activity of a member of the kiwellin family, a widely conserved group of proteins that have previously been recognized only as important human allergens.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Access Nature and 54 other Nature Portfolio journals
Get Nature+, our best-value online-access subscription
$29.99 /Â 30Â days
cancel any time

Learn more


Subscribe to this journal
Receive 51 print issues and online access
$199.00 per year
only $3.90 per issue

Learn more


Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more


Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Fig. 1: Chorismate mutase Cmu1.[image: ]


Fig. 2: The Cmu1â€“ZmKWL1 complex.[image: ]


Fig. 3: Kiwellins are a highly versatile class of defence proteins.[image: ]
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                Data availability

              
              Coordinates and structure factors were deposited at the Protein Data Bank (PDB) under the accession codes 6FPF, 6FPG, 6HJW and 6H3P for Cmu1, the Cmu1â€“ZmKWL1 complex, ZmCM1 and ZmCM2, respectively. Extended Data Figs.Â 3, 5, 7 have associated source data. The data that support the findings of this study are available from the corresponding authors upon reasonable request.
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Extended data figures and tables

Extended Data Fig. 1 Comparison of Cmu1 and Aro7p.
a, Sequence alignment of Aro7p and Cmu1. Conserved active site residues are coloured in red. b, Side-by-side view of the active sites of Aro7p and Cmu1 shows that all residues that are critical for substrate binding and catalysis are conserved. To prepare the figure, the structures of Aro7p (left; PDB: 3CSM9 and Cmu1 (right; this study) were superimposed. Aro7p is in complex with an endo-oxabicyclic transition state analogue inhibitor (TSA). c, Left, cysteine residues 203 and 289 of Cmu1 form a disulfide bridge linking helix Î±5 and the C terminus. Right, the 2Fo âˆ’ Fc electron density map at a 1.6Ïƒ cut-off around the disulfide bridge bond. It is of note that both cysteines are highly conserved among Cmu1 homologues from plant-pathogenic fungi and are not found in housekeeping chorismate mutases, such as Aro7p (see a).


Extended Data Fig. 2 Comparison of chorismate mutases of the maize plant.
a, Sequence alignment of Zea mays chorismate mutases. The alignment was generated with MUSCLE47,48,49, with residues colour-coded according to their chemical properties, and the table was generated in Chimera33. b, c, Crystal structures of ZmCM1 from the chloroplast (b) and ZmCM2 from the cytoplasm (c) of Z. mays (this study). A dashed line divides the homodimer of each structure. Both structures show the conserved chorismate mutase fold, including an allosteric loop. d, Comparison between Cmu1, CM1 from A. thaliana (At) (PDB: 4PPU), ZmCM1 and ZmCM2. The ELR and allosteric loop are highlighted in red.


Extended Data Fig. 3 Z. mays KWL1 interacts with U. maydis Cmu1 in vivo and in vitro and is involved in infection of maize by U. maydis.
a, Mass spectrometry unambiguously identified the hypothetical maize protein with the annotation GRMZM2G073114 (ZmKWL1). The protein was identified by several unique spectra of peptides (indicated in yellow) covering 44 per cent of the total sequence. b, Relative expression levels of 20 maize kiwellin genes during biotrophic development of U. maydis were revealed by RNA sequencing analysis of RNA samples collected from mock (top) and FB1Â Ã—Â FB2 (bottom) infected maize plants (dataset available via ref. 10 and GEO accession number GSE103876). The vertical axis indicates normalized counts from DESeq2 analysis. The horizontal axis indicates the infection stages: 0.5, 1, 2, 4, 6, 8 and 12 days post infection (dpi). Data represent meanÂ Â±Â s.d. of nÂ =Â 3 biological replicates. Colour codes for different genes are indicated in the legend. c, Six-day-old maize seedlings were rub-inoculated with virus-sap containing pFoMV-V and pFoMV-ZmKWL1181â€“480, respectively. Twenty-seven leaves from three biological replicates were analysed six days after viral inoculation and expression of ZmKWL1 was analysed separately in each leaf by qPCR using the maize gene GAPDH, which encodes glyceraldehyde-3-phosphate-dehydrogenase, as internal reference. Boxplot representation indicates that expression levels of ZmKWL1 in pFoMV-ZmKWL1181â€“480 infected maize leaves were reduced compared to expression levels in pFoMV-V infected plants, indicative of silencing. A total of 27 leaves from nÂ =Â 3 biological replicates were assessed. The centre line of the box plot denotes the median, lower and upper box hinges represent first and third quartiles, respectively, and whiskers indicate the maximum and minimum values. P value was determined by unpaired two-sided Studentâ€™s t-test. *PÂ =Â 0.0202. d, Maize plants silenced for ZmKWL1 via infection with pFoMV-ZmKWL1181â€“480 (left) and non-silenced plants infected with pFoMV-V (right) were infected with CL13 strain. Representative leaves with heaviest U. maydis infection symptoms were imaged 12 days after CL13 infection. Representative experiments are shown. The experiment was repeated independently twice with similar results. e, Supernatant of AB33-p123-Potef-Cmu1-HA3 containing Cmu1-HA3 was incubated with Ni-NTA agarose and plant lysates of N. benthamiana leaves infiltrated with GV3101 transformed with empty vector pEZRK-LCY or pEZRK-ZmKWL1-His6. ZmKWL1 and Cmu1 were detected by western blot using His antibody (top) and HA antibody (bottom), respectively. Representative images are displayed. The experiment was repeated independently once with similar results.


Extended Data Fig. 4 The ZmKWL1 interaction site at Cmu1 is specific for secreted chorismate mutases from plant-pathogenic fungi.
a, Left, representative regions of Cmu1 lining the interaction interface are indicated in the crystal structure of the Cmu1â€“ZmKWL1 complex. Right, deuterium uptake plots of representative regions of Cmu1 alone (red) and the Cmu1â€“ZmKWL1 complex (blue). Data represent meanÂ Â±Â s.d. of nÂ =Â 3 technical replicates. b, Amino acid sequences of chorismate mutases from the plant-pathogenic fungi Ustilago maydis (UmCmu1), Melanopsichium pennsylvanicum (MpCmu1), Sporisorium scitamineum (SsCmu1), Sporisorium reilianum (SrCmu1), Ustilago hordei (UhCmu1), Ustilago bromivora (UbCmu1) and chorismate mutases from the non-pathogenic species Saccharomyces cerevisiae (ScAro7p), Zea mays (ZmCM1 and ZmCM2) and A. thaliana (AtCM2) were aligned with MUSCLE47,48,49. Conserved amino acid residues are colour-coded according to their polarity and charge. The secondary structure of UmCmu1 (this study) is displayed above the alignment. The disulfide-bond-forming cysteine residues Cys203 and Cys289 (numbering according to UmCmu1) found in plant-pathogenic fungi are indicated. Chorismate mutases critically differ in the region between helices Î±2 and Î±3. In plant-pathogenic fungi, the additional helix Î±2a and an extended loop region (ELR, numbering according to UmCmu1) are present.


Extended Data Fig. 5 Prerequisites of Cmu1 for the Cmu1â€“KWL1 interaction and localization of ZmKWL1.
a, ZmKWL1 is unable to interact with the Cmu1-Î”ELR variant. Supernatant of AB33-p123-Potef-Cmu1-HA3 or AB33-p123-Potef-Cmu1-Î”ELR-HA3 containing Cmu1-HA3 or Cmu1-Î”ELR-HA3, was incubated with Ni-NTA agarose and plant lysate of N. benthamiana leaves infiltrated with GV3101 transformed with pEZRK-ZmKWL1-His6. After co-immunoprecipitation, ZmKWL1 and Cmu1 were detected by western blot using antibodies against His6 (ZmKWL1, top) or HA3 (Cmu1, bottom), respectively. Representative images are displayed. The experiment was repeated independently once with similar results. b, ZmKWL1 inhibits the chorismate mutase activity of Cmu1 but not of Cmu1 that lacks the ELR (Cmu1-Î”ELR). Chorismate mutase activity was determined with the chorismate mutase activity assay. Data represent meanÂ Â±Â s.d. of nÂ =Â 3 technical replicates. c, To investigate the localization of ZmKWL1, we transiently expressed ZmKWL1-sfGFP fusion proteins with (ZmKWL1-sfGFP) and without signal peptide (ZmKWL1Î”SP-sfGFP) using A. tumefaciens for delivery. ZmKWL1Î”SP-sfGFP mainly accumulated in the cytosol and the nucleus. After plasmolysis with 1 M NaCl, the fluorescence signal pattern remained unchanged. By contrast, ZmKWL1-sfGFP with its native signal peptide showed peripheral localization and the signal accumulated in the enlarged apoplastic space after plasmolysis. This observation demonstrates the secretion of ZmKWL1 into the apoplast. The dashed blue line marks the plant cell wall and the dashed yellow line marks the plant plasma membrane. Arrows mark the enlarged apoplast in which the secreted ZmKWL1-sfGFP protein accumulates. Scale bars, 25 Âµm. Representative images are displayed. The experiment was repeated independently once with similar results.


Extended Data Fig. 6 Amino acid sequence alignment of different kiwellin paralogs from Z. mays.
Amino acid sequences from Z. mays kiwellins were aligned with MUSCLE47,48,49. The secondary structure of ZmKWL1 (GRMZM2G073114) is displayed according to the crystal structure. Conserved residues are colour-coded according to their polarity and charge. Kiwellin homologues are highly conserved in their Î²-barrel domains. Five kiwellins show similarity to the Î²1/Î²2 region of ZmKWL1. Four kiwellins carry C-terminal extensions.


Extended Data Fig. 7 Interaction of different maize kiwellins with Cmu1 and similarities among kiwellins, barwin-like proteins and cerato-platanin.
a, ZmKWL4 (GRMZM2G432697) migrates with an apparent molecular mass of 15 kDa, which corresponds to a monomer (calculated molecular mass: 17 kDa), whereas Cmu1 migrates with the apparent molecular mass of a dimer. When ZmKWL4 and Cmu1were mixed in a 2:1 ratio, no complex formation was observed. b, ZmKWL12 (GRMZM2G429533) migrates with an apparent molecular mass of 15 kDa, which corresponds to a monomer (calculated molecular mass: 17 kDa), whereas Cmu1 migrates with the apparent molecular mass of a dimer. When ZmKWL12 and Cmu1 were mixed in a 2:1 ratio, no complex formation was observed. c, ZmKwl6 (GRMZM2G331599) migrates with an apparent molecular mass of 13 kDa which corresponds to a monomer (calculated molecular mass: 14 kDa), while Cmu1 migrates with the apparent molecular mass of a dimer. When ZmKwl6 and Cmu1were mixed in a 2:1 ratio, again no complex formation was observed. In aâ€“c, the insets show a Coomassie-stained SDSâ€“PAGE of the peak fraction. Each experiment was repeated twice with similar results. d, Activity of Cmu1 is inhibited by ZmKWL1 but not by ZmKWL4, ZmKWL6 or ZmKWL12. Data represent meanÂ Â±Â s.d. of nÂ =Â 3 technical replicates. e, The crystal structures of two kiwellin proteins from Actinidia chinensis (PDB: 4PMK17) and Actinidia deliciosa (AdKWL, PDB: 4X9U16) superimpose very well with the structure of ZmKWL1 with root mean square deviations (r.m.s.d.) of 0.42 Ã… and 0.40 Ã… over 119 CÎ±-atoms and 110 CÎ±-atoms, respectively (alignment not shown). Search with the DALI-server50 revealed members of the barwin and CP-proteins as structurally similar to ZmKWL1. The structure of a barwin-like protein from Carica papaya (CpBarwin, PDB: 4JP651) superposes well with ZmKWL1 (r.m.s.d.: 0.92 Ã… over all CÎ±-atoms). The Î²-barrel domain of ZmKWL1 and the barwin-like protein formed by six Î²-strands can be perfectly superposed. The Î²1/Î²2-domain of ZmKWL1, however, is absent in barwin-like proteins. Moreover, several loops critical for the recognition of Cmu1 by ZmKWL1 are considerably reduced in length in the barwin-like proteins or completely absent. The structure of a cerato-platanin protein from Moniliophthora perniciosa (MpCP2, PDB: 3SUK) also shares the Î²-barrel with the kiwellins and barwin-like proteins and aligns well with ZmKWL1 (r.m.s.d.: 1.11 Ã… over all CÎ±-atoms). Our structural comparison of the barwin-like proteins with the cerato-platanin shows that both proteins are highly similar. This suggests to us that barwin-like proteins and cerato-platanins are, in structural terms, members of the same protein family. All structures are shown as cartoons and are rainbow-coloured from their N- to their C termini. f, g, Topology of ZmKWL1 (f) and a Barwin-like protein (g). The structure of both proteins is coloured in rainbow from blue (N-terminal) to red (C-terminal). A yellow circle indicates individual cysteines, and disulfide bond numbers (1â€“5, as above) are indicated.


Extended Data Table 1 Data collection and refinement statisticsFull size table
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Extended Data Table 3 Primers used in the studyFull size table
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