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ABSTRACT: Protein kinases are key enzymes in the complex
regulation of cellular processes in almost all living organisms.
For this reason, protein kinases represent attractive targets to
stop the growth of eukaryotic pathogens such as protozoa and
fungi. However, using kinase inhibitors to fight against these
organisms bears several challenges since most of them are
unselective and will also affect crucial host kinases. Here we
present the X-ray structure of glycogen synthase kinase 3 from
the fungal plant pathogen Ustilago maydis (UmGSK3) and its
inhibition by type-II kinase inhibitors. Despite the high
sequence homology between the human and the fungal variant
of this vital kinase, we found substantial differences in the
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conformational plasticity of their active sites. Compounds that induced such conformational changes could be used to selectively
inhibit the fungal kinase. This study serves as an example of how species-specific selectivity of inhibitors can be achieved by
identifying and addressing the inactive state of a protein kinase. In addition to this, our study gives interesting insights into the
molecular plasticity of UmGSK3 by revealing a previously unknown inactive conformation of this important kinase family.

P rotein kinases are key players in many cellular signaling
processes. The dysregulation of kinase activity can have
significant effects on vital physiological functions and hence the
well-being of an organism. Therefore, they represent important
drug targets, and a lot of effort has been put into the devel-
opment of kinase inhibitors by both academia and the pharma-
ceutical industry over the past decades. Consequently, a multitude
of kinase inhibitors with different modes of action have been
developed to date. In contrast to this, the use of kinase inhibitors
as potential agents to fight human or plant pathogenic organisms
such as protozoa' or fungi®® has been investigated only to a
marginal extent.

Recently, a number of research studies have described the
development of novel antimicrobial agents by targeting eu-
karyotic protein kinases,*” indicating a growing interest in such
approaches. This trend is further stimulated by the increase in
knowledge about eukaryotic signaling pathways (e.g,, through the
adaptation of novel kinase perturbation strategies®) and the
availability of the genome sequence data of numerous parasites,
which in turn led to the identification of pathogen relevant
protein kinases and their validation as drug targets. Unfortunately,
the development of potent kinase inhibitors as antiparasitic or
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antifungal agents is very challenging. These inhibitors usually suffer
from a poor selectivity, since they bind to the highly conserved
nucleotide binding cleft of the kinase domain, thereby target-
ing many other kinases, including those of the host organism. For
some kinases it has been shown that it is possible to create
selective ATP competitive inhibitors,”® but this approach
remains very labor intensive.

A more promising strategy to develop selective kinase
inhibitors is to identify molecules that bind to less conserved
regions outside or in close proximity of the nucleotide binding
cleft and are able to alter specific molecular activation and
deactivation mechanisms. Compounds from this category are
(i) type-II and type-III kinase inhibitors that stabilize an
enzymatically inactive state of the kinase domain in which the
DFG motif and the following activation loop adopt a closed
conformation (also known as the DEG-out conformation)® and
(i) type-IV kinase inhibitors that bind far away from the
catalytic site and stabilize an arrangement of regulatory domains
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Figure 1. Conditional down-regulation of GSK3 impairs growth in Ustilago maydis. (A) Scheme of the conditional allele gsk3"'. A cassette
containing the narl promoter as well as an antibiotic (hygromicin) resistance gene was inserted upstream of the start codon of gsk3. (B) Levels of
gsk3 mRNA in the conditional strain are shown. The Ustilago maydis wild type strain (wt) and the conditional gsk3"" strain were grown for 8 h in
permissive (minimal medium with nitrate, MM NO;) or restrictive conditions (complete medium, CMD). The RNA was extracted and analyzed
using RT-PCR. (C) Growth of conditional strain in solid medium. Serial 10-fold dilutions of wild type (wt) and conditional gsk3"" strain cultures
were spotted in solid MM NO; and CMD. Plates were incubated for 3 days at 28 °C.

that inactivate the catalytic function of the kinase, as observed
for Abl'® or AKT."" Nevertheless, there is only a limited amount
of information available about the conformational plasticity
of protein kinases that would facilitate the straightforward
design of such ligands. This is especially the case for protein
kinases from relatively uncharacterized eukaryotic patho-
gens. Thus, the identification of such inhibitors remains a
challenging task.

The identification of GSK3 from the parasitic fungus
Ustilago maydis as one of the kinase targets of N-substituted
diaminopyrimidines,> a compound class that inhibits the
growth of U. maydis, aroused our interest to identify novel
inhibitors for UmGSK3. Moreover, GSK3 is also a known
drug target in other eukaryotic pathogens (e.g, Trypanosoma
brucei'?), suggesting that the identification of potent inhibitors
of this kinase would open the door to such an “indication shift”.
A vast plethora of GSK3 inhibitors of diverse chemotypes
and modes of action have been developed over the past
decades,">'* but so far there are no type-II/III kinase inhibitors
known that would inhibit this kinase by stabilizing an inactive
conformation.

To improve the chances of finding UmGSK3 inhibitors that
do not affect the human homologue HsGSK3p, we focused our
search on type-II/IIl kinase inhibitors. In this paper, we
describe the outcome of this approach as well as the detailed
structural and biochemical evaluation of GSK3 from Ustilago
maydis.

B RESULTS AND DISCUSSION

Target Validation and Inhibitor Screening. To evaluate
the functional relevance of GSK3 in Ustilago maydis, we first
prepared a haploid Ustilago strain in which the GSK3 protein
can be conditionally depleted. This was achieved through the
implementation of the narl promoter of Ustilago maydis, which
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is induced when the cells are grown in the presence of nitrate
ions and strongly repressed in medium containing ammonium
ions as the nitrogen source.'® We constructed a chimeric allele
(gsk3™™") by fusing the narl promoter to the coding region of
gsk3 and replacing the native allele with the conditional allele
(Figure 1A). When these narl mutant cells were incubated
under restrictive conditions (CMD), we could observe a strong
decrease of the gsk3 mRNA levels (Figure 1B). In contrast to
this, the gsk3 mRNA levels were S-fold higher than the wild-
type control at permissive conditions (MM NO;), indicating
that the introduction of the nitrogen source-regulated narl
promoter was successful. We could observe a strong decrease in
growth for the gsk3"" Ustilago strain on ammonium-containing
solid medium (CMD) when compared to wild-type Ustilago,
whereas on minimal nitrate medium (MM NO,) both strains
grew equally well (Figure 1C). This result shows that Ustilago
maydis requires GSK3 activity for survival. Inhibition of
UmGSK3 by small molecules should therefore result in the
death of the fungus.

Because almost all known potent inhibitors of GSK3 are ATP
competitive and therefore rather unselective, we decided to
screen for potential allosteric modulators (type-II and type-IIT)
hoping to find a way to inhibit UmGSK3 in a novel and more
selective way. For this purpose, we performed a pilot screen
with an in-house compound library containing different types
(I-IV) of protein kinase inhibitors'™"® including several
potent type-II/type-III kinase inhibitors of p38a or cSrc
kinases."”*° We utilized the activity-based Z'Lyte kinase assay”"
to allow the robust and fast determination of the inhibitory
potency of the selected compounds against UmGSK3. Besides
several strong type-I inhibitors, e.g., PIK-75 (1) and compound
2, we found that some type-II kinase inhibitors were able to
reduce the kinase activity of UmGSK3 significantly (Figure 2).
BIRB-796 (3) and sorafenib (4) showed the strongest effect
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Figure 2. Inhibition of UmGSK3 by kinase inhibitors. (A) Structures of the four most potent hits from a pilot screen using a small focused
compound library containing all different types of kinase inhibitors. Inhibition data for UmGSK3 and HsGSK3/ are summarized in the table. ICg,
values are given in uM. “ICs™ X™/IC*™ represents the ratio of two independent ICg, measurements at ATP Km and at 25X ATP Km, here
referred to as the “ATP competitive score”. “ICsy"™"/IC;,""**” represents the ratio of two independent ICy, measurements with no preincubation time
(t = 0) and with 60 min preincubation time, here referred to as the “slow binder score”. The ICy, values marked with an asterisk (*) were
extrapolated from an incomplete dose—response curve. (B) Enzyme activities of UmGSK3 and HsGSK3J plotted against increasing concentrations
of BIRB-796 (3). The dose—response curves reveal potent inhibition of UmGSK3 but not HsGSK3/ by this type-II kinase inhibitor.

with ICsq's of 1 and 0.7 uM, respectively. This result was some-
what unexpected, since the human and other investigated
GSK3 homologues are not known to adopt an inactive con-
formation that can be efficiently targeted by these types of
inhibitors.”* Indeed, when the same compounds were tested
against HsGSK3, inhibition experiments revealed a more than
10-fold weaker inhibition (4) or no inhibition (3) (Figure 2).

To further explore the inhibition properties of 3 and 4
toward UmGSK3, we performed additional kinetic studies
using the activity-based Omnia assay,” which allows the direct
monitoring of kinase phosphorylation reactions over time. This
assay platform allowed us to examine the inhibition efficiency of
these compounds in the presence of different ATP concen-
trations as well as their time-dependent binding behavior
(Figure 2A). We determined an “ATP competitive score” by
taking the ratio of IC5, measurements at ATP Km and at 25X
ATP Km (ATP competitive score = IC;* *™/IC;*™).
Additionally, we determined a “slow binder score” by taking
the ratio of ICy, measurements with inhibitor preincubation
times of 0 and 60 min (slow binder score = IC4,™°/IC,%).
These scores contain information related to the kg rates and
k,, rates of a given inhibitor. We found that the inhibition of
UmGSK3 by BIRB-796 (3) and sorafenib (4) clearly depends
on the preincubation time (slow binder score = 7.6, 7.0). No
preincubation resulted in much higher ICs, values, indicating
that these inhibitors possess relatively slow k,,, rates. For long
preincubation times (e.g, 60 min), the determined ICj, values
are lower and only weakly ATP-dependent (ATP competitive
score = 1.0, 1.9). This shift in ICqj is far less than predicted by
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the Cheng—Prusoff equation for ATP competitive inhibitors.
Obviously, BIRB-796 (3) and sorafenib (4) have also
exceptionally slow k,g rates resulting in extended inhibitor
residence times within the kinase active site. In other words,
they are only weakly affected by varying ATP concentrations
once bound to the kinase. Such a slow binding behavior is a
strong indication for ligand-induced conformational changes of
the kinase domain, a prominent characteristic of type-II binding
inhibitors. Apparently, BIRB-796 (3) and sorafenib (4) are able
to lock the kinase in an inactive conformation in contrast to
two other tested screening hits, PIK-75 (1) and 2, which are
known ATP competitive kinase inhibitors, which did not show
this effect.

Structural Characterization of UmGSK3. The fact that
UmGSK3 but not HsGSK3f can be potently inhibited by
type-Il kinase inhibitors, in combination with the observed
slow binding kinetics, clearly indicates that there are sub-
stantial differences in the activation loop mobility between
these two kinases. For HsGSK3f, we have never observed
any time-dependent inhibition behavior (slow k,, or kg rates)
that would imply larger conformational changes upon ligand
binding. This finding is rather surprising since their catalytic
sites (including the activation loop) share a sequence identity of
almost 90%. To determine if this difference in the conforma-
tional plasticity can be explained on a molecular level, we set
out to crystallize UmGSK3 and designed several crystal-
lization constructs (Figure 3A) with the help of a UmGSK3
homology model based on two published crystal structures
of HsGSK3f (PDB IDs: 1109 and 1PYX) (Figure 3B).

dx.doi.org/10.1021/cb300128b | ACS Chem. Biol. 2012, 7, 12571267
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Figure 3. Expression constructs and overall structure of UmGSK3 Aloop. (A) Four UmGSK3 constructs were designed and tested for expression
and crystallization trials. UmGSK3 wt: wild-type kinase, UmGSK3 Aloop: loop deletion mutant, UmGSK3 AC and UmGSK3 AC/N: two constructs
additionally lacking the C- or the N- and C-terminal part. Only the first two constructs could be obtained from E. coli in soluble form. (B) A
homology model of UmGSK3 (green) superimposed with a crystal structure of HsGSK3/ (blue, PDB ID: 1109) highlighting the differences between
the two kinases. This analysis was used as basis for construct design. Red: Additional loop segment of UmGSK3. Yellow: ATP bound to the ATP
binding pocket. (C) Cartoon representation of the overall structure of UmGSK3 Aloop containing a phosphorylated Tyr209 (shown as black sticks),
which represents an autophosphorylation site commonly found in GSK3-like kinases. The activation loop is marked in black. (D) Detailed view of
the close environment of pTyr209 including the experimental electron density map (2fo—fc) contoured at 1o. The two side chains of Arg213 and
Arg216 (green sticks) form salt bridges with the phosphate group attached to Tyr209. Right: A comparison of pTyr209 (black) with Tyr216-

phosphorylation found in human GSK34 (blue; PDB ID: 1GNG).

We constructed three shorter UmGSK3 constructs lacking
potentially disordered regions by shortening the C-terminus
(UmGSK3 AC) or both termini (UmGSK3 AC/N)** and by
deleting an additional loop segment of about 12 amino acids in
length located preceding the glycine rich loop within the
N-lobe of the kinase (UmGSK3 Aloop). Aside from the wild-
type kinase, only the loop deletion construct could be expressed
and purified in soluble form from E. coli, whereas the N- and
C-terminal shortened constructs exhibited a strong aggregation
tendency and could not be used for crystallization.

After extensive crystallization attempts, we obtained
hexagonal shaped crystals for the UmGSK3 Aloop construct.
The crystals belong to the trigonal space group P32, and
possess a high solvent content of about 75%, resulting in a
Matthews Coefficient (Vyy)** of 5.0. From one of these single
crystals, we collected a data set to a resolution of 3.3 A at the
Swiss Light Source in Villigen (PSI, Switzerland), which enabled
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us to solve the structure by molecular replacement using a known
HsGSK3f structure (PDB ID: 1109) as template (Figure 3C).
Together with the recently published structure of GSK3 from
the pathogenic protozoa Leishmania major (PDB ID: 3E3P)
and a putative uncharacterized protein from Cryptosporidium
parvum iowa ii (PDB ID: 3EBO), these represent the only struc-
tural studies of non-human glycogen synthase kinases to date.
The final model of the UmGSK3 Aloop construct comprises
residues 13—375. Tyr195 located within the activation loop is
phosphorylated and forms salt bridges with two adjacent
arginine residues, Argl99 and Arg202. This residue is homo-
logous to Tyr216 of HsGSK3f (see Figure 3D), which is a
known autophosphorylation site.*® This residue is highly
conserved in all GSK3-like kinases, and its phosphorylation is
required for kinase activity.”’

Since we found no significant structural differences between
the loop deletion mutant of UmGSK3 and known HsGSK3p

dx.doi.org/10.1021/cb300128b | ACS Chem. Biol. 2012, 7, 1257—1267
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Figure 4. Comparison of the active site of UmGSK3 and HsGSK3f. (A) Superimposition of the ATP and substrate binding cleft of the human (blue)
and fungal (green) GSK3. Residues that are not conserved, indicated by green letters in a sequential alignment of the activation loop segments, are
represented as sticks. The DFG motif is marked in red. (B) Detailed view of the interactions which stabilize the activation loop conformation in
HsGSK3p. The direct hydrogen-bond interactions between GIn206 and two adjacent residues (Lys103 and Phel75) are shown as black dotted lines.

structures, we wondered if the additional loop segment present
in the wild-type UmGSK3 could explain the observed
differences in their molecular plasticity. However, the deletion
mutant (UmGSK3 Aloop) exhibits almost identical activity,
ATP affinity, and inhibition properties compared to the wild-
type kinase (data not shown). Thus, deletion of this loop
segment has no direct influence on the activation loop mobility
in vitro.

Comparison with HsGSK3f. We compared the catalytic
cores of UmGSK3 and HsGSK3f in detail, which includes the
ATP binding site, the glycine-rich loop, as well as the activation
loop. Within these regions, there are virtually no significant
structural differences. We could identify only four residues that
are not conserved between these two kinases (see Figure 4A).
One of these residues is located within the ATP binding cleft,
and three of them are located on the activation loop, resulting
in differences within the hydrogen bonding network that holds
the activation loops in an active conformation. GIn206 of
HsGSK3p seems to be particularly important since it forms two
direct hydrogen bonding contacts to the side chain amine of
Lys103, located in helix C, and the backbone carbonyl of
Phel75 of helix E (see Figure 4B). We hypothesized that this
residue functions as a “pin” that helps lock the activation loop
in an active conformation, as observed in all GSK3 structures to
date. Interestingly, we found that these hydrogen bonds are
missing in the fungal homologue due to the presence of an
isoleucine residue (Ile185) at this position, resulting in a smaller
number of direct hydrogen bonding contacts between the activa-
tion loop and the rest of the kinase. We wondered if these
additional interactions might be the reason for the differences of
the activation loop mobility and prepared a mutant of HsGSK3f
(GSK3# Q206I). Unfortunately this GSK3f variant was also
poorly inhibited by BIRB-796 (3) even at concentrations up to
50 #M and thereby behaved like wild-type GSK3f. The same was
observed for a triple mutant, where all three amino acids of the
activation loop were exchanged (Q206I, V208I, R209A) to
generate a HsGSK3p kinase with a “fungal” activation loop
sequence. These results suggest that the activation loop seq-
uence alone does not explain the differences in sensitivity of
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these homologues to BIRB-796 (3). Thus far, we have been
unable to find a convincing explanation on a molecular level
for the observed potency differences and activation loop dynamics
for both GSK3 variants.

Binding Dynamics of Type-Il Kinase Inhibitors. Our
preliminary inhibition results and kinetic studies with UmGSK3
strongly suggest that UmGSK3 is susceptible to the ligand-
induced conformation changes associated with the binding of
type-II ligands, analogous to other kinases such as cSrc or p38a.
Unfortunately, we were not able to produce any complex
crystal structures that would have served as the ultimate proof
of such an inactive conformation in UmGSK3. Therefore, we
decided to further explore the dynamics of type-II ligand bind-
ing using the fluorescence labels in kinases (FLiK) technology,
which allows the direct detection of specific conformational
changes in kinases.”** On the basis of our UmGSK3 structure
and a sequence analysis, we designed a FLiK labeling mutant,
where a cysteine residue was introduced into the N-terminal
region of the activation loop (S184C) right after the DFG motif
to enable labeling of the loop with an environmentally sensitive
fluorophore, acrylodan. The fluorescently tagged UmGSK3
exhibits changes in its fluorescence emission spectra upon addi-
tion of kinase inhibitors that cause the tagged activation loop to
change conformation (eg, 3 and 4) (Figure SA). This change
in emission intensities (e.g, ratio of intensities of two emission
maxima) can then be used to plot binding curves in order to
determine the Ky of ligand binding (Figure SB). Labeled
UmGSK3 was incubated with serially diluted BIRB-796 (3) in
384-well plates, and the plate was measured after increasing
incubation times, which revealed that the K, of 3 (~0.8 uM for
UmGSK3) was time-dependent. More specifically, the Ky
decreased 2-fold when measured after incubation times of 20
and 60 min but did not shift further over a period of 24 h.
When monitoring the change in acrylodan emission intensity
at a single wavelength over time, we found that the addition of
5 uM 3 or 4 to acrylodan-labeled UmGSK3 resulted in fluores-
cence decays that were readily fit to a first-order function. A
single dose of 3 bound to UmGSK3 with a half-time (t,,,) of
~90 s, while an equivalent concentration of 4 bound with a t,

dx.doi.org/10.1021/cb300128b | ACS Chem. Biol. 2012, 7, 12571267
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Figure S. Investigation of the binding mode and binding dynamics of BIRB-796 (3) and sorafenib (4) using the FLiK technology. (A) Changes in
the fluorescence spectra of the UmGSK3 FLiK construct upon addition of 3 or 4. (B) Determination of the K value for 3 after 1 h incubation time.
(C, D) Kinetic measurements for the binding of both type-II inhibitors showing slow k., rates, revealing a pronounced slow binding behavior caused

by conformational rearrangements of the kinase.

of ~§ s, approximately 10-fold faster (Figure SC,D). These
results fit the trends published elsewhere in which the FLiK
technology was applied to human p38a kinase. For p38a, both
3 and 4 bound at even slower rates to the kinase, and the
binding of 4 was 100-fold faster than that of 3.* We postulate
that the faster kinetics of sorafenib (4) are likely a result of its
more flexible chemical scaffold, which is less bulky and contains
more rotatable bonds, allowing it to more quickly adapt to the
DFG-out binding pocket and to change kinase conformation in
these kinases.

High-Throughput Screening and Hit Validation. Since
the FLiK assay preferentially detects and selects for inhibitors
that bind to the inactive conformation of UmGSK3, we adapted
it to a 384-well format suitable for high-throughput screening.
We then screened a kinase focused collection of ~2000
compounds consisting of type-I/II/IIl and covalent kinase
inhibitors that were either synthesized in our lab or obtained
from commercial sources (BioFocus DPI and ChemDiv). In
primary screening initiatives, labeled kinase was applied to a
single concentration of each compound (10 zM). BIRB-796
(3) served as the positive control for the DFG-out confor-
mation, and DMSO served as the negative control. Compounds
that induced a fluorescence ratio change of at least 35% of the
positive control were selected for follow-up dose—response
screens to confirm binding.

The resulting collection of confirmed binders consisted of
several “type-II like” scaffolds as well as additional compounds
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that may have unpredictable or type-I like binding modes.
These hits can be roughly divided into S classes according to
their core structure (Figure 6). The hits were subsequently tested
in activity-based assays, and ICs, values were determined to
confirm their inhibitory potency, which were found to be in the
low micromolar to midnanomolar range. In addition, the most
potent members of each class were further tested for their “slow
binding” character using time- and ATP-dependent inhibition
experiments.

Within the class of 1,4-hybrid compounds (5—8), 5 was the
weakest, while 8 showed the best potency with an ICs, value of
around 1.2 yM as well as a clear time-dependent binding
behavior with an ATP competitive score of 2.1. The weak ATP
competitive characteristics of this compound class are not as
pronounced as for BIRB-796 (3), where the ICj values did not
vary for different ATP concentrations after a preincubation
time of 60 min (ICy, 25 Km/ICsy Km = 1.0), indicating that
the k.4 rates of 5—8 are faster. Nevertheless, their slow binder
scores suggest that conformational changes must be involved
in the binding process, thereby resulting in slower k,, rates.
Consistent with these slow binding characteristics, the cor-
responding ICs, values for the HsGSK3/ were roughly 10-fold
higher than for UmGSK3, again demonstrating that HsGSK3/
does not readily adopt a DFG-out conformation which can ac-
commodate these types of inhibitors. From a set of thiazolo-ureas
(9, 10, and 11)* we could identify a similar binding behavior
for compound 9, with an ATP competitive score of 2.1 and a

dx.doi.org/10.1021/cb300128b | ACS Chem. Biol. 2012, 7, 12571267
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HTS screening campaign with ~2000 compounds. The hits are divided into six different classes according to their core structures. ICs, values for the
inhibition of UmGSK3 and HsGSK3f as well as the ATP competitive and slow binder scores are summarized in the tables next to each compound
class. ICy, values that were extrapolated from incomplete dose—response curves are marked with an asterisk (*). N.d.: not determined.

slow binder score of 3.8. The BIRB-796 derivatives 12 and 13
exhibited the most prominent slow binding characteristics. This
result was not surprising, since our preliminary kinetic experi-
ments with BIRB-796 (3) showed that this type of inhibitor
possesses extraordinarily slow k,, rates. In contrast to this, 14
and 18, representing smaller entities of the original BIRB-796
structure, are purely ATP competitive with much lower binding
affinities. These inhibition results show a clear structure—
activity relationship, revealing that the naphthyl moiety as well
as the combination of moieties that bind within the allosteric
pocket (pyrazolo-urea moiety) and the hinge region of the
ATP site (morpholino moiety) are all essential for the type-II
binding character and high affinity of 3 and its derivatives
toward UmGSK3. Strikingly, the same compounds are either
inactive or exhibit only weak inhibition potency for the human
homologue.

The sorafenib based hits represent the most interesting
compound class. They are fairly potent with ICs, values ranging
from 60 (16) to 700 nM (4), exhibit slow binding char-
acteristics (ICgy t = 0/ICs t = 60 between 4.9 and 7), and are
only weakly affected by changes of the ATP concentration, thus
implying slow to moderate k,, and kg rates. They also show a
species-selective inhibition behavior with 10- to 20-fold higher
IC;, values for the inhibition of the human homologue. In
contrast to this, the 2-amino pyrimidine based compounds 18
and 19 (imatinib like scaffold) and 20 (a potent GSK3 inhibitor
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developed by Chiron for the treatment of type-II diabetes)*'
inhibit UmGSK3 and the HsGSK3f with similar potency,
indicating a pure ATP competitive binding mode, which was
confirmed by their high ATP competitive scores. This also
holds true for the other hits (compounds 22—24), which all
have varying scaffolds. Although they exhibit moderate (23 and
24) to strong (22) potencies, they are all purely ATP com-
petitive with the exception of 23, which was designed to be a
type-1I kinase inhibitor and turned out to be a slow binder for
UmGSK3.

In summary we found a total of 7 potent UmGSK3 inhibitors
from four different type-II compound classes that showed only
a moderate to weak inhibitory effect on HsGSK3p, and they all
exhibit slow binding characteristics, which implies a true DFG-
out binding mode. Interestingly, all of these compounds pos-
sess a urea scaffold as a central unit, except for ponatinib (23).
On the basis of the kinetic results and on our knowledge
gleaned from previously determined co-crystal structures of
cSrc and p38a with pyrazolo-urea based type-II and type-III
kinase inhibitors, we propose a similar binding mode as observed for
the published co-crystal structures of p38a with BIRB-796 (PDB ID:
1KV2)* or sorafenib (pdb-ID: 3GCS).*® Therefore we prepared a
DFG-out model of UmGSK3 using these crystal structures as
templates and performed docking studies with BIRB-796 (3),
sorafenib (4), and the potent sorafenib derivatives 16 and 17.
The proposed binding modes for the calculated DFG-out model of
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Figure 7. Prediction of the inactive conformation of UmGSK3 and the type-II binding modes of BIRB-796 (3), sorafenib (4), 16, and 17. (A) Two
figures showing 3 (left) and 4 (right) docked into the ATP binding site of inactive UmGSK3. Both compounds exhibit a typical type-II binding mode
forming key hydrogen bond interactions with the side chain of Glu90 (from helix C) and the backbone nitrogens of Asp193 (DFG motif) and
Val128 (hinge region). (B) Docking results of the two most potent hit compounds 16 (right) and 17 (left). Their extended carboxy side chains allow
additional hydrogen bonding interactions with basic amino acids (Arg134, Lys78) that are located in close proximity to the ligands, which might
explain their enhanced inhibition potency compared to 4. The inactive conformation of UmGSK3 was modeled based on a crystal structure of p38a

in DFG-out conformation (PDB ID: 1KV2).

UmGSK3 are shown in Figure 7. We could observe no distorted
ligand geometries or clashes with amino acid residues within the
UmGSK3 binding pocket, indicating that these docking solutions
represent reasonable binding scenarios. The overall binding modes of
the ligand core structures are typical for this urea based com-
pound class. More interestingly, we found that the carboxylic acid
side chains of 16 and 17 allow additional hydrogen bonding
interactions with basic amino acids located within or in close pro-
ximity to the binding site (Figure 7B). This fact might explain their
superior potency when compared to 4 and demonstrates that there
is sufficent room for further improvement of these UmGSK3
inhibitors.

Growth Inhibition Tests. With the most potent screening
hits, 4, 16, 17, and 20, we performed several growth inhibition
tests using the two Ustilago species, U. maydis and U. avenae.
The fungi were grown over 2 days under standardized condi-
tions in the presence of different concentrations of these
inhibitors. The fungicide Euparen (25) and the kinase inhibitor
GLJ10588 (26)° served as positive controls. The results and the
estimated ED;, values are given in Table 1.

We could observe a clear reduction of the growth of U. avenae
in the presence of 200 M sorafenib (65% growth) resulting in an
estimated EDs, value of 320 yM. The more potent sorafenib
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derivatives 16 and 17 as well as the highly potent GSK3 inhibitor
Chir98014 (20) showed no effect. This result can be explained by
the presence of polar groups that are attached to these molecules
(carboxylic acids or amines), which most likely prevent their
diffusion through the fungal cell walls. U. maydis is even more
robust and was not affected by any of these inhibitors. These
growth inhibition tests show that the identified compounds can be
active on Ustilago, provided that they are able to pass the fungal
cell wall

Conclusions. The identification of UmGSK3 as a potential
target for antifungal agents opened up the fundamental question of
whether this kinase can be inhibited without affecting the human
homologue. In order to achieve interspecies selectivity, we left the
vast number of known ATP competitive inhibitors aside and
focused on type-II/III kinase inhibitor scaffolds, since they gen-
erally exhibit an improved selectivity and have advanced pharma-
cological properties, such as slow dissociation rates, which increase
drug-target residence time.”> The subsequent finding that the
GSK3 from U. maydis can be potently inhibited by type-II
kinase inhibitors was surprising, because this type of inhibition
was not previously described for any member of the GSK family to
date. Obviously, UmGSK3 possesses a certain conformational flexi-
bility enabling this kinase to adopt an inactive conformation, in
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Table 1. Growth Inhibition Test with U. maydis and U. avenae”

Compounds Estimated EDsp in pM
Name Structure Ustilago avenae Ustilago maydis
4 0L 320 n.i.
16 OVCLE Q0 n.i. ni.
o HoJOK/\ . .
17 \H)U Ouiuﬁc& n.i. n.i.
(o} CIN n /CINOZ

20 S
o™ n.i n.i

25 CETS,NO 3.2 3.0
26 A JEL T 20.0 19.3

“n.i: no inhibition.

strict contrast to the human homologue. This fact implies that the
regulation of UmGSK3 might be substantially different from that of
its human counterpart, whose elongated N-terminus is involved in
a selfinhibition mechanism.** As a further step, the identified
inhibitors can now be used to construct a general pharmacophore
model for targeting the inactive conformation of UmGSK3,
which in turn will serve as a valuable starting point for further
inhibitor development.

This study demonstrates that it is possible to achieve
interspecies-selective inhibition for a given kinase. Within this
context, it is important to note that a deeper understanding of
the underlying molecular mechanisms of protein kinase
regulation is essential for the development of more selective
kinase inhibitors. This particularly holds true for the less known
protein kinases from eukaryotic pathogens. The investigation
of these molecular dynamics will represent one of the future
challenges in kinase drug research.

B METHODS

Preparation of UmGSK3 Constructs. The cDNA of full-length
GSK3 (um00560, NCBI accession XP_756707.1) was cloned into
pENTR/TEV/D-TOPO vector and subsequently into pDEST17
(both from Invitrogen) according to the manufacturer’s instructions.
From this vector, the deletion mutants (UmGSK3 AN, UnGSK3 AN/
C, and UmGSK3 Aloop) and the FLiK labeling construct (UmGSK3
C41S/C199S/C317S/S184C) were generated by standard PCR
cloning strategies. The resulting vectors, encoding the corresponding
GSK3 variants with a cleavable hexa-histidine tag at the N-terminus,
were transformed into the E. coli expression strain BL21(DE3) pLysE.
Subsequent expression and purification of the GSK3 constructs was
performed as previously described.®

Crystallization and Structure Determination of UmGSK3
Aloop. Crystallization of UmGSK3 Aloop was performed by the
hanging drop vapor diffusion method at 277 K in 24-well
crystallization plates (Hampton Research) by mixing 1 uL of protein

1265

with 1 pL of reservoir solutions containing 8—12% (w/v) EtOH,
1.5 M NaCl, and 40 mM SrCl, as an additive. Crystals suitable for data
collection grew within S days. Prior to data collection, crystals were
dipped into reservoir buffer containing 25% ethylene glycol as a
cryoprotectant and flash frozen in liquid nitrogen. Diffraction data of
UmGSK3 Aloop were measured at the PX10SA beamline of the Swiss
Light Source (PSI, Villingen, Switzerland) using a wavelength close to
1 A. The data set was processed with XDS and scaled using
XSCALE.* The UmGSK3 Aloop structures were solved by molecular
replacement with PHASER>® using the published HsGSK3f structures
(PDB ID: 1109)*” as template. The molecule in the asymmetric unit
was manually modified using the program COOT.*® The model was
first refined with CNS> using simulated annealing to reduce model
bias. The final refinement was performed with REFMACS,*
and the refined structure was validated with PROCHECK.*' Data
collection, structure refinement statistics, PDB ID, and further
details for the data collection as well as Ramachandran plot results
are shown in Supplementary Table S1. PyMOL* was used to
produce the figures.

Homology Model Preparation and Docking. The crystal
structures of UmGSK3 Aloop (PDB ID: 4E7W;; residue range 36—319
of chain A) and inactive p38a (PDB ID: 1KV2 and 3GCS; residue
range 24—308 of chain A) were superimposed and aligned with Strap
(STRuctural based Alignment Program; http://3d-alignment.eu). The
alignment was manually corrected by taking into account structural
information from the structure of UmGSK3 Aloop. The final
alignment was then fed into the program Modeler 8v2 (http:/ /
salilab.org/modeller), using 1KV2* and 3GCS*® as structural
templates. 100 models were built using the model building and loop
optimization procedures of the program. The resulting models were
checked with PROCHECK*' and further evaluated by visual
inspection. The best one was taken as the final model for inactive
UmGSK3. Docking of BIRB-796 (3), sorafenib (4), 16, and 17
was performed using the program Glide of the Schrodinger software
suite.
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