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FIG. 9. Homology modelling of the H-Ryk catalytic domain. Alignment of sequences of H-Ryk and IRK and manual modelling of three nonconservative mutations
within H-Ryk were done as described in Materials and Methods. Corresponding residues of IRK (A) and H-Ryk (B) are labelled. The model is magnified to display
the cleft between the two lobes.
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DISCUSSION

Recently a number of RPTKs with alterations to conserved
and invariant amino acids in the catalytic domain have been
cloned. These include Cck-4, Mep (Eph-B6), Ror 1, and Ror 2
(21, 45, 48, 80). Similar to H-Ryk, these RPTKs all have se-
quence alterations in either the nucleotide binding, catalytic,
or activation domains (Fig. 1). This subfamily of atypical
RPTKs also share a common feature: they are all non-RD
kinases, a category which essentially encompasses those ki-
nases in which the aspartate in the catalytic loop (IHRD-
LAARN) is not preceded by the arginine residue (33). The
distinguishing feature of these kinases is that they do not ap-
pear to be regulated by phosphorylation in the activation seg-
ment, in direct contrast to the RD kinases (i.e., MAPK, IRK,
and FGFR kinase) (33). The intrinsic protein tyrosine kinase
activity of this subfamily and the way in which these putative
receptors mediate their biological functions remain undeter-
mined. It has been demonstrated previously by an in vitro
kinase assay that a FLAG:Ryk fusion protein expressed in
bacteria does not have intrinsic kinase activity (28). This ob-
servation is consistent with the in vitro experimental findings of
this study. In the absence of a ligand, a chimeric receptor
approach using the NGF receptor TrkA was used to analyze
the function of H-Ryk. The inability to identify any detectable
autophosphorylation of the chimeric receptor after 4 h of stim-
ulation with NGF suggests that H-Ryk is catalytically inactive
under these experimental conditions. This possibility is sup-
ported by the inability of H-Ryk to phosphorylate exogenous
substrate.

The Ryk RTK has been implicated in a number of develop-
mental processes, and its conservation across species, as evi-
denced by its widespread expression (28, 32, 36, 40, 42, 51, 52,
57, 63, 65, 67, 70, 77, 78, 81), suggests that it plays a funda-
mental role in development. H-Ryk expression has been dem-
onstrated to be regulated during hematopoietic development
by lineage commitment and stage maturation (65). In the
ovary, H-Ryk is overexpressed in malignant epithelial ovarian
tumors and NIH 3T3 H-Ryk-overexpressing stable cell lines
are transforming in vivo and in vitro (35, 77). The Drosophila
homologue Drl has been implicated in both neuronal pathway
and muscle attachment site selection (6, 7). To carry out these
functions, H-Ryk must be able to transduce a signalling cas-
cade upon stimulation which leads to either proliferation or
differentiation. We demonstrate in this report the activation of
Erk1/2 and the downstream p90 Rsk3 kinase upon stimulation
of the TrkA:Ryk chimera with NGF, which is consistent with
the ability of Ryk to carry out these biological functions. How-
ever, the intriguing question is how the kinase-impaired H-Ryk
receptor is able to transduce its signals to the MAPK pathway.
One possibility may be that H-Ryk uses members of the Src
and Jak nonreceptor tyrosine kinases to propagate its intracel-
lular signals, analogous to the way cytokine and T-cell recep-
tors mediate their biological functions. Unlike receptor ty-
rosine kinases, cytokine and T-cell receptors do not have
intrinsic tyrosine kinase activity but still retain the ability to
activate downstream signalling pathways by coupling to the Jak
family of cytoplasmic kinases and nonreceptor tyrosine ki-
nases, respectively (13, 59, 79). However, analysis of the TrkA:
Ryk immune complexes revealed no presence of coimmuno-
precipitating Jak 1, 2, or 3 or the nonreceptor tyrosine kinases
Src and Lck after NGF induction of the chimeric receptor-
expressing cell line (data not shown). Further, there were no
temporal changes in phosphoproteins identified in the chi-
meric TrkA:Ryk cell lysates upon ligand stimulation (Fig. 4A)
compared to basal levels.
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A highly conserved feature of both serine-threonine and
tyrosine kinases is the invariant lysine residue, which is K334 in
H-Ryk and is located carboxyl terminal to the Gly-rich loop.
This residue interacts with the o and B phosphates of ATP and
is critical for the proper alignment of the triphosphate chain in
the active site to promote the in-line phosphotransfer reaction.
Mutation of the invariant lysine abolishes catalytic activity of
kinases while only moderately reducing the ability to bind ATP
(19, 72). In our study, we demonstrate that the K334A mutant
chimeric receptor does not induce the MAPK pathway. The
simplest explanation of this result is that H-Ryk retains very
low autophosphorylation activity that is not detectable under
the present experimental conditions, which enables it to trans-
duce signals through the MAPK pathway. H-Ryk might phos-
phorylate a specific substrate(s) which acts as an adapter or
auxiliary protein in the activation of downstream signalling
pathways. It is tempting to speculate that pp75 acts as a conduit
between H-Ryk and the downstream signalling components.
This proposition is supported by the inability of the TrkA:Ryk
K334A chimera to coimmunoprecipitate pp75 and the con-
comitant loss of MAPK activation. However, until pp75 is
identified and the nature of its association with H-Ryk is char-
acterized, this remains mere speculation. Alternatively, H-Ryk
may transmit downstream signals independent of receptor au-
tophosphorylation. This possibility is supported by the inability
of the TrkA:Ryk chimeric receptor to bind the nonhydrolyz-
able ATP analogue 5’-p-fluorosulfonylbenzoyl adenosine
(FSBA) (data not shown). However, to our knowledge, no
RTK which is capable of inducing downstream signalling in the
absence of receptor autophosphorylation or catalytic activity
has been identified. Recently, the cyclin-dependent kinase-
activating kinase in budding yeast, Caklp, has been shown to
be functionally active in vitro and in vivo despite mutation of
the invariant lysine residue (11, 14, 75). This finding suggests
that the invariant lysine residue in Caklp is not required for
catalysis. It is possible that the effect of the K334A mutation in
the TrkA:Ryk chimera is to alter the compensated structure of
the catalytic domain of H-Ryk, inhibiting any interaction with
putative substrates. Further, for some functions such as the
muscle attachment site selection in the Drosophila homologue
Drl, the catalytic domain is not required (4a).

The impaired TrkA:Ryk catalytic activity suggests that in
certain cellular contexts, Ryk may use nonphosphorylation-
dependent mechanisms in vivo to couple Ryk activation to
downstream pathways. The recently characterized PDZ pro-
tein recognition module represents such a mechanism. PDZ
proteins are modular proteins that act as adapters by selec-
tively attaching through their PDZ domains to the C termini of
membrane receptors while also binding to signalling proteins
via PDZ or other protein modules (12). The C-terminal con-
sensus sequence X-Ser/Thr-X-Val-COOH, where Val-COOH
represents the C-terminal valine residue, was initially proposed
for PDZ domains (37). However, there appear to be additional
determinants for binding, as different PDZ domains can dis-
tinguish between binding partners containing identical se-
quence motifs, and additional C-terminal motifs such as V-K-I
and Y-Y-V have also been shown to bind PDZ domains (27,
66). The consensus sequence motif G-A-Y-V-COOH, which is
conserved in mouse and human Ryk, provides a potential PDZ
binding domain. The recent identification of a potential PDZ
domain that binds to the C terminus of the Drosophila Ryk
homologue Drl (62) in the consensus sequence T-R-Y-V-
COOH suggests that a similar mechanism may exist in mam-
mals. This would either enable the coupling of the receptor to
downstream signalling pathways or cluster the Ryk receptor in
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specific subcellular positions which contain its substrates or are
critical for its proper functioning.

Most RTKs are able to directly recruit the Grb2-Sos com-
plex which is central to the activation of the Ras/MAPK path-
way upon stimulation. However, the recruitment of the Grb2-
Sos complex can also occur indirectly via tyrosine
phosphorylation of Shc as is the case for the EGF receptor
(50). Insulin stimulation, on the other hand, leads to tyrosine
phosphorylation of Shc and IRS1, and it is both of these pro-
teins that recruit the Grb2-Sos complex (58, 68). The type I
family of receptors, in contrast, extend their signalling diversity
by transphosphorylation of the kinase-impaired c-ErbB3,
which leads to the recruitment of phosphatidylinositol 3-kinase
(8). The kinase-impaired c-ErbB3 receptor therefore modu-
lates signals of the type I family of receptors by heterodimer-
ization with c-ErbB2 and c-ErbB4, which are kinase active. The
mapping of Ryk to two distinct loci, Ryk-I and Ryk-2, on
human chromosomes 3q11-22 and 17p13.3, respectively, raises
the possibility that there is a kinase-active partner for the Ryk-1
locus cDNA analyzed in this study (20, 69). If the Ryk-2 locus
does harbor a kinase-active partner, one would speculate that
heterodimerization of the two receptors would be sufficient to
activate the MAPK pathway. Whether the coimmunoprecipi-
tating pp75 represents the Ryk-2 locus receptor remains to be
determined, as the cDNA for Ryk-2 has not been isolated.
However, the inability of the pp75 to cross-react with the Ryk
polyclonal antibody 15.2 raises doubts as to whether this pro-
tein is closely related to Ryk (data not shown).

Irrespective of the variation in specificity, the activation seg-
ment is important in aligning the catalytic residues in the
protein kinase family. It has been previously demonstrated that
the aspartate residue of the tripeptide DFG motif in the acti-
vation segment is critical for receptor autophosphorylation.
Even relatively conservative mutations of the aspartate residue
to glutamate or asparagine in v-Fps yielded an inactive kinase
(47). In this study we have addressed the role of both the Phe
and Gly residues in receptor autophosphorylation. The inter-
action between the Phe and Gly residues of the DFG tripep-
tide and the second glycine of the nucleotide binding loop are
particularly important for correct orientation of the C- and
N-terminal lobes and hence the high degree of conservation of
these residues in the protein kinase family (29, 30, 46). In
H-Ryk, the Asn residue in the tripeptide motif DNA would
probably be accommodated by outward movement of the polar
Asn side chain. This may result in the Asn interacting with the
glutamine from the nucleotide binding motif (QxGxxG). The
net effect of the side chain replacements is thus likely to be a
congestion of the active-site cleft (Fig. 9). This together with
the Gly backbone changes is likely to produce a disruption of
the interdomain orientation. Restoration of either the Phe or
the Gly residue is sufficient to induce the catalytic activity of
the H-Ryk receptor. Presumably, restoration of these residues
allows for proper orientation of the lobes, thereby enabling the
receptor to autophosphorylate. In particular, the N454F mu-
tant apparently results in the nonpolar residue Phe being bur-
ied in the active-site cleft, which would correct the disruption
of the interdomain orientation brought about by the Asn res-
idue. We speculate that the N454F mutant restores the inter-
action of the Phe residue of the activation domain with Gly
residue of the nucleotide binding motif and subsequently the
proper orientation of this lobe. The Ala-to-Gly amino acid
change is often viewed as a conservative substitution owing to
the similarity in physicochemical properties. However, Gly res-
idues, particularly those that are highly conserved, play a struc-
turally very important role in proteins owing to their ability to
adopt main chain {s/¢ conformations forbidden to other amino
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acids, including alanine. The A455G mutation would result in
the adoption of a wider range of backbone confirmations.
Presumably the TrkA:Ryk A455G chimera adopts a confirma-
tion that results in the proper alignment of the two lobes,
thereby overcoming catalytic constraints brought about by the
alterations in this domain. Therefore, in addition to the critical
Asp, either the Phe or the Gly residue is required to maintain
the proper orientation of the two lobes, as demonstrated by the
N454F and A455G mutants in this study.

We have demonstrated that restoration of the Gly residue in
the nucleotide binding loop of H-Ryk does not restore the
catalytic activity of the receptor. Although this mutation on its
own is sufficient to affect the catalytic activity of the receptor,
it is not dominant enough to completely abolish its activity.
This view is supported by the study carried out by Hemmer et
al., in which they demonstrated that substitution of the first
glycine in protein kinase A caused a five- to eightfold reduction
in ATP binding and a three- to fivefold drop in catalytic activity
(24). This is broadly supported by sequence analysis and mu-
tational studies which predicts a gradation of functional im-
portance of the three glycines (Gly 2 > Gly 1 > Gly 3).
Therefore, although the glutamine substitution is expected to
have an adverse effect on ATP binding and catalysis, this
amino acid alteration on its own does not account for the loss
of intrinsic kinase activity of the H-Ryk RTK. It is possible
therefore that although the Q307G mutant may affect ATP
binding, it is unlikely to have a significant effect on the overall
catalytic activity due to the mutations in the activation segment
of the H-Ryk catalytic domain.

The arginine residue in the catalytic loop (IHRDLAARN)
represents one of the most invariant amino acid residues in the
tyrosine kinase family. In the cAMP kinase structure, the res-
idue has been implicated in the stabilization of the phosphor-
ylated threonine (39). However in the FGFR structure, stabi-
lization of the phosphorylated tyrosine is mediated by the
conserved Pro residue 663 (Pro 475, H-Ryk) (46). Mutation of
this residue to glutamine in the IRK structure results in im-
paired kinase activity. In the crystal structures of both the FGF
and IRK receptors, the arginine residue does not appear to
play a role in catalysis. The results of this study appear to
support that finding as the K434R mutant does not have any
effect on the kinase activity of the H-Ryk receptor. The same
applies to the substitution of alanine with phenylalanine in
subdomain II of H-Ryk. In H-Ryk, the Ala-to-Phe change in
subdomain II (VFV/LK) of H-Ryk is likely accommodated by
placement of the Phe side chain in the same location as the Phe
from DFG in other kinases. The presence of the Phe residue in
subdomain II appeared to contribute to the bulking up of the
active-site cleft in the comparative model of the H-Ryk recep-
tor (Fig. 9). However, restoration of the alanine residue does
not have an effect on the kinase activity of the receptor. This
residue does not compensate for the absent Phe residue in the
DFG mutant, as demonstrated by the lack of phosphorylation
of the wild-type TrkA:Ryk chimera.

In conclusion, this first detailed functional analysis of an
atypical receptor tyrosine kinase with impaired catalytic func-
tion suggests an unusual mechanism by which signals can be
transduced independent of receptor autophosphorylation. Fur-
ther, the results extend the observation of the requirement of
the DFG motif in substrate catalysis. The focus of future in-
vestigations will be on characterizing the mechanism by which
Ryk transduces signals to downstream signalling proteins and
determining the tertiary structure of H-Ryk.
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