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Abstract

Ackl is a proto-oncogenic tyrosine kinase with homology to the tumour suppressor Mig6, an
inhibitor of the epidermal growth factor receptor (EGFR). The residues critical for binding

of Mig6 to EGFR are conserved within the Migé homology region (MHR) of Ackl. We

tested whether intramolecular interactions between the Ackl MHR and kinase domain (KD) are
regulated by phosphorylation. We identified two Src phosphorylation sites within the MHR (Y859,
Y860). Addition of Src-phosphorylated MHR to the Ackl KD enhanced enzymatic activity.
Co-expression of Src in cells led to increased Ackl activity; mutation of Y859/Y860 blocked this
increase. Collectively, the data suggest that phosphorylation of the Ackl MHR regulates its kinase
activity. Phosphorylation of Y859/Y860 occurs in cancers of the brain, breast, colon, and prostate,
where genomic amplification or somatic mutations of Ackl play a role in disease progression. Our
findings suggest that MHR phosphorylation could contribute to Ackl dysregulation in tumours.
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Activated Cdc42-associated kinase (Ackl) is a nonreceptor tyrosine kinase (NRTK) that
belongs to the Ack family of kinases. Ack1 is activated in response to growth factors and
integrin-mediated cell adhesion [1] and is recruited to activated receptor tyrosine kinases
(RTKSs) such as platelet-derived growth factor receptor (PDGFR) [2,3], insulin receptor, Mer
RTK [4], and epidermal growth factor receptor (EGFR) [2]. Ackl is linked to numerous
disorders, including cancer and immune diseases. Aberrant expression and dysregulation of
Ack1 have been documented in prostate, breast, ovarian, and pancreatic cancers [4-7].

Ack1 has several characteristics that distinguish it from other NRTKs (Fig. 1A). First, Ackl
lacks an SH2 domain, and it is the only NRTK to have an SH3 domain C-terminal to the
kinase domain (KD). Furthermore, Ackl contains an N-terminal sterile alpha motif (SAM)
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[2] that is thought to participate in membrane localization and dimerization [8]. Ackl is the
only tyrosine kinase to contain a Cdc42/Rac-interactive domain (CRIB) through which it
binds and inhibits active GTP-bound Cdc42 [9,10]. The C-terminal region of Ackl contains
additional noncatalytic domains such as the clathrin-binding domain (CBD) [11] and the
ubiquitin-associated domain (UBA) [12].

Notably, Ackl contains a region highly homologous to Mig6, a feedback inhibitor of EGFR
[13-15]. Two regions of Mig6 (segments 1 and 2) are responsible for the Mig6—EGFR
interaction [15,16], which leads to the downregulation of the receptor by clathrin-mediated
endocytosis. The key residues for Mig6-EGFR binding are conserved in the Migé homology
region (MHR) of Ackl. Ackl is the only protein in the protein database known to have
homology to Mig6; the two proteins are thought to be evolutionarily linked. Both Ackl and
Mig6 share distinctive features (Fig. 1A): Like Ackl, Mig6 also contains a CRIB domain
and binds to the small GTPase Cdc42. Similar to the CBD of Ackl, Mig6 possesses an
endocytic domain, which has analogous functions in the endocytosis of EGFR [17]. The
proline-rich sequences that are binding sites for proteins with SH3 domains are also shared
between Mig6 and Ackl. Furthermore, both Mig6 and Ackl bind to EGFR [2,12,16,18].

While the role of the MHR in Ackl function has not been well characterized, structural

and biochemical studies of Mig6 itself shed light on the molecular basis of EGFR binding.
In normal EGFR signalling, binding of EGF to an EGFR monomer causes the formation

of an asymmetric dimer, in which the C-lobe of one kinase (activator) contacts and

induces conformational changes in the N-lobe of another (receiver) [19]. Mig6-mediated
inhibition of EGFR is two-fold: allosterically, segment 1 of Mig6 blocks the formation of the
activator-receiver dimer by binding to the C lobe of the EGFR kinase domain, preventing the
formation of the asymmetric dimer [20]. Second, segment 2 acts as a competitive inhibitor
by occupying the substrate-binding site [16]. Both segments are crucial for the complete
inhibition of EGFR. Segment 1 alone cannot suppress kinase activity; the conformation of
the segment-1-binding surface in the C-lobe does not change upon the activation of the
kinase [19]. Rather, segment 1 serves as an anchor to facilitate the binding of segment 2 to
the substrate-binding site of activated EGFR [20].

These segments from Mig6 are highly conserved within the MHR of Ack1 (Fig. 1B),
suggesting that the Ackl MHR sequences might play a similar regulatory role. The C-lobe
of the Ackl kinase domain has a segment-1-binding surface, similar to that of EGFR [20].
A phenylalanine residue (F821) that plays a key role in the Mig6—EGFR interaction is
conserved and has an analogous role in the Ackl kinase domain—-MHR interaction [21].
Mutation of this residue to alanine results in a nearly 80-fold increase in kinase activity.
Moreover, mutation of the corresponding residue in the segment-1-binding region of Ackl
KD (E346K), has a similar functional effect, suggesting that the engagement of MHR
segment 1 could be inhibitory. Activation of Ackl involves autophosphorylation at Y284
[22]. Unlike other NRTKSs, the unphosphorylated activation loop of Ackl KD does not
block the substrate-binding site, suggesting that other intramolecular interactions regulate
the activity of Ackl. Several cancer-associated frameshift mutations that lack the MHR
strengthen the hypothesis that the C-terminal MHR domain has an autoinhibitory role; Ackl
P632fs and Q831fs frameshift mutants lacking MHR and UBA domains were found to have
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increased expression and autophosphorylation [23]. In addition, missense mutations in the
SH3 and MHR domains identified in various human cancers have been reported to enhance
catalytic activity and autophosphorylation of Ack1 [2,21,24]. Therefore, the activity of Ackl
is thought to be suppressed by intramolecular interactions between the catalytic domain and
the C-terminal region SH3 domain and the MHR [25,26].

The phosphorylation status of two tyrosines in Mig6 (Y394 and Y395 of segment 2) has
been found to affect the inhibition of EGFR [27]. Phosphorylation of Y394 enhances

the binding of segment 2 to the substrate-binding site and facilitates the phosphorylation
of Y395 by EGFR. This priming phosphorylation is catalysed by Src, and the resulting
phosphorylation on both Y394 and Y395 enables tight inhibition of EGFR. The co-crystal
structure of EGFR bound to a Mig6 segment 2 peptide has revealed that segment 2 can
interact directly with the activation loop and the active site [27].

Src is known to phosphorylate Ackl at Y284 located on the activation loop [28], as well

as additional residues in the C-terminus. The SH2 and SH3 domains of Src bind to residue
Y518 and 623-652 of Ackl, respectively, and this interaction promotes the phosphorylation
of Ackl at Y284 in the activation loop. The SH3 domains of other Src family kinases (Hck,
Fyn, Lyn and Yes1) have also been shown to interact with Ackl through its C-terminal
proline-rich domain [22]. Ackl is a substrate for Hck, which can regulate Ack1 activity by
phosphorylation. Therefore, an important unanswered question is whether Src (or another
Src family kinase) regulates Ackl1 by phosphorylating the enzyme at additional sites,
including the MHR.

Here, we investigate the relationship between the MHR domain and the regulation of Ackl
by phosphorylation. We used peptides derived from the MHR domain and tested them

as substrates for Src and Ackl. We expressed the entire MHR as a fusion protein and
analysed its phosphorylation by Src using mass spectrometry. These experiments led to

the identification of two tandem Src phosphorylation sites within the MHR (Y859, Y860).
Mutation of these residues in Ackl1 (Y859 and Y860) to phenylalanine reduced the Src-
mediated enhancement of its kinase activity, consistent with a role for MHR phosphorylation
in the regulation of Ackl.

Materials and methods

Reagents and antibodies

Nickel-nitriloacetic acid (Ni-NTA) resin was purchased from Qiagen (Germantown, MD,
USA). Glutathione-agarose resin was obtained from Thermo Scientific (Waltham, MA,
USA). Bovine serum albumin, leupeptin, aprotinin, PMSF, sodium orthovanadate, and
EZview red anti-FLAG M2 affinity gel were obtained from MilliporeSigma (Burlington,
MA, USA). Trypsin—EDTA solution was from Corning Inc. (Corning, NY, USA).

Mouse monoclonal anti-phosphotyrosine antibody (clone 4G10) was obtained from
MilliporeSigma; rabbit polyclonal anti-GST was from Invitrogen (A-5800, Waltham, MA,
USA). Horseradish peroxidase-linked anti-FLAG mouse antibodies were obtained from
MilliporeSigma (F1804). The secondary antibodies were horseradish peroxidase-linked
secondary antibodies (donkey anti-rabbit 1gG and sheep anti-mouse 1gG horseradish) from
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Cytiva (Marlborough, MA, USA). The P81 paper was from Whatman (Maidstone, UK) and
[y32P]ATP was from Perkin Elmer (Waltham, MA, USA).

All peptides were purchased from Genemed Synthesis Inc. (San Antonio, TX, USA) and
purified by semipreparative HPLC on a Vydac C18 column, lyophilized, and resuspended in
Tris—HCI buffer pH 8.0, as previously described [29].

HEK?293T cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM) (Cellgro,
Mediatech, Inc, Manassas, VA, USA) supplemented with 10% fetal bovine serum (Sigma)
and antibiotic-antimycotic solution (Corning). The medium was changed every 3 days. Sf9
insect cells were maintained in Sf-900 medium (Gibco) supplemented with 5% fetal bovine
serum and 1000 IU-mL~1 streptomycin, 25 ng-mL~1 amphotericin B (Cellgro, Mediatech,
Inc.).

Cloning and site-directed mutagenesis

The p3XFLAG-CMV7.1 plasmid was purchased from Sigma. The full-length Ack1 was
subcloned as previously described [21]. Site-directed mutagenesis was performed using
the Quik-Change XL Il kit (Agilent, 200523, Santa Clara, CA, USA). The mutations
were verified by DNA sequencing. Plasmid pUSE was obtained from MilliporeSigma and
pPGEXA4T.1 was purchased from GE Healthcare [21].

Cell transfection and Western blotting

HEK?293T cells (from American Type Culture Collection, Manassas, VA, USA) were plated
in 100-mm diameter dishes. Cells were maintained in DMEM (Corning) supplemented with
10% fetal bovine serum (Sigma) and 1000 1U-mL™1 penicillin and streptomycin. After 24

h, the cells were transfected using 3 ug DNA with TransIT reagent (Mirus, Marietta, GA,
USA) at a ratio of 3 uL TranslIT per pg of DNA. Cells were harvested after 48 h, washed
with phosphate-buffered saline, and lysed with modified RIPA buffer (50 mm Tris—HCI pH
7.4, 150 mm NaCl, 5 mm EDTA, 1% Nonidet P-40) supplemented with protease inhibitors
leupeptin (10 pg-mL™1), aprotinin (10 pg-mL~1), PMSF (200 pm), and the phosphatase
inhibitor NagVO4 (1 mm).

Protein expression and purification

A recombinant baculovirus encoding the Ackl kinase domain [21] was used to infect 600
mL of Sf9 cells at 1.8 x 106 cells:mL1. The infected cells were harvested after 3 days

and lysed in a French pressure cell in buffer containing 20 mm Tris—HCI (pH 8.0), 5 mm
B-mercaptoethanol, 10 pg-mL~1 leupeptin, 10 ug-mL™1 aprotinin, 1 mm PMSF, and 2 mm
NazVOy. The cell lysates were cleared by centrifugation at 30 000 g for 30 min, filtered with
a 0.8 um filter, and applied to a 4 mL Ni-NTA column. The column was first washed with 75
mL buffer A (20 mm Tris—HCI buffer (pH 8.0), 20 mm imidazole, 0.5 m NaCl, 10% glycerol,
5 mm B-mercaptoethanol, 2 mm NazgVVO),. A second wash was done with 50 mL buffer B
(20 mm Tris—HCI (pH 8.0) and 1 m NaCl and a third wash was carried out with 50 mL of 20
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mwm Tris—HCI buffer (pH 8.0)). His-tagged proteins were eluted with a buffer containing 20
mwm Tris=HCI (pH 8.0), 100 mm imidazole, 5 mm B-mercaptoethanol, and 10% glycerol. The
fractions containing the Ackl kinase domain were pooled, concentrated, and supplemented
with 20% glycerol, and stored at —80 °C. Human c-Src containing SH3 and SH2 domains
(residues 82-533) [30] was a gift from Dr Markus A. Seeliger (Stony Brook University).
The MHR domain of Ackl was expressed as a glutathione S-transferase (GST)-tagged
fusion protein in Escherichia coli BL21(DE3) cells (1 L) as described previously [21].
Phospho-MHR was purified from the phosphorylation reaction with Src using a Superose 12
10/300 GL column equilibrated with 50 mm Tris—HCI, pH 8; 0.1 m NaCl and 10% glycerol.

Immunoprecipitation (IP) Kinase assay

IP-kinase assays were performed as previously described [21] with the following changes: 1
mg of total cell lysates was incubated with 30 uL of anti-Flag M2 affinity resin on a rotator
at 4 °C overnight, then washed three times with Tris-buffered saline (TBS). A fraction of
each sample was eluted with Laemmli buffer and analysed by 8% SDS/PAGE followed

by anti-Flag Western blotting. The remaining sample was used for the phosphocellulose
paper-binding assay [31]. A synthetic peptide derived from WASP (Table 1) was used as a
substrate at a 0.8 mm concentration [32].

Phosphocellulose paper-binding assay

Kinase activity was measured using phosphocellulose paper-binding assays with [y32P]ATP.
The reactions contained 20 mm Tris—HCI (pH 7.4), 10 mm MgCls, 0.25 mm ATP and 20—

50 cpm-pmol~1 of [y32P]ATP. The peptides used in this assay are listed in Table 1. The
phosphopeptides were tested at a concentration of 20, 50, and 100 pm as modulators; at 0.75
mwm as substrates. Reactions were carried out at 30 °C for 15 min with 1 pm Ack KD-SH3 or
Src SH3-SH2-KD.

Peptide identification by liquid chromatography-electrospray ionization tandem mass
spectrometry (LC-MS/MS)

Phosphopeptides were analysed by LC-MS/MS using orbital trap (Q-Exactive HF;
ThermoFisher Scientific, Waltham, MA, USA) and Q-TOF instruments (5600Plus;
Applied Biosystems/MDS Analytical Technologies SCIEX, Toronto, Canada) as previously
described [33]. The data were collected using anaLysT s (Version 1.1; Applied
Biosystems/MDS Analytical Technologies SCIEX). Phosphotyrosines were identified at >
92% confidence from product ion spectra data.

Analysis of evolutionarily conserved residues

Sequence conservation of MHR was determined using the ConSurf server [34,35]. The Ackl
sequence from UniProt (Q09712) was used to find homologs with the HHMER algorithm
with three iterations against UniProt. The minimum and maximum sequence identities were
set to 35% and 95%, respectively. Redundant sequences of high homology were filtered out
and an alignment of 150 sequences was generated using the MAFFT-L-INS-i algorithm.
ConSurf calculates a conservation score for each residue using an empirical Bayesian
method and normalizes the scores to a mean of 0 and a standard deviation of 1. The scores
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are then grouped into 9 grades, where 1 indicates the least conserved (highly evolving) sites,
and 9 corresponds to the most evolutionarily conserved positions. The conservation grades
were mapped onto the Ackl MHR (Q07912, 733-876) using the ConSurf colour code,

with cyan to maroon gradient corresponding to the variable (1) to conserved (9) positions,
respectively. ConSurf additionally combines evolutionary conservation findings with solvent
accessibility predictions and categorizes residues as putatively functional and structural.

If a highly conserved residue is buried or exposed, it is classified as either structural or
functional, respectively.

Alignment of Mig6 and the Ackl MHR

Both segment 1 (residues 804-833) and segment 2 (residues 842-877) of the Ackl MHR
show significant homology to their corresponding segments in Mig6. We generated a
pairwise sequence alignment with EMBOSS Water using the Smith—Waterman algorithm
(UniProt Q07912 and Q9UJM3 [36]) (Fig. 1B). Ackl and Mig6 are 80.6% homologous and
53.7% identical within the 132 residues they share. The alignment shows less conserved
positions in light blue and highlights identical residues in dark blue. Segment 2 of Mig6

is highly conserved within the MHR of Ackl with near 75% sequence identity. Tandem
tyrosines in Mig6 (Y394, Y395) that regulate the inhibition of EGFR are also conserved
(Ackl Y859 and Y860), as are three additional tyrosines (Ackl Y827, Y868, and Y872).

Src phosphorylation of MHR

Considering the known role of Src in Mig6 phosphorylation and regulation, and the strict
conservation of five tyrosines within the Ackl MHR, we tested whether these sites are
phosphorylation sites. First, we confirmed that full-length Ackl can be phosphorylated by
Src in mammalian cells. We co-expressed FLAG-tagged Ackl and a constitutively active
form of Src (Y527F) in HEK293T cells. We carried out immunoprecipitation reactions
with anti-FLAG antibody followed by Western blotting with anti-phosphotyrosine antibody.
Co-expression of Src greatly enhanced Ackl tyrosine phosphorylation (Fig. 2A).

Next, we designed synthetic peptides derived from segment 1 and segment 2 of the Ackl
MHR, designated MHR1 and MHR2, respectively (Table 1). These peptides encompass all
the tyrosines present in MHR: Y827 (MHR1); Y859, Y860, Y868, and Y872 (MHR2).
Given that both Mig6 ('Y395) and Ackl (Y284) are known substrates of Src [27,28], we
tested these MHR peptides as /in vitro substrates for a purified Src construct consisting of
the SH3, SH2, and catalytic domains using the phosphocellulose paper-binding assay, as
described previously [31,37]. Src phosphorylated both MHR1 and MHR?2 peptides (Fig.
2B). We also tested the peptides as substrates for Ackl under identical conditions. A purified
Ack1 construct comprising the catalytic and the SH3 domains [32] showed no activity
toward the MHR1 and MHR?2 peptides.

To test a larger MHR construct as a substrate for Src and identify phosphorylation sites,
we expressed the entire domain as a GST fusion protein in £. coli. We ran an in vitro
phosphorylation reaction with purified Src and analysed the aliquots at various time points
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on SDS/PAGE. Immunablotting with phosphotyrosine antibodies revealed that GST-MHR
was phosphorylated by Src (Fig. 2C). We then analysed the reaction mixture containing
phospho-MHR by subjecting it to LC-MS/MS and identified the residues phosphorylated by
Src as Y827, Y859, and Y860 (Figs 2D and S1).

To investigate the potential effects of these phosphorylations on the catalytic activity

of Ackl, we produced synthetic phospho-peptides based on these sites, designated as
pY827, pY859, and pY860 (Table 1). For the pY859 peptide, the only site available for
phosphorylation is Y860, and for the pY860 peptide, it is Y859. The pY827 peptide
contains no phosphorylation sites. In Mig6, the corresponding tandem tyrosines show

a unique pattern of phosphorylation: phosphorylation of the second tyrosine (Y395) by

Src primes phosphorylation of the first (Y394) by EGFR. We tested whether the pY859
and pY860 peptides were substrates for Src or Ackl. Although the MHR2 peptide
(containing unphosphorylated Y859-Y860) is not phosphorylated by Ackl (see above), the
phosphopeptides were Ackl substrates (Fig. 3A). Interestingly, Ackl strongly preferred the
pY860 peptide as a substrate, suggesting that phosphorylation of Y859 is dependent on prior
phosphorylation of Y860 (Fig. 3A). Src, however, preferentially phosphorylated Y860 of
MHR (Fig. 3B), mirroring its phosphorylation of Y395 of Mig6 [27].

Next, we tested whether the pY827, pY859, and pY860 peptides affect Ackl kinase /n
vitro. The substrate for these experiments was the WASP peptide (Table 1), the most
efficient Ackl substrate reported to date [32]. We immunoprecipitated full-length Ackl
from transfected HEK293T cells and carried out IP-kinase reactions with WASP peptide
and [y32P]-ATP. The synthetically phosphorylated peptides had no effect on Ack1 kinase
activity (Fig. 3C). We obtained similar results in an experiment using the purified Ackl
kinase-SH3 domain construct (Fig. 3D).

Effects of phosphorylated MHR on Ackl kinase activity

Phosphorylation of Mig6 on Y394 by active EGFR is essential for its inhibitory effects

on the catalytic domain [27,38-41]. In contrast to the interaction dynamics observed with
EGFR, Mig6 binds to inactive c-Abl in mammary epithelial cells and is phosphorylated

by c-Abl on Y394-Y395 [42]. Strikingly, binding and subsequent phosphorylation of Mig6
activate c-Abl, indicating that Mig6-mediated tyrosine kinase regulation could be context
dependent.

To gain insights into the functional outcomes of the homologous phosphotyrosines, Y859-
Y860, we evaluated whether Src-phosphorylated MHR would have an inhibitory or
stimulatory effect on the kinase activity of Ackl. We carried out an /n vitro reaction with
GST-MHR and Src, then purified phospho-MHR (pMHR) by gel filtration chromatography.
Unphosphorylated MHR had no effect on purified Ackl kinase activity against a synthetic
peptide substrate (Fig. 4, MHR). Incubation of pMHR led to a concentration-dependent
increase in Ackl kinase domain activity, as measured using [y32P]ATP and a peptide
substrate (Fig. 4).
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Ackl is a substrate for Src

Several high-throughput proteomic studies identified that Ack1l residues Y827, Y859,

and Y860 of Ackl are phosphorylated in various contexts: in BCR-Abl transformed cell
lines [43], downstream of insulin signalling [44], in EGF-treated HEK293T cells, and in
human mammary epithelial cells. Phospho-Y827 of Ackl was also identified in HeLa cells
stimulated with EGF [45] and in human mammary epithelial cells overexpressing HER2 (an
EGFR family member). It is possible that Ackl1 could be a substrate for EGFR or insulin
receptors themselves, or another tyrosine kinase downstream of these signalling pathways.
To date, the effector enzyme in cells remains unknown. Therefore, determining the effects of
these phosphorylation sites on Ack1 activity and their biological relevance is important for
our understanding of the function of the MHR domain.

We tested whether the effects of the MHR on the catalytic activity would also be evident

in the context of the full-length protein in intact cells. We generated nonphosphorylatable
(Y to F) mutants of full-length Ackl (Y827F, Y859F, and Y860F). To test whether loss

of hydroxyl sidechains would interfere with the putative inhibitory interactions between
the MHR and the kinase domain, we transiently expressed the full-length wild-type

or nonphosphorylatable forms of Ackl in HEK293T cells and co-transfected with a
constitutively active form of Src. We measured Ack1 activity by immunoprecipitating Ack1,
incubating with WASP peptide and [y32P]ATP, and carrying out /n vitro phosphorylation
assays (Fig. 5). In cells expressing Ackl alone, the Tyr-to-Phe mutations caused a > 2-fold
increase in Ackl catalytic activity, relative to WT Ackl (Fig. 5, grey bars). Co-expression
with Src enhanced the catalytic activity of WT Ackl. However, co-transfection of Src with
the nonphosphorylatable mutant-expressing cells (Y859F and Y860F) did not produce a
significant increase in catalytic activity. A similar result was observed when Y394-Y395 in
Mig6 was mutated to phenylalanine, impairing its ability to bind EGFR [46]. The activity
of Y827F was higher than that of WT Ackl. This is consistent with studies of Mig6;

the equivalent tyrosine in Mig6 makes contact with a Val residue in the C-lobe. Alanine
substitution of this residue in the MHR of Ackl was found to increase autophosphorylation
[21]. Interestingly, the segment 1 phosphorylation site mutant Y827F retained the ability

to be activated by Src; the phosphorylation sites on Y859 and Y860 were intact in this
mutant. This agrees with our hypothesis that segment 1 serves as a hinge that orients
segment 2 toward the activation loop of Ackl. Overall, our observations are consistent
with the hypothesis that the autoinhibitory interactions of MHR can be modulated by
phosphorylation.

Analysis of the evolutionarily conserved residues within the MHR

We used the ConSurf server to determine the evolutionarily conserved regions or residues
within the MHR of Ackl based on the multiple sequence alignment of 150 homologs (Fig.
S2) [34,35,47,48]. ConSurf categorized Y827, Y859, and Y860 as conserved residues with
respective conservation scores of 9, 9, and 8 (Fig. 6). Y860 was replaced with H892 in
TNK2 of the channel catfish (/ctalurus punctatus) included in the alignment. Interestingly, in
zebrafish (Danio rerio), whose genome is the most similar to that of catfish, the YY in MHR
is conserved. Another homolog of Ackl studied in Drosophila melanogaster, DAck1, also
possesses the Y'Y motif.

FEBS Lett. Author manuscript; available in PMC 2023 January 26.
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ConSurf predicted Y827 of segment 1 to be exposed whereas the tandem tyrosines in
segment 2, Y859-Y860, were expected to be buried residues. Other residues in segment
2, especially 857-866, are considerably more conserved compared to segment 1 (Fig. S3).
Except for prolines N-terminal to segment 1, residues outside the EGFR-binding region
(segment 1 + segment 2) are variable within the MHR. Moreover, the other two tyrosines
in segment 2 (Y868 and Y872) were found to be moderately conserved. Y872 had a
conservation score of 3, indicating that this position is variable and rapidly evolving (Fig.
S3). These findings lend strength to the idea that the tandem tyrosines in the Ackl MHR
(Y859, Y860) play an important regulatory role, analogous to their function in Mig6.

Discussion

The purpose of this study was to test if tyrosine phosphorylation of the MHR is a potential
regulatory mechanism for Ackl activity. We hypothesized that the autoinhibition of Ackl
KD by its C terminal MHR domain might be influenced by the phosphorylation of tandem
tyrosines. We identified Src phosphorylation sites within the MHR (Fig. 2). There is
precedent in the literature for phosphorylated Mig6 serving as either a kinase inhibitor (for
EGFR) or activator (for c-Abl). We found that phosphorylated MHR enhanced Ack1 kinase
activity (Fig. 4). Moreover, mutation of these residues to Phe diminished the Src-mediated
activation of full-length Ackl in HEK cells (Fig. 5). Thus, we postulate that phosphorylation
of the MHR releases the domain from an autoinhibitory interaction (Fig. 7).

The kinase domains of EGFR and Ack1 share ~ 40% sequence homology and have closely
related structures. Since there is no crystal structure of full-length Ackl or the KD bound

to MHR-mimicking peptides, we utilized the crystal structure of the EGFR kinase domain
in complex with Mig6 peptides to interpret our study. We superimposed the Ack1 kinase
domain onto the EGFR kinase domain using the crystal structure of the EGFR kinase
domain bound to the Mig6 EGFR-binding domain (segment 1 + segment 2; Fig. 8). The
root-mean-square-deviation between the 260 atom pairs aligned was 1.95 A. Both the
substrate binding cleft and the activation loop of Ackl are surrounded by positively charged
residues (Fig. 8C,D) [26]. The superimposed model suggests that three arginines near the
substrate-binding site (R251, R290, and R305) might be H-bonding with MHR, which could
explain the increase in catalytic activity observed for the Y859F and Y860F mutants (Fig.
5).

Most residues involved in the interaction between EGFR KD and Mig6 segment 2 are
conserved in Ackl KD and MHR, including the tandem tyrosines and their interacting
partners. However, a key lysine residue, K879, of EGFR is replaced by A295 in Ackl (Fig.
8A). In EGFR, this lysine coordinates pY395 of Mig6, stabilizing Mig6 as a substrate, and
facilitates the positioning of Y394 toward the active site of EGFR. Interestingly, c-Abl also
has a lysine at this position, suggesting the involvement of other residues in defining the
nature (activating vs. suppressing) of Mig6’s regulatory role. The presence of A295 at this
position for Ackl could explain why the exogenously added phospho-MHR activates the
enzyme. This model assumes that the Ackl KD adopts a conformation similar to that of
EGFR KD in the crystal structures of EGFR KD-Mig6, which is unknown and a limitation
for our study at present.
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The unphosphorylated MHR1 and MHR2 peptides were not substrates for the isolated KD
of Ackl. A fundamental difference between the EGFR-Mig6 and Ack1l-MHR interactions
is that Mig6 is a separate protein that regulates EGFR through association and dissociation,
while MHR is a domain on Ackl itself that presumably binds via intramolecular
interactions. In full-length Ackl, the affinity of the MHR for the kinase domain would be
increased by the entropic effect of being present on the same polypeptide. This effect would
be lost in experiments with exogenously added MHR or MHR-derived peptides. Hence, the
affinities of the isolated MHR domain or peptides for Ackl KD might be expected to be
much less than those of Mig6 for EGFR KD. However, and similarly to EGFR, a ‘primed’
peptide containing pY860 is phosphorylated at Y859 by Ackl (Fig. 3A).

Besides its role in blocking dimerization, segment 1 is proposed to aid in positioning
segment 2 near the active site. Segment 1 of the Ackl MHR may play a similar role.
Ack1 dimerizes via its N-terminal SAM domain [8], rather than via its kinase domain.
Hence, segment 1 of MHR is more likely to serve as a hinge to orient segment 2. This
hypothesis agrees with a previous study reporting that a cancer-related mutation in the
segment-1-binding surface of the C-lobe, E346K, resulted in the 6-fold activation of the
kinase [27].

Our studies used Src to phosphorylate the MHR of AckZl, based on the prior work with
Mig6. We do not exclude the possibility that other kinases in addition to Src might also
phosphorylate MHR. Hck phosphorylates Ackl, although the phosphosites are yet to be
identified [22]. The kinases of the Src family Fyn, Lyn, and Yesl all interact with the
proline-rich C-terminal region of Ackl and could potentially phosphorylate the MHR.
EGFR is also a candidate; it is suggested to prefer substrates that contain the YpY motif
[27]. Ackl interacts only with catalytically active EGFR and cannot bind kinase-impaired
EGFR, paralleling Mig6 [12]. Given the sequence identity between segment 2 of MHR and
Mig6, Y859-Y860 of Ackl MHR are likely to be recognized by EGFR. Moreover, the MHR
of Ackl could be a substrate for other RTKs that are known to interact with Ackl, including
MER, PDGFR, AXL, ALK, or LTK, modulating autoinhibition.

More work is required to determine the cellular functions of these phosphorylations. Ack1 is
involved in the internalization and degradation of EGFR, a process facilitated by its binding
through the MHR [12,49,50]. It is currently unknown whether the phosphorylation of Y859-
Y860 affects the binding of Ackl to EGFR and, concomitantly, the turnover of EGFR. This
could have implications for EGFR-driven cancers such as glioblastoma, nonsmall-cell lung
cancer, and colorectal cancer.

A substantial number of phosphoproteomic studies have reported the presence of Ackl
pY859 and pY860 in tumour tissues isolated from brain, breast, colon and stomach cancer,
leukaemias and lymphomas, lung cancer, ovarian cancer, pancreatic, and prostate cancer.
Genomic amplification, overexpression, or mutation of Ackl has been well-studied to play
arole in the progression of these cancers. Dysregulation of signalling pathways resulting
in phosphorylation of Y859-Y860 might be an additional mechanism through which Ackl
exerts its tumorigenic effects.

FEBS Lett. Author manuscript; available in PMC 2023 January 26.
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GST glutathione S-transferase

HEK human embryonic kidney
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MHR Mig6 homology region
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NRTK nonreceptor tyrosines kinase
pMHR phosphorylated MHR

RTK receptor tyrosines kinase
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SH2 Src Homology 2

SH3 Src Homology 3

UBA ubiquitin-associated domain
WASP Wiskott—Aldrich syndrome protein
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Fig. 1.
Comparison of linear structures of human Mig6 and Ackl. (A) Top, Mig6. CRIB,

Cdc42/Rac interactive and binding domain; ED, endocytic domain. The Ack homology
domain contains sequences important in binding EGFR, namely segment 1 (335-365) and
segment 2 (377-413), depicted in red and orange, respectively. Bottom, Ackl. SAM, Sterile
alpha motif; NES, nuclear export signal; SH3, Src homology 3 domain; CB, clathrin-binding
motif; MHR, Mig6 homology region; UBA, ubiquitin-associated domain. (B) Sequence
homology between Ack1 residues 800-880 and Mig6 residues 332-415. Pairwise sequence
alignment was generated by EMBOSS Water [51] using the Smith—Waterman algorithm and
visualized with JaLview [52] using the BLOSUMBG62 colouring scheme. Residue numbers are
labelled according to UniProt (Q07912 and Q9UJM3). The dark blue columns represent

the alignment of identical amino acid residues, whereas the lighter colours represent the
alignment of less conserved positions.
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Src phosphorylation of MHR. (A) FLAG-tagged Ackl was transfected into HEK293T cells
alone, or together with a constitutively active version of Src (Y527F). Immunoprecipitation
(IP) reactions were performed with anti-FLAG antibody followed by Western blotting with
anti-phosphotyrosine and anti-FLAG antibody. (B) MHR-derived peptides (0.75 mm) were
tested as Src substrates in a radiometric kinase assay. (C) Phosphorylation of MHR by Src
in vitro. GST-MHR (10 pm) was incubated with Src (1 pm) for the indicated times, and the
results were analysed by Western blotting with anti-pTyr antibody. (D) Identification of Src-
phosphorylated residues in panel (C). The reaction mixture from panel (C) was fractionated
on a Superose 12 10/300 GL column. The fractions containing the phosphorylated MHR

were pooled, concentrated, and subjected to LC-MS/MS with chymotrypsin and lysC

digestion. S1, segment 1; S2, segment 2.
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Fig. 3.

S)?nthetic phosphopeptides tested as substrates or modulators of catalytic activity. (A)
Phosphorylation of the synthetic phospho-peptides (Table 1) (0.75 mm) by Ackl KD-SH3
was measured using the phosphocellulose-binding assay. (B) Similar experiments were
performed with Src. (C) The indicated phosphopeptides (0.75 mm) were added to /n vitro
kinase reactions with full-length (FL) Ackl immunoprecipitated from HEK29T cells and
0.8 mm WASP peptide substrate (open bar, Ackl). The phosphopeptides were added to the
reaction at a concentration of 20, 50, and 100 um as modulators. The collared bars show the
reactions with 100 um designated phosphopeptides. (D) The phosphopeptides were added
to kinase reactions with the purified Ackl KD-SH3 and WASP peptide (open bar, Ackl).
The phosphopeptides were tested at a concentration of 20, 50, and 100 pm as modulators.
Collared bars show the reactions with 100 um designated phosphopeptides.
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Fig. 4.

Ef%ects of phospho-GST-MHR on Ackl kinase domain activity. GST-tagged phospho-MHR
(filled bars) that was isolated as described in Fig. 2D was added to reactions containing 1
um Ackl KD-SH3, [y32P]-ATP, and 0.8 mm WASP peptide at the indicated concentrations.
Ackl activity was measured with the phosphocellulose paper-binding assay. Controls (open
bars) include a reaction without WASP and a reaction with unphosphorylated MHR (5 pum).
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Fig. 5.

M?Jtation of Y859 and Y860 to a nonphosphorylatable residue prevents the full-length Ackl
from further activation by Src. HEK293T cells were transfected with FLAG-tagged Ackl
(wild-type, Y859F, Y860F, or Y827F) alone or together with a constitutively active form

of Src (Y527F). The Ackl constructs were immunoprecipitated using anti-FLAG and their
activities toward WASP peptide were determined using the phosphocellulose paper-binding
assay with [y32P]-ATP. The activities are expressed relative to WT Ack1 in the absence of
Src, which is set at 100%.
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Fig. 6.
ConSurf results for segments 1 and 2 of MHR. Labels based on the neural-network

algorithm from ConSurf. e, an exposed residue; b, buried residue; f, predicted functional
residue; s, predicted structural residue (highly conserved and buried).
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Fig. 7.

chhematic representation of the proposed model for MHR—-KD interaction. MHR is depicted
as blue and pink, respectively, in the autoinhibited (with red activation loop) and active (with
green activation loop) form of Ackl KD. MHR1, MHR segment 1. MHR2, MHR segment
2. The circled P on the activation loop represents phosphate. The Ps on the dashed line
represent the proline-rich sequences. MHR is proposed to interact with the kinase domain

to form an autoinhibitory structure. MHR1 interacts with the C-lobe of KD while MHR2
interacts directly with the Ackl active site. Upon phosphorylation on the activation loop
('Y284) by Ackl or Src, MHR?2 is repositioned to release the autoinhibitory interactions.

In this model, this release might be enhanced by the Src phosphorylation of MHR (Y859,
Y860). EGFR or c-Abl are alternative candidate enzymes for MHR phosphorylation.
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Fig. 8.

Agkl KD-MHR interactions. Left, 3D model of the phosphorylated (YY284) Ackl kinase
domain (beige, PDB: 4EWH) bound to the Mig6 protein encompassing segments 1 and 2
(pink, PDB: 42JV). Residues of the pink structure are labelled according to their position

in the Mig6 sequence with the corresponding position in Ackl MHR in parentheses. (A)
When Mig6 is doubly phosphorylated (pY394-pY395), pY394 is coordinated by K879 (red)
of EGFR KD. In Ackl KD, this residue is replaced by A295 (outlined in black). (B) Mig6
pY395 is coordinated by K875 (red) of the EGFR KD active site. This lysine is conserved in
Ackl (K291). However, in both active and inactive structures of Ackl KD, K291 is oriented
differently than EGFR K875, which might explain the stimulatory effect of phospho-MHR
on Ackl kinase activity. (C, D) In the model, the phosphorylated form of segment 2 could
make interactions favouring the activated form of Ackl KD with L396 (L861 in MHR). In
Ackl, there are three arginines near the active site (R251, R290, R305) while the equivalent
position to R290 in EGFR is glycine (G874).
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