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ABSTRACT: A complex of RONM!**T with AMP-PNP and
Mg?" reveals a substratelike positioning of Tyr1238 as well
as likely catalysis-competent placement of the AMP-PNP
and Mg>" components and indicates a tendency for cis
phosphorylation. The structure shows how the oncogenic
mutation may cause the constitutive activation and sug-
gests a mechanistic hypothesis for the autophosphorylation
of receptor tyrosine kinases.

Receptor tyrosine kinases (RTKs) are typically composed
of an extracellular domain, a transmembrane segment, and an
intracellular segment containing a kinase domain (/). These
proteins are normally activated through a multistep process
beginning with extracellular ligand binding, followed by con-
formational changes and receptor dimerization resulting in the
activation of the intracellular kinase, phosphorylation of tyrosine
residues, and the subsequent recruitment of downstream signal-
ing proteins (2). In addition to being activated by extracellular
ligands, RTKs can also undergo constitutive activation resulting
from specific mutations (3). During either a constitutive or
nonconstitutive activation, the induction of the kinase activity
is a critical step and is associated, in many RTKSs, with the
autophosphorylation of specific tyrosine residues located in the
activation loop (A-loop) of the kinase domain. The detailed
molecular mechanisms by which kinases are activated and
regulated are not fully understood. One proposal, primarily
based on the crystal structures of the insulin receptor (IR) and
insulin-like growth factor 1 receptor (IGFIR) kinases, is that
kinases rest in an inactive conformational state where the A-loop
occludes access of ATP and substrate to the active site, and
phosphorylation of critical tyrosine residues on this loop (4, 5)
causes its displacement, thus leading to activation. This proposal
allows us to understand why the phosphorylation of certain
tyrosine residues appears to control the kinase activity, but it does
not address how the key tyrosine residues become phosphory-
lated either as a result of the mutation or following receptor
rearrangement. One particular mechanistic unknown is whether
the autophosphorylation event occurs through an intramolecular
(cis phosphorylation) process in which a kinase molecule cata-
lyzes the phosphorylation of its own tyrosine residues or an
intermolecular process (trans phosphorylation) where a second
kinase molecule is involved as has previously been proposed (35).
The molecular mechanism through which mutation drives con-
stitutive activation is also a poorly understood element of ki-
nase function. A better understanding of these molecular details
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should enable a more effective discovery of therapeutic treat-
ments against cancers driven by aberrantly activated RTKs (6).

Herein, we describe the crystal structure of the kinase domain
of the RON (Recepteur d’Origine Nantais) RTK bearing the
constitutively activating mutation M1254T. RON is a member of
the MET proto-oncogene family and a receptor of macrophage-
stimulating protein (7). When the ligand binds, RON becomes
autophosphorylated (8) at Tyr1238 and Tyr1239 in the A-loop
(F1227—P1250). The phosphorylation of these regulatory tyro-
sine residues activates the kinase activity, probably via displace-
ment of the A-loop as previously mentioned, leading to further
phosphorylation of Tyr1353 and Tyr1360 in the C-terminal
multifunctional docking site (9). The latter, after phosphoryla-
tion, serves as a docking site for downstream signaling proteins
triggering multiple pathways (10).

The M1254T mutation corresponds to a change of the wild-
type methionine 1254 to threonine in the P + 1 loop (3). The same
type of mutation was originally identified in the RET kinase in
patients with multiple endocrine neoplasia 2B type syndrome,
commonly termed the 2B mutation (/7). This mutation has also
been found in the Kit kinase implicated in human mast cell
leukemia (/2) and human mastocytosis (/3), and in MET in
patients with metastatic renal carcinomas (/4). Introduction of
the 2B mutation into RON has been shown to cause constitutive
activity resulting in transformed cells with high tumorigenic and
metastatic potential in vitro and in vivo (3, 15).

The crystal structure is a complex containing a segment of
unphosphorylated RONM2%T “an AMP-PNP molecule, and a
Mg** ion at 2.24 A resolution, revealing a part of the juxtamem-
brane region (R1060—V1081), the entire kinase domain, and a
part of the C-terminal docking site (S1346—P1357). The overall
folding pattern is similar to those of other RTKs adopting the
typical bilobal architecture. A homology search of the Protein
Data Bank (PDB) identified MET as the closest homologue with
a sequence identity of 62%, and the IR and IGFIR as more
remote homologues with sequence identities of 38 and 36%,
respectively. Structural alignments of the RON structure with the
crystal structures of the inactive forms of the MET (PDB entry
2G15), IR (PDB entry 1IRK), and IGFIR (PDB entry 1P40)
resulted in successful overlaps with C® root-mean-square devia-
tions (rmsd’s) of 4.7, 7.5, and 8.3 A, respectively. The alignments
with the active forms of the IR (PDB entry 3BUS) and IGF1R
(PDB entry 1K3A) were also successful, with rmsd’s of 8.3 and
7.7 A, respectively. The largest deviations between RON and
MET are localized in the juxtamembrane segment, phosphate-
binding loop (P-loop), helix aC (16), A-loop, and P + 1 loop (see
Figure S1 of the Supporting Information for details). Relatively

©2010 American Chemical Society



Rapid Report

AMP-PNP

Biochemistry, Vol. 49, No. 37, 2010 7973

op
°+1 loop

FIGURE 1: Open conformation of the first half of the A-loop of mutant RON (red) enabling AMP-PNP binding in contrast with the A-loop of
MET (purple) clashing with AMP-PNP (left). Interactions stabilizing phosphates and Y 1238 and location of the T1254-centered cluster relative to
Y1238 (middle). Recruitment of the P-loop by Y1238 to chase out the A-loop and protect AMP-PNP (right).

large deviations between RON and the IR or IGFIR also exist in
the same regions described above. The most interesting novel
feature of this RON structure is that, unlike the other unphos-
phorylated kinases, the part of its A-loop preceding Tyr1238
adopts an open conformation enabling the binding of the ATP
analogue AMP-PNP (Figure 1 Left), qualitatively similar to the
phosphorylated or activated kinases (Figure S2 of the Supporting
Information).

AMP-PNP exhibits many interactions with RON (Figure 1,
middle) that are similar to the interactions found in the known
catalysis-competent complexes of the IGFIR and IR. Namely,
the adenine group forms two hydrogen bonds with the hinge
backbone, and the a- and fS-phosphate oxygen atoms form
coordinate bonds with Mg>", which also receives coordinate
bonds from Asp1226 of the DFG loop, Asn1213 of the catalytic
loop, and two bound water molecules. The lengths of the
coordinate bonds range between 1.9 and 2.6 A, comparable with
the lengths between 2.0 and 2.6 A found in the IR systems (4, 17).
In addition, the phosphates are stabilized by ion pairing with
Argl212(2.87 A) and Lys1114(3.25 A) which also forms an ion
pair with Asp1226 (3.12 A)

Tyr1238 occupies the position usually reserved for the sub-
strate tyrosine. The phenol hydroxyl group of Tyr1238 forms a
short 2.65 A hydrogen bond with a carboxyl oxygen atom of the
catalytic Asp1208, apparently allowing abstraction of a proton
from the phenol. In comparison, the hydroxyl groups of the
substrate tyrosine residues in the active complexes of the IR and
IGFIR (PDB entries 3BUS, 1IR3, and 1K3A) also form the same
hydrogen bonds with the corresponding distances varying be-
tween 2.4 and 2.7 A. The distance between the phenol oxygen of
Tyr1238 and the y-phosphorus atom of AMP-PNP in the RON
system is ~8.75 A. Although this distance is relatively large in
comparison to that in the IR and IGFIR systems (5.1-6.1 A), a
rotation with a torsional angle of 120° around the bond linking
the a—p ether oxygen atom and the -phosphorus atom which
still maintains the number of coordinate bonds with Mg*", places
the y-phosphorus atom just 4.1 A from the Tyr1238’s phenol
oxygen atom (Figure S3 of the Supporting Information).

The characteristics of the crystal structure of mutant RON de-
scribed above indicate a possible pathway that allows the transfer
of the y-phosphate to Tyr1238 following a similar mechanism
previously established by the crystal structures of the wild-type
IR and IGFIR (4, 5), except that our structure suggests an
intramolecular or cis autophosphorylation of the regulatory
tyrosine. A complication in justifying such a mechanism is that

helix aC in this structure largely deviates from the classical
location (Figure S2 of the Supporting Information) and Glul131
of helix aCis~15.7 A from Lys1114, whereas this pair of residues
should form an ion pair according to the classical active forms.
However, a recent publication (/8) showed that the ribosomal S6
kinase 2 is still in an active state despite its helix aC being
displaced and disordered and the corresponding ion pair absent.
This precedent suggests that the unusual location of helix aC in
RON may not impede the cis autophosphorylation.

The mutant Thr1254 appears to play a pivotal role in stabiliz-
ing the specific open conformation of the A-loop and the
positioning of Tyr1238. Thr1254 is located at the nucleus of an
amino acid cluster composed of part of the second half of the
A-loop (Y1239 and Pro1250), the P + 1 loop (V1251—F1264,
green ribbon shown in the middle panel), and a segment of three
residues centered at Asp1208. Thr1254 stabilizes the cluster by
providing direct interactions with the member residues, including
tight interactions with Tyr1239 (shortest distance being 3.7 A)
hydrogen bond with a length of 2.70 A to the backbone of
Pro1250, and many favorable contacts (<5 A) with Vall251,
Leul259, and Phel264. The overall stability of the cluster is also
enhanced by a strong hydrogen bond between the hydroxyl
group of Tyr1239 and the backbone carbonyl group of Argl1207
of the catalytic loop with a distance of 2.65 A. The Thr1254-based
cluster propagates its influence from three aspects. (1) Tyr1239 of
the cluster forms s7—x interactions with Tyrl1238, with the
shortest distance being 3.78 A that stabilizes the substratelike
positioning of Tyr1238. (2) Tyr1238 makes subsequent 7—m
interactions with His1092 and Phe1093 of the P-loop, with the
shortest distance being 3.20 A (right panel). Such contacts do not
exist in the inactive form of MET in which the corresponding
residues of the P-loop (purple ribbon) are at least 10.2 A from the
similar tyrosine (Tyr1235). Apparently, the P-loop in RON is
sequestered by Tyr1238 to chase the first half of the A-loop away
from the active site while leaving enough room underneath
to accommodate binding of the ATP-like molecule. (3) Some
residues (Tyr1239, Tyr1262, Argl263, and Phel264) in the
Thr1254-centered cluster directly interact with the first half of
the A-loop to stabilize the open conformation of the latter. Thus,
this crystal structure clearly reveals how the mutant Thr1254
causes a conformational rearrangement enabling positioning of
ATP and Tyr1238 onto the active site.

Cis autophosphorylation of Tyr1238 would be the initiating
step of the activation process. The phosphorylated tyrosine can
move away from the substrate-binding site so that the active site
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will be unmasked and become activated or partially activated.
Subsequent questions would be whether an activated or partially
activated molecule can perform intermolecular phosphoryla-
tion of the remaining regulatory tyrosine residues and whether
and how Tyr1239 becomes phosphorylated. This structure of
mutant RON does not obviously support the intermolecular
phosphorylation of Tyr1238 or Tyr1239, or the intramolecular
phosphorylation of Tyr1239, because both residues are packed
between other residues and their transformable hydroxyl groups
are tethered by strong hydrogen bonds. No experimental evi-
dence has been reported to establish whether the autophosphor-
ylation of Tyr1239 of mutant RON can happen. However, for
the MET 2B mutant, convincing kinetic and cellular studies (/9)
have demonstrated that only one of the two regulatory tyrosine
residues undergoes phosphorylation to achieve the full acti-
vation. This seems consistent with the current mutant crystal
structure in which only one tyrosine is engaged for phosphory-
lation.

Changing Thr1254 to the wild-type methionine would elim-
inate a hydrogen bond and introduce van der Waals repulsions
within the cluster (Figure S4 of the Supporting Information),
leading to a destabilization of the clustering. It is likely that the
flexible loop of the wild-type RON would reorganize into an
inactive conformation similar in some extent to the crystal
structures of the wild-type MET, IGFIR, and IR in the unphos-
phorylated state.

On the basis of the crystal structures of the MET (PDB entry
2W@J), IGFIR (PDB entry 1P40), and IR (PDB entry 11RK),
the main obstacle to a potential cis phosphorylation within a
wild-type system is the fact that the first half of the A-loop
occludes the ATP-binding site while a regulatory tyrosine occu-
pies the substrate-binding site suitable for cis phosphorylation
(e.g., Figure 1, left), a situation commonly seen in all these sys-
tems. A crystallographic study (20) indicated that a designed
inhibitor can displace the entire A-loop of the IGFIR from the
autoinhibitory position and cause a tyrosine in this loop to move
onto the active site of an adjacent molecule, suggesting the possi-
bility of trans phosphorylation. However, the possibility of dis-
placing only the first half of the A-loop by ATP similar to the
scenario occurring in the current mutant RON structure may
exist, and if that happens, a cis phosphorylation to the tyrosine
preoccupying the substrate-binding site could follow. Such a cis
phosphorylation event could be the initiation step of subsequent
phosphorylations, explaining the fact that it is the tyrosine resi-
due that is seen to occupy the substrate-binding site that becomes
phosphorylated prior to other tyrosine residues. Tyrl235 in
MET, Tyr1135 in the IGFIR, and Tyr1162 in the IR occupy
the respective substrate-binding sites in the corresponding crystal
structures in the unphosphorylated state, while these residues
also acquire phosphorylation earliest in the respective activa-
tion processes based on the kinetic studies (35, /9, 21). Similar to
the role of the 2B mutation elucidated above, the ligand binding
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and/or receptor dimerization may assist ATP in opening the
first half of the A-loop leading to ATP binding and autophos-
phorylation.

In summary, the crystal structure of RONM!'>*T syggests that
the oncogenic mutation may cause the cis phosphorylation of a
regulatory tyrosine that could lead to constitutive activation and
that a modified version of the mechanism may also control the
activation of wild-type RTKs. The potential for this structure-
based hypothesis warrants further experimental evaluations.

SUPPORTING INFORMATION AVAILABLE

Protein production, crystallographic methods, more discus-
sion, and figures. This material is available free of charge via the
Internet at http://pubs.acs.org.
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