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The Axl kinase domain in complex with a macrocyclic
inhibitor offers first structural insights into an active TAM

receptor kinase

Received for publication, December 15,2016, and in revised form, July 18,2017 Published, Papers in Press, July 19,2017, DOI 10.1074/joc.M116.771485

Ketan S. Gajiwala*', Neil Grodsky*, Ben Bolafios*, Junli Feng*, RoseAnn Ferre*, Sergei Timofeevski°, Meirong Xu®,

Brion W. Murray®, Ted W. Johnson*, and Al Stewart*

From *Oncology Medicinal Chemistry and SOncology Research and Development, Pfizer Worldwide Research and Development,

San Diego, California 92121
Edited by Norma Allewell

The receptor tyrosine kinase family consisting of Tyro3, Axl,
and Mer (TAM) is one of the most recently identified receptor
tyrosine kinase families. TAM receptors are up-regulated post-
natally and maintained at high levels in adults. They all play an
important role in immunity, but Axl has also been implicated in
cancer and therefore is a target in the discovery and develop-
ment of novel therapeutics. However, of the three members of
the TAM family, the Axl kinase domain is the only one that has
so far eluded structure determination. To this end, using differ-
ential scanning fluorimetry and hydrogen-deuterium exchange
mass spectrometry, we show here that a lower stability and
greater dynamic nature of the Axl kinase domain may account
for its poor crystallizability. We present the first structural char-
acterization of the Axl kinase domain in complex with a small-
molecule macrocyclic inhibitor. The Axl crystal structure
revealed two distinct conformational states of the enzyme, pro-
viding a first glimpse of what an active TAM receptor kinase may
look like and suggesting a potential role for the juxtamembrane
region in enzyme activity. We noted that the ATP/inhibitor-
binding sites of the TAM members closely resemble each other,
posing a challenge for the design of a selective inhibitor. We
propose that the differences in the conformational dynamics
among the TAM family members could potentially be exploited
to achieve inhibitor selectivity for targeted receptors.

Tyro3, Axl, and Mer constitute the TAM? RTK family (for a
review, see Lemke (1); Ref. 2). They play their most important
role in the immune system in addition to their roles in the
nervous, reproductive, and vascular systems (3). All three TAM
receptors are activated by the growth arrest-specific protein 6
(GAS6) (4—6). Protein S is another ligand for Tyro3 and Mer
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that has little or no affinity for Axl (3, 5). The activation mech-
anism involves binding of the extracellular domains of TAM
receptors expressed on the surface of phagocytes to the C-ter-
minal domain of GAS6/Protein S, inducing kinase dimerization
and activation. The N-terminal end of GAS6/Protein S recog-
nizes the phosphatidylserine externalized by apoptotic cell
membranes. Thus, GAS6/Protein S-mediated activation of
TAM family members plays an important role in phagocytosis
(7-9). The removal of apoptotic cells suppresses inflammation,
possibly contributing to the roles Mer and Axl play in the neg-
ative regulation of inflammatory responses and maintaining the
balance of innate immunity (3, 8). TAM knock-out mice,
although viable initially, eventually develop broad-spectrum
autoimmune disease characterized by lymphoproliferation
(10). These mice are born with normal retinas, but most of their
photoreceptors die soon after birth (11). In humans, there are
about a dozen variants of Mer linked to inherited retinitis pig-
mentosa and retinal dystrophy (12, 13). Tyro3 or Axl knock-out
mice show defects in platelet aggregation (14). In general, dys-
function of TAM family member receptors is thought to con-
tribute to human autoimmune conditions such as rheumatoid
arthritis and inflammatory bowel disease.

Overexpression or up-regulation of TAM family members
has been observed in many cancers, although it is not clear
whether the TAM RTK enzymatic activity is the driver of onco-
genicity (14). TAM activity seems to play roles in angiogenesis,
evasion of apoptosis, and metastases (14, 15). Axl has been
shown to play a role in the metastasis of breast carcinoma (16),
and increased Axl activity is correlated with poor prognosis in
pancreatic cancer and glioma (17, 18). Axl activation has also
been identified as a mechanism of acquired resistance to EGFR
inhibitors in mutant EGFR lung cancer models (19). Elevated
expression of Axl or GAS6 was observed in inhibitor-resistant
mutant EGFR-driven lung cancer patients, which led to the
recognition of Axl as a promising therapeutic target. It has been
actively pursued for the design and discovery of small-molecule
inhibitors (20, 21) with the first Axl-selective inhibitor, BGB324
from BergenBio, entering clinical trials in 2013 (22).

The N-terminal ectodomain of the TAM family members is
composed of two immunoglobulin-related domains responsi-
ble for ligand recognition followed by two fibronectin type III
repeats (Fig. 1a) (23). It is connected via a single-pass trans-
membrane polypeptide chain to the cytoplasmic kinase
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Figure 1. Domain architecture and kinase domain sequences of TAM family of RTKs. a, domain architecture of Axl. Domains are highlighted in color:Ig in
cyan, fibronectin in orange, transmembrane chain in red, and kinase domain in green. The region between the transmembrane and the kinase domain (residues
473-535) is the intracellular juxtamembrane region. The numbers indicate the domain boundaries. b, sequence alignment of the TAM family kinase domains
to the crystallization construct for Axl with the observed secondary structure elements in the Axl crystal structure. TT denotes the B-turns. Triangles denote the

reported or inferred Tyr phosphorylation sites in the Axl sequence.

domain. The extracellular domains of Axl and Tyro3 in com-
plex with GAS6 have been structurally characterized (23, 24)
and so have the kinase domains of Tyro3 (25) and Mer (26, 27).
An atomic resolution structure of the Ax] kinase domain has so
far been elusive despite the focus to develop inhibitors of Axl
kinase activity to treat various cancers. Available structures of
Mer and Tyro3, by virtue of shared sequences in the ATP-bind-
ing site, provide seemingly reasonable surrogates for the Axl
kinase domain. However, the influence of overall differences in
their sequences on the conformational equilibrium is unpre-
dictable. Here we report a crystal structure of the Axl kinase
domain in complex with a macrocyclic inhibitor, compound 1.
The protein structure shows two conformational states, includ-
ing the one that meets all known structural constraints for an
active kinase domain. This provides the first glimpse of the
active conformation of a TAM family member because previ-
ously reported structures of Tyro3 and Mer kinase domain are
in their inactive states. The structure also suggests a role for the
intracellular juxtamembrane region in enzyme activity that is
further supported by mutagenesis and biochemical character-
ization of the Axl intracellular domain. We probed the dynam-
ics of the Axl and Mer kinase domains by thermal stability and
hydrogen-deuterium exchange mass spectrometry (HDX-MS)
measurements. The results suggest that the Axl kinase domain
is significantly more dynamic than Mer. Given the similarities
between the ATP-binding sites of Axl and Mer kinases, differ-
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ences in the dynamics of the two proteins may offer an avenue
to explore for selective Axl inhibitors.

Results

The cytoplasmic region of Axl (residues 473—894) consists of
a membrane-proximal juxtamembrane region followed by the
kinase domain and a C-terminal tail (Fig. 1). Numerous protein
constructs encompassing the kinase domain and varying
lengths of the juxtamembrane region were tested for crystalliz-
ability but without success. This is in contrast to the Mer and
Tyro3 kinase domains, which have been structurally character-
ized (25-27). To understand the reasons behind the differences
in the crystallizability of Axl and Mer kinase domains, we mea-
sured the thermal stabilities of both proteins. Despite sharing
69% sequence identity (Fig. 1), the isolated kinase domain of
Mer showed a higher melting temperature than the Axl kinase
domain as measured by differential scanning fluorimetry (Fig.
2). An approximate 10 °C difference in their measured melting
temperatures suggests lower stability and likely a greater
dynamic character of the Axl kinase that interfere with crystal-
lization. To explore whether a small-molecule inhibitor could
help increase the protein stability, we made a complex of AxI
kinase domain with compound 1, a macrocyclic inhibitor of
Mer and Axl (28). Compound 1 is a very potent inhibitor of both
kinases with a measured inhibitory constant, K;, of 130 == 10 pm
for Axl. The K, value for Mer was determined to be <50 pMm (the
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Table 1

X-ray data collection and refinement statistics

Axl structure

Values in parentheses indicate highest resolution shell. r.m.s., root mean square.

Axl Mer
Data collection

Space group P2, P2,
Cell dimensions

a, b, c(A) 81.7,100.7, 81.9 51.7,92.3,69.3

a, B,y () 90, 94, 90 90, 100.8, 90
Resolution (A) 63-2.84 (2.99-2.84) 92-2.13 (2.25-2.13)
Rerge 0.095 (0.565) 0.063 (0.425)
I/ol 12.0 (2.4) 11.1 (2.5)
Completeness (%) 99.3 (99.8) 98.7 (98.5)
Redundancy 3.4 (3.3) 3.3(3.4)

Refinement

Resolution (A) 60-2.84 90-2.13
No. of reflections 31,145 35,087
R,onid Rpee 0.211/0.24 0.212/0.257
No. of atoms

Protein 8,874 4,254

Water 0 174

Ligand 128 64
B-factors

Protein 57 42

Ligand 51 29
r.m.s. deviations _

Bond lengths (A) 0.008 0.006

Bond angles (°) 1.0 0.8
Ramachandran analysis

Favored (%) 91.0 93.5

Allowed (%) 8.7 6.3

Disallowed (%) 0.3 0.2
Protein Data Bank code ~ 5U6B 5U6C

Compound 1

Figure 2. Thermal stability profiles of Axl and Mer kinase domains and K;
values for compound 1-mediated inhibition of the two proteins. Relative
fluorescence units (RFU) are plotted against temperature. Average protein
melting temperatures (deduced as the midpoint of the thermal transition)
and the standard deviation from the triplicate measurements are reported in
the table. The compound 1 inhibitory constant, K, is an average and the stan-
dard deviation of two independent measurements.

detection limit for the assay). The addition of the inhibitor sta-
bilized both the Axl and Mer kinase domains (Fig. 2). Consist-
ent with this observation, the complex of Axl kinase domain
with compound 1 co-crystallized (Table 1 and supplemental
Fig. S1), whereas the apoprotein remained recalcitrant to crys-
tallization efforts.

Overall structure

The Axl protein construct that crystallized in complex with
the inhibitor comprised residues 514 —818. The crystals con-
sisted of four molecules in the asymmetric unit. As expected,
the structure conforms to the overall kinase domain architec-
ture with a smaller N-terminal lobe (N-lobe) consisting largely
of a B-sheet and a single a-helix (the catalytically important
C-helix) and a larger C-terminal lobe (C-lobe) that is predom-
inantly helical (Fig. 34). The interlobe cleft represents the ATP-
binding site, which is occupied by the small-molecule inhibitor
compound 1 in the structure presented here.

The structure shows the kinase domain in two distinct con-
formations: molecules A and C are clearly in the inactive state,
whereas molecules B and D meet most of the known constraints
for the active conformation of the kinase domains (29). Hence-
forth, we will focus on molecules A and B as representatives of
the two conformational states. Differences in these two confor-
mations are mainly localized to the N-lobe and C-terminal end
of the juxtamembrane region (residues 514 —529) that is part of
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the crystallization construct (Fig. 3 and supplemental Fig. S2).
Unsurprisingly, the C-lobes (except the activation loop) are
nearly identical in the two conformations.

In the inactive state (molecule A), the C-helix is rotated away
from the rest of the kinase domain. This rotation allows the
B-sheet of the N-lobe (especially strands 3, 4, and 5) to come
closer to the C-lobe (supplemental Fig. S2). The electron den-
sity for most of the activation loop downstream of the DFG
motif is missing and hence is not modeled. The Asp®® of the
DFG motif is oriented in the ATP-binding cleft, whereas the
Phe®" side chain is oriented in the hydrophobic core facing
the C-helix in what is often referred to as the DFG-in confor-
mation (Fig. 3a).

In the active state (molecule B), the activation loop is mostly
ordered and shows an extended conformation that is consistent
with what has been observed in other active kinase structures.
This conformation of the activation loop allows for the recog-
nition of the substrate peptide. The extended conformation
may be partially stabilized by its interaction with the C-lobe of
the neighboring molecule in the crystal lattice. The C-helix is
rotated closer to the N-lobe with Glu®®® forming a salt bridge
with the conserved catalytically important Lys®®”. This inter-
action is one of the hallmarks of active kinases (30). The
C-helix must bend to make this specific interaction. Crystal
packing interactions do not influence the C-helix conforma-
tion; the closest neighboring molecule is about 10 A from the
C-helix. The C-helix is in close contact with a helix from the
juxtamembrane region. This may suggest a role for the jux-
tamembrane region in transition to the active state of the
enzyme (Fig. 3b).

Although our crystallization construct has only 16 residues
(514 -529) of the juxtamembrane region, they take on very dif-
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Figure 3. Axl crystal structure and the role of the juxtamembrane region in enzyme activity. g, the backbone trace of the Axl kinase domain. Compound
1is shown in ball-and-stick representation. The structure on the left with orange backbone is the inactive state, whereas the structure on the right with the blue
backbone is an active conformation. Functionally important structural elements are highlighted in color: C-helix in cyan, activation loop in green, and jux-

tamembrane region in magenta. Chain breaks are shown using black lines. Some of the catalytically important residues, Asp®®° (from the DFG motif), Lys>®”, and

Glu*®, are highlighted. Asp®° orientation shows DFG-in conformation. Lys>®” and Glu®®° form an ion-pair interaction as in the active state (right) but not in the
inactive state (left). b, different orientations of the juxtamembrane regions in the inactive (left) and active (right) conformations of the Axl kinase. The color code

is the same as in a. Leu®?® from the juxtamembrane region packs against Leu®®® and Val®®’ of the C-helix in the active state.

ferent conformations in the two states of the protein. This
region encompasses a short helix of about 10 residues in the
active state (molecule B), and it is oriented such that it packs
against the C-helix and helps it adopt the catalytically compe-
tent conformation. The orientation of the juxtamembrane helix
is very similar to that observed in other RTKs like active c-MET
(31) and EPHB2 (32). Various residues from the two helices are
in van der Waals interactions contributing to the hydrophobic
core of the N-lobe. For example, Leu®*® from the juxtamem-
brane region is in close contact with Leu®®® and Val*®” from the
C-helix (Fig. 3b). In the inactive state (molecule A), the jux-
tamembrane helix is partially unwound at its N-terminal end
and is oriented 45° away from its active conformation, allowing
the C-helix to rotate out of its active state. In the active and
inactive conformations, juxtamembrane orientation is not
influenced by the crystal packing interactions. In view of these
structural observations, we probed the potential role of the jux-
tamembrane region in the enzyme activity.

15708 J. Biol. Chem. (2017) 292(38) 15705-15716

Juxtamembrane region and the enzyme activity

We cloned, expressed, and purified the wild-type and L526A
mutant forms of Axl intracellular domain (residues 473—894)
with co-expression of YopH phosphatase to eliminate in situ
phosphorylation. Nevertheless, both the proteins were partially
phosphorylated, the wild-type Ax] more so than the L526A
mutant. The time course of the autophosphorylation of both
proteins was followed using mass spectrometry. The unphos-
phorylated wild-type protein was significantly diminished in
the first 5 min of the experiment and completely depleted in an
hour, whereas the unphosphorylated mutant protein persisted
past the 1st h of the experiment (supplemental Fig. S3).

Next we biochemically characterized preactivated (by auto-
phosphorylation) wild-type and L526A Axl. L526A Axl was
~2-fold less active than wild-type enzyme by apparent k_,, with
5FAM-Lys-Lys-Lys-Lys-Glu-Glu-Ile-Tyr-Phe-Phe-Phe-NH,
(5FAM-FL-Peptide30) substrate by a mobility shift assay with-
out significantly affecting ATP K,,, (supplemental Fig. S4) but
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Figure 4. Axl phosphorylation sites. a, phosphorylation sites in the context of the overall structure. b, close-up view of the phosphorylation sites on the

activation loop.

exhibited more than 4-fold higher K, for a peptide substrate
(Abltide) by a continuous ATP-regenerating assay (supplemen-
tal Fig. S5) in which ATP consumption in the kinase reaction
results in NADH oxidation in the presence of the coupled
enzyme system.

Phosphorylation sites

A systematic and exhaustive study of Ax] phosphorylation is
not available; however, the major autophosphorylation sites of
Mer have been identified (33). If the findings from the Mer
phosphorylation study can be extrapolated to Axl, the corre-
sponding autophosphorylation sites in Axl would be Tyr®%,
Tyr’??, and Tyr”*? in the activation loop (Fig. 4). Tyrosine res-
idues at positions 702 and 703 have been shown to be phosphor-
ylated upon GAS6 binding and the consequent activation of the
enzyme (34). In our experimental electron density maps, all
three Tyr residues are unequivocally unphosphorylated in the
active conformation (molecule B). Tyr’°* is the structural
equivalent of phosphorylated Tyr'?3® of active c-MET (31) and
occupies a similar electropositive environment, so it is conceiv-
able that the phosphorylation of Tyr’®> would stabilize the
extended conformation of the activation loop through electro-
static interactions with Arg®”" (from the highly conserved cat-
alytically important HRD motif), Lys®®, and Arg’®* (Fig. 4b).
Phosphorylated Tyr®*® may play a similar role via its interac-
tions with Lys®®®, Arg®®, and Lys®®® (Fig. 4b). Tyr’®® is largely
solvent-exposed, and it is unclear what role its phosphorylation
would play in activation. It is plausible that it destabilizes the
inactive conformation of the enzyme. It may also contribute to
substrate recognition. Interestingly, mutation of the corre-
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754

sponding Tyr
(33).

There are three additional phosphorylation sites reported for
the intracellular portion of AxI RTK: Tyr””?, Tyr®*!, and Tyr®®°
(35). Of these, Tyr””? is present in the protein construct used for
structural studies (Fig. 4a). Although close to the surface, it is
largely solvent-inaccessible. However, probing the AxI struc-
ture using HDX-MS (see below) suggests that this region of
protein is amenable to deuterium exchange and hence may
be dynamic. Tyr’”® phosphorylation reportedly contributes to
PI3K recognition by AxI (35).

We also crystallized Mer kinase domain spanning residues
571-864 in complex with compound 1 (Table 1 and supple-
mental Fig. S1). The Mer co-crystal structure has a single mol-
ecule per asymmetric unit. The overall structure resembles the
inactive conformation of the Axl kinase domain described
above with an r.m.s.d. of 0.8 A. This is also the conformation
observed previously in the Tyro3 kinase domain structure (25).
Molecule A (inactive) of Axl superimposes onto Tyro3 with an
r.m.s.d. of 0.9 A.

to Phe in Mer abolishes the enzyme activity

Ligand recognition

Despite significant conformational differences in the
N-lobes of the active and inactive states of Axl, the shape of
the ATP-binding site is more or less invariant. As a result, the
mode of ligand binding is essentially identical, not only between
the two conformational states of Axl (Fig. 5) but also between
the Axl and Mer kinase domains (supplemental Fig. S1). Key
specific interactions are provided by the backbone peptides
from the hinge region of the protein: Pro®*!, Phe®*?, and Met®**.

J. Biol. Chem. (2017) 292(38) 15705-15716 15709
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Figure 5. The compound binding mode. Molecules A (orange) and B (blue)
are superposed to show that the mode of compound recognition is nearly
identical in the inactive and the active states. Dotted lines show specific inter-
actions between the compound and the protein. Some of the side chains in
the compound-binding site are highlighted.

Additionally, Asp®*” serves as an acceptor in its hydrogen bond-
ing interaction with the hydroxyl from the ligand and the back-
bone peptide donor to the oxygen of the ligand (Fig. 5). The
catalytically important Lys®®” and Asp®®® of the DFG motif
show some differences in the two states. However, they do not
contribute to any specific protein—ligand interactions.

Compound 1 is similar to the ALK inhibitor lorlatinib, which
is currently under clinical investigation as a targeted therapy for
ALK-driven lung cancer patients. Likewise, the ALK-lorlatinib
complex closely resembles the active Axl-compound 1 com-
plex reported here (supplemental Fig. S6). Lorlatinib is a potent
inhibitor of ALK with a cell IC,, of 1.3 nm (36). However, the
L1198F mutation renders ALK resistant to lorlatinib-mediated
inhibition. Replacement of Leu with a bulkier residue, Phe, at
the hinge location of the kinase domain results in steric clash
with the nitrile group of the inhibitor, resulting in loss of
potency (37). Similarly, both Axl and Mer have Phe at the equiv-
alent hinge location (622 and 673, respectively), explaining the
selectivity of lorlatinib for ALK over Axl and Mer. To further
test this hypothesis, we expressed and purified F622L Axl and
measured lorlatinib binding to the wild-type and F622L AxI
using isothermal titration calorimetry. Consistent with the
model, F622L Axl recognizes lorlatinib with over 45-fold stron-
ger binding affinity than the wild-type Axl (Fig. 6).

HDX-MS

The inability to crystallize apo-Axl along with its lower ther-
mal stability indicated a more structurally dynamic AxI protein.
We conducted HDX-MS analysis to profile structural dynam-
ics. To identify regions of Axl flexibility and probe the associ-
ated differences between Axl and Mer dynamics, we applied a
short-duration (10-s) deuterium incubation profile (Fig. 7 and
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supplemental Fig. S7). A few regions, including the activation
loop (residues 690-712), within Axl generated high deuterium
uptake in excess of 60%. Most notably, the AxI N terminus up to
C-helix (residue 575) indicated highly flexible portions with
extensive deuterium uptake (60 to >90%) by these peptides.
These data are consistent with the N-lobe and the activation
loop taking on different orientations in the two conformational
states of Axl observed in the crystal structure.

A comparative HDX examination of the corresponding Mer
profile highlighted some of the differences between the two. It
should be noted that 69% sequence identity between Axl and
Mer kinase domains prevented direct HDX comparisons of
equivalent peptides. Regardless, a noteworthy difference in AxI
and Mer HDX profiles is evident in the N-lobe where uptake
differences were <50% for a number of peptides. Specifically,
Met®*?2-Lys®®” from two and Val®'°~Lys®'® from three Mer
peptides show lower deuterium incorporation than the equiv-
alent region in Axl (Met>>'—~Asn®*® and Val***~Lys*®’). These
regions form the core of the N-lobe 3-sheet that contains the
catalytically important lysine. Given that the N-lobe structures
of the kinases are very similar, increases in deuterium exchange
at 10 s reflect the greater dynamic nature of this region in AxI
relative to Mer. Subsequent HDX-MS experiments on both
proteins in the presence of compound 1 clearly show that ligand
binding resulted in substantial suppression of deuterium
uptake especially in the parts of their N-lobes that are proximal
to the ligand-binding sites (Fig. 7b).

Discussion

Structures of TAM RTXKs in inactive states closely resemble
one another, which is not surprising given that they are closely
related to each other. They also bear a distant homology to the
macrophage-stimulating receptor RON and hepatocyte growth
factor receptor (c-MET) kinases (38), and this is again reflected
in the similarity of their structures. The r.m.s.d. between the
inactive states (molecule A) of Axl and RON (39) is 0.9 A. The
active conformation of Axl (molecule B) closely resembles
(among all kinases in the Protein Data Bank) the dually phos-
phorylated c-MET kinase structure (31, 40) with an r.m.s.d. of
1.2 A. Additionally, the juxtamembrane regions of active
¢-MET and active Axl show a very similar orientation relative to
the kinase domain.

In a number of RTK families, the juxtamembrane region
plays an important role in either negative regulation of the
kinase activity (as in Eph, PDGF receptor, and muscle-specific
kinase (MUSK)) (41) or activation by facilitating dimerization
as is the case in EGFR (42, 43). To our knowledge, no role in the
enzyme activity has been ascribed to the juxtamembrane region
of the TAM RTKs. The Axl structure presented here provides
the first clue of such a role; hence, we pursued it by biochemi-
cally characterizing the intracellular domain (residues 473—
894) of wild-type and L526A Axl. The mutation L526A in the
juxtamembrane region was designed to impair the interaction
between the juxtamembrane region and the C-helix of the pro-
tein (Fig. 3b) and probe its impact on the enzyme activity. The
autophosphorylation of the mutant enzyme was significantly
slower than that of the wild type, which supported the notion
that the juxtamembrane region has a role in activation. Once
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Figure 6. Binding of the wild-type and F622L Axl with lorlatinib measured by ITC. The original titration data (top curve) and integrated data (lower curve)
in which Lorlatinib was titrated into the wild-type (a) or F622L protein (b) are shown. ¢, thermodynamic properties of the interaction. Average and standard
deviation from three independent measurements are reported. DP, differential power.

activated, the mutant enzyme showed a 4-fold increased K,
value for the substrate peptide relative to the wild-type Axl.
Both of these observations are consistent with the possibility
that the substrate recognition may be impaired by the L526A
mutation. It is not obvious how the juxtamembrane region
plays a role in substrate recognition. It is plausible that through
its interaction with the C-helix in the active state the jux-
tamembrane region stabilizes the extended conformation of
the activation loop that serves as the substrate recognition site.

Although Mer and Tyro3 kinase domains have been struc-
turally characterized before, previous structures show the inac-
tive conformation of the TAM family kinases. Molecules B and
D of the Axl structure reported here provide a model for an
active TAM kinase domain. This is the first visualization of the
active state of a member of the TAM RTK family, and it pro-
vides a model to help design type I kinase inhibitors of TAM
family members. Stability and HDX results also suggest that
protein dynamics may play an important role in designing
selective inhibitors of Axl.

Lower thermal stability of the AxI kinase implicitly suggests
that it may be especially dynamic, sampling multiple conforma-
tional states. Corresponding HDX data revealed regions of
enhanced Axl] deuterium exchange reflective of the extended
dynamics of the N-lobe of AxI relative to that of Mer. The mag-
nitude of deuterium differentiation of highly dynamic regions is
typically most evident at short exchange times. Deuterium
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exchange profiling of Axl dynamics may be more measurably
differentiated at even shorter exchange times than we could
achieve (<10 s). Extended Axl dynamics provide the opportu-
nity for a broader spectrum of conformational variability,
which is reflected in the two distinct conformations of the
kinase present in the asymmetric unit of Axl. Given that these
differences in the dynamics are observed around the ATP/in-
hibitor-binding pocket, it could potentially provide an oppor-
tunity to design a specific inhibitor of Axl activity that is selec-
tive over Mer.

Axl overexpression and activation are implicated in a variety
of human cancers (44). Axl up-regulation confers resistance to
targeted therapies in multiple cancers (19, 45—48) and is also
implicated in cell motility and invasion (49). Hence, Axl kinase
activity remains a target to develop cancer therapeutics (50—
53). Given the dynamic nature of the Axl kinase domain, it is
conceivable that it samples numerous conformations in the
solution state, some of which may either be inaccessible to
other TAM members or be higher energy conformers of Mer
and Tyro3. Although it is unclear what such a conformation
may look like, we speculate that a ligand against such a unique
conformation of Axl could display the desired specificity for AxI
inhibition and selectivity over Mer and Tyro3. However, chal-
lenges are significant in experimentally characterizing tran-
siently populated conformational states by current methods,
and this characterization is a necessary prerequisite for struc-
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Figure 7. HDX-MS profiles of Axl and Mer. g, deuterium exchange of the N-lobes of Axl and Mer is color-coded by the extent/percentage of peptide
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ture-based drug design. Molecular dynamics could be a useful
tool to computationally identify potentially stable intermediate
states. Our results encourage more extensive screening efforts
to discover leads targeting unique conformational states of Axl,
yielding inhibitor molecules with a desired selectivity profile
over other TAM RTKs. Stable complexes of such inhibitors
with AxI can then enable structure-based drug design.

Experimental procedures
Axl and Mer kinase domain expression and purification

The cDNAs encoding the various constructs of Axl (intracel-
lular domain residues 473—894, wild-type and F622L kinase
domain residues 514 —818, and kinase domain residues 505—
811 used for the compound 1 K, determination) and Mer
(residues 571864, 1650M) were synthesized and cloned into
pKRIC-N5 and pRSFDuetl, respectively. pKRIC-N5 is a modi-
fied version of insect cell expression cloning vector pFastbac 1,
and pRSFDuet1 was purchased from Novagen. Both constructs
contain an N-terminal His tag followed by the tobacco etch
virus (TEV) protease cleavage site.

Expression of Axl was done in Sf21 cells with co-expression
of YopH to eliminate the in situ phosphorylation of Axl during
expression. Cells were harvested 72 h after infection, and the
pellet was stored at —80 °C. Expression of Mer was carried out
in Escherichia coli BL21(DE3), also expressing PTPN], in ter-
rific broth medium and induced by isopropyl 1-thio-B-p-galac-
topyranoside overnight at 15 °C.

To purify Ax], the cell pellet was resuspended in a lysis buffer
containing 50 mm Tris-Cl, pH 7.4, 300 mm NaCl, 10% glycerol,
1 mm TCEP, and protease inhibitor tablets (Roche Applied Sci-
ence). Cells were lysed by stirring the suspension at 4 °C for 45
min, and the clear lysate was obtained by centrifugation. His-
tagged protein was purified by batch binding with Invitrogen
ProBond resin for 2 h at 4 °C with slow rotation using a Roto-
Shaker Genie. His-tagged protein was treated with TEV prote-
ase overnight at 4 °C, and the untagged protein was purified by
reverse nickel affinity chromatography followed by size exclu-
sion Superdex 75 and anion exchange chromatographies. Pure
protein was concentrated to 9.5 mg/ml and stored in small ali-
quots at —80 °C in the storage buffer (20 mm Hepes, pH 7.5, 50
mM NaCl, 10% glycerol, and 1 mm TCEP).

To purify Mer, the cell pellet was resuspended in a lysis buffer
containing 50 mm Tris, pH 8.0, 500 mm NacCl, 5% glycerol, 2 mm
TCEP, and protease inhibitor tablets (Roche Applied Science).
Cells were lysed by a microfluidizer, and the clear lysate was
obtained by centrifugation. His-tagged protein was purified by
batch binding with Invitrogen ProBond resin. The protein was
then treated with TEV protease and A-phosphatase overnight at
4°C, and the untagged protein was purified by reverse nickel
affinity chromatography followed by size exclusion Superdex
75 chromatography in a buffer containing 20 mm Tris-HCI, pH
8.0, 500 mm NaCl, 5% glycerol, and 2 mm TCEP. Peak fractions
were pooled and concentrated to 28 mg/ml. The protein was
stored in small aliquots at —80 °C.

Protein purity was assessed by SDS-PAGE and intact mass
spectroscopy. Protein identity and post-translational modifica-
tions were confirmed by intact mass spectroscopy.
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Biochemical characterization

Time dependence of enzyme autophosphorylation was stud-
ied using mass spectrometry as described previously (54) at
room temperature in the presence of 2 mmM ATP. Enzyme kinet-
ics of wild-type and L526A Axl (residues 473—894), preacti-
vated by autophosphorylation with MgATP, were measured
using an ATP-regenerating coupled spectrophotometric
enzyme assay with kinase-catalyzed production of ADP from
ATP that accompanies phosphoryl transfer to the Abltide pep-
tide substrate (Glu-Ala-Ile-Tyr-Ala-Ala-Pro-Phe-Ala-Lys-Lys-
Lys) derived from the C terminus of Abl kinase. Initial reaction
velocities of kinase reactions were determined by following the
decrease in absorbance at 340 nm (e = 6.22 cm™ ' mm ™ ) cou-
pled with phosphorylation of Abltide peptide substrate using a
Molecular Devices (Sunnyvale, CA) Spectromax Plus plate
reader. Reactions contained 26 nM wild-type AxI (adjusted for
active site content of 26% as determined by titration with potent
inhibitors) or 21 nm L526A variant (active site content, 10%),
0.0625—-8 mMm Abltide, 1 mm ATP, 20 mm MgCl,, 0.33 mMm
NADH, 1 mMm phosphoenolpyruvate, 20 units/ml pyruvate
kinase, 30 units/ml lactate dehydrogenase, 1 mm sodium
orthovanadate, and 1 mm DTT and were conducted at 37 °C.
These Axl constructs were also characterized kinetically by the
mobility shift assay as described below using 1.3 nm wild type
and 2.6 nm L526A variant (k_,, = 0.63and 0.27 s~ !, respectively,
using 3 uM 5FAM-FL-Peptide30). Enzymes were first optimally
preactivated by incubating 5 um Axl, 2 mm ATP, 20 mm MgCl,,
Phosphatase Inhibitor Mixture Set II from EMD Millipore
(1:100), and 1 mm DTT in 100 mm Hepes buffer, pH 7.3, for 5
min (wild type) or 2 h (L526A mutant) at room temperature.
Similar phosphorylation levels of both protein constructs were
verified by intact protein mass quadrupole TOF mass spec-
trometry. All enzyme reactions were conducted in duplicate.
Initial reaction velocities were fit to a Michaelis-Menten equa-
tion with GraphPad Prism (GraphPad Software, San Diego, CA)
to derive k_,, and K, values.

K; determination

Compound 1-mediated inhibition of Axl activity was tested
with the Caliper LabChip EZ Reader II assay (Caliper Life Sci-
ence, Hopkinton, MA), a mobility shift assay that combines the
basic principles of capillary electrophoresis in a microfluidic
environment. Activated Ax]l was found to be 100% catalytically
competent by active-site titration using a tight-binding inhibitor.
The protein was highly active (k... = 1.17 = 0.01s™ 'and K,,, o 1p =
70.4 = 1.8 uM using 3 uM 5FAM-FL-Peptide30). The kinase-cat-
alyzed production of ADP from ATP that accompanies phospho-
ryl transfer to 5SFAM-FL-Peptide30 was monitored.

Axl reaction solutions (50 ul) contained 0.5 nm Axl kinase
domain, 2% DMSO (*inhibitor), 10 mm MgCl,, 0.01% Tween
20,1 mm DTT, 3 um 5SFAM-FL-Peptide30, and 120 um ATP in
100 mm HEPES buffer at pH 7.3. The reactions were initiated
with 120 um ATP after 15-min preincubation of Axl with the
inhibitor at 25 °C. The reactions were stopped after 30 min at
25 °C by the addition of 50 ul of 200 mm EDTA.

Unactivated Mer (residues 571—864) was found to be 56%
catalytically competent by active-site titration using a tight-
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binding inhibitor. It was catalytically active (k. = 0.014 *
0.000 s~ " and K, \1p = 32.9 = 2.5 uM using 3 um 5FAM-FL-
Peptide30). Mer reaction solutions (50 ul) contained 30 nm
Mer, 2% DMSO (*inhibitor), 10 mm MgCl,, 0.01% Tween 20, 1
mM DTT, 3 um 5FAM-FL-Peptide30, and 2000 um ATP in
100 mm HEPES buffer at pH 7.3. The reactions were initiated
with 3 uMm 5FAM-FL-Peptide30 after 35-min preincubation of
inhibitor, Mer, and ATP at room temperature. The reactions
were stopped after 60 min at 25 °C by the addition of 50 ul of 80
mm EDTA.

The reaction mixture was applied to a Caliper LabChip EZ
Reader II instrument, and the product/substrate peptide peaks
were separated. The kinase reaction was quantitated by the
product ratio calculated from peak heights of product (P) and
substrate (S) peptides (P/(P + S)). Fractional velocity data were
fit to the equation for tight-binding competitive inhibition
(Morrison equation) to determine K; values (55, 56). The R*
values of the fit were greater than 0.99. Two independent exper-
iments were performed for each K; determination.

Protein thermal stability measurements

Unphosphorylated protein (1 mg/ml) was incubated with
compound 1 at a 1:3 molar ratio on ice for 60 min. For apopro-
tein, DMSO vehicle was used. After incubation, protein was
diluted to 0.2 mg/ml in the storage buffer containing 20 mm
Hepes, pH 7.5, 50 mm NaCl, 10% glycerol, and 1 mm TCEP. 20
wl of protein and 1 ul of 200X SYPRO Orange were added to a
384-well measuring plate and overlaid with mineral oil. Fluo-
rescence measurements were done using FluoDia T70.

Isothermal titration calorimetry (ITC)

The experiments were performed using a MicroCal PEAQ-
ITC automated system (Malvern Instruments) at 25 °C in 20
mMm Hepes, pH 7.5, 50 mm NaCl, 10% glycerol, 1 mm TCEP, and
1% DMSO (ITC buffer). A 10 uM concentration of either Axl or
F622L Axl kinase domains (residues 514 —818) in the sample
cell was titrated with 200 puMm lorlatinib from the injection
syringe. Lorlatinib was added in 12 stepwise injections of 3 ul
with 150-s interval between injections. A reference power of 5
cal/s was used. In control experiments, the ITC buffer was
titrated with 200 pm lorlatinib from the injection syringe as
described above. Data were analyzed by a one set of sites bind-
ing model to obtain binding affinity (K ), stoichiometry (#), and
binding enthalpy (AH) using MicroCal PEAQ-ITC Analysis
Software (Malvern Instruments). The analysis software also
calculated Gibbs free energy (AG) and binding entropy (— TAS).

Co-crystallization and structure determination

AxI (residues 514—818) was concentrated to 9 mg/ml for
crystallization. Diffraction quality crystals were obtained at
21 °C in 5-7 days from hanging drops containing 1.2 ul of the
protein-ligand complex (1:3 ratio of protein:ligand) and 1.2 ul
of the reservoir solution (0.1 m Tris, pH 8.5, 0.2 m MgCl,, 30%
(w/v) PEG-4000, and 1-2% (v/v) 1-butanol). Crystals belong to
the space group P2, with cell dimensions 2 = 81.9 A, b = 101.1
A, c=822A, B = 93.9°. Crystals were mounted into Hampton
loops and frozen via stream freezing in the mother liquor with
15% glycerol. These crystals diffracted to 2.8 A at the Advanced
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Photon Source (Industrial Macromolecular Crystallography
Association beamline 17-ID). The Axl complex structure was
determined by molecular replacement in Phaser (57) using
the inhibitor-bound Mer structure as the starting model. The
structure was iteratively refined using CNX and Coot (58). The
final round of refinement was carried out using BUSTER (59).

Mer (residues 571- 864, 1650M) protein at a concentration of
25-30 mg/ml was introduced to 1 mm (final concentration)
compound 1 and incubated at 4 °C for a minimum of 4 h. The
complex was then filtered with a low-protein-binding 0.45-um
membrane to remove particulates and set up for crystallization
using a Phoenix (Art Robbins) robot. Sitting drops at a 1:1 ratio
(protein:well solution) with well solution containing 0.2 M mag-
nesium chloride, 28 -35% PEG-600, and 0.1 m Tris, pH 8.7-9.0,
were incubated at 13 °C for ~5-7 days before crystals resem-
bling large, rectangular blocks grew. Mer crystallized in space
group P2, with cell dimensionsz = 51.7 A, b = 92.3 A, c = 69.3
A, B = 100.8°. The well solution acted as a cryoprotectant so
crystals were removed directly from drops and quickly dipped
into liquid nitrogen. The structure was determined using the
phosphoaminophosphonic acid-adenylate ester (ANP)-bound
structure of Mer (Protein Data Bank code 2P0C) as the starting
model. Rigid body refinement followed by iterative refinement
cycles in CNX and Coot (58) provided the final model.

HDX-MS

Kinase domain constructs of both Axl (residues 514 —818)
and Mer (residues 571- 864, 1650M) were diluted to a working
concentration of 0.5 mg/ml (~15 um) with dilution buffer (20
mM Tris, 50 mm NaCl, and 2 mm TCEP, pH 7.2). HDX exchange
was performed on a Fusion Lumos Orbitrap (Thermo Fisher
Scientific) equipped with a Pal HDX3 autosampler (Leap Tech-
nologies) and a combination of Vanquish capillary pumps
(Dionex). The autosampler sample plate was held at 4 °C where
exchange was initiated upon addition of 20 ul of D,O solution
(20 mm Tris and 50 mm NaCl) to 4 ul of protein sample. Deu-
terium exchange was performed for 10 s, and then 20 ul of
sample was transferred to the chilled quench plate with a
prechilled syringe and added to 20 ul of 4 °C cold quench buffer
(3.2 M guanidine hydrochloride and 0.8% formic acid) to a final
pH 2.5. Samples were then injected into a chilled box (1 °C) that
housed the sample loop, protease column, and trap/analytical
columns. Samples were first run across a 2.1 X 30-mm immo-
bilized protease type XIII/pepsin column (w/w, 1:1; NovaBio-
Assay) at 200 wl/min using a 0.1% formic acid mobile phase.
The digested protein was subsequently trapped and desalted for
2 min on an Acquity UPLC BEH 300 C,g4 (2.1 X 5-mm) trap
column (Waters). Peptides were eluted from the trap to a Kine-
tex 1.3-um C;5 (2.1 X 30 mm; Phenomenex) analytical column
using a 5.5-min gradient of organic solvent (8 —37% acetonitrile
and 0.1% formic acid) running at 150 ul/min. When initially
collecting non-deuterated MS2 spectra for identifying peptides,
the electrospray source was set at 300 °C, and MS2 was col-
lected by both high-energy collision dissociation and electron-
transfer/high-energy collision dissociation. All samples were
collected in triplicate with blanks between each sample to min-
imize potential sample carryover. Peptide lists were generated
using Proteome Discoverer (version 2.1, Thermo Fisher Scien-
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tific). Low-confidence peptides were removed from the peptide
list (mass tolerance <5 ppm), and peptide pools were con-
structed for subsequent deuterium analysis. During collection
of deuterium exchange, the electrospray source was lowered to
200 °C and transfer rf was set at 30 V to minimize potential
deuterium back-exchange. For deuterium incorporation analy-
sis, MS spectra only were acquired, and samples were processed
in HD Examiner 2.0 (Sierra Analytics) for deuterium incorpo-
ration. Low-confidence peptides and peptides less than six res-
idues in length were removed. Final peptide pools for Ax] com-
prised 275 peptides (93.5% sequence coverage), and Mer
provided 326 peptides (98.3% sequence coverage). Results were
from an average of triplicate runs and are presented as heat
maps generated in HD Examiner.
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