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H-Ryk is an atypical receptor tyrosine kinase which differs from other members of this family at a number
of conserved residues in the activation and nucleotide binding domains. Using a chimeric receptor approach,
we demonstrate that H-Ryk has impaired catalytic activity. Despite the receptor’s inability to undergo auto-
phosphorylation or phosphorylate substrates, we demonstrate that ligand stimulation of the chimeric receptor
results in activation of the mitogen-activated protein kinase pathway. The ability to transduce signals is
abolished by mutation of the invariant lysine (K334A) in subdomain II of H-Ryk. Further, by in vitro
mutagenesis, we show that the amino acid substitutions in the activation domain of H-Ryk account for the loss
of catalytic activity. In addition to the essential aspartate residue, either phenylalanine or glycine is required
in the activation domain to maintain proper conformation of the catalytic domain and thus ensure receptor
autophosphorylation. Homology modelling of the catalytic domain of H-Ryk provides a rationale for these
findings. Thus, the signalling properties of H-Ryk are divergent from those of other classical receptor tyrosine
kinases.

The need for the coordinated regulation of cell growth and
differentiation in multicellular organisms has given rise to a
complex array of signalling pathways. Growth factors play piv-
otal roles in the coordination of these cellular programs, and
their diverse biological effects are mediated primarily by a
large family of cell surface receptors with intrinsic protein
tyrosine kinase activity. Binding of a growth factor to the ex-
tracellular domain of its receptor induces receptor dimeriza-
tion, resulting in autophosphorylation and conformational
changes in the receptor that lead to the binding of downstream
signalling proteins (53).

Although receptor protein tyrosine kinases (RPTK) exhibit
variability in their regulation and intracellular signalling path-
ways, they share a highly conserved cytoplasmic catalytic do-
main that is responsible for kinase activity. Sequence align-
ments of protein kinases defined 11 distinct subdomains that
are found throughout the broad family of protein kinases (22,
23). The highly conserved and invariant residues from these
subdomains have been implicated in essential roles in ATP
binding, substrate recognition, and phosphate transfer (29, 30,
39). In Ryk (also referred to as Nyk-r, Vik, Nbtk-1, Mrk, and
Derailed [Drl]), a member of the RPTK family, some of the
highly conserved protein kinase sequence motifs display vari-
ations (6, 7, 28, 36, 65, 71, 77). In H-Ryk, the human homo-
logue, substitutions of glutamine (residue 307) for the first
glycine of the GxGxxG (subdomain I) nucleotide binding motif
and of asparagine and alanine (residues 454 and 455) for the
highly conserved phenylalanine and glycine within the DFG
activation loop motif represent the most notable changes (Fig. 1).
In addition, the highly conserved alanine residue close to the
essential lysine at the nucleotide cleft (subdomain II) and the

invariant arginine residue in the catalytic loop (IHRDLAARN)
are altered to phenylalanine and lysine, respectively. These
sequence alterations suggest that the kinase activity of H-Ryk
might be impaired (28, 36, 65, 71, 77).

In the absence of its ligand, the precise functional implica-
tions of the sequence variations on the catalytic activity and
signalling of H-Ryk are unknown. A chimeric receptor ap-
proach in which the extracellular domain of the orphan recep-
tor is replaced by the extracellular domain of another well-
characterized receptor tyrosine kinase (RTK) whose ligand is
available has been successfully used as a tool to study the
signalling properties of orphan receptors (17, 49, 60). This type
of approach permits analysis of the molecular events involved
in the signal transduction pathway of the tyrosine kinase of
interest, even when its ligands are unknown.

To address the effect of the sequence alterations on the
catalytic function of H-Ryk, we constructed a TrkA:Ryk chi-
meric receptor composed of the extracellular domain of TrkA
(human nerve growth factor [NGF] receptor) fused to the
transmembrane and cytoplasmic domains of the H-Ryk recep-
tor. We show that although the TrkA:Ryk chimera is catalyt-
ically impaired, ligand stimulation of the chimeric receptor
results in activation of the mitogen-activated protein kinase
(MAPK) pathway. These results imply that the receptor may
mediate its biological activities by recruitment of a signalling-
competent auxiliary protein through an as yet uncharacterized
mechanism. We also demonstrate that the Phe and Gly resi-
dues in the DFG motif of the activation domain are essential
for catalytic activity of RTKs.

MATERIALS AND METHODS

Growth factor, antibodies, and peptides. The recombinant human NGF was
purchased from R&D Systems. The N-terminal TrkA-specific monoclonal anti-
bodies (MAbs) 220 and 5C3 were gifts from M. Barbacid and U. Saragovi,
respectively. The H-Ryk polyclonal antibody was raised against the C-terminal
region of H-Ryk (77). The antiphosphotyrosine (4G10) and Erk1/2 antibodies
were purchased from TCS and Signal Transduction Laboratories, respectively.
The p90 Rsk3, Src, Lck, Jak 1, 2, 3, and phospho-Erk antibodies were purchased
from Santa Cruz Biotechnology. The horseradish peroxidase-conjugated anti-
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mouse/rabbit antibodies and the tyrosine kinase synthetic substrates R-R-L-I-E-
D-A-E-Y-A-A-R-G and poly(Glu80Tyr20) were purchased from Sigma. The S6
peptide R-R-R-L-S-S-L-R-A was synthesized by the Imperial Cancer Research
Fund peptide synthesis laboratory.

Construction of the chimeric receptors. The extracellular ligand binding do-
main of TrkA was amplified by PCR (1 cycle of 95°C for 5 min and 72°C for 4
min; 35 cycles of 95°C for 1 min and 72°C for 4 min), using primers V-Famp C
(59-CGC CAG GGT TTT CCC AGT GAC GAG GTT GTA-39), which anneals
upstream of the 59 untranslated region, and Trk-Ramp C (59-CCC ACA GCC
ACC GAG ACC CAA AAA CTA GTT TCG-39), which anneals to the 39 end of
the extracellular domain of Trk A and also introduces a unique SpeI restriction
site to the amplified PCR fragment. To amplify the Ryk chimeric cDNA, the
gene-specific primer Ryk chimeric Famp (59-ACT AGT ACG CGT GTC TTT
TAT ATT-39), which introduces a unique SpeI site into the amplified chimeric
fragment, and the vector-specific primer M13 Rsp were used in the PCR (95°C
for 1 min, 50°C for 1 min, 72°C for 1 min). The wild-type TrkA:Ryk chimera was
constructed by fusing the amplified fragments at the unique SpeI site. A PCR-
based primer extension overlap method (25) was used to introduce mutations
into the H-Ryk catalytic domain. Four mutagenic primers were designed to
create the activation domain mutants: (i) pRamp mut (59-CTC CCG TAA CAG
CAC CTA GAA TTG GAG GTC ACA-39), (ii) pN457F Ryk (59-ACA CTG
CAG GTT AAG ATC ACA GAC TTT GCC CTC-39), (iii) pA458G Ryk
(59-ACA CTG CAG GTT AAG ATC ACA GAC TTT GAC CTC-39), and (iv)
pN457F/A458G Ryk (59-ACA CTG CAG GTT AAG ATC ACA GAC TTT
GAC CTC-39). PCR (95°C for 1 min, 60°C for 2 min, 72°C for 1 min) was carried
with the proofreading DNA Pwo polymerase (Boehringer Mannheim). To intro-
duce the relevant mutant Ryk fragments into the chimeric H-Ryk cDNA frag-
ment, HindIII/XbaI restriction fragments were used to replace the wild-type
HindIII/XbaI fragment in order to create the corresponding activation domain
chimeras. Two primers, 59-GTA CTC GGA GAA GGT ACT TTT GGG-39 and
59-CCC AAA AGT ACC TTC TCC GAG TAC-39, were designed to introduce
the glycine mutation in the nucleotide binding domain. The K334A mutation was
introduced by amplifying the DNA template with primers 59-CAA GCA TTT
GTC GCA ACA GTT AAA CAA GCT-39 and 59-TCG AAC TAG AAA TTG
ACA ACG CTG TTT ACG AAC-39. Primers 59-GCT TGA TCT TTA ACT
GTT TTG ACA GCT GCT TGT TTT T-39 and 59-AAA AAC AAG CAG CTG
TCA AAA CAG TTA AAG ATC AAG C-39 were designed to introduce the
F332A mutation. The K434R mutation was introduced by amplifying the H-Ryk

cDNA with primers, 59-GAC ACA GTT CCT GGC AGC CAG GTC TCT GTG
GAT GAC-39 and 59-GTC ATC CAC AGA GAC CTG GCT GCC AGG AAC
TGT GTC-39. All chimeric cDNA constructs were cloned downstream of the
cytomegalovirus promoter in the expression plasmid pcDNA3. This was accom-
plished by digesting the chimeric constructs with EcoRI/XbaI.

Transfection of chimeras into murine fibroblasts. The high-efficiency calcium
phosphate method of Chen and Okayama was used to transfect the cell lines (9,
10). The cells were maintained under selection (Dulbecco modified Eagle me-
dium [DMEM], 10% fetal calf serum [FCS], 800 mg of neomycin per ml) for 2
weeks. The individual clones were then analyzed further to determine the ex-
pression levels of the chimeric receptor protein.

Dynal selection of the chimera-expressing cell lines. Dynabeads M-450 (rat
anti-mouse immunoglobulin G1 [IgG1] were washed three times with phosphate-
buffered saline (PBS) to remove any traces of sodium azide prior to coating with
TrkA-specific monoclonal antibody (MAb) 220 at a concentration of 5 mg of
MAb per mg of beads. After a 2-h incubation at 4°C, the beads were collected by
placement in a Dynal magnet. After removal of the supernatant, the beads were
washed three times in a solution of PBS supplemented with 0.1% FCS. Adherent
cells were lifted by a 15-min incubation in PBS–2 mM EDTA and then washed
twice with PBSA and resuspended in PBS–6% sodium citrate before being
incubated with the Dynabead-antibody complex. To reach the plateau in the
binding kinetics after 10 min, 107 Dynabeads per ml were used. The beads were
washed three times with PBS–0.1% FCS to remove unbound cells. The Dyna-
beads-antibody-cell complexes were cultured in DMEM supplemented with 800
mg of G418 per ml and 10% FCS. After the cells had grown to about 70%
confluence, the Dynabead-antibody complex was dissociated from the cells by
trypsinization. The clonal population of cells were maintained in DMEM–800 mg
of G418 per ml–10% FCS.

Immunofluorescence analysis of the chimeric constructs. Adherent cells were
lifted by a 15-min incubation at 37°C in PBS–2 mM EDTA and washed with
PBS–0.2% bovine serum albumin–2 mM sodium azide (FACS [fluorescence-
activated cell sorting] wash buffer); 106 cells per sample were then incubated in
the same sample buffer in 6-ml round-bottom polypropylene tubes (Falcon-2058)
with the primary antibody for 60 min at 4°C. Samples were then washed once in
excess FACS wash buffer and incubated with fluorescein isothiocyanate-conju-
gated goat anti-mouse serum for 60 min at 4°C. After a further wash in excess
FACS wash buffer, stained cells were fixed in PBS with 0.5 ml 2% formaldehyde
for 10 min at 4°C. At least 5,000 cells per sample were analyzed by flow cytometry

FIG. 1. ALSCRIPT (2) figure showing alignment of H-Ryk with other RTKs. The alignment of IRK and FGFR tyrosine kinase was performed by the STAMP
structural alignment package (61), and the locations of alpha helices (blue cylinders) and beta strands (magenta arrows) for these two kinases, as assigned by DSSP
(34) are shown at the bottom. Alignment of IRK with the others was performed using Clustal W (74) and merged with the STAMP alignment. Numbering above the
alignment corresponds to H-Ryk. Boxed regions indicate approximate location of the 11 kinase subdomains described by Hanks et al. (22, 23), which are labelled below
the aligned sequences. Residues are colored red if they show total conservation across the kinases in the alignment, yellow if they show conservation of hydrophobic
character (73), green for polar character, and blue for small character. Residues in H-Ryk described in the text are indicated by circles above the H-Ryk sequence. The
National Center for Biotechnology Information protein accession numbers for H-Ryk, H-Cck4, M-Mep1, H-Ror1, H-ErbB3, IR, and FGFR are 1710811, 2136061,
1911183, 346351, 119534, 124529, and 120046, respectively; the protein databank codes for IR and FGFR are 1irk and 1fgi, respectively (4).
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on a Becton Dickinson FACSscan. Specific median fluorescence of a sample was
calculated by subtracting the median fluorescence intensity of the negative con-
trol (usually cells labelled with secondary reagent only) from the median fluo-
rescence intensity of the sample. The receptor density of the chimeras was
calculated by extrapolating the median fluorescence intensity to that of the E
25-4-27 cell line (44).

Induction studies, immunoprecipitation, and immunoblotting. For the induc-
tion studies, cells were grown to 80% confluence, washed twice with PBSA, and
then incubated for 16 h in serum-free medium. The quiescent cells were stimu-
lated with recombinant human NGF for different time intervals before being
lysed on ice for 30 min in 1.00 ml of lysis buffer (1% Triton X-100, 0.5% Nonidet
P-40, 150 mM NaCl, 50 mM Tris-HCl [pH 7.4], 1 mM EDTA, 0.5 mM EGTA)
containing 2 mM sodium vanadate and freshly added protease inhibitors (10 mg
each of aprotinin, leupeptin, pepstatin A, and trypsin inhibitor per ml, 100 mg of
phenylmethylsulfonyl fluoride per ml). Insoluble material was removed by cen-
trifugation for 30 min at 15,000 rpm at 4°C. The total protein concentration was
measured by using the calorimetric bicinchoninic acid protein assay (Pierce); 800
mg of protein was incubated with 2 mg of mouse N-terminal TrkA MAb 5C3
preabsorbed onto 50 ml of protein G-agarose beads. After 12 h of incubation at
4°C, the immune complexes were washed three times in ice-cold cell lysis sup-
plemented with protease inhibitors and twice in ice-cold lysis buffer supple-
mented with 1 M NaCl. The immunoprecipitates were eluted and denatured by
boiling for 5 min in sodium dodecyl sulfate (SDS) sample buffer (50 mM Tris-
HCl [pH 6.8], 2% SDS, 10% glycerol, 5% b-mercaptoethanol, 0.25% bromo-
phenol blue). For immunoblotting, the immunoprecipitates were resolved by
SDS-polyacrylamide gel electrophoresis (PAGE) according to standard proto-
cols and then transferred onto nylon membranes. The membrane was blocked for
2 h in Tris-buffered saline (TBS) containing 5% nonfat milk and 0.1% Tween 20
and then incubated overnight at 4°C with 1 mg of antiphosphotyrosine antibody
4G10 (TCS) per ml. Afterwards the blot was washed with TBS containing 1%
milk and 0.1% Tween 20. The blot was incubated for 1 h with peroxidase-
conjugated anti-mouse immunoglobulin (diluted 1:5,000; Sigma). After a wash
with TBS (1% milk, 0.1% Tween 20), antibody binding was localized by the
enhanced chemiluminescence method (Amersham). All other antibodies were
used according to manufacturer’s conditions.

In vitro kinase assays. The NIH 3T3 TrkA:Ryk chimeric transfectants were
incubated in DMEM supplemented with 1% FCS for 24 h and then in DMEM
containing 0.1% FCS for another 24 h. After induction with NGF and lysis, the
cell lysates were equalized for protein content prior to immunoprecipitation with
either the C-terminal anti-p90 Rsk3 antibody (Santa Cruz) or N-terminal TrkA
MAb 5C3. A total of 1.00 mg of cell lysate was used in the immunoprecipitation.
The immune complex kinase assay was initiated by resuspending the final im-
mune complexes in 25 ml of kinase assay buffer (1 mg of bovine serum albumin
per ml, 30 mM Tris-Cl [pH 7.4], 20 mM MgCl2, 1 mM dithiothreitol, 200 mM
ATP, 100 mM [g-32P]ATP). The in vitro substrate kinase assays were initiated by
resuspending the immune complexes in 25 ml of kinase assay buffer supple-
mented with either 250 mM S6 peptide or 10 mM tyrosine kinase substrate for
the p90 Rsk3 and TrkA:Ryk substrate assays, respectively. The S6 and Src-
related peptide reaction mixtures were incubated at 30°C for 10 min and then
stopped by spotting onto pieces of P81 phosphocellulose (Whatman), followed
by five washes in 150 mM phosphoric acid. The filter was dried, and the pico-
moles of [g-32P]ATP incorporated into the substrates was determined by Phos-
phorImager analysis (Molecular Dynamics) after 4 h. The relative specific activ-
ity was calculated by determining the picomoles of [g-32P]ATP incorporated into
the synthetic peptide substrate. The following conversion factor was used: 1
mCi 5 0.33 pmol 5 2.2 3 106 cpm. By considering 1 PhosphorImager unit as
equivalent to 1 cpm, the relative moles of [g-32P]ATP incorporated into the
synthetic peptide substrate can be determined. Mouse IgG was used as control in
the experiment to estimate the background. The poly(Glu80Tyr20) substrate
assay was initiated by incubating the reaction mixtures at 30°C for 10 min. The
reactions were stopped by spotting the samples onto Whatman 3M paper and
immersion into 10% trichloroacetic acid. The papers were extensively washed,
and the radioactivity incorporated into the substrate was determined by counting
the Whatman 3M paper dry in a scintillation counter. The specific activity of the
[g-32P]ATP in the kinase reaction was determined by spotting a small sample of
the kinase reaction sample onto a paper and counting directly without washing
to determine the specific activity. The moles of phosphate transferred in the
reaction was determined by dividing the counts per minute obtained in the kinase
reaction (minus blank) by the specific activity.

Comparative modelling of the H-Ryk receptor tyrosine kinase. The sequence
of H-Ryk was aligned to that of the insulin receptor (IR) tyrosine kinase (IRK;
Brookhaven PDB code 1irk) by using the AMPS package (3), and the alignment
was sent to the SWISSMODEL automated homology modelling server (54).
Since the model was generated automatically, the conformation of most side
chains in H-Ryk resembled the counterparts in IRK closely. Three nonconser-
vative mutations within H-Ryk were thus modelled manually, using QUANTA
(version 4.0; Molecular Simulations Inc.). Suitable side chain rotamers were
chosen from the database (56) to model a putative interaction between (Gly
1003, IRK) Gln 307 (H-Ryk, 5th rotamer: x1 5 71, x2 5 2166, x3 5 27) and (Phe
1151, IRK) Asn 454 (4th rotamer: x1 5 64, x2 5 27). A suitable rotamer for Phe
332 (Ala 1028, IRK) was also chosen to accommodate the Ala-Phe change in
H-Ryk.

RESULTS

Characterization of cells expressing the wild-type and mu-
tant TrkA:Ryk chimeras. A TrkA:Ryk chimeric construct con-
sisting of the extracellular domain of the TrkA receptor (nu-
cleotide residues 1 to 1444 according to accession no. M23102)
and encompassing the H-Ryk transmembrane-to-carboxyl tail
region (nucleotide residues 647 to 2300 according to accession
no. X96588) was made as shown in Fig. 2A. To analyze the role
of the individual amino acid alterations of the H-Ryk catalytic
domain, we used a PCR-mediated primer extension overlap
method to introduce point mutations into the open reading
frame of the H-Ryk receptor. The resultant mutant fragments
were fused to the extracellular domain of the TrkA receptor in
order to create the various chimeric constructs (Fig. 2A). To
allow functional analysis of the TrkA:Ryk chimeras, constructs
encoding the wild-type and mutant receptors were transfected
into NIH 3T3 cells, and stable G418-resistant clones were
selected. Selection of the NIH 3T3 mouse fibroblast cell line
was based on the fact that it does not express TrkA and there-
fore there is no interference due to endogenous receptor ac-
tivity. To confirm the expression of the chimeras, lysates from
the respective stable cell lines were immunoprecipitated with
15.2, a polyclonal antibody that recognizes the carboxyl-termi-
nal region of H-Ryk (77). Immunoprecipitates were separated,
transferred, and then immunoblotted with MAb 5C3, which
recognizes the extracellular domain of human TrkA (41). MAb
5C3 recognizes the TrkA component of the chimeric receptor
only under nonreducing conditions. A protein of approxi-
mately 125 kDa was detected in all of the NIH 3T3 cell lines
transfected with wild-type and mutant chimeras but not in the
parental NIH 3T3 cell line (Fig. 2B). The molecular weight of
the chimeric receptor determined under nonreducing condi-
tions is slightly larger than that of the 116-kDa protein that is
detected under reducing conditions.

To ensure that the Trk-A:Ryk chimeric receptors were cor-
rectly synthesized and transported to the cell surface, the
clonal cell lines were analyzed by immunostaining and FACS
to determine receptor density. Immunostaining of the stable
cell lines with MAb 5C3 indicated that the chimeric receptors
were properly processed and transported to the cell surface
(data not shown). The receptor density determinations were
carried out at 4°C to prevent internalization of receptors. The
number of receptors expressed was comparable to that for the
NIH 3T3 TrkA-derived clone E25-4-27, which expresses ap-
proximately 3.1 3 104 receptors per cell (38, 44) (Table 1).

The TrkA:Ryk chimeric receptor is catalytically inactive. To
investigate the intrinsic tyrosine kinase activity of H-Ryk, the
TrkA:Ryk immune complex from the TrkA:Ryk chimeric re-
ceptor-expressing stable cell line was subjected to an in vitro
kinase assay. No phosphorylated band corresponding to the
TrkA:Ryk receptor was detected in the immune complex ki-
nase assay. In contrast, an in vitro kinase assay of the TrkA
immune complex from the NIH 3T3 TrkA-expressing stable
cell line (E25-4-27) revealed an autophosphorylated band of
140 kDa corresponding to the TrkA receptor (Fig. 3A to C).
To investigate whether the TrkA:Ryk receptor had exogenous
kinase activity, the TrkA:Ryk immune complexes before and
after NGF induction were subjected to an in vitro kinase assay
in the presence of either a synthetic Src tyrosine kinase peptide
(R-R-L-I-E-D-A-E-Y-A-A-R-G) or poly(Glu80Tyr20) sub-
strate. There was no evidence of TrkA:Ryk-mediated tyrosine
kinase exogenous activity in the substrate assay (Fig. 3D and
E). Addition of Mn21 ions to the reaction had no effect on the
exogenous kinase activity of the TrkA:Ryk chimeric receptor.
In contrast, the TrkA immune complex was able to phosphor-
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ylate both substrates, as demonstrated by the incorporation of
[g-32P]ATP in each substrate assay (Fig. 3D and E).

To investigate NGF-induced changes in tyrosine phosphor-
ylation, total cell proteins from the TrkA:Ryk chimera-express-
ing cell line were immunoblotted with the antiphosphotyrosine
antibody. Five major tyrosine-phosphorylated bands, pp115,
pp75, pp60, pp42, and pp26, were observed (Fig. 4A). The
tyrosine-phosphorylated bands corresponding to the pp42 was
confirmed as Erk1/2 by immunoblotting (data not shown). The
pp115 band (which corresponds to the approximate molecular
weight of the TrkA:Ryk chimera) was not detected by either
the H-Ryk polyclonal antibody 15.2 or TrkA MAb 5C3. This
analysis indicated that the band did not represent the TrkA:
Ryk chimera. The identities of the pp115, pp75, pp60, and
pp26 bands are not known. The intrinsic kinase activity of the
receptor was further evaluated by stimulating the stable cell
line expressing the wild-type TrkA:Ryk chimera with NGF in a
time-dependent manner. There was no detectable autophos-
phorylation of the TrkA:Ryk chimera after 60 min of stimula-
tion of the chimeric receptor with NGF (Fig. 4B). RTKs usu-
ally become rapidly phosphorylated upon stimulation with
their cognate ligand with the exception of the Eph and Discoi-
din domain family receptors, which require at least an hour for
maximal receptor phosphorylation (18, 26, 64, 76). To elimi-
nate the possibility that the kinetics of H-Ryk autophosphor-
ylation are similar to the kinetics for the Eph and Discoidin
domain family receptors, stimulation of cells expressing the
chimeric receptor was assayed for up to 4 h. Autophosphory-
lation of the receptor was not detected after this time period
(Fig. 4C). In contrast, upon stimulation of the E25-4-27 NIH
3T3 TrkA-expressing stable cell line with NGF, the gp140
TrkA receptor was stimulated within 5 min, with maximal
stimulation being observed after 25 min (Fig. 4D).

However, despite the lack of TrkA:Ryk receptor autophos-
phorylation, a coimmunoprecipitating 75-kDa phosphoprotein
(pp75) was observed after stimulation of the TrkA:Ryk cell
line. pp75 was observed at the basal level after 16 h of serum
starvation, suggesting that this association may be ligand inde-
pendent. The p75 phosphoprotein is unlikely to be an artifact,
as two independent TrkA antibodies (5C3 and 220) (41, 44)
repeatedly coimmunoprecipitated pp75 from the TrkA:Ryk
chimera-expressing cell line. In addition, pp75 was not ob-
served after immunoprecipitation of the parental NIH 3T3 cell
line or the TrkA-expressing cell line (E25-4-27) with the TrkA-
specific MAb 5C3 (Fig. 4C). It is well established that NGF
binding can be mediated by both the high-affinity gp140 TrkA
receptor and the low-affinity p75 NGF receptor (1, 31). There-
fore, to rule out the possibility that pp75 observed upon stim-
ulation of the TrkA:Ryk chimera is the low-affinity p75 NGF

FIG. 2. Characterization of the TrkA:Ryk chimera-expressing stable cell
lines. (A) Schematic diagram of the chimeric fusion constructs consisting of the
TrkA extracellular domain (nucleotides 1 to 1444) and the H-Ryk transmem-
brane (T.M.), juxtamembrane (J.M.), kinase (K.D.), and C-terminal (nucleotides
647 to 2300) domains. The TrkA:Ryk chimeric mutants are labelled according to
amino acid change and location; thus, mutant Q307G corresponds to a glu-
tamine-to-glycine change at amino acid 307. (B) Detection of chimeric receptors
in NIH 3T3 transfectants. Equal amounts of cell extracts from the NIH 3T3
transfectants were immunoprecipitated (I.P.) with the anti-C-terminal H-Ryk
antibody 15.2 and then resolved on an SDS–7.5% polyacrylamide gel under
nonreducing conditions. The chimeric receptor proteins were detected by im-
munoblotting (I.B.) with anti-N-terminal TrkA MAb 5C3. The observed molec-
ular mass (125 kDa) is slightly higher than that observed under reducing condi-
tions. Lanes 1 to 9 represent TrkA:Ryk wild type, TrkA:Ryk Q307G, TrkA:Ryk
F332A, TrkA:Ryk K4343R, TrkA:Ryk N454F, TrkA:Ryk A455G, TrkA:Ryk
N454F/A455G, TrkA:Ryk Q307G/N454F/A455G chimeras, and the parental
NIH 3T3 cell line respectively.

TABLE 1. Receptor densities of TrkA:Ryk chimera-expressing
stable cell linesa

Chimera expressed by transfectant No. of receptors (104/cell)

TrkA:Ryk wild type .................................................... 2.90 6 9,600
TrkA:Ryk N454F ........................................................ 2.75 6 13,000
TrkA:Ryk A455G ....................................................... 2.70 6 10,500
TrkA:Ryk N454F/A455G........................................... 2.95 6 7,500
TrkA:Ryk Q307G ....................................................... 2.80 6 13,200
TrkA:Ryk Q307G/N454F/A455G ............................. 2.75 6 12,500
TrkA:Ryk F332A ........................................................ 2.45 6 12,700
TrkA:Ryk K434R........................................................ 2.50 6 9,700
TrkA (E25-4-27) ......................................................... 3.10 6 11,500

a Summary of FACSscan analysis of surface receptors expressing the TrkA
ectodomain.
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receptor, the TrkA:Ryk chimeric immunoprecipitates were im-
munoblotted with the p75 low-affinity receptor antibody. No
detectable expression of the p75 low-affinity receptor was ob-
served (data not shown). These observations suggest that pp75
associates with the Ryk intracellular part of the TrkA:Ryk
chimera. This inference is further supported by the inability to
immunoprecipitate pp75 from the TrkA:Ryk chimeric recep-
tor-expressing cell line after lysis in denaturing buffer (Fig.
4E).

The catalytically impaired H-Ryk receptor signals through
the MAPK pathway. The observation that overexpression of
the H-Ryk receptor leads to in vitro transformation of NIH
3T3 cells and tumor formation in vivo (35) raised the possibil-
ity that H-Ryk activates downstream signalling pathways. The
conserved MAPK signal transduction pathway plays a central
role in cell behavior since depending on cellular context it can
induce either cell proliferation or differentiation (15, 16, 43,
55). Erk kinase is activated by phosphorylation on both Tyr
and Thr residues (43), which can be used to assess its activa-
tion. Upon ligand stimulation of the TrkA:Ryk chimera, phos-
phorylation of Erk was first detected after 10 min, with maxi-
mal stimulation after 25 min (Fig. 5A). Consistent with the lack
of TrkA receptor expression, no Erk kinase activation was
observed in the parental NIH 3T3 cell line after induction with
NGF (data not shown). To verify the activation of the extra-
cellular regulated kinases, we assayed the specific activity of
p90 Rsk3, one of the ribosomal S6 kinases which lies down-
stream of the Erk kinases (82). p90 Rsk3 specific activity was
stimulated threefold after 20 min of induction with NGF (Fig.
5B). This is consistent with the expected two- to fourfold in-
duction of p90 Rsk3 observed after stimulation with other
growth factors such as epidermal growth factor (EGF) as pre-
viously published (82, 83).

To conclusively establish whether residual low H-Ryk cata-
lytic activity is required for MAPK activation, we mutated the
invariant lysine in subdomain II to alanine and constructed the
TrkA:Ryk K334A chimera. There was no autophosphorylation
of the chimeric receptor upon stimulation with NGF, similar to
findings for the wild-type TrkA:Ryk receptor. In addition, sig-
nificantly lower levels of pp75 were coimmunoprecipitated
from the TrkA-Ryk K334A chimera-expressing cell line (Fig.
5C). Further, NGF stimulation of the TrkA:Ryk K334A chi-
mera failed to induce phosphorylation of both Erk1/2 and p90
Rsk3 (Fig. 5D to G).

The activation domain residues phenylalanine and glycine
are essential for receptor autophosphorylation. We next
wanted to determine the relevance of each of the amino acid
changes in the activation loop of H-Ryk. To examine whether
H-Ryk catalytic activity could be restored by alteration of the
asparagine residue to phenylalanine in the DNA motif, the
mutant TrkA:Ryk N454F chimera was constructed by in vitro
mutagenesis. Autophosphorylation of the receptor was de-
tected after 5 min and peaked after 20 min (Fig. 6A). Surpris-
ingly, mutation of the alanine to glycine (A455G) also restored
the kinase activity of the Ryk receptor (Fig. 6B). A double-
mutant TrkA:Ryk N454F/A455G chimera was, as expected,
kinase active (Fig. 6C). To determine if activation domain
mutants had exogenous catalytic activity, the immune com-
plexes from the mutants were subjected to a kinase assay using
the substrate poly(Glu80Tyr20). All of the mutants were able to
phosphorylate the exogenous substrate, albeit to different ex-
tents (Fig. 6D). However, no significant differences in specific
activities of the various mutants were observed. In addition,
the activation domain mutants induced Erk MAPK in response
to NGF stimulation with stronger kinetics of activation than
the wild-type TrkA:Ryk chimeric receptor, possibly as a con-

FIG. 3. In vitro kinase assay of the TrkA and TrkA:Ryk chimeric receptors.
Cells were incubated in DMEM supplemented with 0.1% FCS for 24 h prior to
immunoprecipitation (I.P.) with MAb 5C3. Half of the sample was used in the in
vitro kinase assay (A), while the other half was used to determine the relative
amounts of the receptors by Western immunoblotting (I.B.) (B and C). Lanes 1
and 2 in panels A and B represent the TrkA receptor, lanes 3 and 4 in panels A
and C represent the TrkA:Ryk chimeric receptor, and lanes 5 and 6 in panels A
and C represent the immune complex from the NIH 3T3 parental cell line. Lanes
1, 3, and 5 and lanes 2, 4, and 6 represent before and after 30 min of stimulation
with NGF, respectively. The exogenous tyrosine kinase assay was carried out in
the presence of 10 mM synthetic Src peptide (D) and 0.2 mg of poly(Glu80Tyr20)
substrate per ml (E). The assay was carried out in the presence of 10 mM MgCl2
ions (TrkA and TrkA:Ryk) or 10 mM MgCl2 and 2 mM Mn21 in the case of the
TrkA:Ryk* chimeric receptor. The relative specific activity was determined by
calculating the nanomoles of ATP transferred per minute of the reaction by 1.00
mg of total protein.
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sequence of the reactivated autophosphorylation activity of the
activation domain mutants (Fig. 6E to G).

Alteration of the glutamine residue to glycine in the nucle-
otide binding loop does not restore catalytic activity. The gly-
cine-rich loop, GxGxxG, in the ATP binding site is one of the
most conserved sequence motifs in protein kinases. To assess
the effect of the glutamine substitution in H-Ryk, the auto-
phosphorylation activity of the Q307G mutant TrkA:Ryk chi-
mera was determined by induction with NGF. Alteration of the
glutamine residue to glycine had no detectable effect on the
autophosphorylation activity of the receptor (Fig. 7A). Al-
though the Q307G mutation is a drastic change in that it
replaces a large side chain with hydrogen, this alteration on its

own presumably cannot restore catalytic activity. A coopera-
tive effect with the DFG tripeptide motif may be required to
restore activity. This possibility is supported by the kinase
activity of the triple-mutant TrkA:Ryk Q307G/N454F/A455G
chimera (Fig. 7B), wherein receptor autophosphorylation is
restored. In vitro tyrosine kinase activity of the chimeric re-
ceptors as measured by phosphorylation of the exogenous
poly(Glu80Tyr20) demonstrated kinase activity of the TrkA:
Ryk Q307/N454F/A455G mutant. In contrast, no tyrosine ki-
nase activity was observed for the TrkA:Ryk Q307G chimera
(Fig. 7C). However, NGF stimulation of both chimeras re-
sulted in Erk activation, again reaffirming that H-Ryk auto-
phosphorylation activity does not appear to be required for
activation of the MAPK pathway (Fig. 7D and E).

The invariant arginine residue in the catalytic loop and the
conserved phenylalanine in subdomain II are not essential for
catalysis. The alanine residue in subdomain II (xVAV/LK,
where x represents any amino acid) of the protein kinase do-
main represents a semiconserved residue. To determine the
significance of this substitution, the TrkA:Ryk F332A chimera
was stimulated with NGF. No detectable autophosphorylation
of the receptor was observed after 60 min of induction with
NGF (Fig. 8A). However, introduction of the F332A mutation
in conjunction with the N454F mutation restored receptor
autophosphorylation, again emphasizing the role of the phe-

FIG. 4. (A) Analysis of total cell proteins for NGF-induced changes in ty-
rosine phosphorylation of cells expressing the wild-type TrkA:Ryk chimera. The
TrkA:Ryk chimera-expressing cell line was cultured in DMEM supplemented
with 0.1% for 16 h and then stimulated with NGF for the time periods indicated.
The cells were lysed with 23 SDS sample buffer, and an aliquot of the lysate was
resolved by SDS-PAGE. Tyrosine-phosphorylated proteins in the total cell lysate
were visualized by immunoblotting (I.B.) with the antiphosphotyrosine antibody
4G10. The major phosphorylated bands are indicated by arrows. (B and C)
Tyrosine phosphorylation mediated by the TrkA:Ryk chimeric receptor and the
TrkA receptor (D). Cells were incubated for 16 h in DMEM containing 0.1%
FCS prior to stimulation with NGF (100 ng/ml) for the time period indicated.
After stimulation, the cell extracts were equalized for protein content, immuno-
precipitated with TrkA MAb 5C3, and immunoblotted with antiphosphotyrosine
antibody 4G10. The arrows indicate the coimmunoprecipitated phosphotyrosine-
containing 75-kDa protein. The blots were stripped and blotted with either the
H-Ryk anti-C terminal antibody (B and C, bottom panel) or the TrkA antibody
(D, bottom panel). (E) Immunoprecipitation analysis of the wild-type TrkA:Ryk
chimeric cell line under denaturing conditions. The chimera-expressing cells
were made quiescent by incubation for 16 h in DMEM–0.1% FCS for 16 h. The
cells were lysed in denaturing buffer (boiling SDS buffer) prior to immunopre-
cipitation (I.P.). Immunoblotting analysis with 4G10 (top panel) and H-Ryk 15.2
(bottom panel) shows absence of pp75 and presence of the TrkA:Ryk chimeric
receptor, respectively.
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nylalanine residue in the activation domain in catalysis (data
not shown).

No receptor autophosphorylation was detected after stimu-
lation of the TrkA:Ryk K434R chimera (Fig. 8B). The arginine
residue (IHRDLAARN) represents one of the invariant resi-
dues in the tyrosine kinase family. In the tertiary structure of
the serine threonine kinase, cyclic AMP (cAMP), this residue
is important in the stabilization of the phosphorylated threo-
nine residue (39). However, in the fibroblast growth factor

receptor (FGFR) and IRK structures, arginine does not have
a stabilization role in the phosphorylated forms of the recep-
tors, suggesting that the residue plays no role in catalysis in the
RTK family (29, 30, 46). This supports our observation, as
restoration of this residue had no effect on the kinase activity
of the mutant chimeric receptor. Analysis of the in vitro pro-
tein tyrosine kinase activity of each chimeric receptor demon-
strated lack of tyrosine kinase activity, consistent with lack of
intrinsic tyrosine kinase autophosphorylation activity (Fig. 8C).

FIG. 5. Activation of the catalytically inactive TrkA:Ryk chimera stimulates the MAPK pathway. The TrkA:Ryk chimera-expressing cell line was made quiescent
by incubation in DMEM supplemented with 1% FCS for 24 h followed by another 24 h of incubation in DMEM containing 0.1% FCS prior to stimulation with 100
ng of NGF per ml. The lysates were immunoprecipitated (I.P.) with the Erk1- or Rsk3-specific antibodies and subjected to either immunoblotting (I.B.) with the
antiphosphotyrosine antibody (A) or the S6 peptide kinase assay (B). (C) Tyrosine phosphorylation mediated by the TrkA:Ryk K334A chimeric receptor. The TrkA:Ryk
K334A chimera-expressing cell line was serum starved for 16 h prior to stimulation with NGF for the time periods indicated. Immunoblotting with 4G10 indicates
significantly lower levels of coimmunoprecipitating pp75 compared to the wild-type TrkA:Ryk chimera (prolonged exposure, 30 min). The bottom panel indicates the
relative levels of TrkA:Ryk K334A chimera immunoprecipitated. The dominant negative K334A mutant abolishes Erk (D) and p90 Rsk3 (G) activation. Total cellular
proteins were resolved by SDS-PAGE and immunoblotted with phospho-Erk (D) and Erk (E). This analysis revealed the absence of Erk activation. (F) Total cellular
lysates were equalized for protein content prior to immunoprecipitation with the p90 Rsk3 antibody. Half of the immune complex was used for immunoblot analysis,
while the other half was used in the S6 peptide kinase assay (G). The S6 peptide kinase assay demonstrates that the TrkA:Ryk K334A chimera abolishes p90 Rsk3
activation.
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Homology modelling of the H-Ryk receptor. Recently, the
tertiary structures of the IR and FGFR kinase domains were
reported (29, 30, 46). Sequence similarity suggests that gross
structural details of the IRK catalytic domain are likely to hold
for H-Ryk. In the absence of an experimentally determined
three-dimensional structure, an approximate model of the ter-
tiary structure of H-Ryk can be made via homology modelling.
The coordinates of IRK and an alignment of H-Ryk and IRK
were used to build a model (see Materials and Methods). Regions
around the active site were scrutinized to ensure that automati-
cally assigned residue replacements had reasonable side chain
rotamers and that nonconservative substitutions (e.g., hydropho-
bic for polar) were suitably accommodated in the model (Fig. 9).

Two unusual features in H-Ryk involve the change of a

highly conserved glycine. The glycine-to-glutamine change in
the glycine-rich loop of H-Ryk is drastic in that it replaces a
hydrogen with a large side chain. Glycine, due to its lack of a
side chain, is able to adopt a wider range of backbone confor-
mations. The glycine residue 1003 in IRK has backbone c/f
values of 2178 and 149°, respectively, which occurs in a disal-
lowed region of c/f space for nonglycine residues (5). Thus,
the substitution of glycine for glutamine in H-Ryk would likely
be accompanied by changes in the backbone (c/f) conforma-
tion (Fig. 9). Gly 1152 in IRK has backbone c/f values of 50.0
and 112.7° and is also in a region of c/f space forbidden to
nonglycine residues (5). The glycine-alanine mutation in the
highly conserved DFG tripeptide is conservative in that glycine
and alanine have similar physicochemical properties. However,
the change to alanine is likely to be accompanied by some
changes in backbone (c/f) conformation.

With the exception of the lysine-for-arginine substitution in
the catalytic loop, all of the amino acid changes in H-Ryk
cluster around the active site of the enzyme. The change of the
mostly conserved Ala (Ala 1028, IRK) in subdomain II to Phe
puts a large side chain into a space normally occupied by Phe
from the DFG loop. The Phe-Asn change seen in H-Ryk re-
places a hydrophobic residue by a polar one, and we thus
predict that this side chain, which would be partly displaced by
the Ala-Phe substitution, would be forced into a more solvent
exposed position (Fig. 9). This would put it closer to the Gln
from the glycine rich loop and may even form an electrostatic
interaction. The interaction between the glycine-rich loop and
the activation domain is mediated by the conserved Gly 1003

FIG. 6. Analysis of the kinetics of tyrosine phosphorylation of the TrkA:Ryk
activation domain chimeric mutants in response to NGF. TrkA:Ryk N454F (A),
TrkA:Ryk A455G (B), and TrkA:Ryk N454F/A455G (C) chimera-expressing cell
lines were made quiescent by incubation in DMEM medium supplemented with
0.1% FCS for 16 h and then stimulated with 100 ng of NGF per ml for the time
periods indicated. The tyrosine-phosphorylated chimeric and associated proteins
are indicated with arrows (top panel). The blots were stripped and immunoblot-
ted (I.B.) with H-Ryk polyclonal antibody 15.2 (bottom panel). (D) Phosphory-
lation of exogenous substrate by the activation domain mutants. The synthetic
substrate polyGlu80Tyr20 was phosphorylated with labelled ATP. Incorporation
of ATP into the substrate was determined by a filter paper assay. The graph
represents the mean of two independent experiments. (E to G) Activation of the
Erk MAPK pathway by the TrkA:Ryk N454F (E), A455G (F), and N454F/
A455G (G) chimeric receptors, respectively.
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and residues Phe 1151 and Gly 1152 in the IRK structure (29,
30). In the homology model of H-Ryk, this interaction appears
to be mediated by Gln 307 (Gly 1003, IRK) and Asn 454 (Phe
1151, IRK). The net effect of all these changes would be to add
approximately nine noncarbon atoms to the region around the
kinase active site. Such changes, together with the alterations
of the highly conserved glycines, would likely disrupt the pre-
cise association of the two kinase lobes, which is essential for
proper catalytic activity.

FIG. 7. Stimulation of the TrkA:Ryk Q307G (A) and TrkA:Ryk Q307G/
N454F/A455G (B) chimera-expressing cell lines in response to NGF. Serum-
starved cells (DMEM, 0.1% FCS, 16 h) were stimulated with NGF (100 ng/ml).
After cell lysis, the cell lysates immunoprecipitated with TrkA MAb 5C3. Im-
munoprecipitates were analyzed by Western immunoblotting (I.B.) with the
antiphosphotyrosine antibody (top panel) and blotted with the H-Ryk C-terminal
antibody (bottom panel). (C) Phosphorylation of the synthetic poly(Glu80Tyr20)
substrate by the TrkA:Ryk Q307 and Q307G/N454F/A455G chimeric mutants.
The graph represents the mean of two independent experiments. (D and E)
Activation of the Erk MAPK pathway by the TrkA:Ryk Q307 (D) and Q307G/
N454F/A455G (E) chimeric mutants in response to NGF stimulation for the time
period indicated.

FIG. 8. The TrkA:Ryk F332A (A) and TrkA:Ryk K434R (B) chimeric re-
ceptors are catalytically inactive. NIH 3T3 cell lines expressing the various
chimeras were made quiescent by incubating them in DMEM supplemented with
0.1% FCS for 16 h. Immunoprecipitates were analyzed for tyrosine phosphory-
lation by immunoblotting (I.B.) with the antiphosphotyrosine antibody (top pan-
el). The coimmunoprecipitated p75 protein is indicated with an arrow. The blot
was stripped and probed with the H-Ryk C-terminal antibody (bottom panel).
(C) Substrate phosphorylation assay of the TrkA:Ryk F332A and TrkA:Ryk
K434R chimeric receptors. The graph represents the mean of two independent
experiments.
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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.

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 a 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 59-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, Cak1p, 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 Cak1p 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

VOL. 19, 1999 THE H-Ryk RECEPTOR IS CATALYTICALLY IMPAIRED 6437



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-1 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 c/f conformations forbidden to other amino

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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