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A kiwellin disarms the metabolic activity of a 
secreted fungal virulence factor
Xiaowei Han1, Florian Altegoer2, Wieland Steinchen2, Lynn Binnebesel2, Jan Schuhmacher2,6, Timo Glatter3,  
Pietro I. Giammarinaro2, Armin Djamei1,7, Stefan A. Rensing4,5, Stefanie Reissmann1, Regine Kahmann1* & Gert Bange2*

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.

Maize smut disease is caused by the biotrophic fungus U. maydis1,2. 
To induce plant tumours, U. maydis establishes an extended interaction  
zone between fungal hyphae and the invaginated plant plasma  
membrane, into which it secretes an abundance of effector proteins that 
reprogram host metabolism and interfere with plant defence responses. 
The secreted chorismate mutase Cmu1 is specifically upregulated dur-
ing colonization of the plant and is among the most highly expressed 
fungal genes during biotrophic development3. Cmu1 belongs to the 
AroQ-class of chorismate mutases and has been shown to catalyse 
branch-point reactions within the biosynthesis of phenylalanine and 
tyrosine, in which prephenate is generated from chorismate3. During 
colonization Cmu1 is translocated to the cytosol of plant cells, where 
its chorismate mutase activity seems to channel chorismate into the 
phenylpropanoid pathway, thereby preventing the biosynthesis of sal-
icylic acid3, a central signal for plant innate immune responses against 
biotrophic pathogens (reviewed in ref. 4). Interfering with salicylic acid 
biosynthesis pathways is a general strategy of plant-pathogenic fungi, 
oomycetes and nematodes, and is used by secreted chorismate mutase 
and isochorismatase enzymes5–7.

To elucidate the characteristics of the Cmu1 enzyme, we deter-
mined its crystal structure at a resolution of 1.9 Å (Fig. 1a, Extended 
Data Table 1). Like the prototypical chorismate mutase Aro7p of 
Saccharomyces cerevisiae8, Cmu1 forms a homodimer, in which each 
monomer harbours nine α-helices and identical active sites (Fig. 1b, 
Extended Data Fig. 1). However, Cmu1 differs from Aro7p and the 
housekeeping maize chorismate mutases ZmCM1 and ZmCM2 
(Extended Data Fig. 2, Extended Data Table 1) in a region that is critical 
for the allosteric regulation of Aro7p by tryptophan and tyrosine (that 
is, activation and repression, respectively)9. In Aro7p, ZmCM1 and 
ZmCM2, helix α2 and an adjacent loop region establish the binding 
site for the regulatory amino acids tryptophan and tyrosine (Fig. 1c, 
left; Extended Data Fig. 2d). In Cmu1, however, an additional α-helix 

(α2a) and an extensive loop region (ELR) follow helix α2 and wrap 
around Cmu1 (Fig. 1c, right). These differences could explain the 
absence of allosteric regulation of Cmu1 by tryptophan and tyrosine3. 
We therefore reinvestigated the effect of tryptophan and tyrosine on the 
chorismate mutase activities of Cmu1 and Aro7p. Whereas the activity 
of Aro7p was at least ten times greater in the presence of tryptophan, no 
change in the activity of Cmu1 was observed (Fig. 1d). In the presence 
of tyrosine, Aro7p activity was decreased, whereas Cmu1 activity was 
unaltered (Fig. 1d). This shows that Cmu1 is not allosterically regulated 
by the amino acids tryptophan and tyrosine, and can therefore be con-
sidered as resistant to fluctuations in amino acid levels in the cytosol 
of maize. These observations raise the question of whether plants have 
developed strategies to hinder the activity of this pathogen enzyme in 
order to control the infection process.

To identify potential host factors affecting Cmu1 activity, maize 
seedlings were infected with a U. maydis strain expressing a triple 
haemagglutinin (HA)-tagged Cmu1 driven by its native promoter. 
Co-immunoprecipitation (co-IP) followed by liquid chromatogra-
phy–mass spectrometry unambiguously identified a hypothetical maize 
protein (annotation: GRMZM2G073114) with considerable amino acid 
sequence identity to the kiwellin protein (KWL1) from the kiwi plant 
(Extended Data Fig. 3a). Therefore, we termed the hypothetical maize 
protein ZmKWL1. Notably, recent RNA sequencing analysis of fun-
gal and plant genes during the biotrophic stage of U. maydis shows 
that ZmKWL1 is the only one of the 20 kiwellin genes that is strongly 
induced upon infection10 (Extended Data Fig. 3b). To specify the role of 
ZmKWL1 during U. maydis infection, the Foxtail mosaic virus (FoMV)-
based gene silencing (VIGS) system was used11. To silence ZmKWL1 
in maize, the ZmKWL1 VIGS construct (pFoMV-ZmKWL1181–480) 
was first amplified after biolistic transformation of maize and the sap 
of virus-producing plants was then used for rub-inoculation of maize 
seedlings. Silencing efficiency was tested by quantitative PCR (qPCR) 
six days after virus infection. ZmKWL1 transcripts were significantly 
reduced in leaves from pFoMV-ZmKWL1181-480 VIGS plants in com-
parison to those from pFoMV-V infected control plants that had 
received the empty vector (Extended Data Fig. 3c). Next we challenged 
VIGS and control plants with the U. maydis solopathogenic strain 
CL1312 to determine whether silencing of ZmKWL1 could alter dis-
ease development. CL13 is a weak pathogen because it lacks autocrine 
pheromone stimulation13. In contrast to plants infected by pFoMV-V, 
plants infected by pFoMV-ZmKWL1181–480 that expressed the silenc-
ing construct showed a significant increase in susceptibility to CL13 
infection (Fig. 1e, Extended Data Fig. 3d). This suggests that ZmKWL1 
is a defence protein that protects maize from infection by U. maydis.

The Cmu1–ZmKWL1 interaction was further substantiated by pull-
down assays using hexahistidine (His6)-tagged ZmKWL1 expressed in 
Nicotiana benthamiana and HA3-tagged Cmu1 expressed in the super-
natant of an U. maydis culture. After pull-down with Ni-NTA agarose, 

1Department of Organismic Interactions, Max Planck Institute for Terrestrial Microbiology, Marburg, Germany. 2Philipps-University Marburg, Center for Synthetic Microbiology (SYNMIKRO) and 
Department of Chemistry, Marburg, Germany. 3Facility for Mass Spectrometry and Proteomics, Max Planck Institute for Terrestrial Microbiology, Marburg, Germany. 4Faculty of Biology, Philipps-
University, Marburg, Germany. 5BIOSS Centre for Biological Signalling Studies, University of Freiburg, Freiburg, Germany. 6Present address: Max Planck Institute of Molecular Cell Biology and 
Genetics, Dresden, Germany. 7Present address: Gregor Mendel Institute (GMI), Austrian Academy of Sciences, Vienna Biocenter (VBC), Vienna, Austria. *e-mail: kahmann@mpi-marburg.mpg.de; 
gert.bange@synmikro.uni-marburg.de

N A t U r e | www.nature.com/nature
© 2019 Springer Nature Limited. All rights reserved.

https://doi.org/10.1038/s41586-018-0857-9
mailto:kahmann@mpi-marburg.mpg.de
mailto:gert.bange@synmikro.uni-marburg.de


LetterRESEARCH

ZmKWL1 but not the empty vector control clearly immunoprecipitated 
Cmu1 (Extended Data Fig. 3e). Moreover, purified ZmKWL1 inter-
acted with purified Cmu1 in an in vitro pull-down assay; however, it 

did not interact with the three purified chorismate mutases of maize 
(Fig. 1f). Size-exclusion chromatography shows that purified Cmu1 
and ZmKWL1 alone migrated at apparent molecular masses that cor-
respond to the homodimer and the monomer, respectively (Fig. 1g). 
When mixed, Cmu1 and ZmKWL1 co-migrated in a homogenous 
peak, the molecular mass of which is best explained by two molecules 
of Cmu1 and two molecules of ZmKWL1. Analysis by isothermal titra-
tion calorimetry gave a dissociation constant (Kd) of approximately 
100 nM for the Cmu1–ZmKWL1 interaction (Fig. 1h). Together, these 
data show that two molecules of ZmKWL1 strongly interact with one 
Cmu1 homodimer.

Next, we determined the crystal structure of the Cmu1–ZmKWL1 
complex at a resolution of 1.8 Å (Extended Data Table 1). The struc-
ture shows that two ZmKWL1 bind in a highly symmetric manner to 
one Cmu1 homodimer (Fig. 2a). The Cmu1–ZmKWL1 interaction is 
mainly established through a mixed interface of polar and non-polar 
interactions and accounts for approximately 1,200 Å2 of buried sur-
face area. The two ZmKWL1 molecules localize in close proximity to 
the two active sites present within the Cmu1 homodimer. ZmKWL1 
consists of nine β-strands (named β1 to β9) and one short α-helical 
segment connecting β8 and β9 (Fig. 2b). The β-strands β3 to β9 form a 
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Fig. 1 | Chorismate mutase Cmu1. a, Cartoon representation of the Cmu1 
homodimer. Each monomer is rainbow-coloured from the N- to the C 
terminus. b, Side-by-side view of the superimposed monomers of Cmu1 
(left; this study) and Aro7p (right; PDB: 3CSM9). Aro7p is in complex 
with an endo-oxabicyclic transition state analogue inhibitor (TSA) and 
tryptophan bound to the active and allosteric sides, respectively. A 
tryptophan (asterisk) was placed into the structure of the Cmu1 monomer 
to indicate the position equivalent to that in Aro7p. c, Cmu1 and Aro7p 
differ in the region (red) required for the allosteric regulation of Aro7p 
by tryptophan and tyrosine. AS, active site. d, Activity of Cmu1 and 
Aro7p (mean ± s.d. of n = 3 technical replicates) in the absence and the 
presence of 10 µM of tryptophan or 50 µM of tyrosine. e, Six-day-old 
maize seedlings were rub-inoculated with viral sap containing pFoMV-V 
or pFoMV-ZmKWL1181–480. Rub-inoculated seedlings were infected with 
CL13 six days after viral inoculation. Disease symptoms were scored 
12 days post CL13 infection. Data represent mean of n = 3 biologically 
independent experiments. Total numbers of infected plants are indicated 
above the respective columns. P value was determined by unpaired two-
sided Student’s t-test. *P = 0.0184. f, Coomassie-stained SDS–PAGE of 
an in vitro interaction assay using glutathione S-transferase (GST)-tagged 
ZmKWL1, Cmu1, and the three chorismate mutases of maize: ZmCM2, 
which localizes in the cytosol3; ZmCM1, which localizes in the chloroplast; 
and ZmCM3, which is predicted to be secreted. Input controls are on 
the right as indicated. g, Size-exclusion chromatography of ZmKWL1 
(green), Cmu1 (blue) and Cmu1–ZmKWL1 (red). h, Isothermal titration 
calorimetry analysis of Cmu1 and ZmKWL1, yielding a Kd value of 101.9 
nM. In f–h, experiments were repeated independently twice with similar 
results and representative experiments are shown.
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of the substrate into the active site of Cmu1 (rainbow cartoon). The active 
site of Cmu1 containing citrate as the substrate mimic is shown as spheres.  
d, Chorismate mutase activity of Cmu1 (solid line) and Aro7p (dashed 
line) in the presence of increasing concentrations of ZmKWL1. 
Chorismate mutase activity in the absence of ZmKWL1 was set to 100%. 
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β-barrel, which is stabilized by three disulfide bridges (Cys64–Cys157, 
Cys104–Cys129 and Cys151–Cys167). At the N-terminal end of the 
barrel, β1 and β2 form anti-parallel β-strands that are stabilized by the 
loop connecting β7 and β8 (hereafter denoted L3) and two additional 
disulfide bridges (Cys42–Cys75, Cys55–Cys63). Closer inspection of 
the Cmu1–ZmKWL1 interaction interface showed that ZmKWL1 con-
tacts Cmu1 at four distinct sites. The N-terminal β1/β2 region inter-
acts with helices α1 and α5 of Cmu1 (Fig. 2c, left side). The L1 loop 
(connecting the β-strands β3 and β4) and the L3 loop (connecting the 
β-strands β7 and β8) bind to a large interface formed by helices α1 and 
α7 of Cmu1 (Fig. 2c, left). Whereas L1 primarily interacts with helix 
α7, L3 protrudes in a plug-like manner into the active site of Cmu1. 
Last, the loop region connecting β4 and β5 (denoted L2) of ZmKWL1 
interacts with the tip of the ELR of Cmu1 (Fig. 2c, right). The inter-
action interface of ZmKWL1 at Cmu1 could also be analysed in solu-
tion by hydrogen–deuterium exchange mass spectrometry (Extended 
Data Fig. 4a). Together, our structural analysis of the Cmu1–ZmKWL1 
complex shows that ZmKWL1 forms a dense network of interactions 
with Cmu1, thereby probably blocking substrate access to the active 
site of Cmu1.

Increasing concentrations of ZmKWL1 led to a decrease in choris-
mate mutase activity of Cmu1 but not of Aro7p (Fig. 2d). Kinetic anal-
ysis of Cmu1 in the presence of stoichiometric amounts of ZmKWL1 
showed a substantial decrease in the maximal velocity (Vmax) of 

Cmu1 (40.8 ± 2.4 and 21.2 ± 1.7 µmol min−1 mg−1 for Cmu1 and 
Cmu1–ZmKWL1, respectively) (Fig. 2e). However, ZmKWL1 did not 
markedly affect substrate binding to Cmu1, as indicated by an unal-
tered Michaelis–Menten constant (Km) (0.8 ± 0.1 and 0.83 ± 0.15 mM 
for Cmu1 and Cmu1–ZmKWL1, respectively) (Fig. 2e). These data 
substantiate our structural data, showing that ZmKWL1 decreases 
the chorismate mutase activity of Cmu1 in a non-competitive and 
allosteric manner. Next we created a Cmu1 variant lacking a substantial  
portion of its ELR (Cmu1-ΔELR; Extended Data Fig. 4b). ZmKWL1 
was unable to interact with Cmu1-ΔELR and it did not affect the 
chorismate mutase activity of Cmu1-ΔELR (Extended Data Fig. 5). 
This illustrates that ZmKWL1 impairs substrate access to the active 
site of Cmu1 through intimate interactions involving structural fea-
tures that are specific to secreted fungal Cmu1 proteins (Extended Data 
Fig. 4b). In vivo, the recognition of Cmu1 by ZmKWL1 is likely to hap-
pen in the apoplast, because ZmKWL1 harbours an N-terminal signal 
peptide and can be secreted when transiently expressed in N. benth-
amiana (Extended Data Fig. 5c). In the apoplast, ZmKWL1 might not 
only decrease the chorismate mutase activity of Cmu1, but also limit 
its transport into the plant cytosol. Higher levels of chorismate mutase 
(ZmCM2 + Cmu1) have been suggested to increase the cytosolic levels 
of chorismate, leading to a change in chorismate homeostasis between 
the cytosol and the chloroplast3 (Fig. 3a). However, future research is 
necessary to clarify whether this is the case.

ZmKWL1

Secretion

Apoplast

Cytoplasm

Cmu1

N

ZmKWL-X

Signal
peptide

N

Secretion

?

ActiveInactive

IL1IL2

IL3

1/2

0 

10 

20 

30 

40 

50 

60 

Rosids

Fungi

Asterids

Stem eudicots

Monocots

Gymnosperms

Non-seed plants

N
um

b
er

 o
f p

ar
al

og
ue

s 
p

er
 s

p
ec

ie
s

*

b

a

NC

Cmu1

ZmKWL1

1

0
Conservation

IL1

IL3IL2

β1/β2

c

ZmKWL1

ZmKWL-X

N
ite

lla
 h

ya
lin

a 

Ph
ys

co
m

itr
el

la
 p

at
en

s 

C
er

at
od

on
 p

ur
pu

re
us

 

Se
la

gi
ne

lla
 m

oe
lle

nd
or

ffi
i 

Am
bo

re
lla

 tr
ic

ho
po

da
 

Pi
ce

a 
ab

ie
s 

Pi
ce

a 
gl

au
ca

 

Pi
nu

s 
ta

ed
a 

Ae
gi

lo
ps

 ta
us

ch
ii 

B
ra

ch
yp

od
iu

m
 d

is
ta

ch
yo

n 

Er
ag

ro
st

is
 te

f 

H
or

de
um

 v
ul

ga
re

 

M
us

a 
ac

um
in

at
a 

M
us

a 
ba

lb
is

ia
na

 

O
ry

za
 s

at
iv

a 
(s

pp
. i

nd
ic

a)
 

O
ry

za
 s

at
iv

a 
(s

pp
. j

ap
on

ic
a)

 

Ph
al

ae
no

ps
is

 e
qu

es
tri

s 

Ph
oe

ni
x 

da
ct

yl
ife

ra
 

Se
ta

ria
 it

al
ic

a 

So
rg

hu
m

 b
ic

ol
or

 

Sp
iro

de
la

 p
ol

yr
hi

za
 

Tr
iti

cu
m

 a
es

tiv
um

 

Tr
iti

cu
m

 u
ra

rtu
 

Ze
a 

m
ay

s 

Aq
ui

le
gi

a 
co

er
ul

ea
 

N
el

um
bo

 n
uc

ife
ra

 

N
ic

ot
ia

na
 b

en
th

am
ia

na
 

Ac
tin

id
ia

 c
hi

ne
ns

is
 

C
of

fe
a 

ca
ne

ph
or

a 

M
im

ul
us

 g
ut

ta
tu

s 

So
la

nu
m

 ly
co

pe
rs

ic
um

 

So
la

nu
m

 tu
be

ro
su

m
 

C
ap

si
cu

m
 a

nn
uu

m
 C

M
34

4 

B
et

a 
vu

lg
ar

is
 

C
itr

us
 s

in
en

si
s 

Eu
ca

ly
pt

us
 g

ra
nd

is
 

Az
ad

ira
ch

ta
 in

di
ca

 

C
ar

ic
a 

pa
pa

ya
 

C
aj

an
us

 c
aj

an
 

C
itr

ul
lu

s 
la

na
tu

s 

C
uc

um
is

 m
el

o 

C
uc

um
is

 s
at

iv
us

 

Fr
ag

ar
ia

 v
es

ca
 

G
ly

ci
ne

 m
ax

 

Ja
tro

ph
a 

cu
rc

as
 

Li
nu

m
 u

si
ta

tis
si

m
um

 

Lo
tu

s 
ja

po
ni

cu
s 

M
al

us
 d

om
es

tic
a 

M
an

ih
ot

 e
sc

ul
en

ta
 

M
ed

ic
ag

o 
tru

nc
at

ul
a 

Po
pu

lu
s 

tri
ch

oc
ar

pa
 

Pr
un

us
 p

er
si

ca
 

Vi
tis

 v
in

ife
ra

 

C
op

rin
us

 c
in

er
eu

s 

C
ry

pt
oc

oc
cu

s 
ne

of
or

m
an

s 

La
cc

ar
ia

 b
ic

ol
or

 

M
uc

or
 c

irc
in

el
lo

id
es

 

Ph
an

er
oc

ha
et

e 
ch

ry
so

sp
or

iu
m

 

Ph
yc

om
yc

es
 b

la
ke

sl
ee

an
us

 

R
hi

zo
pu

s 
or

yz
ae

 

U
st

ila
go

 m
ay

di
s 

M
or

tie
re

lla
 v

er
tic

illa
ta

 

Fig. 3 | Kiwellins are a highly versatile class of defence proteins. a, 
Schematic of the mechanism of action of kiwellin. ZmKWL1 is produced 
in the plant cell and probably secreted to the apoplast via its N-terminal 
signal sequence. In the apoplastic space, ZmKWL1 binds Cmu1 and 
disarms its activity; binding may also decrease the import of Cmu1 
into the cytoplasm. Further kiwellin homologues (ZmKWL-X) might 
be produced by the plant cell and secreted, but their cognate targets are 

unknown (right). b, The number of kiwellin paralogues per plant species, 
colour-coded according to taxonomic group. All but six of the analysed 
plant genomes contained more than one kiwellin paralogue (average 11, 
median 10, highest number found 54). Notably, several fungal genomes 
also contain kiwellin-encoding genes. c, Amino acid conservation between 
the 19 kiwellins from Z. mays mapped onto the structure of ZmKWL1. Red 
and blue denote highly conserved and non-conserved regions, respectively.
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Kiwellins are present in most plant species, with the notable excep-
tion of the Brassicaceae (for example, Arabidopsis thaliana) (Fig. 3b, 
Supplementary Data). Several members of the monocots, asterids and 
rosids encode for more than 20 kiwellins (Fig. 3b). The maize genome 
encodes 19 kiwellin proteins in addition to ZmKWL1 (Extended Data 
Fig. 6, Supplementary Data). These different kiwellins share the con-
served β-barrel core domain stabilized by disulfide bridges (Figs. 2b, 3c,  
Extended Data Fig. 6). Moreover, they harbour a putative signal 
sequence, which suggests that they are secreted into the apoplastic 
space. However, all regions in ZmKWL1 that are required for its inter-
action with Cmu1 are highly variable among the different kiwellin pro-
teins of maize (Fig. 3c). The investigation of three different paralogues 
of ZmKWL1 shows that they are unable to interact with Cmu1 and can-
not inhibit its chorismate mutase activity (Extended Data Fig. 7a–d). 
Therefore, we speculate that the other maize kiwellins might specifically 
target other, as yet unknown fungal effectors (Fig. 3a).

It was noted that kiwellin proteins share considerable structural 
similarity within their β-barrel domain to the barwin-like and the 
cerato-platanin proteins in plants and fungi, respectively (Extended 
Data Fig. 7e). Although little functional knowledge is available at 
present, barwin-like proteins have been shown to increase the resist-
ance of plants towards certain pathogens14,15. Our structural analysis 
shows that members of the barwin-like and the cerato-platanin pro-
tein families lack all regions that are necessary for the interaction of 
ZmKWL1 with Cmu1, most importantly the β1/β2 domain (Extended 
Data Fig. 7f, g). Despite those differences, these proteins might perform 
similar functions to those now ascribed to the kiwellin, ZmKWL1.

Thus far, kiwellin proteins have been poorly understood and rec-
ognized as important only for the development of human allergy to 
the kiwi fruit16,17. This study now suggests that kiwellins can act as 
plant defence proteins, counteracting alien effector activity with high 
specificity. This idea is supported by transcriptome data derived from 
potato plants infected with the oomycete Phytophtora infestans18,19, in 
which a potato kiwellin homologue is strongly upregulated. Similar 
upregulation of a kiwellin-encoding gene has also been observed upon 
the infection of husk tomato with adult whiteflies20. Therefore, kiwellins 
might be widespread and versatile scaffold proteins that counteract 
secreted pathogen effectors.

Online content
Any methods, additional references, Nature Research reporting summaries, source 
data, statements of data availability and associated accession codes are available at 
https://doi.org/10.1038/s41586-018-0857-9.
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Methods
No statistical methods were used to predetermine sample size. The experiments 
were not randomized and the investigators were not blinded to allocation during 
experiments and outcome assessment.
Strains, growth conditions and plant infection assays. The Escherichia coli strain 
Top10 (Life Technologies) was used for cloning purposes. E. coli strains BL21(DE3) 
(Promega) and SHuffle T7 (New England Biolabs) were used for expression of 
recombinant Cmu1, ZmCM1, ZmCM2, ZmCM3 and the maize kiwellin pro-
teins, respectively. U. maydis strains used in this study are listed in Extended Data 
Table 2. Agrobacterium tumefaciens GV310121 was used for transient expression 
of ZmKWL1 in N. benthamiana. Z. mays cv. Early Golden Bantam (EGB, Urban 
Farmer) was grown in a temperature-controlled greenhouse (light and dark cycles 
of 14 h at 28 °C and 10 h at 20 °C, respectively) and used for infection by U. maydis. 
N. benthamiana was grown in a phytochamber (light and dark cycles of 16 h at 25 °C  
and 8 h at 22 °C, respectively). U. maydis strains were grown in YEPSL (0.4% (w/v) 
yeast extract, 0.4% (w/v) peptone and 2% (w/v) sucrose) and cell suspensions in 
double-distilled water adjusted to an OD600 of 1.0 were injected into the stem of 
7-day-old maize seedlings with a syringe as described22.
Molecular cloning of plasmids. For plasmid constructions, standard molecular 
cloning strategies and techniques were applied23. All plasmids and primers used 
in this study are listed in Extended Data Tables 2, 3. For overexpression of Cmu1 
in E. coli, plasmid pET28a-Cmu1 was generated. To do so, the cmu1 gene with-
out the signal peptide (Cmu122–290) was codon-optimized for E. coli expression 
and inserted into the NdeI/XhoI site of pET28a (Novagen). To generate plasmid 
pET28a-Cmu1-ΔELR, DNA fragments for Cmu122–116 and Cmu1141–290 were 
amplified from pET28a-Cmu1 and then ligated with pET28a-Cmu1 digested 
with NdeI/XhoI via Gibson Assembly according to the manufacturer’s protocol 
(New England Biolabs). The ZmKWL1 gene was amplified from genomic DNA 
of EGB and inserted into pJET1.2/blunt (Thermo Scientific), producing pJET1-
ZmKWL1. For ZmKWL1 overexpression in E. coli, its coding sequence lacking the 
signal peptide (ZmKWL133–198) was amplified from pJET1-ZmKWL1 and inserted 
into the NdeI/XhoI sites of pET28a, yielding pET28a-ZmKWL1. For constitutive 
overexpression of Cmu1 in U. maydis, plasmid p12324 containing the constitutive 
otef promoter was digested with XmaI/AflII and ligated with a cmu1-HA3 DNA 
fragment that was amplified by PCR from p123-Pcmu1-Cmu1-HA3

3, yielding p123-
Potef-Cmu1-HA3. To generate p123-Potef-Cmu1-ΔELR-HA3, cmu1-ΔELR-HA3 was 
amplified by PCR from p123-Pcmu1-Cmu1-ΔELR-HA3 (X. Han and R. Kahmann, 
unpublished results) and inserted into XmaI/AflII sites of p123. For transient 
overexpression of ZmKWL1 in N. benthamiana, pEZRK-ZmKWL1-His6 was con-
structed by inserting ZmKWL1 gene amplified by PCR from pJET1-ZmKWL1 into 
KpnI/XbaI sites of pEZRK-LCY (courtesy of D. Ehrhardt, Stanford University), 
which carries the CaMV 35S promoter. For localization of ZmKWL1 in N. benth-
amiana, DNA fragments encoding ZmKWL1-sfGFP and ZmKWL1ΔSP-sfGFP were 
amplified from p35S-ZmKWL1-sfGFP (X. Han and R. Kahmann, unpublished 
results). The resulting products were inserted into KpnI/XbaI sites of pEZRK-LCY, 
respectively. All amplified segments of plasmids were sequenced.
Generation of U. maydis strains. U. maydis AB33 strain25 was used to consti-
tutively overexpress Cmu1 in axenic culture. Plasmids p123-Potef-Cmu1-HA3 
and p123-Potef-Cmu1-ΔELR-HA3 were integrated into the ip locus of AB33 as 
described previously26. Isolated U. maydis transformants were confirmed by 
Southern blot analysis to obtain single integration events in the ip locus.
Protein production and purification. Cmu1 and ZmKWL1 used for crystal 
structure determination and biochemical assays were always expressed without 
the signal peptide (compare to section ‘Molecular cloning of plasmids’). Cmu1, 
ZmCM1, ZmCM2 and ZmCM3 (without the predicted signal peptide) were pro-
duced by incubating plasmid-containing E. coli BL21 (DE3) in lysogeny broth (LB)-
medium supplemented with 12.5 g l−1 d-(+)-lactose monohydrate and 50 µg ml−1 
kanamycin for 16 h at 30 °C under rigorous shaking. To produce kiwellin proteins 
from Z. mays without the native signal peptides, E. coli SHuffle T7 cells carrying 
the plasmid were grown in LB-medium supplemented with 50 µg ml−1 kanamy-
cin at 30 °C and rigorously shaken until an optical density of 0.6 was obtained. 
After addition of 0.5 mM IPTG, the cells were further grown for 20 h at 16 °C. All  
E. coli cells were collected by centrifugation (3,500g, 20 min, 4 °C), resuspended in 
lysis buffer (20 mM of HEPES-Na pH 8.0, 250 mM NaCl, 20 mM MgCl2, 20 mM 
KCl supplemented 40 mM imidazole) and lysed through a M-110L microfluidizer 
(Microfluidics). The cell debris was removed by centrifugation (47,850g, 20 min,  
4 °C) and the clear supernatant loaded on a 5-ml HisTrap column (GE Healthcare) 
equilibrated with 10 column volumes of lysis buffer. After washing with 10 column 
volumes of lysis buffer, the proteins were eluted with 3 column volumes of elution 
buffer (lysis buffer containing 500 mM imidazole). Proteins were concentrated 
(Amicon Ultracel-10K, Millipore) and subjected to size-exclusion chromatography 
(SEC) on a HiLoad 26/600 Superdex 200 pg column (GE Healthcare) equilibrated 
with SEC buffer (20 mM of HEPES-Na, pH 7.5, 200 mM NaCl 20 mM MgCl2 
and 20 mM KCl). Protein-containing fractions were pooled and concentrated in 

Amicon Ultracel-10K cells (Millipore). Protein concentration was determined by 
a spectrophotometer (NanoDrop Lite, Thermo Scientific). We reconstituted the 
Cmu1–ZmKWL1 complex by mixing both proteins in a 1:2 ratio and subjecting 
the mixture to SEC (HiLoad 26/600 Superdex 200 pg column (GE Healthcare)). 
Fractions containing the Cmu1–ZmKWL1 complex were pooled and concentrated.
Crystallization and structure determination. Crystallization was performed by 
the sitting-drop method at 20 °C in 0.5 µl drops consisting of equal parts of protein 
and precipitation solutions. Cmu1 crystallized at a concentration of 20 mg ml−1 
within one week in 0.2 M MES pH 5.0, 20% (w/v) PEG 6000. The Cmu1–ZmKWL1 
complex crystallized at a concentration of 15 mg ml−1 within four days in 0.1 M 
sodium citrate pH 5.5, 15% (w/v) PEG 6000. ZmCM1 crystallized at a concentra-
tion of 15 mg ml−1 in 0.2 M ammonium tartrate and 20% (w/v) PEG 3350 after one 
week. ZmCM2 crystals were observed within one week in 0.2 M sodium acetate 
and 24% (w/v) PEG 4000. Before data collection, crystals were flash-frozen in liq-
uid nitrogen using a cryo-solution that consisted of mother liquor supplemented 
with 20% (v/v) glycerol. Data were collected under cryogenic conditions at the 
European Synchrotron Radiation Facility. The data for the crystals of Cmu1 and 
Cmu1-ZmKWL1 were collected at 0.987Å on ID23-1, while the data for ZmCM1 
and ZmCM2 were collected at 0.8762 Å on ID23-2. Data were processed with 
XDS27 and CCP4-implemented AIMLESS28. The Cmu1 structure was determined 
by single-wavelength anomalous dispersion using selenomethionine-labelled pro-
tein crystals. The substructure was determined with the CCP4-implemented pro-
gram CRANK229. The structure of Cmu1–ZmKWL1 was determined by molecular 
replacement with PHASER30 using the structures of Cmu1 (this study) and the kiwi 
fruit protein, KWL1 (PDB: 4PMK17) as search models. The structures of ZmCM1 
and ZmCM2 were solved by molecular replacement using the chorismate mutase 
from A. thaliana (PDB: 4PPU) as a search model. All structures were manually built 
in Coot31, and refined with PHENIX32. Ramachandran statistics for the final model 
of Cmu1 show 97.44% of residues in the most favourable regions, 2.46% in allowed 
regions and 0.10% outliers. The statistical values for the final models of Cmu1–
ZmKWL1, ZmCM1 and ZmCM2 were 27.81%/2.19%/0%, 96.21%/3.58%/0.21% 
and 97.74%/2.26%/0%, respectively. Figures were prepared with PyMOL (https://
www.pymol.org) and Chimera33.
Chorismate mutase activity assay. Kinetic analysis of Cmu1 and inhibition of 
Cmu1 by ZmKWL1 was carried out with a previously described ‘online assay’34. 
The assay monitored the disappearance of the substrate chorismate at a wavelength 
of 274 nm (OD274; the extinction coefficient of chorismate is ε274 nm = 2,630 M−1 
cm−1). The OD274 was measured using TECAN Infinite 200 PRO plate reader 
(Tecan Trading AG). Standard assays were performed at 30 °C in 250 µl of reaction 
buffer composed of 40 mM Tris-HCl (pH 7.0) and 100 mM NaCl. In a standard 
reaction, chorismate mutase activity was measured with 100 ng of Cmu1 protein 
(that is, 13 nM concentration) and 0.5 mM chorismate (Sigma). Initial velocity 
was calculated from the linear decrease of OD274. The kinetic data were fitted to 
the Michaelis–Menten equation using SigmaPlot (Systat Software). The decrease 
of OD274 of chorismate in the absence of enzyme during the time course was sub-
tracted as the blank value.
Transient expression of proteins in N. benthamiana. A. tumefaciens GV3101 
strains carrying respective pEZRK plasmids were grown in LB-medium containing 
appropriate antibiotics (50 µg ml−1 kanamycin, 50 µg ml−1 rifampicin and 50 µg ml−1  
gentamicin) to an OD600 of 1.0. After washing three times with double- 
distilled water, the cell pellet was suspended in MES buffer (10 mM MES, 10 mM 
MgCl2, 100 µM acetosyringone) to an OD600 of 0.25. The GV3101 cell suspension 
was incubated at 18 °C overnight and infiltrated into the lower side of four-week 
old N. benthamiana leaves using a 1 ml syringe without needle. Three days after 
infiltration, N. benthamiana leaves were excised for protein analysis or localization 
of ZmKWL1-sfGFP using confocal microscopy10.
Co-immunoprecipitation assay. U. maydis AB33 strains overexpressing 
Cmu1-HA3 or Cmu1-ΔELR-HA3 were grown in complete medium supplemented 
with 2% (w/v) glucose35. When OD600 reached 0.8–1.0, the culture was collected by 
centrifugation. The supernatant was concentrated 100-fold using Amicon Ultracel-
10K (Millipore) to 500 µl. Agroinfiltrated N. benthamiana leaves were collected 
three days after infiltration and ground in liquid nitrogen. HNN extraction buffer 
(50 mM HEPES-Na pH 7.5, 150 mM NaCl, 50 mM NaF, 5 mM EDTA, 0.1% (v/v) 
NP-40, 1% (w/v) polyvinylpyrrolidone (PVP), 0.5% (w/v) sodium deoxycholate, 
1x cOmplete protease inhibitor cocktail (Roche)) was added to the ground powder  
and incubated for 15 min on ice. Following centrifugation (16,000g, 20 min, 4 °C),  
500 µl of the clarified plant lysate and the concentrated supernatant of U. maydis 
culture were mixed with 50 µl Ni-NTA agarose (Qiagen). The mixture was incu-
bated at 4 °C for approximately 16 h under constant rotation. The beads were 
washed three times with the extraction buffer followed by the addition of 100 µl 
SDS loading buffer (1% (v/v) β-mercaptoethanol, 0.004% (w/v) bromophenol blue, 
6% (v/v) glycerol, 2% (w/v) sodium dodecyl sulfate, 50 mM Tris-HCl pH 6.8) and 
boiling for 10 min. After brief centrifugation, the supernatant was analysed by 
SDS–PAGE and western blot.

© 2019 Springer Nature Limited. All rights reserved.
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FoMV-mediated VIGS in maize. The 300-bp silencing fragment targeting 
ZmKWL1 was designed with the SGN VIGS tool (http://vigs.solgenomics.net/) 
and corresponds to nucleotides 181 to 480 of the ZmKw1 gene. The VIGS construct 
pFoMV-ZmKWL1181–480 was generated by inserting the silencing fragment into 
XbaI/XhoI sites of the Foxtail mosaic virus vector pFoMV-V in the antisense ori-
entation11. To propagate viral sap for rub-inoculation, the first leaf of a six-day-old 
maize seedling was transformed via biolistic transformation (PDS-1000/He system, 
Bio-Rad). Gold particles (1.6 µm) were coated with pFoMV-ZmKWL1181–480 and 
pFoMV-V DNA and bombardment was performed at 1,100 psi in a 90-kPa vacuum  
chamber. Ten days after bombardment, viral sap was prepared by grinding leaves 
showing infection symptoms in phosphate-buffered saline (137 mM NaCl,  
2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4). Six-day-old maize 
seedlings were rub-inoculated using Silicon carbide powder (600-mesh, Alfa Aesar) 
with the viral sap containing either pFoMV-V or pFoMV-ZmKWL1181–480. To 
test the effects of silencing on virulence, the rub-inoculated maize plants were 
infected 6 days after the rub-inoculation by U. maydis strain CL13 and disease 
symptoms were scored 12 days after U. maydis inoculation. To check the silencing 
efficiency, 6 cm leaf segments with viral symptom were collected from pFoMV-V 
or pFoMV-ZmKWL1181–480 infected maize plants 6 days after virus infection. Total 
RNA was extracted with TRIzol (Invitrogen), treated with TURBO DNA-free Kit 
(Ambion) and subsequently applied to cDNA synthesis using Superscript III First 
Strand Synthesis SuperMix (Invitrogen). qPCR reactions were carried out as previ-
ously described10 using primer pairs XW234/XW235 for ZmKWL1 and GAPDH-
F/R for the maize GAPDH gene (Extended Data Table 3).
Identification of ZmKWL1 by liquid chromatography–mass spectrometry. 
Anti-HA magnetic beads (10 µl) were added to the lysate of Z. mays leaves three 
days post infection with the U. maydis strain SG200Dcmu1-Cmu1-HA3 and incu-
bated for 2 h at 4 °C on a rotator. The beads were washed four times with 700 µl 
100 mM ammonium bicarbonate, and 100 µl elution buffer 1 (1.6 M urea, 100 mM 
ammonium bicarbonate, 10 µg ml−1 trypsin (Promega)). After 30 min incubation 
at 27 °C, the supernatant containing the digested proteins was collected. Beads 
were washed twice with elution buffer 2 (1.6 M urea, 100 mM ammonium bicar-
bonate, 1 mM TCEP) and added to the first elution fraction. Digest was allowed 
to proceed overnight at room temperature. After digest the beads were incubated 
with 5 mM iodoacetamide at 30 min at 25 °C in the dark. The sample was acidified 
using trifluoroacetic acid and peptides were purified using C18 Microspin columns 
(Harvard Apparatus) according to the manufacturer’s instructions. Dried peptides 
were reconstituted in 0.1% trifluoroacetic acid and then analysed using liquid- 
chromatography–mass spectrometry carried out on a Q-Exactive Plus instrument  
connected to an Ultimate 3000 RSLC nano and a nanospray flex ion source  
(all Thermo Scientific). Peptide separation was performed on a reverse phase 
HPLC column (75 μm × 42 cm) packed in-house with C18 resin (2.4 μm; Dr. 
Maisch). The following separating gradient was used: 98% solvent A (0.15% formic 
acid) and 2% solvent B (99.85% (v/v) acetonitrile, 0.15% (w/v) formic acid) to 32% 
solvent B over 60 min and to 50% B for an additional 20 min at a flow rate of 300 nl 
min−1. The data acquisition mode was set to obtain one high resolution MS scan at 
a resolution of 70,000 full width at half maximum (at m/z 200) followed by MS/MS 
scans of the 10 most intense ions. To increase the efficiency of MS/MS attempts, 
the charged state screening modus was enabled to exclude unassigned and singly 
charged ions. The dynamic exclusion duration was set to 30 s. The ion accumula-
tion time was set to 50 ms (MS) and 50 ms at 17,500 resolution (MS/MS). The auto-
matic gain control was set to 3 × 106 for MS survey scan and 1 × 105 for MS/MS  
scans. For the database search, the protein database for U. maydis and Z. mays was 
downloaded from Uniprot (https://www.uniprot.org, downloaded October 2015) 
and the search was performed using the combined protein databases. The search 
of the mass spectrometry raw data was performed on Mascot (Version 2.5, Matrix 
Science). The search criteria were set as follows: full tryptic specificity was required 
(cleavage after lysine or arginine residues); two missed cleavages were allowed; 
carbamidomethylation (C) was set as a fixed modification; oxidation (M) was set as 
a variable modification. The mass tolerance was set to 10 p.p.m. for precursor ions 
and 0.02 Da for fragment ions. The search results were then loaded into Scaffold 
(Proteome Software) and 1% protein false discovery rate was adjusted.
Hydrogen–deuterium exchange mass spectrometry (HDX-MS). Samples 
for hydrogen–deuterium exchange–mass spectrometry (HDX–MS) measure-
ments were automatically prepared by a two-arm robotic autosampler (LEAP 
Technologies). A volume of 7.5 µl (40 µM) Cmu1 or the Cmu1–ZmKWL1 complex 
were mixed with 67.5 µl of D2O-containing SEC buffer to start the HDX reaction. 
After 10/30/95/1,000/10,000 s incubation at 25 °C, 55 µl of the HDX reaction was 
added to 55 µl quench buffer (400 mM KH2PO4/H3PO4, 2 M guanidine-HCl, pH 
2.2) kept at 1 °C and 95 µl of the resulting mixture immediately injected into an 
ACQUITY UPLC M-class system with HDX technology (Waters)36. Peptide gen-
eration was carried out online with immobilized pepsin at 12 °C and a 100 µl min−1  
flow rate of water + 0.1% (v/v) formic acid and the peptic peptides trapped on 
a C18 column (Waters) kept at 0.5 °C for 3 min. Afterwards, the trap column 

was placed in line with an ACQUITY UPLC BEH C18 1.7 µm 1.0 × 100 mm  
column (Waters) and the peptides eluted at 0.5 °C using a gradient of water + 0.1% 
(v/v) formic acid (eluent A) and acetonitrile + 0.1 (v/v) % formic acid (eluent B)  
at a flow rate of 30 µl min−1: 0–7 min/95–65% A, 7–8 min/65–15% A, 8–10 min/15%  
A, 10–11 min/5% A, 11–16 min/95% A. Mass spectra of deuterated Cmu1 were 
acquired in HDMS (high definition MS) positive ion mode using a G2-Si HDMS 
mass spectrometer equipped with an electrospray ionization source (Waters). 
Non-deuterated samples of Cmu1 were prepared by a similar procedure using 
non-deuterated SEC-buffer and mass spectra acquired in HDMSE (enhanced high 
definition MS) mode37,38. Lock mass correction was performed using [Glu1]-
Fibrinopeptide B standard (Waters). The pepsin column was washed with 80 µl of 
4% (v/v) acetonitrile and 0.5 M guanidine-HCl three times during each run. All 
measurements were performed in triplicate. Blank runs were performed between 
each sample to avoid peptide carry-over. Peptide identification and assignment 
of deuterium incorporation was carried out as described previously39–41 aided by 
PLGS and DynamX 3.0 softwares (Waters).
Phylogenetic analysis. The ZmKWL1 amino acid sequence was used as query 
to blast fully-sequenced genomes of plants, algae and fungi. Blast hits were fil-
tered according to ref. 42, in order to retain homologous sequences only. Multiple 
sequence alignment was generated using MAFFT linsi43 and manually curated 
using Jalview44, removing sequences covering less than 50 per cent of the conserved 
positions as well as alignment columns of low quality. Tree inference was conducted 
using Bayesian inference with MrBayes45. The appropriate prior model was selected 
on the basis of AIC/BIC using Prottest46 and turned out to be WAG+G. Bayesian 
inference was run with two hot and two cold chains for 20 million generations 
(standard deviation of split frequencies 0.114; 500 trees were discarded as burn-in). 
Phylogenetic trees were visualized using FigTree v1.4.3 (http://tree.bio.ed.ac.uk/
software/figtree/; Supplementary Data). All sequences confirmed as kiwellins via 
the phylogenetic inference were counted for the bar chart representation in Fig. 3b. 
The fungal sequences form a clade that is distinct from the plant sequences, not 
suggesting horizontal gene transfer.
Reporting summary. Further information on research design is available in 
the Nature Research Reporting Summary linked to this article.

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 Cmu1–
ZmKWL1 complex, ZmCM1 and ZmCM2, respectively. Extended Data Figs. 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 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 α5 and the C terminus. Right, the 2Fo − Fc electron 
density map at a 1.6σ 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).
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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 MUSCLE47–49, 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.
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Extended Data Fig. 3 | See next page for caption.

© 2019 Springer Nature Limited. All rights reserved.



Letter RESEARCH

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 FB1 × 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 mean ± s.d. of n = 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-ZmKWL1181–480, 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-ZmKWL1181–480 
infected maize leaves were reduced compared to expression levels in 
pFoMV-V infected plants, indicative of silencing. A total of 27 leaves 
from n = 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 Student’s 
t-test. *P = 0.0202. d, Maize plants silenced for ZmKWL1 via infection 
with pFoMV-ZmKWL1181–480 (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.
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Extended Data Fig. 4 | See next page for caption.
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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 Cmu1–ZmKWL1 complex. Right, 
deuterium uptake plots of representative regions of Cmu1 alone (red) and 
the Cmu1–ZmKWL1 complex (blue). Data represent mean ± s.d. of n = 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 MUSCLE47–49. 
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 α2 and α3. In plant-pathogenic fungi, 
the additional helix α2a and an extended loop region (ELR, numbering 
according to UmCmu1) are present.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Prerequisites of Cmu1 for the Cmu1–KWL1 
interaction and localization of ZmKWL1. a, ZmKWL1 is unable to 
interact with the Cmu1-ΔELR variant. Supernatant of AB33-p123-Potef-
Cmu1-HA3 or AB33-p123-Potef-Cmu1-ΔELR-HA3 containing Cmu1-HA3 
or Cmu1-ΔELR-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-ΔELR). 
Chorismate mutase activity was determined with the chorismate mutase 
activity assay. Data represent mean ± s.d. of n = 3 technical replicates. 

c, To investigate the localization of ZmKWL1, we transiently expressed 
ZmKWL1-sfGFP fusion proteins with (ZmKWL1-sfGFP) and without 
signal peptide (ZmKWL1ΔSP-sfGFP) using A. tumefaciens for delivery. 
ZmKWL1ΔSP-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 µm. Representative 
images are displayed. The experiment was repeated independently once 
with similar results.
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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 MUSCLE47–49. 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 β-barrel 
domains. Five kiwellins show similarity to the β1/β2 region of ZmKWL1. 
Four kiwellins carry C-terminal extensions.

© 2019 Springer Nature Limited. All rights reserved.
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Extended Data Fig. 7 | See next page for caption.
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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 a–c,  
the insets show a Coomassie-stained SDS–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 mean ± s.d. of n = 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 Å and 0.40 Å over 119 Cα-atoms and 
110 Cα-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 Å over all Cα-atoms). The β-barrel domain of ZmKWL1 and the 
barwin-like protein formed by six β-strands can be perfectly superposed. 
The β1/β2-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 β-barrel 
with the kiwellins and barwin-like proteins and aligns well with ZmKWL1 
(r.m.s.d.: 1.11 Å over all Cα-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 (1–5, as above) are indicated.

© 2019 Springer Nature Limited. All rights reserved.
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Extended Data Table 1 | Data collection and refinement statistics

Values in parentheses are for the highest-resolution shell. Data were collected from one crystal for each dataset.

© 2019 Springer Nature Limited. All rights reserved.
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Extended Data Table 2 | Strains and plasmids used in the study

See refs 3,11,12,24,25,52.
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Extended Data Table 3 | Primers used in the study
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