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Abstract

Tyrosine kinases (TKSs) play essential roles in signaling processes that regulate cell survival,
migration, and proliferation. Dysregulation of tyrosine kinases underlies many disorders, including

Corresponding Authors: Markus A. Seeliger — Department of Pharmacology, School of Medicine, Stony Brook University, Stony
Brook, New York 11794-8661, United States; markus.seeliger@stonybrook.edu; W. Todd Miller — Department of Physiology and
Biophysics, School of Medicine, Stony Brook University, Stony Brook, New York 11794-8661, United States, Department of \eterans
Affairs Medical Center, Northport, New York 11768, United States; todd.miller@stonybrook.edu.

#Author Contributions

Y.K. and Y.P. contributed equally to this work. The manuscript was written through the contributions of all authors. All authors have
given their approval for the final version of the manuscript.

Supporting Information

The Supporting Information is available free of charge at https://pubs.acs.org/doi/10.1021/acs.biochem.2c00685.

Thermal shift assays, in vitro kinase inhibition assays, measurements of steady-state kinetic parameters, in silico predictions of the
effects of the mutations, the activity of purified Ackl K161Q toward various peptide substrates, distance difference matrix for Ackl
K161Q vs WT, multiple sequence alignment of TKs with homologous residues for Ackl mutants, DynaMut model of Ackl R247H
(PDF)

Accession Codes

The X-ray coordinates and structure factors have been deposited in the Protein Data Bank as entry 8FE9. Ack1: Q07912. Brk:
Q13882.

Complete contact information is available at: https://pubs.acs.org/10.1021/acs.biochem.2c00685
The authors declare no competing financial interest.


https://pubs.acs.org/doi/10.1021/acs.biochem.2c00685?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.biochem.2c00685/suppl_file/bi2c00685_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.2c00685?ref=pdf

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kan et al. Page 2

cancer, cardiovascular and developmental diseases, as well as pathologies of the immune
system. Ackl and Brk are nonreceptor tyrosine kinases (NRTKS) best known for their roles

in cancer. Here, we have biochemically characterized novel Ackl and Brk mutations identified
in patients with systemic lupus erythematosus (SLE). These mutations are the first SLE-linked
polymorphisms found among NRTKs. We show that two of the mutants are catalytically inactive,
while the other three have reduced activity. To understand the structural changes associated

with the loss-of-function phenotype, we solved the crystal structure of one of the Ackl kinase
mutants, K161Q. Furthermore, two of the mutated residues (Ackl A156 and K161) critical for
catalytic activity are highly conserved among other TKSs, and their substitution in other members
of the kinase family could have implications in cancer. In contrast to canonical gain-of-function
mutations in TKs observed in many cancers, we report loss-of-function mutations in Ackl and
Brk, highlighting the complexity of TK involvement in human diseases.

Graphical Abstract

Tyrosine kinases (TKSs) are ubiquitous enzymes that mediate crucial biological functions and
regulate cell survival, activation, and differentiation pathways. Dysregulation of signaling
cascades involving TKs often results in human diseases. Indeed, many proto-oncogenes
are kinases that become inappropriately activated through gain-of-function mutations. For
example, in Philadelphia chromosome-positive chronic myeloid leukemia, hyperactivating
mutations in Abl kinase are linked to poor prognosis in response to imatinib therapy.1—>
Mutations in some TKs are especially valuable diagnostic and prognostic markers for
leukemias and lymphomas, given the involvement of JAKs, TYK, ITK, BTK, and

SYK tyrosine kinases in critical signaling pathways downstream of immune receptors.%’
Approximately 30% of patients with acute myeloid leukemia carry mutations in FLT3
tyrosine kinase, a negative prognostic marker associated with a higher risk of relapse.82
Src family kinases are known to play a role in autoimmunity: Lyn-deficient mice develop
systemic lupus erythematosus (SLE).10 Hyperactivation of tyrosine kinases has been
reported in T cells, B cells, and other cells of the innate and adaptive immune systems

in SLE patients and animal models.1!
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In a recent study, Geissmann and colleagues performed whole exome sequencing of a
group of SLE patients and their healthy relatives. They identified autosomal recessive loss-
of-function mutations in Ackl (A156T and K161Q) and Brk kinases (G257A and G321R)
in patients from two families with SLE.12 Sequencing of another group of pediatric lupus
patients led to the identification of an additional loss-of-function Ackl mutant (R247H).
These findings suggested that these two kinases play a role in normal immune cell function.
The novel mutations identified in this genetic survey of patients have not been documented
in other databases, such as the Catalogue of Somatic Mutations in Cancer (COSMIC) and
Online Mendelian Inheritance in Man (OMIM), or databases of genomic variations, such as
the Single Nucleotide Polymorphism Database (dbSNP), the Genome Aggregation Database
(gnomAD), and the Human Gene Mutation Database (HGMD).

SLE is a polygenic autoimmune disease in which hyperactivation of B cells and
overexpression of Toll-like receptors (TLR) lead to autoantibody production.13 These
autoantibodies target nuclear components (antihistone and antidouble-stranded DNA) that
become accessible after their release into the extracellular space upon apoptosis. The
presence of autoantibodies causes the immune system to attack healthy tissues, leading to
inflammation and tissue damage in affected areas.!* Furthermore, abnormal T cell activation
and cytokine production are also hallmarks of SLE and may be critical for initiating and
maintaining autoimmune reaction.1® The symptoms in individuals range from mild to life-
threatening.1® Although the causes of SLE remain unknown, some studies have linked SLE
to hormonal changes,8 environmental factors,17-23 and genetic factors.24-26

Activated Cdc42-associated tyrosine kinase Ackl is a nonreceptor tyrosine kinase (NRTK)
consisting of a kinase domain (KD) fused to a C-terminal SH3 domain. The SH3 is followed
by a Cdc42 and Racl binding (CRIB) motif that selectively binds Cdc42 (Figure 1A, top).
Ackl is the only protein to share a stretch of ~200 residues homologous to the epidermal
growth factor receptor family inhibitor Mig6. This portion of Ackl is designated the Mig6
homology region (MHR). Following the MHR, a ubiquitin-associated (UBA) domain makes
up the C-terminal regions of the Ackl kinase, making it the only tyrosine kinase with a
UBA. This arrangement of domains is unusual for an NRTK. Together with the C-terminal
MHR and UBA domains of Ackl, the SH3 domain is proposed to have a regulatory role
through autoinhibition of the kinase domain.27:28

Ackl is involved in a wide range of signaling cascades.30 Regulators of actin dynamics such
as Cdc42, WASP, cortactin;3! AKT,32 histone demethylase KDM3,33 and tumor suppressor
Wwox are among the substrates of Ackl. Signal transducers STAT1, STAT3, and STAT5 are
also targets for Ack134 and modulate transcription in stem cells, especially hematopoietic
stem cells. In addition, Ackl plays a role in the Toll-like receptor (TLR) pathways and
mediates the inflammatory response by regulating the MAPK and NF-xB pathways.*°
Experimental data suggest that Ackl overexpression significantly activates the TLR4, TLR7,
and TLR9 pathways, whereas the depletion of Ackl has the opposite effect.

Brk is a member of the Frk family of NRTKSs (consisting of Brk, Srms, Frk, and Src42A),
which is considered to be a subfamily of the Src family. Brk is distantly related to c-Src,
with 46% amino acid identity.35:3¢ Brk comprises an auto-inhibitory SH3 domain, an
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SH2 domain, and a catalytic domain3® (Figure 1A, bottom). Brk is highly expressed in
breast carcinomas compared to its low expression levels in healthy breast tissues.3” In
addition to contributing to breast cancer growth, migration, and invasion, Brk is involved in
several other cellular processes, such as regulating EGFR turnover, tumor metastasis, and
epithelial-mesenchymal transition. The functions of Brk are specific to the cell type in which
it is expressed.38 In healthy tissues, Brk promotes cellular differentiation and apoptosis

and mediates migration. However, in cancerous tissues, Brk sensitizes cells to mitogenic
signals and enhances proliferation and anchorage-independent survival. Brk is constitutively
activated in transformed T and B cells, despite not being expressed in normal, unstimulated
lymphocytes.3? In colorectal cancer cells, Brk phosphorylates JAK2 to activate JAK2/STAT3
signaling, contributes to cell stemness, and confers resistance to chemotherapy.#? Similar

to Ackl, Brk activates STAT3 and STAT5 through phosphorylation, thereby enhancing the
transcriptional activity of STATs.#4 However, the current knowledge of the roles of both
Ackl and Brk in immune cells is limited.

NRTKSs such as Brk and Ackl share a highly conserved catalytic KD, which has a bilobal
architecture with an amino-terminal N-lobe and a carboxy-terminal C-lobe. The small
N-lobe contains six (Ackl) or five (Brk) g-strands and a single a-helix called the aC

helix, analogous to the PKA naming convention (Figure 1B,C).4142 The larger C-lobe is
predominantly composed of helices. Between the two lobes lie the substrate peptide binding
site and the ATP-binding site. Inside the ATP binding site, a gatekeeper threonine (T205

in Ackl, T264 in Brk) contributes to the selectivity for nucleotides and small-molecule
inhibitors.*3 The highly conserved phosphate binding P-loop (Figure 1) contains a glycine-
rich motif (GxGxG) and shields one side of the ATP-binding pocket from the solvent.44
The substrate-binding site is adjacent to the aC helix, allowing the substrate peptide to
come in contact with the y-phosphate of ATP. The activation loop (20-30 residues) near

the substrate-binding site contains a conserved Asp-Phe-Gly (DFG) motif (Figure 1), which
contributes to ATP binding and controls whether the activation loop is in a conformation that
is compatible with substrate peptide-binding.

There are two hallmarks of kinase activation: the repositioning of (1) the aC helix (Figure
1D) and (2) the DFG motif. In the active conformation, the Asp residue of the DFG motif
points toward the ATP-binding pocket, where it binds Mg2*/ATP. Additionally, the aC helix
faces toward the active site, and a glutamate in the aC helix forms a salt bridge with
catalytic lysine. Disruption of either of these structural hallmarks inactivates the kinases.

Here, we studied SLE-associated loss-of-function mutations in Ackl (A156T, K161Q, and
R247H) and Brk (G257A and G321R). These mutations have been identified in pediatric
SLE patients with severe forms of the disease. The functional effects of the mutations

Ackl A156T, K161Q; Brk G257A and G321R have been previously studied using an
induced pluripotent stem cell-derived in vitro model.12 In the present study, we examined
the biochemical properties and catalytic activity of these mutants and analyzed the structural
changes associated with the mutations. We solved the crystal structure of the Ackl KD
K161Q mutant at a resolution of 3.2 A. These studies explain the disruption of TK activity
observed in loss-of-function mutations.
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MATERIALS AND METHODS

Reagents.

Bovine serum albumin, leupeptin (10 &4/mL), aprotinin (10 x4/mL), phenylmethylsulfonyl
fluoride (200 V1), sodium orthovanadate (0.2 mM), dithiothreitol, pyruvate kinase/
lactate dehydrogenase enzymes, and SYPRO Orange were obtained from Sigma. The

P81 phosphocellulose paper was from Whatman, and [32P] ATP was purchased from
PerkinElmer. The peptides were purchased from Genemed Synthesis Inc. and purified by
semipreparative HPLC on a Vydac C18 column, lyophilized, and resuspended in Tris-HCI
buffer (pH 8.0), as previously.®

cDNAs and Site-Directed Mutagenesis.

Recombinant baculovirus constructs encoding full-length Brk and the His-tagged kinase
domain of Ackl were used for insect cell expression, according to our previous
methods. 35364546 Mutations were introduced by site-directed mutagenesis using the
QuikChange 11 kit (Agilent) and verified by DNA sequencing.

Protein Purification.

The Ack1 kinase domain (UniprotKB, Q07912) and full-length Brk (SH3-SH2-

kinase) (UniprotKB, Q13882) were purified from Spodoptera frugiperaa Sf9 cells

by chromatography on Ni-NTA columns (Qiagen), as previously described.3546 For
crystallization, the protein was further purified by size exclusion chromatography on a
Superdex 200 (16/60) column, with a buffer consisting of 25 mM Hepes (pH 7.7), 300 mM
NaCl, 0.5 mM TCEP, 20 mM MgCl,, and 10% Glycerol.

Kinase Activity Assays.

Steady-state kinetic measurements of purified Ackl and Brk kinase activity were performed
using a continuous spectrophotometric ATP regeneration assay. The reactions were

carried out at 30 °C in a final volume of 75 L with 0.5 M enzyme. The synthetic

peptide substrate for Ackl was derived from Wiskott-Aldrich syndrome protein (WASP)
(KVIYDFIEKKKG),* and a Src-specific peptide (AEEEEIYGEFEAKKKKG) was used
as a substrate for Brk. The reactions contained 100 mM Tris (pH 7.4), 10 mM MgCl,,

1 mM phosphoenolpyruvate (PEP), 90 units/mL pyruvate kinase, 109 units/mL lactate
dehydrogenase, 1.2 mg/ mL NADH, and varying amounts of ATP. The reduction in NADH
absorbance was measured at 340 nm using a VersaMax plate reader. Initial rates were
measured in triplicate, and kinetic parameters were determined by fitting the data to the
Michaelis—Menten equation using nonlinear regression analysis (GraphPad Prism).

Phosphocellulose Paper Binding Assay.

Kinase activity was measured using phosphocellulose paper binding assays with purified
proteins and [ 22P]ATP. The reactions contained 20 mM Tris-HCI (pH 7.4), 10 mM MgCl,,
0.25 mM ATP and 20-50 cpm/pmol of [32P]ATP. The peptides used in this assay are
Wiskott-Aldrich syndrome protein (WASP) (KV1YDFIEKKKG)*® peptide for Ackl and

a Src-specific peptide (AEEEEIY GEFEAKKKKG) for Brk at a concentration of 1 mM.

Biochemistry. Author manuscript; available in PMC 2023 March 29.
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Reactions were carried out at 30 °C for 15 min with 1 M Ack KD or Brk FL (SH3-SH2-
KD). Kinase inhibition assays were performed using 500 nM enzyme (Ack KD or Brk FL),
200 M ATP, 10 M (R)-9b or dasatinib, and 1 mM peptide (WASP for Ackl, Src-specific
peptide for Brk). Reactions were carried out for 10 min at 30 °C.

Crystallization.

The crystallization conditions were screened by the hanging drop method using a 3-drop
96-well Intelli-Plate prepared using the NT8 Drop Setter (Formulatrix Inc.) at 4 °C. Buffer
screens were based on previously established conditions for wild-type Ackl complexes with
(R)-9b, and were performed using a nanoliter volume liquid handling platform (Formulatrix
Inc.). Ackl (3 mg/mL) was incubated with the ATP-competitive inhibitor (R)-9b at a 1:2
protein-drug ratio for 1 h before mixing with the reservoir liquid. The total volume of

each drop was 400 nL, made up of Ackl protein and reservoir liquid in a 1:1 ratio, and

a transparent tape was used to seal the wells. All the plates in the crystallography imager
(Formulatrix Inc.) were stored at room temperature.

For the K161Q mutant, promising crystals from the plate (0.05 M Bis-Tris pH 6.0-6.2, 19—
24% PEG3350, 0.2-0.3 M MgCl,, 2.5% glycerol) were crushed using the crystal-crushing
tool and diluted to 50 gL with the reservoir solution of the crushed crystal. The diluted
crushed crystals were vortexed for 3 min and used as the original seed stock. The original
seed stock was serially diluted to 1:10, 1:100, and 1:1000, which served as the crystal

seed when preparing the crystallization screen in a Falcon 24-well plate. The crystallization
hanging drop was prepared on an 18 mm siliconized glass circle cover slide (Hampton
Research), with each drop containing 1 gL of 3 mg/mL Ackl protein, 0.66 i of reservoir
liquid from the well, and 0.34 /L of seed stock. All crystal plates were stored at room
temperature and monitored daily using confocal microscopy. The best crystal from this step
was used as the seed stock for the next crystallization plate. The second seeding cycle
yielded large needles for K161Q, which were used for crystal shooting. The best crystal was
obtained in a buffer composed of 0.05 M Bis-Tris (pH 5.8), 19% PEG3350, 0.3 M MgCl,,
and 2.5% glycerol.

X-ray Diffraction.

The X-ray diffraction data were collected at the National Synchrotron Light Source 11
(NSLS-I1). The K161Q crystal diffraction pattern was obtained at 100 K and a wavelength
of 0.98 A with the following parameters: oscillation width, 0.2; exposure time, 0.02;
transmission, 0.3; oscillation range, 0-360°; detector distance, 270 mm; and protocol, vector.

Structural Determination and Refinement.

The K161Q diffraction pattern was processed using XDS#7-55 and solved by molecular
replacement®® using the structure of wild-type Ackl (Protein Data Bank, PDB: 4EWH) as a
search model. The Ackl K161Q model was built and refined using Coot®’ and PHENIX,>8
respectively. The diffraction data collection and refinement statistics are summarized

in Table 1. The UCSF Chimera tool RRDistMaps®® was used to generate the distance-
difference matrix shown in Figure S5.

Biochemistry. Author manuscript; available in PMC 2023 March 29.
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Thermal Shift Assays.

The thermal melting temperatures of Ackl and Brk proteins were measured by fluorescence
using SYPRO Orange (Sigma) at a 5% concentration. The quantum yield of the dye increases
when it binds to the exposed hydrophobic surfaces of denatured proteins. The proteins were
heat-denatured from 5 to 95 °C, and fluorescence emission spectra (excitation/emission 470
nm/570 nm) were recorded at 2 °C intervals in a StepOne Real-Time PCR System (Applied
Biosystems).

Multiple Sequence Alignment.

SLE-associated residues of interest were isolated from the structurally guided kinase family
sequence alignment by Modi and Dunbrack.2® Each member of the alignment with a
homologous residue (94 tyrosine kinases) was searched for in the COSMIC database

to generate Table 2. Alignments were depicted using JalView software.50 The ClustalX
coloring scheme was used to represent the chemical characteristics of amino acids, where
hydrophaobic residues (Ala, Cys, Phe, lle, His, Leu, Met, Val, Trp, and Tyr) with >60%
conservancy are represented in blue; negatively charged residues (Asp and Glu) with >50%
conservancy are colored magenta; positively charged Arg and Lys with >60% conservancy
are highlighted in red. Polar residues (Ser, Thr, GIn, and Asn) with at least 50% conservancy
are colored green, and cysteine and glycine residues with at least 85% conservancy are
colored pink and orange, respectively. The aromatic residues (Phe, Tyr, Trp) are cyan.

DynaMut Simulation and in Silico Analysis of Mutations.

RESULTS

We performed a DynaMut®® simulation to predict the effect of a point mutation on the
flexibility of the WT protein. DynaMut is a web server-based software that implements
Normal Mode Analysis (NMA), which predicts the dynamics of a system around a
conformation through harmonic motion. The structural model used in the analysis was
downloaded from the PDB (ID: 4EWH). Before analysis, water, inhibitors, and cofactors
were removed from the reference PDB models. The point mutation was defined using the
built-in function of the software.

In silico analysis was performed to identify the effects of the mutations on the

function, stability, and structure of the enzymes (Figure 3). Sorting Intolerant from
Tolerant “SIFT” (https:/sift.bii.a-star.edu.sg/)®2 was used to predict the functional effect of
mutations. FoldX,%3 Impact of Non-synonymous mutations on Protein Stability “INPS-3D”
(https://inpsmd.biocomp.unibo.it/inpsSuite/default/index3D),64 Single Amino Acid Folding
free Energy Changes “SAAFEC-SEQ” (http://compbio.clemson.edu/SAAFEC-SEQ/),85:66
PoPMUSIC (https://soft.dezyme.com/query/create/pop),87 the recently developed protein
stability predictor “PROST” (https://github.com/Shahidlgb/PROST) were utilized to check
the thermodynamic stability of the proteins upon mutation.

Systemic Lupus Erythematosus-Associated Mutations Impact Kinase Activity.

Loss-of-function mutations in the nonreceptor tyrosine kinases Ack1l/TNK2 (A156T,
K161Q, R247H) and Brk/PTK6 (G257A, G321R) have been identified in patients with

Biochemistry. Author manuscript; available in PMC 2023 March 29.
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systemic lupus erythematosus.1? While the Ackl A156T and K161Q mutations are in the

N-lobe of the kinase, the R247H mutation is in the C-lobe. Both A156 and K161 are located
within the p4-sheet of the N-lobe and are highly conserved among NRTKSs (Figure 1E). The
Brk G257A (dark blue) and G321R (purple) mutations fall in the kinase N-lobe (Figure 1C).

To examine the effects of the mutations, we expressed the corresponding mutant proteins

in Sf9 insect cells. For Ackl (wild-type and mutants), we expressed and purified the

kinase catalytic domain. For Brk, we expressed and purified the full-length wild-type (WT)
and mutant kinases. We previously showed that these proteins are predominantly in their
unphosphorylated state following purification from Sf9 cells.36:68 Our initial screening for
catalytic activity showed that Ackl A156T and Brk G321R were kinase-dead mutants, while
Ackl K161Q and Brk G257A were severe loss-of-function mutants with a small amount of
residual activity (Figure 2A,B).

Mutant Proteins Have Altered Stability but Still Bind to Inhibitors.

We utilized several bioinformatic tools to predict changes in thermodynamic stability
(AAG) upon mutation. FoldX, DeepDDG, and other stability predictors show similar trends
regarding expected changes in AAG (Figure 3).

Substitution mutations often reduce the stability of the protein structure by reducing or
overpacking the hydrophobic core with larger side chains, introducing strain, or loss of
electrostatic interactions in monogenic diseases.’® We compared the melting temperatures
of purified Ackl KD and full-length Brk proteins using thermal shift assays to determine
the effects of mutations on the thermodynamic stability of the proteins (Figures 4 and S1).
The A156T and R247H mutations in Ackl decreased the melting temperature (Figures 4A
and S1A), suggesting that these mutants destabilize the kinase. In contrast, the K161Q
mutation in Ackl increases the melting temperature. The AAG predictions obtained from the
computational tools (Figure 3) for the effects of mutations on protein stability agree with
these results such that increasing 7y, (higher stability) is positively correlated with smaller
AAG.

Most ligands and inhibitors stabilize proteins when bound to a folded protein, leading to an
increase in unfolding temperature. The melting temperatures of all mutants, including Ackl
K161Q, increased with the ATP-competitive inhibitor (R)-9b, suggesting that the mutants
could bind to (R)-9b, as evidenced by their stabilization by the inhibitor (Figures 4B and
S1B). We confirmed the abilities of the Ackl K161Q and R247H mutants to bind (R)-9b by
an in vitro kinase inhibition assay (Figure S2).

The lupus-associated Brk mutants G257A and G321R had a significantly lower 7, than WT,
while G321R exhibited a more drastic decrease in 7y, (Figures 4C and S1C). The melting
temperature of G257A increased in the presence of dasatinib, indicating its binding (Figures
4D and S1D). An in vitro kinase inhibition assay verified the ability of the G257A mutant

to bind dasatinib (Figure S2). The decrease in 7, was in agreement with the expected
destabilization assessed by DeepDDG and SAAFEC-SEQ.

Biochemistry. Author manuscript; available in PMC 2023 March 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kan et al.

Page 9

Mutations Reduce Kinase Activity and Affect Substrate Saturability.

To measure Ackl kinase activity, we used a continuous spectrophotometric assay. The
assay showed an expected linear relationship between enzyme concentration and activity on
enzyme progress curves (Figure S3A). We used this assay to measure steady-state kinetic
values for the wild-type, K161Q, and R247H forms of Ackl (Figure S3, panels B-D), wild-
type and G257A forms of Brk (Figure S3, panels E-F). The A156T and G321R mutants did
not show detectable activity in this assay, consistent with the results of the phosphocellulose
binding assay with [32P] (Figure 2).

As shown in Figure 5A, the Vjnax Values for mutants K161Q and R247H were 19.6 and
13.9 mOD/min, respectively, compared to 45.5 mOD/min for wild-type Ackl. The mutants
showed differential effects on K, (ATP); the K161Q mutant had 1.7 times higher K, (ATP)
than wild-type Ackl, while the R247H mutant had a 33% reduction in K, (ATP) (Figure
5B). We used the continuous assay to measure apparent Ky, (peptide) values for wild-type
Ack1 and the mutants (Figure S4). The K, for the WASP peptide was in the millimolar
range for these Ackl constructs, and we were not able to achieve saturation because of
solubility constraints. The value for K, (peptide) was somewhat higher for K161Q (2.96
mM) than for WT (2.21 mM) (Figure S4A vs S4B), while the estimated K, (peptide) for
R247H was much higher (~7 mM) (Figure S4C).

The Brk mutant G257A exhibited a Vs« value close to that of WT (Figure 5C). Differences
in Kinetic parameters between this mutant and WT were not statistically significant,
suggesting additional mechanisms for the loss-of-activity phenotype.

Crystallographic Analysis of the SLE-Associated Mutant Ack K161Q Provided Insights into
Its Impaired Catalytic Activity.

We solved the X-ray crystal structure of Ackl kinase domain harboring the K161Q mutation
(Table 1). Several structural differences were evident between WT and K161Q Ackl. We
observed the repositioning of the aC-4 Loop in K161Q with respect to that of the WT
(Figures 6A and S5). This loop is highly conserved among eukaryotic protein kinases,’t
such that changes in the aC-34 loop position might contribute to the decrease in activity
(Figures 2 and 4) through the steric hindrance of the substrate-binding site. In the active

WT KD, this loop points toward the solvent away from the active site (Figures 1D and

6B, beige), while it expands to accommodate the shift in the aC-helix in the inactive
conformation (Figures 1D and 6B, gray). Similar to the position of the aC-helix in the
inactive kinase structure, the aC-helix of K161Q is also shifted outward (Figure 6B,C).

The position of the aC-helix impacts the activity of TKs by enabling or disabling a highly
conserved salt bridge between the catalytic lysine (K158 of Ackl) and conserved glutamate
(E177 of Ackl) of the aC-helix. In active WT KD, the aC-helix is pointed inward, closer
to the substrate-binding cleft (Figures 1D and 6B, beige), while it rotates outward in the
inactive conformation (Figures 1D and 6B, gray). Therefore, we compared the aC-helix
position of Ackl K161Q to that of active and inactive Ackl. Our structure revealed a slight
shift in the aC-helix away from the kinase core, similar to that of the inactive WT (Figures
6B and 1D, purple vs gray). This shift may be caused by aC-R4 loop relocation, also
disturbing the K158-E177 salt bridge (Figure 6C, inset). The interaction is weaker in K161Q
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(3.7 A) than in WT Ack1 (2.8 A). The shift in the aC helix also introduces new H bonds
between the backbone nitrogen of G167 (of aC helix) and its backbone carbonyl oxygen
(Figure 6D).

In the mutant structure, repositioning of the aC-R4 loop favors novel interactions absent

in the WT; the carbonyl group of the Q161 side chain forms an H-bond with the V139
amide proton of the backbone (Figure 6E, 3.5 A). Furthermore, this interaction between
Q161-V139 pushes the aC-4 loop toward the C-lobe, resulting in partial occupation of
the substrate-binding site (Figure 6A). The Ackl WT structure lacks this interaction, as the
K161 side chain is more flexible and points away from V139.

In addition to the aC-R4 loop repositioning, the K161Q mutant favors a salt bridge between
E169 and R176 (Figure 6F). E169 of the mutant points toward the substrate-binding site,
which sterically hinders part of the substrate-binding site. In the active form of WT Ackl,
E169 faces away from the substrate-binding site, making this salt bridge unfavorable.
Interestingly, this interaction is present in the inactive conformation, which supports our
experimental data showing a loss of kinase activity. Movement of the N-terminus of the
aC-helix is a crucial step for catalysis, such that the position of the N-terminus of the aC-
helix relative to the activation loop determines whether an open conformation is achieved
for substrate binding.”273 Because we observed a shift in the position of the aC-helix
(Figure 6B) concomitant with loss of activity, we considered a possible change in substrate
specificity. We tested the catalytic activity of Ackl K161Q toward other peptide substrates
(Figure S6). The Abl peptide is known to be a suboptimal substrate for WT Ackl, the
second-best peptide substrate (after WASP),%> while other peptides included in the study
are ideal substrates for other tyrosine kinases, as indicated. Ackl K161Q did not exhibit
any substrate preference different from WT, and the WASP peptide remained the best
substrate tested (Figure S6). The A-loop and DFG motif conformations of the K161Q
mutant remained the same as those of the active WT protein (Figure 6C). This observation is
not surprising, as Ackl K161Q retains residual activity in our assays.

The N-lobe has been suggested to symmetrically dimerize, and the N-terminal SAM
domains cooperatively facilitate dimerization.28 N-terminal truncations in Ack1 significantly
alter its catalytic activity.58 As the K161Q mutation alters the N-lobe conformation, it could
also potentially affect the dimerization and kinase activity of the full-length protein.

Overall, the K161Q mutant adopts structural characteristics that are intermediate between
those of the active and inactive conformations. Compared to the autoinhibited inactive
structure of c-Src (PDB: 2SRC) and the active structure of Ackl (PDB: 4EWH), the aC-}34
Loop of K161Q is positioned between that of inactive c-Src and active Ackl. F271 of

the DFG motif and A-loop of the kinase take up the active conformation. The loss of

the conserved salt bridge between aC Glu (E177) and 34 Lys (K158) (Figure 6C), partial
occlusion of the substrate-binding site, the formation of new hydrogen bonds, and salt
bridges (Figure 6E,F) further stabilize the inactive-like characteristics.
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Mutated Residues Are Conserved among Tyrosine Kinases.

We analyzed the sequence conservation of these mutated residues among other tyrosine
kinases. We found that K161 of Ackl was conserved in 67% of the 94 tyrosine kinases
analyzed. Although this lysine is not conserved in the Ack family kinase Tnk1, its basic
nature is maintained with arginine. Other tyrosine kinases that possess arginine at the
equivalent position are NRTKs, FES, ITK, and TEC (Figure S7A), and RTKs DDR1, DDR2,
EGFR, ERBB2, Eph receptors A10 and B2 (Figure S7B). Interestingly, the insulin receptor
family has asparagine at this position, together with the Met and TXK receptor tyrosine
kinases.

A156T is located within the ATP-binding site and is the alanine residue of the conserved
AXK motif in the B4 strand of Ackl (Figure 1E), while it is in the 43 strand of most kinases.
A156 is a part of the catalytic spine and contributes to the positioning of ATP. Together with
V140 of B3 within the catalytic spine, Al56 is positioned directly onto the adenine ring of
ATP. Therefore, it is highly conserved among the TKs (Figures 1E and S7A-B).

G257 of Brk is shared by the Src-like kinase Srms. This residue is more conserved in RTKs
(Axl, EphA7, EphA8, EphA10; FGFRS3, insulin family RTKs, MUSK, TRKA-C, TYK2,
CSF1R, KIT, PDGFRB) than in NRTKs (JAK2 and JAK3) (Figure S8A). Brk G321 is
present in closely related Src family kinases (Frk, Fyn, Fgr, Src, Yesl), the Abl family
(Abll, Abl2), ITK, RTK family DDR (DDR1, DDR2), FER, TRKA-C, TIE family (TEK,
TIE1), MUSK, and ROR1 (Figure S8B).

Ackl R247 is not conserved within NRTKSs (Abl, Fyn, Lyn, Hck, and Src) but is conserved
in EGFR (Figure S7C). Although Arg is not necessarily conserved, the interaction between
the A loop and the equivalent residue is observed in these kinases. For example, in active
Abl, the side chain of the equivalent residue (N358) interacts with the carbonyl group of
G390. In active EGFR, the R832 side chain interacts with the backbone carbony! groups of
G863, A864, and E866; the backbone carbonyl group of R832 interacts with the backbone
amine of L862. Therefore, mutating R247 to His could potentially abolish these interactions
and have a destabilizing effect. To test this hypothesis, we performed flexibility predictions
using DynaMut. The predicted model for R247H reveals an increase in the flexibility of the
A-loop compared to that of WT (Figure S9). The mutation of R247 to His is predicted to
alter the flexibility of the protein structure. The simulation suggests a significant increase in
flexibility on the A-loop of the R247H mutant. This observation could contribute to the loss
of Ack1 activity observed under the conditions tested in this study and in patients with SLE.

The loss of activity might arise from the loss of interaction between R247 and A-loop
residues. In the WT structure, R247 interacts with the backbone of the A loop residues
D281, P278, and L277 (Figure S9). This interaction enables the A-loop to remain in

the active conformation. However, the simulated model showed that mutation of R247 to
His disabled these interactions (Figure S9). Without these interactions, the A-loop gains
flexibility and flips between the active and inactive conformations, causing suppression in
activity.
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DISCUSSION

In this study, we examined the biochemical characteristics of the SLE-associated mutations
A156T, K161Q, and R247H in Ackl, and G257A and G321R in Brk. We solved the crystal
structure of Ackl K161Q, which revealed a conformation possessing the characteristics of
both the active and inactive kinase structures. Because this mutant retains ~35% activity
(Figure 2A), the crystal structure provides information on the partial loss of Ackl activity
(Figure 6). The distance between catalytic Lys and Glu in aC is 2.8 A in the active structure
(PDB: 4EWH) and 3.7 A in K161Q (Figure 6C, inset). The largest difference is observed

in the aC-R4 loop. This loop changes from being solvent-facing in the WT structure to
activation loop-facing in the mutant form, moving toward the C-lobe (Figure S5). This
movement results in maximum displacements in the Ca of L165 by 11.7 A (Figure S5).

We observed a significant decrease in the thermal stability of A156T compared to that of
WT (Figure 4A), thus providing an explanation for the functional loss of the mutant. The
DynaMut simulation for Ackl R247H suggests a more flexible A-loop compared to the
WT (Figure S9), suggesting the destabilization of the active conformation. Overall, these
observations shed light on the complete or partial loss of activity in Ackl observed among
SLE patients harboring the mutations analyzed in this study.

The in silico thermostability calculations for Ackl follow a consistent trend between each
algorithm and agree with the experimental data. In contrast, the predictions of FoldX,
INPS-3D, PoPMuSIC, and PROST for Brk do not match the experimental values, as the
G321R is a more destabilizing mutation than G257A Some of these in silico tools use
energy functions to compute the AAG (e.g., FoldX), whereas others have machine-learning
approaches and rely on data set training (e.g., DeepDDG and PoPMusSiC). DeepDDG

was trained on more than 5700 experimental data points.”* DeepDDG considers the solvent-
accessible surface area of the mutated residue as the most important feature, which could
explain why it accurately assessed G321R vs G257A. POPMuSIC’s algorithm similarly
depends on solvent accessibility; the difference in performance vs DeepDDG could be due
to the specific data sets used to train these programs.

The discrepancy between the experimental data and the bioinformatic predictions
demonstrates that a single algorithm may not perform equally accurately even within the
same subfamily of proteins (nonreceptor tyrosine kinases). Indeed, one study evaluating the
performance of 11 different stability prediction tools used 1784 single mutations occurring
in 80 proteins as input and showed that there was not a single mutation in which all of

the programs correctly predicted the experimental result.”® Our results with Brk similarly
highlight the limitations of the stability predictors. In addition, while we assume that a
loss-of-function mutation should be destabilizing, we note that there is evidence in the
literature that some disease-associated mutations increase protein stability.

Mutated residues identified in Ackl and Brk are crucial for maintaining kinase activity. In
Table 2, we summarize the analogous mutations identified in other kinases. EGFR R832H
(equivalent to Ackl R247H) has been identified in bone and kidney cancers.”” EGFR
AT743T (analogous to Ackl A156T) has been identified in lung and upper aerodigestive
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tract cancers.87:98 Residues equivalent to Brk G321R (G372R in Abl 1a and G391R in

Abl 1b) have been identified as imatinib-resistant mutants.83:84 However, there is minimal
information regarding these mutants, and further investigation is required to characterize the
effects of these mutations.

Loss-of-function mutations in Ackl can also impact TLR signaling cascades. These
signaling pathways are known to participate in aberrant immune responses. In this regard,
the role of Ackl in TLR activation pathways and autoimmune diseases has recently been
reported.?® In mouse models of SLE, Ack1 inhibition was shown to alleviate lupus-like
syndromes.®® In contrast, the SLE-associated mutations studied here involve decreased
Ack1 function, indicative of an alternative mechanism underlying the pathogenesis of this
complex polygenic disease. The diversity of genetic backgrounds in SLE could affect the
modus operandi for Ackl (or Brk) in immune cells, suggesting that the nature of the
involvement of tyrosine kinases is context-dependent. A similar discordance is observed
in EGFR-dependent cancers, where downregulation of the Ackl oncogene promotes drug
resistance by increasing the half-life of EGFR.190 Likewise, wild-type proteins could
contribute to SLE pathology under susceptible conditions, while loss-of-function mutations
could serve as compensatory surrogate pathways for disease progression depending on
genetic predisposition.

Additional studies are needed to address the potential cellular mechanisms underlying the
loss-of-function mutations in Ackl and Brk. Because Ackl is an activator of Akt and STAT,
loss of Ackl function could negatively impact these signaling pathways. The deactivation
of Akt and STAT is associated with a loss of the anti-inflammatory response and a decrease
in apoptotic cell uptake, which is phenotypic in patients with SLE. Brk phosphorylates

and downregulates Dok1, a protein associated with autoimmune response. However, the
mechanism by which Brk influences T cell regulation through Dok1 might involve other
proteins.

Although the roles of Ackl and Brk1 in autoimmunity remain unknown, our findings
suggest that SLE-associated Ackl mutations affect specific activities and destabilize the
enzymes. Our study broadens our understanding of mutations in the NRTKs Ackl and

Brk, which tend to be characterized as gain-of-function mutations in disease contexts. We
showed that the two residues (Ackl A156 and K161) critical for catalytic activity are also
highly conserved among other TKs (Figures 1E and S7A-B), providing further evidence that
mutations in these residues might not be tolerated in the other members of the TK family.
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Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Overview of SLE-associated mutations on crystal structures. (A) Domain organization of

Ackl (top) and Brk (bottom). SAM, sterile alpha motif; CRIB, Cdc42, and Racl binding;
CB, clathrin-binding; UBA, ubiquitin-associated domain. Ribbon diagrams of (B) the active
wild-type Ackl KD (PDB: 4EWH, beige) and (C) Brk KD (PDB: 6CZ3, beige) structures
depicting the position of the mutations relative to the common structural elements shared
within the NRTKs: A-loop, activation loop (orange); P-loop, phosphate-binding loop (navy);
DFG motif, Asp-Phe-Gly motif that coordinates magnesium binding (pink); and HRD
motif, His-Arg-Asp catalytic triad (yellow). The activation loop autophosphorylation sites
(Y284 for Ackl; Y342 for Brk) and the DFG motif are shown as sticks. Mutations are
color-coded as follows: Ackl A156T (dark red), K161Q (purple), R247H (dark blue); Brk
G321R (purple), and G257A (dark blue). (D) The structural differences between active and
inactive Ackl KD conformations near the C helix. The C helix of the active structure (from
panel B) is shown in beige, while that of the inactive structure (PDB: 4HZR) is shown

in gray. (E) Sequence logo for the region encompassing A156 and K161 of Ackl and its
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conservation among nonreceptor tyrosine kinases, generated using Modi and Dunbrack’s2®
multiple sequence alignment as input. The residues are numbered according to their position
in Ackl.
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Figure2.
Activities of SLE-associated Ackl and Brk mutants. Catalytic activity of the isolated

(A) Ackl kinase domain and (B) full-length Brk proteins harboring the SLE-associated
mutations (color-coded according to Figure 1) was measured using the phosphocellulose
paper binding assay®9 and a peptide substrate. The WASP peptide*6 was used as a substrate
for Ackl KD, while the Src peptide3® was used in reactions with full-length Brk.
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Figure 3.
In silico prediction of the effects of the mutations. Folding free energy change (AAG)

between wild-type and mutant proteins calculated by FoldX (yellow bars), INPS-3D (orange
bars), DeepDDG (orange bars with black outlines), PoPMuSiC (red), PROST (white bars
with dark red outlines), and SAAFEC-SEQ (dark red bars) servers using various algorithms.
The output of these tools is reported in kcal/mol. A AAG value < 0 indicates a destabilizing
mutation.
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Figure 4.
Determination of the melting temperatures of Ackl KD or Brk FL proteins that carry

SLE-associated mutants. (A) Comparison of the melting temperatures of WT Ackl (beige)
and the SLE-associated mutants A156T (dark red), K161Q (purple), and R247H (dark
blue). (B) Comparison of the melting temperatures of WT Ack1 (beige) and SLE-associated
mutants with the addition of an ATP-competitive inhibitor (R)-9b. The increase in 7, with
the addition of (R)-9b indicates the binding of the inhibitor to the mutants. (C) Comparison
of the melting temperatures of WT Brk (beige) and the SLE-associated mutants G257A
(dark blue) and G257A (purple). (D) Comparison of the melting temperatures of WT Brk
(beige) and the SLE-associated mutants G257A (dark blue) and G321R (purple) with the
addition of the ATP competitive inhibitor dasatinib. The increase in 7y, with the addition

of dasatinib indicates the binding of the inhibitor to the mutant. Melting temperatures were
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determined using the thermal shift assay. A two-tailed #test was used to determine whether
the difference in temperature changes was statistically significant. A p-value < 0.05 was
used as a criterion for statistical significance (**** p< 0.0001, *** p< 0.001, ** p<0.01,
*p<0.05, ns: p>0.05).
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Figureb.

Characterization and activity comparisons of wild type and mutant Ackl and Brk

proteins associated with SLE. (A) Kinetic parameters determined using the continuous
spectrophotometric assay. nd, Not detectable. ATP concentrations ranged from 25 4/M to 1.5
mM. The rates were replotted against ATP concentration and fitted to the Michaelis—Menten
equation (Figure S3). Assays were carried out with 0.5 zM enzyme and 1 mM substrate.
Absorbance data were recorded every 8 s. Values are + SD. (B) Initial rates were measured
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at various concentrations of WASP peptide using the continuous assay. (C) Initial rates were
measured at various concentrations of Src peptide using the continuous assay.
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Figure®6.

Crystallographic studies of Ackl KD K161Q. (A) Overview of the conformational changes
introduced by the mutation. The crystal structure of Ackl KD K161Q (purple) superimposed

on the active autophosphorylated WT structure (PDB: 4EWH, beige) is depicted as a

ribbon diagram. (A) Left: The location of panels B—F is mapped onto the ribbon diagram
structure of K161Q. Right: The mutation causes the aC-4 loop to flip, leading to a partial
blockage of the substrate-binding site. (B) Comparison of the position of the aC helix in
WT phosphorylated (beige) and unphosphorylated (gray) structures vs K161Q (purple). (C)
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The shift in the aC helix introduces new H bonds between (D) the side chain nitrogen of
GIn 167 and its backbone carbonyl oxygen, and (E) Val 139 and GIn 161. (F) The shift in the
aC helix favors the Glu 169-Arg 176 salt bridge.

Biochemistry. Author manuscript; available in PMC 2023 March 29.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Kan et al.

Table 1.

Data Collection and Refinement Statistics for Ackl KD K161Q

Data collection

wavelength (A)
Space Group

a, b, ¢ Cell Dimensions (A)

Resolution (A)

0.97933
1422
91.69, 91.69, 190.07

28.99-3.19 (3.28-3.19)7
0.148 (1.088)?

19.60 (2.40)?

99.1 (90.0)¢

25.1(19.3)¢
176464
7020

R Merge

NZi

Completeness (%)

Multiplicity

Number of Measured Reflections

Number of Unique Reflections
Refinement

Method

Resolution (A)

Free R Test Set Size (#/%)
Roork! Rrree

No. Atoms

Protein

Ligand

Average B-Factors

molecular replacement
28.99-3.2

700/10

0.2005/0.2534

2205
39
106.4

RMSD From Ideality

Bonds (A) 0.002
Angles (deg) 0.563
Ramachandran Statistics
Favored (%) 96.34
Disallowed (%) 0
Molprobity

Clash Score 3.60
Overall Score 1.40

a . . .
Numbers in parentheses refer to the highest-resolution shell.
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Analogous Disease-Associated Mutations within Other Tyrosine Kinases”

Table 2.

Abl
Csk
EGFR
Frk
ITK

EGFR

Abl
Abl
Csk
EGFR
EGFR
FGFR3
FGFR3
FGFR4
Ret
Srms

Tec

Abl (1a)
Abl (1b)
EGFR

K274
K225
R748
K265
R394

R832

A269
A269
A220
A743
AT743
A508
A508
A484
A756
A256
A396

G372
G391
K846

4 4 < 4 < 4 < 44 < 4+

pe)

R

Ack1lK161Q
Chronic myeloid leukemia (dasatinib-resistant)
Rhabdomyosarcoma
Head and neck cancer
Triple-negative breast cancer
Ampullary cancer
Ackl R247H
Ewing’s sarcoma
Ackl A156T
Acute lymphoblastic leukemia (Ph+)
Chronic lymphoblastic leukemia (Ph+)
Pancreatic cancer
Nonsmall cell lung cancer (NSCLC) lung adenocarcinoma
NSCLC, esophageal squamous cell carcinoma
Skin squamous cell carcinoma
Skin squamous cell carcinoma
Breast invasive carcinoma
Colon cancer
Colon cancer
Colon cancer
Brk G321R
Chronic myeloid leukemia (Ph+)
Chronic myeloid leukemia (Ph+)

NSCLC

78
79
80
81
82

83

78
84,85
86
87,88
89-91
92

91

93

94

95

96

85
85
97

Page 32

a . : . . . )

All TKs possessing a residue homologous to the SLE-associated mutations (90 members) were searched in the COSMIC database. The first
column indicates the name of the proteins followed by the corresponding residue. The third column shows the substitution mutation, with the
disease the mutation was documented in the following column.

Ph+, Philadelphia chromosome-positive.
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