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Securing global food supply is and will be a major challenge in
times of increasing food demand due to changing environ-

ments and a growing world population.1 The Food and Agri-
culture Organization of the United Nations (FAO) estimates
that 1 billion people were undernourished worldwide in 2009,
highlighting the need for improved agricultural productivity and
increased crop yields. One factor contributing to yield reduction
is infestation by harmful organisms such as insects, fungi, and
weeds. Between 2001 and 2003, 10% of crop losses were due to
fungi and bacteria.2 Presently, yield losses caused by invasive
plant pathogens, most of which are fungi, are estimated at $21
billion per year in the United States alone.3 Although various
effective fungicides are presently available for commercial use
and application, frequently emerging resistance requires new
strategies to protect crop yield and quality by elucidating novel
targets and modes of action.4

Protein kinases play an essential role as key mediators in signal
transduction in all organisms ranging from simple prokaryotes to
plants and humans.5�8 For instance, deregulated protein kinase
activity in humans has causative roles in severe diseases such as
cancer, diabetes, and neurological and autoimmune disorders.9,10

Numerous small-molecule kinase inhibitors are being em-
ployed to inhibit aberrant kinase activity to treat disease in
humans11,12 and have also been suggested as potential agents
for fighting human pathogens.13,14 One of the next steps will be

the indication shift of this principle—kinases as targets in
pathogens—to aid in crop protection. As kinases have also been
found to be essential for invasive hyphal growth and pathogenesis
in several phytopathogenic fungi,15�21 they represent attractive
targets for antifungal drug discovery.

In earlier studies, protein kinases of a nonpathogenic fungus
have been proposed as potential antifungal targets.22 Further-
more, the commercial fungicide Fludioxonil has been suggested
to interfere with fungal growth partly through improper activa-
tion of the MAP kinase cascade.23 However, definitive proof that
targeting protein kinases in phytopathogenic fungi is sufficient to
control fungal growth has not been demonstrated so far.

A commonly used model organism for phytopathogenic fungi
is Ustilago maydis, the cause of corn smut. It is easy to cultivate
under laboratory conditions and amenable to genetic
manipulation.24,25 Moreover, its entire genomic sequence is
available and well annotated.26

In screening campaigns, we identified N-substituted diamino-
pyrimidines to be inhibitors of fungal growth in vivo as well as
inhibitors of human protein kinase activity in vitro. This class of
small-molecule kinase inhibitors are known to possess antifungal
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ABSTRACT: Infestation of crops by pathogenic fungi has continued to have a major
impact by reducing yield and quality, emphasizing the need to identify new targets and
develop new agents to improve methods of crop protection. Here we present Aurora
kinase from the phytopathogenic fungus Ustilago maydis as a novel target for
N-substituted diaminopyrimidines, a class of small-molecule kinase inhibitors. We
show that Aurora kinase is essential in U. maydis and that diaminopyrimidines inhibit
its activity in vitro. Furthermore, we observed an overall good correlation between in
vitro inhibition of Aurora kinase and growth inhibition of diverse fungi in vivo. In vitro
inhibition assays with Ustilago and human Aurora kinases indicate that some
compounds of the N-substituted diaminopyrimidine class show specificity for the Ustilago enzyme, thus revealing their potential
as selective fungicides.
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activity27 and have already been shown to inhibit several human
kinases.28�31 Therefore, the fungal target is suspected to be one
or more protein kinases.

Here we report the identification and validation of Aurora
kinase from U. maydis as a prominent target for N-substituted
diaminopyrimidines using affinity chromatography techniques
followed by biological characterization. We describe the expres-
sion and purification of recombinant Ustilago Aurora kinase and
subsequent in vitro inhibition studies. Generation of a conditional
knockdown strain revealed that Aurora kinase is essential for
growth of U. maydis, thus validating this kinase as a prominent
antifungal target.

’RESULTS AND DISCUSSION

Evaluation and Design of Compounds for Pull-Downs. In
screening campaigns, we used a library of known kinase inhibitor
scaffolds and tested for growth inhibition of Ustilago. Among the
class of N-substituted diaminopyrimidines, we identified 1 as a
potent inhibitor of fungal growth (ED50 = 21.8 ( 6.1 mg L�1,
corresponding to 65 μM), whereas its closely related derivative 3
did not show inhibition (Figure 1, panel a and b). To establish a
selectivity profile, 1 was screened against a panel of 114 human
protein kinases and was found to be a rather nonspecific kinase
inhibitor (Figure 1, panel c and Supplementary Figure 1).
We next chose to make use of affinity chromatography by

immobilizing inhibitors in order to pull down target proteins
from Ustilago lysates. Subsequent mass spectrometry analysis
was then used to elucidate the fungal protein targets of 1.32 In
order to avoid significant changes in the binding properties or
affinity of the compound once bound to the affinity matrix, we
first determined a suitable labeling strategy prior to affinity

chromatography experiments. We docked 1 into the catalytic
domain of a prototypical protein kinase and analyzed its most
probable binding mode. Our modeling studies suggested that the
pyrimidine core as well as the secondary aromatic amine of the
inhibitor form hydrogen bonds with the hinge region of the
kinase domain. Such interactions would position the ethoxy-
methoxy substituent outside the ATP binding pocket toward the
solvent (Figure 2, panel a), which would qualify this position as
an attachment point for immobilization strategies without in-
troducing any steric clashes with the protein.
On the basis of the kinase-inhibitor models, we chose the

ethoxy moiety for design and synthesis of probe molecules 2 and
4, which were derived from compounds 1 and 3, respectively
(Figure 1, panel a). Compounds 2 and 4 were tested for in vivo
growth inhibition and neither compound was able to inhibit
growth of U. maydis. Although this was expected for the negative
control 4, the negative result for 2 was unanticipated. However,
the primary amine of this compound might be charged under
neutral conditions in culture and thus would render the com-
pound membrane impermeable. Interestingly, investigation of
the biochemical activity of 2 revealed no loss of inhibitory
potency, and we were able to establish an in vitro selectivity
profile for this compound. Surprisingly, we found that 2 inhibits
several of the profiled kinases more potently than 1 (Figure 1,
panel c and Supplementary Figure 1).
These findings and the observation that the methoxy group of

1 can be replaced by a broad range of moieties without significant
loss of inhibitory activity suggested that 2 and 4 can be coupled to
preactivated sepharose beads via their primary amine without
disrupting the binding of potential kinase targets.
Target Identification from Cell Lysates. In order to prepare

Ustilago cell extracts for a large number of reproducible affinity

Figure 1. In vivo and in vitro data of compounds used in this study. (a) 1: biologically active compound; 2: derivative of 1 with primary amine for
coupling; 3: free, biologically inactive control; 4: derivative of 3with primary amine for coupling. (b) Dose�response curves forU. maydiswith indicated
compounds. OD600 wasmeasured after 72 h. (c) Kinase inhibition profiles for compounds 1 and 2. Red circles indicate kinases that exhibite10% activity
at 10 μM inhibitor concentration.
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chromatography experiments, U. maydis was grown in a fermen-
ter and harvested while still in the exponential growth phase. We
reasoned that most proteins would likely be expressed during
that stage of growth; however, it should be noted that not all
proteins, such as factors specifically expressed during mating or
plant infection,33 might be present at this stage. Since several
grams of U. maydis cells were found to be optimal for mass
spectroscopic analysis, experiments with material obtained dur-
ing mating or even plant infection were not feasible due to
comparably very low yield of cells. For pull-down experiments,
Ustilago lysates containing 60 mg of soluble protein were first
incubated with either inhibitor beads 2a (Figure 2, panel b) or
control beads 4a. Bound proteins were eluted with free com-
pound in the presence of ATP and MgCl2 as this was shown to
facilitate the elution of protein kinases.34 Eluted proteins were
then precipitated and separated by standard SDS�PAGE, and
Coomassie staining revealing numerous weakly resolved bands.
In order not to overlook proteins that are low in abundance, the
entire lane of the gel, instead of individual bands, was excised and
analyzed by mass spectrometry to elucidate the fungal protein
targets of 2a.32 In three independent affinity purifications with
active inhibitor beads, a total of 410 proteins were identified, of
which 82 were found in all three experiments (Figure 2, panel c).
Furthermore, 55 of these were also found in one or more of three
control experiments using 4a and were therefore excluded from
the analysis. Among the remaining 27 candidate target proteins,

four protein kinases were identified which are annotated by the
MIPSU. maydisDataBase (http://mips.helmholtz-muenchen.de/
genre/proj/ustilago): um00560 (probable glycogen synthase
kinase 3 alpha, GSK3), um06363 (related to APG1, essential for
autophagocytosis, also termed ATG135), um03305 (MAP Kinase
Kpp2), and um10119 (probable IPL1, Ser/Thr protein kinase).
The remainder of identified candidate targets consisted mostly of
abundant housekeeping proteins such as ribosomal proteins and
several uncharacterized proteins with yet unknown function
(Supplementary Table 1). Since N-substituted diaminopyrimi-
dines have been described as kinase inhibitors in the literature28�31

and profiling of our compounds revealed that they inhibit a wide
range of human kinases, we speculated that the major target
responsible for growth inhibition is likely to be a protein kinase and
thus chose to focus on the identified kinases in U. maydis.
Biochemical Inhibition Studies. GSK3 from U. maydis was

evaluated as a target by analyzing the inhibitory effect of com-
pounds 1�4 on the in vitro activity of GSK3 purified as His fusion
protein from E. coli. GSK3 was active in a phosphorylation assay
(Z0Lyte-Assay (Invitrogen)) and was weakly inhibited by com-
pounds 1 and 2, whereas inhibition by control compounds 3 and
4 was >50 μM (Table 1). Together with the relatively potent
growth inhibition of U. maydis by 1 (ED50 = 21.8 mg L�1,
corresponding to 65 μM), this suggests that GSK3 is a target of
the N-substituted diaminopyrimidines, albeit not the most rele-
vant target. To evaluate the effects of 1 on the remaining three
target kinase candidates, all were expressed as MBP (maltose
binding protein) fusions in E. coli, purified, and tested for activity
in a radioactive phosphorylation assay using myelin basic protein
as the kinase substrate as previously employed for U. maydis
protein kinases.15 The serine/threonine kinase ATG1 could not
be isolated in an enzymatically active form due to instability and
degradation of the protein. However, since ATG1 deletion
mutants are viable and only weakly affected in growth rate,35

we reason that this protein is not a prominent target for our
compounds. The MBP fusion of Kpp2 efficiently phosphorylated
myelin basic protein as previously described15 and was employed
for IC50 determinations. Surprisingly, compound 2 inhibited
Kpp2 with a significantly lower IC50 than compound 1, while
negative control compound 3 showed an inhibition similar to that
of compound 1 (Table 1). This might be an indication of a
different binding mode of 1 and 2 to Kpp2, since the exchange of
the methoxy moiety for a primary amine increases inhibitor
affinity, which could also be observed for several human kinases
(Figure 1, panel c and Supplementary Figure 1). Still, the
observed IC50 values in the micromolar range suggest that
inhibition of Kpp2 is also not the main factor responsible for
the potent growth inhibition by 1.

Figure 2. Strategy for affinity chromatography. (a) Model of 1 in
complex with the ATP pocket of a protein kinase. The inhibitor adopts
a binding mode similar to VX-680 (PDB code 3E5A), an ATP-
competitive Aurora inhibitor that also carries a cyclopropyl moiety as
well as a pyrimidine core. The site of linker attachment is pointing out of
the ATP-binding pocket suggesting that coupling to the affinity matrix
will not disrupt kinase binding. (b) Schematic representation of the
coupling reaction of 2 to NHS-activated sepharose. (c) Venn diagram of
proteins identified in three independent affinity chromatography experi-
ments using 2a. Each circle represents one experiment, numbers
represent identified proteins. Numbers in intersection were considered
potential targets.

Table 1. Inhibition Data for Diaminopyrimidines

IC50 (μM)

compound GSK3 Kpp2

UmAurora/-

UmINCENP1424�1575

1 23.4 ( 9.0 33.9 ( 15.7 0.0059 ( 0.0014

2 29.9 ( 8.8 7.5 ( 2.9 0.0139 ( 0.0036

3 >50 36.9 ( 20.3 0.09 ( 0.0334

4 >50 >50 0.0698 ( 0.0265

staurosporinea 0.33 ( 0.27 1.0 ( 0.5 0.0021 ( 0.0003
aUsed as positive control.



929 dx.doi.org/10.1021/cb200112y |ACS Chem. Biol. 2011, 6, 926–933

ACS Chemical Biology ARTICLES

The gene product of um10119 has not yet been described but is
annotated by MIPS as probable Aurora kinase due to strong
sequence similarities to Aurora kinases from several organisms. A
BLAST search with the amino acid sequence of um10119 revealed
Aurora B kinase Ark1 from S. pombe36 as the closest homologue
(E value 5 � 10�99). The purified MBP fusion of um10119,
subsequently referred to as UmAurora, did not phosphorylate
myelin basic protein; however, it has been reported for other
Aurora B kinases that the IN-box of Aurora-interacting protein
INCENP is required for full activity binding.37�39

We therefore performed a BLAST search against U. maydis
proteins with the INCENP/Pic1 sequence from S. pombe as the
query sequence and identified the uncharacterized protein
um03367 as a weak hit (E value 2 � 10�14). Despite its low
sequence homology, um03367 was further investigated as it
contains a C-terminal INCENP domain as predicted by NCBI’s
conserved domain search. A ClustalW alignment of um03367 and
the INCENP domain (residues 925�972) from Pic1 revealed
several conserved residues in this domain starting with Tyr926 in
Pic1 and Tyr1424 in um03367, respectively. Since residues
925�972 of Pic1 are necessary and sufficient for Aurora
binding,36 we chose to clone and express residues 1424�1575
of um03367, subsequently referred to as UmINCENP1424�1575,
as a MBP fusion protein. As described for X. laevis Aurora B,

binding of INCENP induces a conformational change in the
kinase domain leading to its full activity.39 We therefore reasoned
that it might be advantageous to co-purify separately expressed
MBP-UmAurora and MBP-UmINCENP1424�1575 to facilitate
kinase activation (Figure 3, panel a). Indeed we found that the
co-purified MBP-UmAurora/MBP-UmINCENP1424�1575 com-
plex displayed strong kinase activity with respect to substrate
phosphorylation and UmAurora autophosphorylation (Figure 3,
panel b, lane 5). Conversely, separately purified MBP-UmAurora
and MBP-UmINCENP1424�1575 combined for the radioactive
assay resulted in weak substrate and autophosphorylation activity
(Figure 3, panel b, lane 4). We furthermore observed that the
yield of soluble MBP-UmAurora protein is significantly higher
when co-purified with MBP-UmINCENP1424�1575, indicating
that the activator protein helps to stabilize the kinase domain
and ensures proper folding (Supplementary Figure 2). We thus
conclude that INCENP binding induces a conformational shift, as
has been shown for X. laevis Aurora B.39 This process is given
substantially more time during co-purification of the proteins,
thus leading to a greater portion of correctly folded, active kinase.
The co-purified MBP-UmAurora/MBP-UmINCENP1424�1575

complex was subsequently tested in phosphorylation assays
(IMAP fluorescence polarization assay). Compound 1 strongly
inhibited kinase activity with an IC50 of 5.9 nM, and only a small

Figure 3. Purification and activity assay of MBP-UmAurora and UmINCENP1424�1575. (a) Gel filtration purification of MBP-UmAurora/MBP-
UmINCENP1424�1575 complex. Left panel: chromatogram of gel filtration run. Four distinct peaks could be observed. Right panel: Coomassie gel of gel
filtration run. M: Marker; E: combined eluates from previous affinity chromatography; 1�4: peak fractions eluted from gel filtration column. Fraction 1
contains oligomeric MBP-UmAurora/MBP-UmINCENP1424�1575 complex, fraction 2 contains the monomeric complex, fraction 3 contains MBP-
UmINCENP1424�1575 alone, and fraction 4 contains an impurity (presumably MBP tag). (b) Radioactive MBP-UmAurora activity assay. Purified MBP-
UmAurora and/orMBP-UmINCENP1424�1575 was incubated with [γ-32P]ATP andmyelin basic protein as substrate. The sample was then separated by
standard SDS�PAGE, exposed to film, and subsequently stained with Coomassie to visualize all protein. Upper panel: Radioactive signal. Lower panel:
Coomassie stain. 1: negative control containing no enzyme. Neither MBP-UmAurora (2) nor UmMBP-INCENP1424�1575 (3) alone is able to
phosphorylate the substrate, while combination of both proteins in the assay leads to weak substrate- and autophosphorylation (4). Co-purification of
MBP-UmAurora andMBP-UmINCENP1424�1575 yields a highly active kinase/activator complex with strong activity toward both substrate and itself (5).
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fraction of activity was lost by the exchange of the methoxy for a
primary amine in 2. Although the negative controls 3 and 4 also
show inhibition of kinase activity, a significant loss of potency was
observed (Table 1). These data suggest UmAurora as a major
target of theN-substituted diaminopyrimidines used in this study.
Effects of Aurora Down-regulation in U. maydis. Aurora

kinase is essential in numerous fungi such as S. cerevisiae,40 S.
pombe,41 or C. albicans.42 This suggested that its loss is also lethal
in U. maydis. To investigate the effects of lost UmAurora
function, we generated a mutant Ustilago strain carrying UmAur-
ora under the control of the glucose-repressible crg1 promoter43

with simultaneous loss of UmAurora under its natural promoter.
Successful integration of Pcrg1:UmAurora and replacement of
wild-type UmAurora by a hygromycin resistance cassette was
verified by PCR and Southern blot (Supplementary Figure 3).
Mutant cells were unable to grow in glucose-containing medium,
while exhibiting only a slight growth defect in crg1-inducing
medium containing arabinose (Figure 4, panel a). Down-regula-
tion of UmAurora expression was verified by Western
blot analysis. No UmAurora could be detected after 22 h in
glucose-containing medium (Figure 4, panel b)
Comparative Aurora Inhibition Studies. To compare the

effects of the inhibitor class on Aurora inhibition and inhibition
of in vivo growth, we determined IC50 values for a subset of
related compounds that had previously been analyzed for anti-
fungal activity. In vivo data were plotted against pI50 values (�log

IC50) and demonstrated a strong correlation between antifungal
effects and inhibition of UmAurora activity (Figure 5, panel a).
As product safety is one essential when developing new anti-
fungal agents, we further investigated the selectivity of various
N-substituted diaminopyrimidines for Ustilago Aurora kinase in
comparison to the human isoforms and thus tested our subset
against human Aurora A and B. Most compounds show no
selectivity toward either human or Ustilago Aurora; however, we
did identify compounds with selectivity toward the human or
Ustilago kinase (Figure 5, panel b), which indicates the possibi-
lity of developing a fungus-specific Aurora kinase inhibitor.
Co-crystal Structure of 1with HumanAurora A.To validate

our early modeling efforts and to get deeper insights into the
binding mode of the inhibitors used in this study, we successfully
co-crystallized human Aurora A in complex with 1. The inhibitor
resides in a typical Type I (ATP-competitive) binding orienta-
tion and forms hydrogen bonds to the hinge region of the kinase
domain, analogous to those previously reported for close struc-
tural analogues (PDB codes: 2VGO, 1Z5M, and 2NP8). Briefly,
the chloro substituent faces the gatekeeper residue (Leu210)
while the cyclopropyl moiety points away from the hinge region
toward the substrate binding site. The ethoxy-methoxy group
extends toward the solvent, confirming the results of our earlier
modeling studies used to determine a tethering point on these
compounds for bead attachment. In addition, protein X-ray
crystallography using the diaminopyrimidines discussed in this

Figure 4. Growth of Ustilago mutant strain with induced and repressed UmAurora expression. (a) Five-fold dilutions of Ustilago liquid cultures were
spotted in duplicates on agar plates containing arabinose or glucose, and pictures were taken after 53 and 72 h of growth. On plates containing crg1-
inducing arabinose the mutant strain exhibited a slight growth defect in comparison to wild type. No growth of the mutant strain was observed on plates
containing crg1-repressing glucose. (b) UmAurora down-regulation was monitored by Western blot analysis. Upper panel: chemiluminescent signal.
Lower panel: Coomassie stain of gel after blotting.
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study may provide crucial insights to support the development of
more fungus-specific compounds.
Conclusion.We here present fungal Aurora kinase as a novel

target protein in crop protection, although further efforts are
needed to reach selectivity toward the fungal kinase over the
human isoforms. Yet, the feasibility of targeting highly conserved
proteins with concomitant specificity for only a certain class of
organisms has already been demonstrated by the success of the
widely used insecticide imidacloprid: belonging to the class of
neonicotinoids, it targets the highly conserved nicotinic acetyl-
choline receptors of insects and mammals. Yet the neonicoti-
noids display an almost 500-fold selectivity toward insects over
rats.44 Therefore, we anticipate that improving our compounds
toward a more fungus-specific Aurora inhibitor will initiate the
development of a novel fungicide.

’METHODS

Cultivation of U. maydis and Generation Knockdown
Strain. General Growth Conditions. U. maydis strains 521 or 51845

were grown at 28 �C in liquidCM46 or potato dextrose (PD)mediumon a
rotary shaker at 200 rpm or on solid agar. For repression of crg1 promoter
activity, strains were grown in CM medium containing 1% arabinose,
washed with water, and resuspended in CM medium with 1% glucose.

Growth of U. maydis for Affinity Chromatography Experiments. U.
maydis strain 518 was grown in CM in a 100 L fermenter at 28 �C to a
final OD600≈ 30 while still in the logarithmic phase. Oxygen content was
monitored and kept at g75% through stirring and air flow adjustment.
Cells were harvested and stored in aliquots made of 20 g cells (wet
weight) at �80 �C.

Generation of Ustilago UmAurora Knockdown Strain. To express
UmAurora under the control of the glucose-repressible/arabinose-
inducible crg1 promoter in U. maydis, full-length UmAurora
(um10119, as annotated by MIPS U. maydis DataBase) was amplified
fromDNAby PCRwith primers introducing an EcoO109I andNdeI site
at the 50 terminus (GCCCCATATGGAGTCGCAGCTCGCCAACT)
and an AbsI site at the 30 terminus (GGGACTGAATTTTGCC-
ACGAGACG). The PCR product was cloned via EcoO109I and AbsI
into pHA-Hyg to attach a 3X-HA tag to UmAurora. The UmAurora-3X-
HA fragment was excised using NdeI and MaubI and ligated with NdeI/
MaubI digested pRU11.47 The resulting plasmid pRU11_UmAurora
contained UmAurora with a 3X-HA tag under the control of the crg1
promoter and was transformed into U. maydis strain 521 as described
previously.48 Endogenous UmAurora was removed using a PCR-based
gene replacement method as described earlier.49 Regions of ∼1 kb
flanking the UmAurora locus were amplified with primers LBfor
(50GCTTTGCGGGGGCGATTACAT) and LBrev (50GACGGTTA-
TACGTGTGAGGGCA), RBfor (50TCCTTGTTACTCGCACCCT-
TCTCT) and RBrev (50GCTTTGTACCCGCCGCTTCC) and fused
to a hygromycin B (Hyg) resistance cassette. From the ligation product
two overlapping fragments were amplified using primers LBnested
(50ACCGTTCTGTTTTCCAAGTTT) and NLC38 (50CGTTG-
CAAGACCTGCCTGAA), NLC37 (50GGATGCCTCCGCTCGA-
AGTA) and RBnested (50AAGGCCAATGAAGACCAAGCAGTT).
A 2.5 μg portion of each product was transformed into U. maydis 521
carrying Pcrg1: UmAurora-3X-HA. Successful integrationwas confirmed by
PCR analysis. Southern analysis using DIG-labeled UmAurora as a probe
was used to confirm both integration of Pcrg1:UmAurora-3X-HA as well as
replacement of endogenous UmAurora by the Hyg resistance cassette.
Inhibitor Affinity Chromatography. Preparation of the U.

maydis Cell Lysate. Cells (∼20 g wet weight) were resuspended in
buffer containing 50 mM Hepes (pH 7.5), 150 mM NaCl, 0.5% Triton
X-100, 10% glycerol, 1 mMEDTA, 10mMNa4P2O7, 0.2 mMDTTwith
Complete EDTA-free protease inhibitor cocktail and PhosSTOP phos-
phatase inhibitor cocktail (Roche) and lysed by several passes through a
high pressure homogenizer. Lysates were precleared by centrifugation
and adjusted to 1.15 M NaCl.

Affinity Chromatography. Inhibitor beads 2a and 4a, respectively,
were equilibrated in lysis buffer containing 1.15MNaCl. For each affinity
chromatography experiment, 25 μL of beads was incubated with 60 mg
(equivalent to 3�4 g ofU. maydis cells) of high-salt lysate for 2 h at 4 �C.
The beads were washed twice with 500 μL of lysis buffer containing 1.15
M NaCl and once with 500 μL of buffer containing 20 mM Hepes (pH
7.5), 150 mM NaCl, 0.25% Triton X-100, 1 mM EDTA, 1 mM EGTA.
Bound proteins were eluted in 100 μL of the same buffer containing
0.5 mM free compound 2 or 4, respectively, 2.5% DMSO, 10 mM ATP,
and 20 mMMgCl2 by slow rotation for 2 h at 4 �C. The supernatant was
removed and precipitated as described previously.50

Preparative Gel Electrophoresis. Precipitated proteins were dissolved
in 1X LDS Sample Buffer (Invitrogen) containing 10 mM DTT, heated

Figure 5. Correlation of inhibition data to in vivo observations. (a)
Correlation of growth inhibition ofU. avenae versus in vitro inhibition of
U. maydis UmAurora. Total antifungal activity is represented by color
coding. U. avenae is a close relative of U. maydis and is used in high-
throughput screening of inhibitors. Total antifungal activity is expressed
as a weighted mean of numerical integrals over dose�response data
from diverse phytopathogenic fungi both in liquid culture and on
plants (H. Rieck, Th. P€otter, M. E. Beck, unpublished results). Larger
numbers mean higher activity. Various diaminopyrimidine compounds
spanning a broad range of chemical diversity and biological activity27

were tested and revealed a good correlation between UmAurora
inhibition, growth inhibition of U. avenae, and total antifungal activity.
(b) Correlation of inhibition of human Aurora kinases A (color), B
versus Ustilago UmAurora. Inhibition is shown as pI50 values (�log
IC50); red arrowheads: compounds showing specificity toward UmAur-
ora; black arrowhead: compound showing selectivity toward human
Aurora B.
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to 70 �C for 10min, and separated on a 4�12% Bis-Tris gel (Invitrogen)
for 10�15 min at 200 V. Lanes with Coomassie-stained proteins were
divided into 3 equal pieces, and each was individually subjected to
analysis by mass spectrometry (see Supplementary Methods).
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