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Abstract

The ULK (UNC51-like) enzymes are a family of mammalian kinases that have critical roles in
autophagy and development. While ULK1, ULK2, and ULK3 have been characterized, very little
is known about ULK4. However, recently, deletions in ULK4 have been genetically linked to
increased susceptibility to developing schizophrenia, a devastating neuropsychiatric disease with
high heritability but few genes identified. Interestingly, ULK4 is a pseudokinase with some
unusual mutations in the kinase catalytic motifs. Here, we report the first structure of the human
ULKA4 kinase at high resolution and show that although ULK4 has no apparent phosphotransfer
activity, it can strongly bind ATP. We find an unusual mechanism for binding ATP in a Mg2*-
independent manner including a rare hydrophobic bridge in the active site. In addition, we develop
two assays for ATP binding to ULKA4, perform a virtual and experimental screen to identify small
molecule binders of ULK4 and identify several novel scaffolds that bind ULK4 and can lead the
way to more selective small molecules that may help shed light on the function of this enigmatic
protein.
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The ULK family of kinases comprises 5 genes in mammals: ULK1 through ULK4 and
STK36. These enzymes share a conserved N-terminal kinase domain that is homologous to
the C. elegans UNC-51 and the yeast Atgl, the original kinase identified in the autophagy
pathway?. All the enzymes are thought to be important for development, in particular
neurological development. Indeed, the unc-51 (uncoordinated movement) gene was
originally identified as causing paralysis and other defects, consistent with axonal formation
deficiencies?, before it was known as the autophagy kinase (atg1) orthologue. In mammals,
ULK1 and ULK?2, seemingly redundant3-4, have been shown to be required for autophagy,
but also have important roles in development, as their double knockout causes neurological
defects®, axonal pathfinding defects, in a likely autophagy-independent manner. However,
the role of ULK4 has been elusive. ULK4 is a large neuron-specific 142 kDa polypeptide
consisting of an N-terminal pseudokinase domain and 5 predicted C-terminal HEAT repeats,
which are a series of repeats found in other large proteins, including mTOR, thought to be
involved in scaffolding and interacting with one or more partner proteins’—8. However, it is
unknown what interacts with the HEAT repeats of ULK4. Recently, it was reported that
ULK4 is genetically linked to schizophrenia,® a highly genetic debilitating disease with few
genetic causes identified. ULK4 was discovered as a rare risk factor for schizophrenia, as
well as autism and depression. It was shown that knockdown of ULK4 leads to errors in
cortical development in mice, consistent with the ideas that the ULK kinases are important
for neurological development.10 However, the mechanism by which ULK4 can affect brain
development, as a pseudokinase with no known catalytic activity or interaction partners is
unclear.

Pseudokinases are members of the protein kinase family that have divergent amino acids
from the conserved catalytic core of conventional kinases and were therefore predicted to be
catalytically inactivell. Nevertheless, some pseudokinases do in fact have phosphotransfer
activity using different amino acids to perform the catalytic functions. Many at least have the
ability to bind ATP. It is thought for this latter class of pseudokinases that they might act as
sensors for ATP and undergo conformational changes upon ATP binding that allows them to
respond to ATP binding without phosphotransfer and act as scaffolds for signaling
pathways!2-14, For example, if they interact with another kinase they could activate the
active kinase, as many pseudokinases have active kinase partners. Having selective inhibitors
of ATP binding of a pseudokinase could therefore paradoxically activate the protein by
stabilizing it in the active form. Alternatively, compounds that stabilize the inactive
confirmation of the pseudokinase (a type Il kinase inhibitor) can inhibit downstream
signaling.1>-17 One previous report has found compounds that can either stabilize or
destabilize a pseudokinase.18 ULK4 selective compounds could then be useful in
understanding the functional role of the ULK4 pseudokinase, since no downstream activity
has yet been discovered. ULK4 binders could even help correct defects from heterozygous
mutants by increasing activity.

Here, we purify the kinase domain of ULK4 and solve the structure at high resolution. We
discovered that ULK4 binds ATP with high affinity in the absence of magnesium, higher
than known pseudokinases, and develop a high throughput assay and virtual screen to
discover novel inhibitors of nucleotide binding, which could be the starting point for
selective inhibitors of this pseudokinase.
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We previously solved the structures of ULK1 and developed compounds that can inhibit
ULK1 and ULK?2, with varying degrees of selectivity.1%-20 We now have developed a
bacterial expression system for ULK4. We were able to express the pseudokinase domain of
ULKA4 as a sumo-tagged fusion. After cleaving the sumo tag, we were able to generate the
pure pseudokinase domain. After modifying the construct to improve crystallization, we
were able to crystallize the protein in the presence of a non-selective inhibitor we previously
developed for ULK1, compound 1. Using ULK1 as a search model, we were able to solve
the structure of ULK4 by molecular replacement (Figure 1 and Table S1). ULK4 exhibits a
classic kinase fold with some unusual features in the active site. Most striking is that instead
of the lysine:glutamate salt bridge, one of the most conserved features of all protein kinases,
it instead has a tryptophan:leucine hydrophobic interaction (Figure 1 and Figure S1). This
appears to be the only hydrophobic bridge in the kinome, as a few kinases have hydrophobic
residues in this position in alignments but have a lysine or glutamate adjacent to those
positions, which likely form the normal salt bridge in the protein structure.?! The
hydrophobic residue at position 33 of ULK4 is conserved in different species, while the Trp
46 is mostly conserved except in fish, where it is a histidine residue (Figure S1).

While initially it was thought that pseudokinases have lost all activity, it is now known that
they can sometimes transfer phosphate using alternative mechanisms?2-24, Other
pseudokinases can at least bind ATP tightly, using mechanisms other than those of
conventional protein kinases. In these cases, nucleotide binding is critical for their function.
We wondered, therefore, whether ULK4 had activity or could bind nucleotide despite
missing several key motifs: the DFG motif, the HRD motif, and the lysine:glutamate pair in
the active site (Figure S1). One report suggests that it can at least bind nucleotide.2 Initial
tests with y-32P-ATP revealed negligible activity for auto-phosphorylation or trans-
phosphorylation for a generic substrate (data not shown). Therefore, we needed an assay to
look at binding of nucleotide.

We developed two assays to measure binding of nucleotide to ULKA4. The first assay uses the
nucleotide analog ADP-Biotin, which can label kinases with biotin if they are able to bind
ADP-Biotin. The biotinylated protein can then be detected by Western blot (Figure 2). Using
this assay, we found that ULK4 can indeed bind nucleotide. We were also able to look at
mutants of ULK4 and assess the role of those residues in nucleotide binding. Instead of the
asparagine (N171 in PKA) that coordinates magnesium to bind the phosphates of ATP,
ULKA4 has two adjacent basic residues: Arg 125 and Lys 126, which could act as the cation
for phosphate binding. This has been observed in other kinases, including TRIB2, which has
a lysine in the Asn position and is capable of autophosphory lation.1” We performed
mutagenesis studies on these residues and found that Lys 126 but not Arg 125 is critical for
nucleotide binding, establishing that ULK4 can bind nucleotide using non-canonical
residues. We examined other important residues that we thought could contribute to
nucleotide binding, including Cys 141 and Asn 139, which is instead of the D in the DFG
motif, and found both were important for nucleotide binding, although N139D was not
completely inactive. Asp 195 occupies a similar position in the structure to Thr 180 in
ULKZ1, which is the site of phoshorylation in the activation loop and enhances activity by
locking the loop through ionic interactions with several arginines. For ULK4, Asp 195 acts
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as a mimic of the phosphothreonine in ULK1 and interacts with Lys 144. We hypothesized
that a mutation at that position would decrease nucleotide binding, which we did indeed
observe. Trp 46, which forms the hydrophobic bridge, also showed a large decrease in ADP-
Biotin binding upon mutation to alanine. Another residue that had been thought to be
important for activity in other pseudokinases, Lys 39, turned out to have no effect on
nucleotide binding for ULK4. Thus, several mutants were able to provide insight on the
mode of binding nucleotide.

We also looked at other mutations that had been identified in cancer sequencing databases,
with the thought that some of these mutations might have deleterious effects on the protein.
One of the more frequently seen mutations in the kinase domain of ULK4 is P124S,26 which
indeed abrogated nucleotide binding, most likely due to interfering with proper folding of
the protein. Another mutation found in cancer, D201E, appears not to have a strong effect.

The second assay we developed for ULK4 relies on a fluorescent analog of ADP, Mant-
ADP. In some cases, the fluorescent signal of Mant-nucleotide changes upon binding to the
protein, allowing the measurement of nucleotide bound to protein compared to free
nucleotide in solution. However, in our case, we noticed negligible change upon binding of
the fluorescent signal at 445 nM. We also saw negligible change with another commonly
used intrinsically fluorescent nucleotide analog, TNP-ATP (data not shown). Other studies
have reported, however, that Mant-nucleotides can exhibit FRET between fluorescence of
the protein excited at 280 nM and the Mant fluorophore2’, which only occurs when the
nucleotide is bound to protein. We found that ULK4 exhibits strong FRET between the
protein and the Mant-ADP nucleotide, allowing us to monitor nucleotide binding to
determine kinetic parameters. The fluorescent nucleotides can also enable high-throughput
screening of inhibitors that can displace the Mant-ADP.28

We first determined the Ky of Mant-ADP by fixing the nucleotide concentration and varying
the protein and measuring FRET at 445 nM emission after 280 nM excitation. Having the Ky
value allows us to determine the inhibitor constants of other ligands, such as ADP, ATP, and
inhibitors that compete with Mant-ADP for binding. As seen in Figure 3, we monitored
Mant-ADP binding in the presence and absence of magnesium cation, to determine the role
of metal ion in nucleotide binding, as many pseudokinases lack residues for cation
coordination and instead use positively charged residues for binding nucleotide.2°

Our data shows that ULK4 is able to bind nucleotide in the absence of magnesium ions and
less potently in the presence of magnesium. The FRET signal is also higher in the absence of
nucleotide, which is consistent with the idea that Mg-nucleotide is binding in a different
confirmation than nucleotide alone.

We then measured the inhibitory constants of ADP and ATP by varying their concentration
in the presence of a fixed concentration of Mant-ADP (Table 1 and Figure S2). As with
Mant-ADP, we found that ADP and ATP bind more tightly in the absence of magnesium.
Interestingly, while about 40% of pseudokinases are thought to bind ATP, those that have
had their affinity measured bind ATP in the single to double digit micromolar range.39 We
note that some pseudokinases, including ULK4, were previously shown to have a large T,
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shift in thermal-shift assays upon nucleotide binding,2® which has been shown to correlate
well with binding affinity,3! indicating that other pseudokinases might have nanomolar
affinity towards ATP, although these would need to be confirmed with binding assays. For
now, ULK4 has one of the highest reported affinities for ATP for a pseudokinase

We then performed two screens to identify inhibitors of ULK4. In the first approach, we
performed virtual screens using our crystal structure of ULK4 and screened approximately
3.3 million purchasable lead-like compounds from ZINC15 using both OpenEye and
Schrodinger suites32-33, We visually inspected the top 1000 compounds, focusing on those
that can make similar contacts made by the key pharmacophores in compound 1 (Figure S3).
We then selected approximately 40 compounds for purchase and tested them individually
using the Mant-ADP assay at a single dose, and then selected those that showed inhibition
for dose response curves. For comparison, we also evaluated compound 1 as well as
compound 2, our previously optimized inhibitor for ULK1/2 that shows some selectivity
towards these kinases (Figure 4a). As seen in Figure 4b, several of the compounds had
inhibition of Mant-ADP binding in the double-digit micromolar range, suggestive of a
starting point for further ULK4 compound development, including some conserved
pharmacophores such as the purine and the spiro-lactam. We note that we were unable to
determine the inhibitory constant for Compound 1 due to autofluorescence of this
compound.

In order to find more potent inhibitors, we undertook a second approach, using a library of
known commercial kinase inhibitors. The fluorescent assay of Mant-ADP enabled us to
perform this as a small high-throughput screen, testing more than 300 commercial kinase
inhibitors. We then selected the compounds that had the highest inhibition for dose response.
As seen in Figure 4c, several kinase inhibitors showed potent displacement of mant-ADP, in
the single-digit micromolar range.

To compare the inhibitors in an orthogonal assay, we then screened all of our confirmed hits
at a single concentration (25 uM) using the ADP-biotin assay (Figure 5). This orthogonal
assay allows us to confirm inhibition for autofluorescent compounds, such as compound 1,
and established compound 1, R788, and PHA-848125 as the most potent ULK4 binders. To
gain insight on how R788 hinds potently, we docked the compound, which is a pro-drug,
along with the active form of the compound, R406, which showed no inhibition. As seen in
Figure S4, the phosphate likely makes contacts with the positively charged residues in the
ATP-binding pocket, including R125. Although R788 would not make a suitable chemical
probe for ULK4 because of the phosphate, it provides important information about
optimizing the compounds further for potency, and provides a starting point as the most
potent ULK4 binder. The phosphate interaction could also provide a guide for selectivity,
because ULK4 uniquely has a lysine there instead of an asparagine, which is seen in almost
all other kinases. Further improved compounds will allow us to study the role of ULK4 in
cells, by selectively inhibiting or activating ULK4, and will help uncover its role in
neurological development and schizophrenia. Future work will help elucidate the mechanism
of ULK4’s biological role. Structural and biochemical information about the large unknown
portions of the ULK4 protein will help shed light on its signaling mechanism.
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Figure 1.
Structure of ULK4. (a) Overall structure of the kinase domain with density shown for the

inhibitor, from a Fo-Fc omit map at 3 sigma. (b) Active site of the kinase, with Compound 1
shown in cyan and important residues shown in yellow.
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Figure2.
Nucleotide binding of ULK4 mutants. Using ADP-biotin, different mutants were monitored

for their ability to bind ADP-Biotin by Western blot. Two color blot shows simultaneous His
antibody signal as a loading control and streptavidin for measurement of biotinylation levels.
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Mant-ADP binding to ULK4 with and without Magnesium
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Figure 3.
Binding of fluorescent nucleotide to ULK4. Using Mant-ADP, we measured FRET upon

binding to protein, by fixing the nucleotide concentration and varying the protein
concentration.
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Inhibitors of ULK4. Structures of compounds that were (a) identified for other ULK4 family
members (b) discovered from a virtual screen, and (c) identified from a ka high-throughput

screen of kinase inhibitors.
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Figure5.
Inhibition of ULK4 from new inhibitors. Using ADP-biotin, different mutants were

monitored for their ability to bind ADP-Biotin by Western blot. Two color blot shows
simultaneous His antibody signal as a loading control and streptavidin for measurement of
biotinylation levels. All inhibitors and nucleotides are at 25 uM concentration. The potency
can be gauged by monitoring the ratio of the Streptavidin signal to the His signal, or looking
at the redness in the overlay.
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Table 1.

Kinetic parameters for ULK4

WithMg Without Mg
Mant-ADP Kd ~ 28.6 UM 4.69 uM
ADP K; 37.0uM 6.05 pM
ATP K; 4.67 uM 0.306 uM
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