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Abstract

Tyro3, a member of TAM receptor tyrosine kinase family has been suggested to be
autophosphorylated upon activation. In the current study we mapped the autophosphorylation sites
of murine Tyro3 to tyrosine 723 and 756, with K540 being required for its kinase activity.
Knockdown of Axl significantly decreases the tyrosyl-phosphorylation of Tyro3 in fibroblasts
NR6WT, suggesting an interaction among the TAM family members. Interestingly, the carboxyl
terminal region of Tyro3 is required for its stability in cells with a minimal length of 1-778 amino
acids which is not conserved in murine Axl, a member of TAM. These data suggest that the
autophosphorylation sites of TAM RTK members are unique although they share high similarity in
amino acids within their carboxyl kinase domain.
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1. Introduction

Tyro3, Axl, and MerTK comprise a receptor tyrosine kinase family (TAM) which has been
implicated in cell proliferation, survival, migration and tumor angiogenesis upon stimulation
by extracellular phospholipid ligands such as GAS6 [1];[2];[3];[4];[5];[6]. Abnormal
expression of Axl and MerTK has been widely reported in many cancer cells [7];[81;[9];
[10];[11]. Compared to Axl and MerTK, Tyro3 is the least studied although recently
accumulating evidence revealed that the expression of Tyro3 is elevated in several cancer
cells such as ovarian cancer, hepatocellular carcinoma, colon cancer and melanoma [12];
[13];[14];[15];[16]. For example, Lee reported that overexpression of Tyro3 leads to a
resistance in ovarian cancer cells to chemotherapeutic drug taxol [12]. Thus Tyro3 is being
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considered as a potential therapeutic target in patients with cancer. To this point, we have
found that Tyro3 can promote invasiveness of melanoma cells {Shao, 2017, submitted}.
How these kinases actuate signal transduction downstream from the membrane is still ill-
defined.

The three TAM family members share three types of conserved domains including two
extracellular fibronectin type I11 (FNIII), two immunoglobulin-like domains and a unique
kinase domain. The TAM family contains a conserved sequence, KW (I/L)A(I/L)ES which
does not exist within the kinase domain of other RTKs [17]. Ligand binding to RTK
receptors induces receptor dimerization and subsequent trans-autophosphorylation of
tyrosine residues within the intracellular domain of RTK receptors which results in an
increase of catalytic efficiency so that other substrates can be phosphorylated and a
recruitment of signaling molecules containing SH2, PTB, or other phosphotyrosine-binding
domains to docking sites of tyrosine-phosphorylated RTKSs and other proteins. Human
MerTK autophosphorylates at Y749, Y753 and Y754 [18]. By analogy, the tyrosines at
Y779, Y821 and Y866 have been proposed as potential autophosphorylation sites of human
AxI although there were no clear evidence to support that these three tyrosine residues are
indeed autophosphorylation sites [19]. The autophosphorylation sites of Tyro3 have been
suggested to localize within its C-terminal region [20]. In the present study, we identified
Y723 and Y756 as two novel autophosphorylation sites of murine Tyro3. Importantly, we
also found that Tyro3 stability is conferred by the domain beyond the autophosphorylation
sites, suggesting a mechanism by which tumor-associated signaling could be regulated.

2. Materials and Methods

2.1. Cell culture and reagents

Fibroblasts NR6WT were cultured in alpha-MEM media supplemented with 1x sodium
pyruvate, 1x non-essential amino acids, 1x pen/strep antibiotics, 1x L-glutamine, and 7.5%
fetal bovine serum. Melanoma cell line WM1158 was cultured in DMEM (1 gL™1 glucose):
L15 3:1 medium supplemented with 10% fetal bovine serum and 1x pen/strip antibiotics.
Transfection reagent xFect was purchased from Clonetech Life Technologies (Grand Island,
NY). Monoclonal phospho-tyrosine antibody (p-Tyr-100) was purchased from Cell
Signaling Technology (Beverly, MA). GFP-Trap A beads used for immunoprecipitation of
GFP-tagged protein were purchased from ChromoTek GmbH Planegg-Martinsried,
Germany). Polyclonal GFP was purchased from Santa Cruz (Dallas, TA). Monoclonal
GAPDH antibody was purchased from Sigma Aldrich (St. Louis, MO). Accuprime DNA
polymerase supermix was purchased from Invitrogen (Life Technologies, Grand Island,
NY).

2.2. Total RNA isolation

Fibroblasts NR6WT transfected with WT or truncated Tyro3 were grown to about 90%
confluency prior to transfecting with WT or truncated Tyro3-eGFP. After transfection for
24hr, total RNA was extracted using Trizol reagents (Life Technologies, Grand Island, NY)
according to the manufacturer’s manual. The RNA pellet was finally reconstituted in sterile
Milli-Q water and the concentration of total RNA was determined using spectrometry.
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2.3. Quantitative PCR analysis

Quantitative PCR was performed in 25 pl reaction volume containing following

components: 50 ng total cDNA, forward and reverse primers (250 nM each), and 1x SYBR®
Green PCR Master Mix (Applied Biosystems Inc., Carlsbad, CA). The PCR mixture was
then pre-denatured at 95°C for 5 min followed by 35 cycles of 30 seconds at 95°C, 30
seconds at 60°C, and 1 min at 72°C using Stratagene Mx3000P gPCR machine. Quantitative
PCR data for target genes were normalized to the expression levels of GAPDH.

2.4. Cloning and mutagenesis

cDNA was synthesized using SuperScript® 111 First-Strand Synthesis SuperMix (Life
Technologies, Grand Island, NY) according to the manufacturer’s manual. Murine full
length cDNAs of Tyro3 and AxI were amplified using polymerase chain reaction (PCR) and
then were cloned into the expression vector pEGFP-N1. Mutagenesis of Tyro3 and Axl was
performed using a previously described method [21]. All clones and mutagenesis were
confirmed by DNA sequencing analyses.

2.5. Transfection

Cells were plated in regular six-well tissue culture plate in complete growth medium at a
density to achieve ~90% confluency next day. To form a DNA-polymer complex, 4ug of
endotoxin-free plasmid was diluted into 100 pul xFect reaction buffer and vortexed rigorously
for 5 seconds prior to adding 1.5 pl of xFect polymer. The mixture was immediately
vortexed at highest speed for 10 seconds and incubated for 10 minutes at room temperature
without disturbance. During incubation, the complete cell culture medium was replaced with
warm quiescence medium (0.1% dialyzed FBS for fibroblasts NR6Wt and 2% for
Wm1158). Finally, the DNA-polymer mixture was slowly dropped into cell culture medium
while the plate was rocked back and forth. Cells were further incubated at 37°C in a
humidified incubator with 5% CO,, for at least 16 hours prior to further analyses.

2.6. Immunoprecipitation

Culture plates were rinsed with cold PBS without calcium and magnesium prior to adding
RIPA buffer in the presence of 1x protease inhibitors cocktails set V (Billerica, MA). Then
cell debris were removed by rubber policeman and the cell lysate was transferred to a
microcentrifugation tube for further incubation on ice for 5 min prior to spinning down (top
speed in a microcentrifuge) at 4°C for 30 min. After centrifugation, the supernatant was
transferred to a new microcentrifugation tube and incubated with GFP-Trap A beads at 4°C
for 16h. Agarose beads were then spun down and completely washed with RIPA buffer
followed by eluating with 2x SDS protein sample buffer. The eluted supernatant was finally
boiled for 3 min. The eluted proteins were subjected to electrophoresis and immunoblotting.

2.7. Immunoblotting

Cells were washed briefly with PBS in the absence of calcium and magnesium and lysed in
RIPA buffer in the presence of 1x protease inhibitors cocktails set V. The lysate was further
incubated on ice for 5 min prior to sonicating briefly. After centrifugation at 4°C for 30 min,
the supernatant was collelcted. The concentration of total protein was determined using
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Thermo Scientific™ Pierce™ BCA™ Protein Assay (Rockland, IL). Ten micrograms of total
proteins was mixed with 6x SDS sample buffer in the presence of p-mercaptoethanol and
then was boiled for 3 min prior to loading on SDS-polymerized gel. After electrophoresis,
proteins were transferred to a polyvinylidene difluoride (PVDF) membrane and
immunoblotted with appropriate primary antibodies according to standard immunoblotting
protocols.

3. Results

3.1. Mapping of Tyro3 kinase domain

The autophosphorylation of TAM receptors has been previously reported [18];[19].
Braunger et al. revealed that replacement of lysine with an arginine in the ATP binding
pocket of human Axl (K567 > R567) quenched its autophosphorylation in 293 cells [19]. By
aligning the amino acids sequence of human Axl and murine Tyro3, we found that human
AxI K567 maps to murine Tyro3 K540. However, previous reports have K536 being
designated the ATP binding site of murine Tyro3 in Rat2 cells [22]. Therefore, we tested
whether the designated K536 or the nearby mapped K540 is the key ATP binding site of
murine Tyro3 in fibroblasts NR6WT, in which Axl is expressed at higher level but only a
trace of Tyro3 (Figure 1A). We first created a Tyro3 mutant K536M. Interestingly, we found
that K536M autophosphorylated at a similar level with WT Tyro3 suggesting that K536 is
not the ATP binding site of murine Tyro3 in fibroblasts NR6WT (Figure 1B top panel lane 2
vs lane 1). To ensure this was not an artifact of the methionine being able to stabilize the
ATP binding pocket, we created K536R as arginine also has been commonly used to replace
K to quench the ATP binding. As shown in Figure 1B (top panel, lane 3), K536R also was
autophosphorylated suggesting that K536 is not the ATP binding site of Tyro3 in NR6WT.
Next, we generated K540R and K540M and found that neither mutant was
autophosphorylated in NR6WT (Figure 1B top panel lane 4 and lane 5), suggesting that the
K540 is the ATP binding site of murine Tyro3 in NR6WT.

The selection of ATP-binding site may be cell type specific. Thus, we detected the
autophosphorylation of K540R and K540M in melanoma cell line WM1158. As shown in
Figure 1C, there was no detectable autophosphorylation of K540R and K540M in WM1158.
To further confirm the autophosphorylation of both K536M and K536R was not due to
species of cell type, we expressed K536M and K536R in WM1158 and found that both
K536M and K536R were autophosphorylated at a similar level with WT Tyro3 (Figure 1D
top panel Lane 2 and 3 vs lane 1). These data suggested that K540 is the ATP docking site of
murine Tyor3 and the ATP binding to K540 of murine Tyro3 is not cell type-dependent.

Notably, Tyro3 usually presents two bands based due to posttranslational modifications such
as glycosylation, ubiquitination and phosphorylation [17]. Surprisingly, we found that
abolishment of autophosphorylation resulted in accumulation of the larger band compared to
WT, suggesting that K540R/M is easily modified and even more stable than WT (last two
lanes in Figure 1B bottom panel and 1C middle panel).
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3.2. Mapping autophosphorylation site of Tyro3

The exact autophosphorylation sites of murine Tyro3 remain unknown although the
autophosphorylation sites of Tyro3 have been suggested to localize within its C-terminal
region [20]. To map the autophosphorylation sites of murine Tyro3, we first truncated the
sequence after tyrosines sequentially from its C-terminal tail. As shown in Figure 2A,
truncated mutant 1-839 Tyro3 and 1-793 Tyro3 were autophosphorylated at a similar level as
full length but the other more severely truncated mutants had no detectable
autophosphorylation. Truncation to 755, leaving Tyro3 without potential
autophosphorylation site Y756 failed to be autophosphorylation suggesting that the Y756 is
the autophosphorylation site of murine Tyro3. To further confirm Y756 as an
autophosphorylation site of Tyro3, we replaced Y756 with phenylalanine (F) in the full
length construct. Surprisingly, Y756F was still autophosphorylated to a similar extent as WT
Tyro3 suggesting that Y756 is either not the autophosphorylation site or that there is another
site besides Y756. Indeed, after creating a series of Tyro3 double phenylalanines (Y756F
plus additional F substitutions) we finally found that Y756/723F was no longer
autophosphorylated (Figure 2B). These data suggest that the Y723 and Y756 are the
autophosphorylation sites of murine Tyro3. Based on previous studies and our current
finding, the autophosphorylation sites of Tyro3, Axl and MerTk are unique although the
amino acids in kinase domain of TAM are highly conserved suggesting that each TAM
member might be specifically activated depending on different environmental stimuli and
thus plays a district role.

Brown et al. [22] revealed that AxI closely interacts with Tyro3 in Rat2 cells in which Tyro3
is overexpressed. As Axl is highly expressed in the NR6WT fibroblasts (Figure 1A), we
determined if reducing AxI by siRNA (Figure 2C) affects the phosphorylation of
overexpressed Tyro3 in NR6WT. As shown in Figure 2D (lane 3 vs lane 1), downregulation
of AxI expression diminishes the phosphorylation of exogenous Tyro3 suggesting Axl is
involved in Tyro3 phosphorylation. To further confirm if the kinase activity of TAM family
kinases is required for its autophosphorylation, we treated Tyro3 overexpressed NR6WT
cells with R428, a selective TAM inhibitor. As expected, R428 significantly abolished the
phosphorylation of Tyro3 in both control and Axl siRNA transfected NR6WT cells (Figure
2D lane 2 vs lane 4). Furthermore, the autophosphorylation of TAM, at least for Tyro3 is
required for its role in phosphorylating other proteins such as alpha-actinin-4, a member of
actin filaments cross-linking protein (Figure 2E).

3.3. The carboxyl tail of Tyro3 is required for its stability

During the identification of autophosphorylation sites of murine Tyro3, we observed that the
protein level of 1-722 Tyro3 is dramatically decreased compared to full length and 1-793
Tyro3 suggesting that the carboxyl tail of Tyro3 might be required for maintaining the
stability of Tyro3 (data not shown). To confirm this, we constructed a series of carboxyl
truncated Tyro3 mutants and examined their stability in fibroblasts NR6WT. As shown in
Figure 3A, the protein level appeared to vary with the extent of truncation of the carboxyl
tail. This might occur at the protein or transcription level. Quantitative RT PCR analysis
found no significant difference in mMRNA among full length, or the extensively truncated
1-793 and 1-755 variants (Figure 3B). To probe protein degradation, we treated cells
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transfected with full length, 1-793 and 1-755 with different concentrations of lactacystin, a
proteasome inhibitor, for 18h prior to protein analysis by immunoblotting. As shown in
Figure 3C, lactacystin significantly stabilized 1-755. These results suggest that the carboxyl
tail is required for maintaining the stability of Tyro3.

To determine the minimal length which is required for maintaining the stability of Tyro3 we
further constructed 1-780, 1-770 and 1-760 and found that 1-780 was expressed at similar
level as full length and 1-793, but the expression levels of 1-770 and 1-760 significantly
declined suggesting the minimal length was between 770-780 (Figure 3D). To finely map
the exact length, we truncated Tyro3 starting from 1-784 one by one amino acid until 1-772.
As shown in Figure 3E, 1-779 and longer mutants all expressed similar level as full length
but the protein levels of 1-778 and all shorter mutants were degraded. Murine Tyro3 and AxI
present very high identity in amino acids within their kinase domains. Therefore, we next
determined whether the carboxyl tail of Axl is also required for its stability in NR6WT. As
shown in Figure 3F, truncated mutants were expressed at a similar level with full length of
AXxI suggesting that the role of the carboxyl tail of Tyro3 in maintaining the stability of intact
protein is not conserved among TAM receptors. Taken together, these results suggested that
Tyro3 required 1-779 amino acids in length to maintain its stability.

4. Discussion

Herein, we mapped the phosphorylation functional sites of the receptor protein tyrosine
kinase Tyro3. We found that the ATP acceptor is the second one in the nucleoside binding
pocket, and that autophosphorylation occurs on two tyrosines in the unique carboxyl
terminal region after the kinase domain, at Y723 and Y756. It should be noted that we did
not demonstrate intra-molecular autophosphorylation per se, but rather tyrosyl-
phosphorylation that occurs upon forced overexpression. That this was dependent on the
Tyro3 kinase activity was demonstrated by elimination upon replacement of the acceptor
lysine at position K540 with either arginine or methionine, and the inhibition by the TAM-
selective inhibitor R428 [23]. It has been suggested that Tyro3 can be cross-phosphorylated
by the related family member AxI, which is also expressed at high levels in NR6WT (Figure
1A). Indeed, our data revealed that sSiRNA downregulation of AxI significantly reduced
phosphorylation of Tyro3. These data suggest that TAM family kinases coordinate for
activation.

Interestingly, we find that simply over-expressing Tyro3 leads to tyrosyl-phosphorylation.
Typically, activation of RTKs occurs by binding of ligand to their extracellular domains [24].
The vitamin K-dependent protein Gas6 was suggested to bind to Axl and Tyro3 with roughly
equal affinity [25] although it was first identified as a ligand for AxI [26];[17]. Therefore, we
attempted to determine if Gas6 treatment enhances the phosphorylation of overexpressed
Tyro3 in NR6WT but failed (data not shown). The reasons are probably due to: a)
phosphorylation of Tyro3 by Gas6 needs the involvement of additional cofactor that does not
exist in NR6WT cells; b) in some cases, ligand-independent receptor activation can occur
[17]; c) autophosphorylation of Tyro3 triggered by its intracellular Kinase activity is
constitutive even though when cells are starved with quiescence medium (only containing
0.1% dialyzed fetal bovine serum) for 24h. To exclude the probability of inactivity of Gas6
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used in our experiments, we performed a traditional scratch assay and found that Gas6
significantly enhanced cell migration of NR6WT (data not shown).

The autophosphorylation sites all occur close after the kinase domain. This leaves open the
question of other functional domains in the ~130 amino acids that follow this distal tyrosine.
While there may be sites for cross-phosphorylation by other kinases, such EGFR {Shao et
al, 2017 submitted}, or docking/protein interaction sites, we found that immediately distal to
the tyrosine kinases is a stability domain. Removal of the next 40 amino acids destabilizes
the protein, so that it is degraded by proteasomes. This would suggest an irreversible means
for attenuating this potentially oncogenic signaling. If the autophosphorylation opens Tyro3
to protein interactions to enable signaling, it also would expose potential protease sites that
would then direct the active Tyro3 towards proteosomal removal. As the activity of
intracellular signaling proteases such as members of the calpain [21];[27] and caspase [28];
[29] families are localized within the cell, this could enable the activity of Tyro3 to be
restricted to discrete subcellular areas. This suggests a mechanism by which blebbing can be
controlled during amoeboid motility.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Tyro3 carboxy terminus contains two autophosphorylation sites

Long, unique carboxy terminus provides for Tyro3 protein stability
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Fig. 1. K540 is required for autophosphorylation of Tyro3
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(A) Immunoblotting of endogenous Tyro3 and Axl in fibroblasts NR6WT and melanoma

WM1158 cells. (B) Immunoblotting of immunoprecipitated GFP-tagged proteins from
fibroblasts NR6WT, with the indicated antibodies. (C) Immunoblotting of

immunoprecipitated GFP-tagged proteins and total cell lysate of NR6WT and melanoma
WM1158 cells transiently cotransfected with the indicated plasmids using the indicated

antibodies. (D) Immunoblotting of immunoprecipitated GFP-tagged proteins from

melanoma cells WM 1158 with the indicated antibodies. Shown are representative images of

three independent experiments.
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Fig. 2. Autophosphorylation of Tyro3 occurs at tyrosine 756 and 723
(A) Schematic of truncated Tyro3 and immunoblotting of immunoprecipitated and total

cellular GFP-tagged truncated Tyro3 mutants using the indicated antibodies. (B)
Immunoblotting of immunoprecipitated GFP-tagged proteins and total cell lysate of
NR6WT cells transiently cotransfected with the indicated plasmids. (C) Immunoblotting of
endogenous Axl of fibroblasts NR6WT transfected by murine Axl siRNA for 48h. (D)
Immunoblotting of immunoprecipitated exogenous WT Tyro3-eGFP from fibroblasts
NR6WT transfected with Axl siRNA for 24h followed by further transfection of WT Tyro3
plasmid. (E) Immunoblotting of immunoprecipitated GFP-tagged ACTN4 and total cellular
GFP-tagged Tyro3. Stained membrane stands for PVDF membrane that was stained for
protein. Shown are representative images of three independent experiments.
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Fig. 3. Carboxyl terminal region of Tyro3 maintains its stability in fibroblasts NR6WT
(A) Tyro3 immunoblotting of total cell lysate of NR6WT fibroblasts transiently expressing

the indicated Tyro3 truncated mutants. (B) Quantitative PCR analysis of truncated Tyro3
mutants in NR6WT fibroblasts. Data are mean + SD of three independent experiments.
Statistical analysis was performed using Student’s t-test. ns: no statistical difference. (C)
Tyro3 immunoblotting of total cell lysate of NR6WT fibroblasts transiently expressing
Tyro3 truncated mutants and treated with the indicated concentration of lactacystin. (D)
Tyro3 immunoblotting of the indicated truncated mutants. (E) Immunoblotting of total cell
lysate of NR6WT fibroblasts expressing full length or truncated Tyro3. (F) Immunoblotting
of total cell lysate of NR6WT fibroblasts expressing full length or truncated murine Axl.
Shown are representative images of three independent experiments.
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