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Abstract

Pseudokinases play important roles in signal transduction and cellular processes similarly to 

catalytically competent kinases. However, pseudokinase pharmacological tractability and 

conformational space accessibility are poorly understood. Pseudokinases have only recently been 

suggested to adopt “inactive” conformations or interact with conformation specific kinase 

inhibitors (e.g., type II compounds). In this work, the heavily substituted pseudokinase STRADα, 

which possesses a DFG->GLR substitution in the catalytic site that permits nucleotide binding 

while impairing divalent cation coordination, is used as a test case to demonstrate the potential 

applicability of conformation-specific, type II compounds to pseudokinase pharmacology. 

Integrated structural modeling is employed to generate a “GLR-out” conformation ensemble. 

Likely interacting type II compounds are identified through virtual screening against this ensemble 

model. Biophysical validation of compound binding is demonstrated through protein thermal 

stabilization and ATP competition. Localization of a top-performing compound through surface 

methylation strongly suggests that STRADα can adopt the “GLR-out” conformation and interact 

with compounds that comply with the standard type II pharmacophore. These results suggest that, 

despite a loss of catalytic function, some pseudokinases including STRADα may retain the 

conformational switching properties of conventional protein kinases.

Graphiycal abstract

*Corresponding Authors: arvin.dar@mssm.edu, avner.schlessinger@mssm.edu.
Avner Schlessinger is the co-founder of AIchemy.

Supporting Information.
Experimental Methods and Supplemental Figures S1–S12 and Tables S1–S4
This material is available free of charge via the Internet at http://pubs.acs.org.

UNIPROT ACCESSION IDS
AMPK, Q13131; c-Src, P12931; ERK, P27361; KSR2, Q6VAB6; LKB1, Q15831; MARK, Q9P0L2; MO25α, Q9Y376; mTOR, 
P42345; STRADα, Q7RTN6; VEGFR2, P35968.

HHS Public Access
Author manuscript
Biochemistry. Author manuscript; available in PMC 2021 March 26.

Published in final edited form as:
Biochemistry. 2021 February 02; 60(4): 289–302. doi:10.1021/acs.biochem.0c00714.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://pubs.acs.org


Introduction

Approximately ten percent of the human kinome is comprised of pseudokinases, a subclass 

of kinases that possess inactivating variations relative to the canonical kinase sequence at 

conserved, catalytically critical residues.1 Despite the loss of active site residues that 

function in phosphoryl group transfer, pseudokinases are well-conserved and are present in 

all organisms that possess canonical, catalytically-competent kinases (hereafter referred to as 

bona fide kinases).2–3 A fundamental aspect of kinases, and potentially of pseudokinases, is 

their role as molecular switches in both normal homeostasis and disease.4 Pseudokinases 

often play an auxiliary signaling role to bona fide kinases: they have been shown to control 

key, rate-limiting steps and to serve as mechanisms for fine-tuning intracellular signaling 

networks.4–5 Most characterized pseudokinases regulate signal transduction through 

modulation of protein-protein interactions that control the activity and cellular localization 

of catalytic pathway components.4, 6 These interactions often depend on the conformation of 

the residues surrounding the degraded active site. This region in pseudokinases, which we 

refer to as the pseudocatalytic cleft,7 corresponds to the ATP-binding site of bona fide 
kinases. The conformation of the pseudocatalytic cleft has the potential to allosterically 

control protein-protein interactions because the surrounding residues form parts of several of 

the most common canonical kinase dimerization and substrate recognition interfaces.6, 8–9

The kinase catalytic cleft adopts a range of active and inactive conformations that have been 

shown to control both the activity of the kinase itself and the formation of signaling 

complexes. The transitional energetics between these states are determined in large part by 

the proximal residues of conserved structural motifs, including the aspartate-phenylalanine-

glycine (DFG) motif and the αC helix.10 The DFG motif position has been described as 

essential for catalytic function through magnesium coordination and through the binding and 

release of nucleotide and substrate during cycles of phosphorylation.11 In addition to its 

catalytic function, the DFG motif also forms the first part of the activation loop—a key 

regulatory element controlling both ATP-binding and accessibility of the kinase substrate 

recognition groove. Lacking evolutionary pressure to maintain this motif, pseudokinases 

frequently contain significant substitutions within this motif. Of 52 pseudokinases included 

in the original published human kinome, approximately half contain two or three major DFG 

substitutions and only seven contain none.1
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Small molecule kinase inhibitors (KIs) have been developed that target and stabilize multiple 

catalytic cleft conformations. KIs are typically grouped into numbered classes based on the 

catalytic cleft conformation to which they bind.10, 12–14 These inhibitor categories are 

associated with varying biochemical and pharmacodynamic profiles that depend on the size, 

hydrophobicity, and other characteristics of targeted pockets.15 KIs that target the active 

state—“DFG-in/αC helix-in” conformation—are referred to as type I compounds. Current 

classification distinguishes at least five further categories of KIs against inactive 

conformations.

Two of the best studied categories are those that bind the “DFG-out” conformation (termed 

type II compounds) and those that bind the “αC helix-out” conformation (termed type I½ 

compounds). Type II KIs bind to the “DFG-out” state, stabilizing a flip of the activation loop 

that reveals a hydrophobic pocket and disrupts the substrate recognition groove on the front 

of the kinase. Incorporating hydrophobic chemical motifs in type II compounds can improve 

pharmacodynamic properties and target potency while drawing on more synthetic chemical 

space.16 This class now includes many clinically important KIs including sorafenib, 

regorafenib, and imatinib. Type I½ compounds alter rotation of the αC helix and influence 

the adjacent dimerization domain found in many kinases. This class includes clinical drugs 

including dasatinib, lapatinib, and vemurafenib.

Inactive conformation-specific KIs offer an intuitive path to manipulate pseudokinase-

dependent signaling because regulation of protein-protein interactions targets the core, non-

catalytic functions of pseudokinases. However, pseudokinases have only been reported to 

interact with a small number of such inactive conformation-specific inhibitors.12, 17 

Examples include several type I½ compounds that have been shown to modulate 

MAPK/ERK pathway signaling through conformational control of the pseudokinase 

KSR2.18–19 A type II small molecule was recently characterized with one of the 

pseudokinases lacking DFG motif substitutions,17 but type II KI tolerance for DFG motif 

variations remains unclear. Fully 95.7% of canonical kinases in the original human kinome 

comply with the consensus sequence of “D[F/L/Y]G,” while only 14% of pseudokinases 

follow this consensus.1 No tolerance for substitutions at the conserved aspartate by any type 

II KI has ever been reported. Recently, KSR1/2 has been demonstrated to directly impact the 

pharmacology of several allosteric MEK inhibitors (MEKi), including the clinical drug 

trametinib, through direct contacts formed at a complex with MEK.20 This data highlights 

novel modes by which pseudokinases make interact with known KIs but through previously 

unrecognized mechanisms.

One pseudokinase that is heavily substituted relative to the canonical kinase sequence with 

uncharacterized pharmacology is the STE20-related Adaptor Protein Alpha (STRADα). 

This protein functions by localizing and activating the serine-threonine kinase B1 (LKB1) in 

complex with Calcium-binding Protein 39 (MO25α).21 STRADα binds nucleotides in a 

magnesium-independent manner but has multiple deficiencies in its catalytic machinery.22 

Formation of this complex translocates LKB1 from the nucleus to its downstream 

cytoplasmic signaling partners.21 LKB1 activation is further dependent on critical 

interactions of its N-terminal lobe (N-lobe) with the activation loop of STRADα and of its 

αC helix with MO25α.23 Full activation of LKB1 depends on ATP binding to STRADα.23 
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The net effect of active LKB1 signaling is to act as a tumor suppressor through the broad 

inhibition of cell growth, division, proliferation, migration, and anabolism.24–25 LKB1 

constrains cellular activities to available energy through the AMPK-mTOR pathway.26–28 It 

further maintains cell polarity thereby preventing cells from undergoing an epithelial-

mesenchymal transition through MARK-mediated signaling.29–30 LKB1 is considered a 

tumor suppressor because of its constraints on proliferation and migration, but it is 

increasingly understood to also protect tumors from microenvironmental metabolic stress.24

STRADα is a particularly interesting test case for investigating pseudokinase function and 

pharmacology because it is among the most heavily substituted pseudokinases at the ATP-

binding site. Its substitution of the DFG motif to glycine-leucine-arginine (GLR) is of note 

because no pseudokinase with inactivating DFG motif variations has been reported to bind 

type II KIs. Further, no variability in the aspartate position has been shown to be tolerated by 

such compounds, and only 1.1% of bona fide kinases even have a polar residue substituted 

for glycine. If STRADα were to bind type II inhibitors and exhibit altered signaling (Figure 

S1), it would suggest broader conservation and repurposing of this conformational cycle for 

alternative non-phosphorylation functions. STRADα is also appealing as a test case for 

compound development because it is among the least pharmacologically studied of human 

kinases.31 No positive non-nucleotide interactions had been published when this project was 

initiated; at the time of submission, only low-confidence, unverified compounds from high 

throughput screens have been reported.32

In this work, we set out to use the pseudokinase STRADα to determine whether active site 

variations in pseudokinases impedes access to the “DFG-out” conformation, and whether 

pharmacological targeting of this conformation with type II inhibitors has potential to 

manipulate signaling. We evaluated the extent to which deviations from the consensus bona 
fide kinase sequence exhibited by kinases known to adopt the “DFG-out” conformation 

might influence the tractability of STRADα for modulation with type II compounds. We 

modeled STRADα in a state similar to the “DFG-out” conformation (termed the “GLR-out” 

conformation) and generated an ensemble model that we used to identify conformation-

specific STRADα ligands. Finally, we corroborated models proposing a type II pose for a 

top compound through observing alterations in thermal stabilization due to surface lysine 

methylation.

Materials and Methods

Alignment and conservation analysis

Alignment of STRADα against active human kinases was performed using the T-Coffee 3D-

Coffee alignment program on the crystallized minimal kinase domain.33 This incorporation 

of structural information in the sequence alignment proved helpful in correctly aligning 

STRADα with bona fide kinases, especially tyrosine kinases, because of STRADα’s 

significant sequence deviations at normally conserved motifs. Representative sequences 

were chosen and compared at residues aligned with the human sequence at 76, 78, and 81 

for conservation of the glycine rich loop, 100 for the salt bridge, 147 for the gatekeeper, 185 

and 429–431 for the MO25α interaction interface, 195, 200, and 213 for magnesium and γ-
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phosphate coordination, 148 and 212 for “DFG-out” conformational accessibility, 231, 233, 

and 251 for the LKB1 interaction interface.

This alignment was then used as the basis for the full multiple sequence alignment against 

all STRADα homologs identified through Pfam34 and Treefam35 using MAFFT and 

ClustalW.36 Sequences were trimmed to the kinase domain in order to reduce noise in the 

alignment and make general similarity measures (e.g. for tree-building) more reflective of 

the particular data of interest. Analysis of this superset revealed relative evolutionary 

instability in simple model systems. Conservation of the WEF motif—a region previously 

reported to be necessary for interaction with MO25α and consequently critical for 

STRADα’s function as a pseudokinase—was used as a simple identifier of orthologs that 

might be compatible with the known biology of human STRADα. Deuterostome orthologs 

(equivalent in this case to chordate orthologs) structurally resembled human STRADα while 

protostome orthologs contained significantly greater sequence variation across the sites 

corresponding to protein-protein interfaces in human STRADα. This chordate subset of 

orthologs was used for subsequent analysis. The same cutoff was applied when selecting 

orthologs for the analysis of MO25α and LKB1. These alignments were used to map 

conservation onto the surface of the STRADα/MO25α/LKB1 complex using the ConSurf 

server using standard parameters.37

Ensemble modeling

Initial homology modeling of STRADα into the “DFG-out” conformation was performed 

using DFGmodel.38 The 3GNI chain B crystal structure was aligned against 18 serine/

threonine template structures using 3D-coffee (part of T-Coffee 11.0)33 and manually edited 

as necessary. MODELLER 9.1739 was used to generate 50 models ranked by Z-DOPE 

score.40 These initial models were subsequently filtered down to ten final models based on 

the volume of the pseudocatalytic cleft internal as measured by POVME 2.041. These 

models were manually modified to correct for an insertion between the β1 and β2 sheets in 

the STRADα N-lobe. Models were assessed for continued compatibility with MO25α by 

identifying clashes between the modeled N-lobe when the C-lobe was aligned with that of 

the original structure. This analysis suggested that complex formation might favor a 

relatively small opening of the kinase interlobar hinge, but it was not ultimately used to 

exclude any models. Finally, the volumes of the entire pseudocatalytic cleft and the allosteric 

pocket exposed by the GLR flip were calculated using POVME 2.0 using 0.5 Å gridding and 

custom inclusion volumes. These volumes were compared with both comparably generated 

models and experimentally determined references of competent kinases for reasonability. 

Final adjusted models used for screening can be found as supplementary file strada_glr-

out_n2m.pdb with details on the ten included models in Table S1.

Virtual screening preparation and implementation

Compound libraries were curated from the ZINC15 compound library, pharmaceutical 

compounds published or included in patents, and previously synthesized lab compounds. 

The ZINC15 library (approximately 172 million compounds at the time) was filtered on the 

bases of molecular weight, logP, and commercial availability (Figure S2A). The roughly 

seven million starting compounds were filtered using a modified pan assay interference 
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compounds (PAINS) filter.42 Compound preparation for screening including tautomer 

determination was completed using Schrödinger’s Epik and LigPrep software from the 

2016-3 release.

Prepared compounds screened against the top ten models using Glide with a Van der Waals 

softening factor of 0.85. Original analysis was performed using Schrödinger’s 2016-3 

release with results for selected compounds verified using 2019-2. No substantive 

differences were observed between the results of 2016-3 Glide and 2019-2 Glide. Consensus 

compound scores across models were calculated using the average of the top three of the ten 

calculated GlideScores (Figure S2B). Following identification of models that successfully 

enriched for preliminary hits, consensus scores were recalculated using the average of the 

three top scores out of the ten selected models. The representative top-scoring poses used in 

the generation of Figures 3D and S8 can be found in the supplemental file 

strada_screening_examples.sdf.

Protein expression and purification

STRADα and MO25α in pJ431 and pJ434 vectors (Figure S3) respectively were co-

transformed into BL21 DE3 chemically competent cells and selected with both ampicillin 

and kanamycin. An individual colony was used to grow a starter culture in LB which was in 

turn used to inoculate the main growth in TB. The main growth was kept at 37 °C in a 

shaker at 205 RPM until the OD reached 0.6. At that point, the temperature was reduced to 

18 °C and 0.5 mM IPTG was added to induce protein expression. The growths were 

harvested 18–20 hours later through centrifugation at 10,000 RPM for 30 minutes. The 

pellets were aliquoted into 10 g fractions and stored at −80 °C until use.

Frozen bacterial pellets were thawed in chilled lysis buffer (25 mM Tris pH 7.8; 250 mM 

NaCl; 5 mM imidazole; 10% glycerol) that had been supplemented with protease inhibitors 

and lysozyme. The thawed suspension was sonicated for 3 minutes on ice (0.3 seconds on, 2 

seconds off) and then centrifuged at 19,000 RPM for one hour at 4 C°. The supernatant was 

decanted into 4 mL pre-equilibrated cobalt beads and batch bound on a nutator for one hour. 

The bead-bound sample was loaded onto a column and allowed to flow by gravity. After 

washing with 4 column volumes of lysis buffer, the protein was eluted from the beads using 

three successive 6 mL washes in pre-chilled elution buffer (25 mM Tris pH 7.2; 50 mM 

NaCl; 200 mM imidazole; 10% glycerol). The pooled elution fractions were spiked with 

EDTA and DTT, diluted to 150 mL, loaded onto a Superloop, and injected onto a 5 mL 

HiTrap Q column that had been pre-equilibrated with a low salt buffer (25 mM Tris pH 7.8; 

0.5 mM EDTA; 2 mM DTT). After a 5-column volume wash at 50 mM NaCl, the protein 

was eluted through a 20-column volume gradient to 500 mM NaCl. The peak fractions were 

run using SDS-PAGE to identify those with co-eluted 1:1 STRADα-MO25α complex. 

Selected fractions were concentrated to 2 mL and run through gel filtration using a pre-

equilibrated Superdex 200 16/600 GL column (25 mM Tris pH 7.8; 50 mM NaCl; 2 mM 

DTT; 1 mM TCEP).
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Fluorescence Thermal Stabilization Assay

STRADα/MO25α complex was buffer exchanged into thermal shift buffer (25 mM HEPES 

pH 7.5; 50 mM NaCl; 2 mM DTT; 1 mM TCEP) and diluted to 5 μM. Compounds were 

added at 50x concentration to yield 2% final DMSO. After extensive mixing and a 10-

minute incubation period, SYPRO Orange dye was added to 10x final concentration. 

Thorough mixing was once again achieved through repeated pipetting. Samples were 

transferred to a 384 well plate and equilibrated at 25 °C. A QuantStudio 5 Real-time PCR 

System was used to run the thermal denaturation protocol. The plate was heated at a rate of 1 

°C/minute from 25 °C to 90 °C. The resulting data was analyzed using the ThermoFisher 

Protein Thermal Shift Program 1.3. Traces were both automatically and manually filtered to 

remove traces with inadequate baseline statistics relative to controls. The peaks in the first 

derivative plot were used to quantify thermal shifts.

Protein methylation

Protein samples were prepared for methylation through dialysis into methylation buffer (25 

mM Hepes pH 7.5; 50 mM NaCl; 10% glycerol), diluted to 2 mg/mL, and aliquoted into 1 

mL fractions in 1.5 mL tubes. 60 μL of 1 M ABC and 80 μL 1M formaldehyde were 

prepared per 1 mL protein sample. 20 μL 1 M ABC and 40 μL 1 M formaldehyde were 

added to each protein aliquot and left at 4 °C on a rotisserie nutator for 2 hours. This process 

was repeated once more. Finally, 10 μL of 1 M formaldehyde was added to each aliquot, and 

the samples were left on the nutator overnight. The following day, the protein samples were 

spun to remove precipitate and then collated and concentrated using a concentrator down to 

2–5 mL as necessary to reach approximately 10 mg/mL. The samples were loaded onto a 

pre-equilibrated Superdex 200 16/600 GL column (25 mM Tris pH 7.8; 50 mM NaCl; 2 mM 

DTT; 1 mM TCEP).

Preparation of specified compounds

Protein samples Compounds 1, 2, and 3 were synthesized based on established procedures;43 

LC-MS and NMR characterization data are included in Figure S4. Compounds 4–8 were 

generated previously44 as were Compounds 7 and 8.45 Compounds 9 and 10 were purchased 

from Selleck. Compound 11 was also synthesized previously (Scopton et al., in preparation).

Compound clustering

Top hits were clustered by maximum substructure into scaffolds using RDKit46 and 

manually inspected for reasonability and consistency of the docking poses. One clinical 

compound, nilotinib, scored well (higher than linifanib) but was placed in an unlikely pose 

dissimilar to its crystal pose and was consequently excluded from primary analysis. 

Nilotinib non-binding was validated in the large-scale FTSA screens. Following 

identification of the two primary scaffolds (A and B), the set of all compounds to have 

entered clinical trials were obtained from ChEMBL31 and compared to the two known 

scaffolds using the atom pairs topological fingerprint from RDKit46 with a Sorenson-Dice 

metric. The highest score for each pharmaceutical compound with any compound from each 

scaffold were identified and used to rank compounds for chemical similarity.
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Results and Discussion

A prerequisite for a kinase or pseudokinase to bind a type II compound is a propensity to 

adopt a “DFG-out” state.9 Because this conformational space of pseudokinases is 

unexplored, we sought corroboration of: 1) the potential pharmacological tractability and 

efficacy of targeting STRADα with a type II compound through analysis of factors thought 

to influence “DFG-out” pharmacological accessibility; 2) the extent to which STRADα’s 

pseudocatalytic cleft substitutions interfere with standard type II compound binding; and 3) 

the potential biological impact of such an interaction.

The STRADα pseudocatalytic cleft conserves critical biochemical properties despite 
critical substitutions

Whether STRADα can accommodate a type II compound relies both on its proclivity to 

adopt a state similar to the “DFG-out” conformation and on the presence of any known 

factors that can sterically occlude the binding site. The exact factors determining this 

accessibility are not fully understood. Long duration molecular dynamics simulations have 

been useful in mapping the energetics of this conformational transition,47–50 but STRADα 
contains a 56-residue unstructured loop contiguous to the activation loop that prohibits a 

reliable analysis. Residue-by-residue comparison between STRADα and bona fide kinases 

can nonetheless suggest the extent of resemblance for STRADα’s energetics and 

accessibility (Figure 1A–B; Figure S5). One residue in particular that has been suggested to 

play a role in the “DFG-in” to “DFG-out” transition is the residue immediately prior to the 

DFG motif.51 STRADα has a serine (S212) at this position, as is frequently the case in bona 
fide kinases. A different residue, called the gatekeeper because of its strong association with 

steric hindrance of type II compound binding, is located just before the kinase hinge. 

STRADα’s gatekeeper residue threonine (T147) is small and is once again among those 

commonly observed in targeted kinases.

If the “GLR-out” conformation is pharmacologically accessible, then compliance of the 

STRADα putative binding site with the interactions observed in a consensus type II 

pharmacophore model would suggest that repurposing a type II compound is a reasonable 

approach. Previously reported pharmacophore models used in the successful development of 

type II compounds can be partitioned into three regions: an adenine region, an allosteric 

region corresponding to the volume revealed by the DFG flip, and a linker region between 

the two (Figure 1A–B, Figure 2B, Figure S7).52–53

The kinase hinge binds the adenine region through highly conserved hydrogen bond and 

aromatic interactions. Alignment of STRADα with bona fide kinases observed 

crystallographically in complex with type II compounds shows conservation of the hinge 

residues, specifically of the hydrogen bond accepting S148, the backbone hydrogen bond 

donating M150, and the aromatic F149 (Figure 1B). The linker pharmacophore primarily 

interacts with the kinase DFG motif and the conserved salt bridge. STRADα’s GLR could 

be expected to disrupt this region, but the critical hydrogen bond-donating interaction is with 

the backbone of aspartate/glycine. Since the amino acid backbone is invariant, this glycine 

substitution influences rotational dynamics but does not disrupt the hydrogen bond 

interaction. The kinase salt bridge between the VAIK motif and the αC helix forms a 
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hydrogen bond with the linker region in the standard pharmacophore model. In STRADα an 

arginine (R100) substitutes for lysine. This substitution from lysine to arginine is potentially 

significant, but since the hydrogen bond is specifically with the conserved glutamate from 

the αC helix, it does not preclude ligand interaction a priori. Finally, in conventional kinases 

the allosteric region interacts with the pocket opened through the flip of the DFG motif 

phenylalanine. STRADα substitutes leucine for phenylalanine—a substitution observed in 

almost 10% of bona fide kinases.1 The sidechains of phenylalanine and leucine are both 

hydrophobic and relatively large (~190 Å3 and ~166 Å3, respectively)55 suggesting that the 

revealed allosteric pockets are also probably similar. Thus, the primary kinase interactions of 

all three pharmacophore regions are largely preserved within STRADα despite the presence 

of significant active site variation from the kinome consensus.

The STRADα/MO25α/LKB1 complex shows selective evolutionary conservation

Effective pharmacological targeting of any pseudokinase must establish a reasonable 

rationale for a biological effect. We attempted to determine whether disruption of the 

activation loop in STRADα might disrupt STRADα/MO25α/LKB1 complex formation 

and/or LKB1 activation. Previous studies elucidating the structure and function of the 

STRADα/MO25α/LKB1 complex reported that LKB1 activation by STRADα is disrupted 

by site-directed mutagenesis of the STRADα activation loop at the interface with LKB1.23 

Most of this interface comprises part of the activation loop. Furthermore, these studies have 

shown that the interaction of ATP with STRADα is important for assembly of the STRADα/

MO25α/LKB1 signaling complex through stabilization of the hinge and positioning of the 

activation loop.56

We sought to corroborate the low tolerance for perturbations in the connected regions 

responsible for ATP-binding and LKB1 interaction through conservation analysis. The 

capability of ATP-binding site compounds to modulate the LKB1 interface would predict 

high evolutionary conservation of the pseudocatalytic cleft and activation loop segment of 

the LKB1 interface. By the contrapositive, showing poor conservation of either of these 

regions would potentially refute this proposed pharmacological mechanism. Our analysis of 

STRADα orthologs across deuterostomes and especially across mammals shows near 

perfect conservation of the regions of interest in contrast to other solvent-exposed surfaces 

as shown by ConSURF57 (Figure 1C–D; Figure S6). This analysis cumulatively suggests 

that if STRADα can adopt a “GLR-out” state and bind stabilizing type II inhibitors, 

alterations to downstream signaling should be a predictable outcome.

Chimeric homology modeling produces “GLR-out” models of STRADα

To predict putative type II inhibitors of STRADα using structure-based virtual screening, we 

first created an ensemble model of STRADα in the “GLR-out” state, which is equivalent to 

the “DFG-out” state seen in bona fide kinases. Here we used an integrated modeling 

approach to generate initial “GLR-out” models. We first used DFGmodel, an ensemble 

modeling method to model kinases in the “DFG-out” conformation that has been 

successfully applied to develop type II inhibitors for a range of kinase targets.38, 45, 58–59 

Our initial model combined structural information from the STRADα “GLR-in” crystal 

structure and the “DFG-out” crystal structures of manually curated serine/threonine kinases 
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(Figure 2A). The STRADα peptide backbone was assumed to be largely unmoved for 

regions that are invariant between bona fide kinase crystal structures in the “DFG-in” and 

“DFG-out” conformations. Rotation of the N-lobe around the catalytic cleft, movement of 

the αC helix, and inversion of the GLR sequence were modeled from eighteen curated 

serine/threonine “DFG-out” crystal structures. We refined initial models by remodeling the 

β1 and β2 sheets to incorporate an insertion at the glycine-rich loop relative to all selected 

reference structures (Figure 1A).

Virtual screening against ensemble “GLR-out” STRADα models enriches for two type II 
chemical scaffolds

Compounds for virtual screening were curated from four primary sources: 1) the ZINC15 

library60 filtered for lead-like and drug-like properties, commercial availability, and 

exclusion by PAINS42 filters; 2) a curated KI library from Selleck; 3) a compound set 

derived from the SureChEMBL database61; and 4) compounds previously developed 

internally in our lab.45 Final post-filtering compound totals reached 5,054,661 purchasable 

unannotated compounds and 2,140 clinical or tool compounds sourced from internal 

libraries or external pharmaceutical sets. Since there were no validated non-nucleotide small 

molecule binders to STRADα for any conformation at project initiation, the ensemble could 

not be trained or filtered using known positives and negatives. All selected compounds were 

docked against the entire ten-model ensemble of STRADα using Schrödinger’s Glide. 

Ensemble consensus scores were calculated as the mean of the top three out of each 

compound’s ten model scores. This approach considers the high probability that some 

models are likely to represent physiologically disfavored conformations, and it also 

minimizes the effect of outlier scores while still requiring top hits to dock well in multiple 

models. The docking score distributions for the input ZINC15, clinical, and internal lab 

libraries were calculated and compared, revealing the statistical overperformance of a subset 

of the internal lab library (Figure 3A). After filtering results to exclude unreasonable poses, 

analysis of the top hits across all compound sets showed relatively unfavorable scores for the 

clinical library, although one type II compound, Compound 1 (i.e., the clinical compound 

ABT-869, also known as linifanib)62 scored better than the rest. Structural analysis of 

internal lab compounds revealed significant enrichment of one type II compound series 

based on a pyrazolopyrimidine scaffold (termed Scaffold B). A selection of compounds for 

further biophysical validation were chosen out of the top clinical compounds, synthesized 

derivatives of Compound 1 (termed Scaffold A), derivatives of Scaffold B, and a set of 

poorly-scoring, chemically diverse compounds with comparable physiochemical properties 

(Figure 3C–D).

High-ranking compounds thermally stabilize STRADα

Next, we developed assays for compound validation using in vitro purified STRADα/

MO25α dimer. We designed bacterial expression constructs for STRADα and MO25α 
based on previously reported crystallography constructs and purified the co-expressed 

dimeric complex (Figure S9).56 We optimized a Fluorescence Thermal Stabilization Assay 

(FTSA) previously applied to study the interactions of STRADα with nucleotides.22, 63 

Following protein and assay validation, we used the FTSA to investigate the interactions of 

STRADα and STRADα/MO25α complex with the compound set previously identified 
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through computational docking. STRADα/MO25α complex was used for all large screens 

and most high replication studies over isolated STRADα because STRADα is constitutively 

bound to MO25α and preliminary studies failed to reveal meaningful distinctions between 

isolated and complexed STRADα. Comparison between the measured thermal stabilization 

of compounds and the docking scores showed excellent agreement across tested compounds 

(Figure 3B). In this screen, only compounds belonging to Scaffold A or Scaffold B 

demonstrated significant thermal stabilization of STRADα /MO25α.

ATP-binding inhibition corroborates FTSA results

From this initial FTSA screen we selected a set of ten compounds for more extensive 

validation. This set consisted of four non-binding clinical compounds (Compounds 7–10), 

three Scaffold A derivatives including the base clinical compound linifanib (Compounds 1–

3), and three Scaffold B derivatives (Compounds 4–6) (Figure 3C; Figure S10). The Scaffold 

A and Scaffold B compounds share a biphenyl urea motif with the analogs differing in 

terminal phenyl group substitutions. This biphenyl motif had previously been shown to bind 

to some bona fide kinases in the type II mode;64 in the case of STRADα, its predicted 

docking pose is within the type II subpocket that is created by the “GLR-out” flip. The 

representative compounds for both scaffolds were chosen from among those that exhibited 

the strongest average stabilization in the initial FTSA screen (Figure 3B). The Scaffold A 

series was designed and synthesized based on the Scaffold B series, allowing for the 

selection of derivatives with identical terminal phenyl substitution patterns to maximize 

internal controls. These representative compounds from Scaffold A and Scaffold B were 

compared against the set of all compounds that have begun FDA-approved phase 1 clinical 

trials using an atom pairs topological fingerprint with a Sorenson-Dice similarity metric 

(Figure S11, Table S3).65 The two best scoring consensus compounds, Compound 9 

(sorafenib) and Compound 10 (regorafenib), were among those with no thermal effect and 

were consequently included as negative controls due to this high chemical similarity. We 

noted that Compound 1 (Scaffold A), Compound 5 (Scaffold B), sorafenib, and regorafenib 

are all high-potency VEGFR2 inhibitors, and we subsequently included two chemically 

dissimilar VEGFR2 inhibitors, Compound 7 (cabozantinib) and Compound 8 (lenvatinib), in 

the screening set. Extensive FTSA replication with this set corroborated initial screen 

findings (Figure 4A). However, the difficulty in correlating thermal stabilization with more 

pharmacologically relevant parameters such as IC50 restricted our analysis to robust Boolean 

classification of compounds as binders or non-binders.

The FTSA assay permitted high-throughput validation of interactions between compounds 

and STRADα/MO25α but did not allow interpretation of the binding site location or 

effective ranking of compound binding. We optimized the ATP-biotin competition assay66 

for STRADα: 1) to assess whether compounds were binding in the pseudocatalytic cleft, 2) 

to distinguish more clearly strong from weak binders, and 3) to validate FTSA results 

through an orthogonal approach. In this assay, ATP-biotin conjugates bind to a kinase and 

covalently transfer the biotin moiety to a nearby lysine residue. Biotin labeling relative to 

controls was subsequently assessed with a Western blot. This competition assay is conducive 

to studying pseudokinases because it relies on the presence of lysines in sufficiently close 
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proximity to interact with the γ-phosphate of ATP rather than on intrinsic catalytic activity.
22

Application of this assay to STRADα proved unexpectedly difficult because of STRADα’s 

substitution of two proximal ATP-binding site residues from lysine (i.e., K100R and 

K218L). These lost VAIK and proximal activation loop lysines are among those most 

frequently observed to conjugate with biotin in a kinome-wide implementation of this assay 

that used mass spectrometry to measure conjugation.32 The α-carbons of four lysines (K77, 

K156, K197, and K239) are located within 9 Å of ATP, but only two (K197 and K239) have 

sidechains that are positioned reasonably relative to the γ-phosphate (Figure 5B). This 

potentially attenuates the signal-to-noise ratio for the Western blot assay readout. Comparing 

Western blot results for STRADα relative to those for previously validated kinases revealed 

reduced labeling efficiency. This decreases signal over background noise and, by requiring a 

corresponding increase in protein concentration, decreases maximum assay sensitivity. This 

assay was still sufficient to robustly distinguish and rank compounds, and the ability of the 

ATP-biotin probe to label STRADα over background supports interaction between ATP and, 

most likely, the catalytic loop K197.

The ten-compound set selected from the initial FTSA screen displayed consistent but more 

stringent results in the ATP-biotin competition assay (Figure 4C). The clinical compounds 

identified as non-binders by the FTSA screen were consistently statistically 

indistinguishable from DMSO at inhibiting labeling. Derivatives of Scaffold A showed high 

variance in inhibition dependent on the concentration of the ATP-biotin probe and the 

duration of the co-incubation. These compounds at 10 μM were unable to significantly 

inhibit labeling by 5 μM ATP-biotin probe. However, the derivatives of Scaffold B 

derivatives significantly inhibited labeling under identical conditions. This suggests that the 

Scaffold A compounds have an affinity for STRADα comparable but non-superior to the 

previously reported affinity of ATP while Scaffold B compounds have a much stronger 

affinity. Previous work using displacement of TNP-ATP to measure binding observed ATP to 

have Kd of 2.4 μM against STRADα and 24 nM against STRADα/MO25α.56

Kinome profiling suggests greater selectivity for Scaffold A over Scaffold B

To determine the relative selectivity of Scaffold A versus Scaffold B compounds, we tested 

representative compounds containing identical terminal phenyl group substitutions with 

kinome profiling from Invitrogen and DiscoveRx that respectively evaluate inhibition and 

binding (Figure 4B; Table S4). Compound 2 (Scaffold A), while less potent than Compound 

5 (Scaffold B), showed decreased promiscuity. Both compounds are reported to interact with 

their primary bona fide kinase targets with IC50 values 2–3 orders of magnitude stronger 

than that seen with STRADα/MO25α, but Compound 2 (Scaffold A) interacts with fewer 

kinases more potently than with STRADα/MO25α. The greater potency of Compound 5 

(Scaffold B) recommends that scaffold as the preferential tool compound when using 

purified STRADα/MO25α in vitro.
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Surface methylation localizes a Scaffold B compound within the pseudocatalytic cleft

Growing crystals of STRADα/MO25α complex in the presence of identified compounds 

from both scaffolds proved intractable. Extensive optimization of crystallization conditions 

for both unmodified and methylated STRADα/MO25α yielded well-diffracting crystals, but 

a combination of persistent strong merohedral twinning, order-disorder, pseudo-symmetry, 

and translational non-crystallographic symmetry prevented structure determination through 

molecular replacement. Without a solved crystal structure, the previous assays could only 

localize identified compounds to the pseudocatalytic cleft through inhibition of ATP-

mediated lysine labeling.

Based on our models, we hypothesized that the most likely binding site and pose for the 

tested compounds was the pseudocatalytic cleft in the type II pose. We considered two 

primary alternative hypotheses: 1) compounds bind in a completely different site on the 

complex, or 2) compounds bind in a non-type II pose within the pseudocatalytic cleft. To 

examine the first alternative, we looked for alternative binding pockets on the surface of 

STRADα/MO25α complex using DoGSiteScorer67 and PyVOL.68 Using the convenient 

crystallographic approximation that non-hydrogen atoms can be expected to take up 18–20 

Å3, we identified all pockets present with a highly conservative minimum volume of 500 Å3 

(Figure 5A). These results suggested that the only non-interface binding site is the 

pseudocatalytic cleft.

The second alternative allows binding in a type I or type I½ pose. While compounds such as 

imatinib and sunitinib have been shown to bind in both the type I and type II poses,69–70 no 

compound has been shown to bind to both the type I½ and type II poses. Differences 

between the two compound sets are sufficiently distinct to permit conversion of compounds 

from one class to the other through SBDD.71 The prior crystallization of Compound 4 in a 

type II pose with the bona fide kinase c-Src13 strongly suggests that the consistent linker and 

allosteric regions of Scaffold A and Scaffold B strongly favor type II poses and disfavor type 

I½ poses.

We distinguished binding in the type I versus type II pose within the pseudocatalytic cleft by 

leveraging the substitution of the canonically conserved ATP-binding pocket VAIK motif 

lysine residue through chemical modification of surface lysines. Previous ATP-biotin results 

support that at least one nearby surface lysine is close enough to interact with the γ-

phosphate of ATP (Figure 5B). Most type II compounds (including Compound 4 in its 

crystal structure) are positioned more deeply within the catalytic cleft than ATP and type I 

compounds (Figure 5B). We consequently hypothesized that surface lysine methylation 

would preferentially impair ATP and type I binding over type II compounds.

We applied this prediction to localize Compound 11, a close derivative of Compounds 2 and 

5 differentiated only in the hinge-binding group (Figure 4D), within the pseudocatalytic 

cleft. We methylated samples of STRADα/MO25α complex in the presence of high 

concentrations of either ATP or Compound 11. We hypothesized that associated compounds 

would protect interacting surface lysines within the cleft from methylation. Under this 

hypothesis, ATP present during the methylation reaction should interfere with the 

methylation of some subset of the five closest lysine residues, and conversely, the 
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methylation of these residues should interfere with the binding of ATP to STRADα/MO25α 
(Figure 5B). If Compound 11 adopts a type II pose, it should interfere with the methylation 

of any surface lysines to a lesser extent than ATP: it is farther from every lysine and has no 

polar groups oriented towards these residues. In summary, STRADα/MO25α methylated in 

the presence of ATP should exhibit an approximately uniform alteration in affinity for both 

ATP and Compound 11 while STRADα/MO25α methylated in the presence of Compound 

11 should have a reduced affinity for ATP relative to Compound 11.

We tested this hypothesis using the FTSA assay (Figure 5C). Under the strong methylating 

conditions used for this experiment, STRADα/MO25α showed apo baseline destabilization 

of approximately 10 °C. Compound 11 showed robust stabilization of STRADα/MO25α 
that was unmethylated, methylated in the presence of ATP, and methylated in the presence of 

Compound 11. In contrast, ATP stabilized STRADα/MO25α that was unmethylated or 

methylated in the presence of ATP but failed to significantly stabilize STRADα/MO25α 
methylated in the presence of Compound 11. This selective failure of ATP to stabilize 

STRADα/MO25α methylated in the presence of Compound 11 is consistent with a type II 

binding pose for Scaffold B derivatives.

Conclusions

Our work describes the development of multiple scaffolds with affinity for STRADα. These 

are the first non-nucleotide small molecules shown to interact with STRADα outside of 

large-scale pan-kinase proteomic screens. We developed a “GLR-out” ensemble model of 

STRADα and used it to enrich a large-scale computational screen for putative type II 

binders. A predicted subset of compounds derived from the two enriched type II scaffolds 

demonstrated affinity for STRADα through thermal stabilization. Derivatives of Scaffold B 

showed efficient inhibition of ATP binding. Analyses of surface lysine interactions using the 

ATP-biotin probe and chemical methylation in the presence of protective compounds 

supports binding of the representative of Scaffold B, Compound 11, in a type II pose 

targeting the “GLR-out” state.

Identification of type II compounds that bind to STRADα despite its heavily substituted 

pseudocatalytic cleft suggests broad potential for such conformation-specific KIs in 

targeting pseudokinases and lesser-studied kinases. This potential implies the presence of 

uncharacterized off-target interactions between type II compounds and pseudokinases that 

could help explain the complex polypharmacological impacts of KIs on signaling networks. 

These findings suggest that some KIs could be repurposed narrowly for the study of 

pseudokinase function or more broadly as pseudokinase-targeting adjuvants to current KIs. 

Our kinome-wide profiling of scaffolds A and B found several common and high-affinity 

off-targets, including VEGFR2, RET and MAPK13. Notably, testing additional known 

VEGFR2 inhibitors (eg. sorafenib, regorafenib, cabozantinib, and lenvatinib) against 

STRADα did not find positive interactions (Figure 4); however, on the basis of the profiling 

results, perhaps RET and/or MAP3K19 are more appropriate proxies for the identification of 

distinct STRADα binders.
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The impact of type II compounds targeting STRADα on signaling through the LKB1-

AMPK-mTOR axis is beyond the scope of this project. However, this structural and 

conservation analysis of the pseudocatalytic cleft and LKB1 interfaces of STRADα suggest 

potential for type II compounds to modulate downstream signaling. LKB1 relies on 

evolutionarily conserved stabilization by the STRADα activation loop for both export from 

the nucleus and catalytic activation. Perturbations from type II compounds that displace the 

STRADα activation loop have the resulting potential to disrupt LKB1 activity and/or 

cellular localization resulting in a decrease in AMPK activity. Decreased AMPK signaling 

reduces inhibition of cellular anabolism, effectively decoupling cell growth and proliferation 

from energy availability. Cancer metabolomics further suggests that such metabolic 

manipulation of cells could have a greater impact within tumor microenvironments due to 

local ATP depletion through the Warburg effect.
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ABBREVIATIONS

ABC dimethylamine-borane complex

AMPK 5’ adenosine monophosphate-activated protein kinase

ATP adenosine triphosphate

c-Src cellular sarcoma

DFG aspartate-phenylalanine-glycine

DMSO dimethyl sulfoxide

DOPE discrete optimized protein energy

DTT dithiothreitol

EDTA ethylenediaminetetraacetic acid

ERK extracellular signal-regulated kinase
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FDA U.S. Food and Drug Administration

FTSA fluorescence thermal stabilization assay

GK gatekeeper

GLR glycine-leucine-arginine

HEPES 4-(−2-hydroxyethyl)-1-piperazineethanesulfonic acid

IPTG isopropyl β-d-1-thiogalactopyranoside

KI kinase inhibitor

KSR2 kinase suppressor of Ras 2

LB lysogeny broth

LC-MS liquid chromatography mass spectrometry

LKB1 serine-threonine kinase B1

MAPK mitogen-activated protein kinase

MARK MAP/microtubule affinity-regulating kinase

MO25α calcium-binding protein 39

mTOR mammalian target of rapamycin

N-lobe N-terminal lobe

NMR nuclear magnetic resonance

OD optical density

PAINS pan assay interference compounds

STE20 serine-threonine kinase 20

STRADα STE20-related adaptor protein alpha

TB terrific broth

TCEP tris(2-carboxyehtyl)phosphine

VEGFR2 vascular endothelial growth factor receptor 2
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Figure 1. 
Structural conservation of STRADα relative to orthologs and the human kinome. A. 
Representative sequences from the full alignment of STRADα with bona fide human protein 

kinases (Figure S5). Also shown are the 60% consensus sequences derived from the kinome 

and both displayed subgroups using MView54 consensus patterns. Conserved kinase 

sequences are shown and shaded by functional assignment and conservation. B. An example 

annotated catalytic cleft showing the position of selected conserved motifs for BRAF in the 

“DFG-out” conformation (PDB code: 1UWH). C. Alignment of STRADα orthologs from 

selected mammalian and other eukaryotic species displayed along with percent identity 

calculations (Figure S6). Sequences importance to interaction with LKB1 and MO25α are 

shown are also shown. D. The trimeric STRADα/MO25α/LKB1 complex with evolutionary 

conservation of chordate orthologs mapped onto the molecular surfaces. Insets show greater 

detail for STRADα at the pseudocatalytic cleft and the interface with LKB1.
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Figure 2. 
Generation and visualization of the STRADα “GLR-out” ensemble models. A. Modeling 

procedure to predict “GLR-out” conformations of STRADα through homology modeling of 

a chimeric intermediate. Characterization of top models is shown in Table S1. B. 
Visualization of the pseudocatalytic cleft binding pockets present in the crystal structure 

(PDB code: 3GNI) of STRADα in the “GLR-in” conformation and a representative model 

in the “GLR-out” conformation. The subpockets corresponding to the adenine-binding (red) 

and combined allosteric and linker (green) pharmacophore regions are shown.
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Figure 3. 
Virtual and FTSA screening results with the structures and docking poses of selected 

compounds. A. Distribution of consensus ensemble docking scores calculated from 10 

models for datasets of Scaffold A, Scaffold B, and pharmaceutically published compounds 

shown relative to the overall distribution drawn from the ZINC15 database (selected scores 

in Table S2). B. Plot of measured FTSA thermal stabilization of STRADα in the presence of 

40 μM compound against calculated consensus ensemble docking scores. C. Structure of the 

Scaffold A and Scaffold B with the specific substitutions of labeled groups shown for 

highlighted compounds. D. Representative docking poses for each scaffold colored 

according to the scheme from Figure 1A–C. Docking poses for other selected compounds 

are shown in Figure S8.
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Figure 4. 
Biochemical characterization and comparison of selected compounds. A. Quantitation of 

thermal stabilizations caused by a selection of control, pharmaceutical, Scaffold A, and 

Scaffold B compounds. B. Kinome inhibition profiles at 1 μM for Compound 2 and 

Compound 5 as respective representatives of Scaffolds A and B. Inhibition of >25% is 

shown with circle size proportional to strength of inhibition (Table S4). C. Characteristic 

blot and quantitation for competitive inhibition measurement of the same compound 

selection at 10 μM using an ATP-biotin probe (Figure S12) D. Structures of Compounds 2, 5 

and 11 for comparison (Figure S10).
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Figure 5: 
Surface modification localization of Compound 11 binding to STRADα. A. Potential 

binding pockets identified in the dimeric complex by PyVOL and DoGSiteScorer with 

volumes of at least 500 Å3. The pseudocatalytic clefts are marked with bound ATP. B. 
Structure of the pseudocatalytic cleft of STRADα showing the positions of all surface lysine 

residues within 12 Å of the nearest atom in the crystallographically-observed ATP or 

superimposed binding pose of Compound 11. Note the tight superposition of the hinge-

binding moiety of Compound 11 with the adenine of ATP. C. Experimental traces and 

quantitation showing FTSA thermal stabilization of unmethylated STRADα/MO25α, 

STRADα/MO25α methylated in the presence of ATP, and STRADα/MO25α methylated in 

the presence of Compound 11 by DMSO, ATP, and Compound 11. Quantitation is specific 

for the STRADα melting event.
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