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GFRα1 is one of four members of a family of 
glycosylated cysteine-rich extracellular receptors 
that are either secreted or membrane associated 
via a glycosyl-phosphatidyl-inositol (GPI) linkage. 
Together with the tyrosine kinase Ret, GFRα1 
forms a receptor complex for glial derived 
neurotrophic factor (GDNF). This ligand-receptor 
interaction initiates the activities of GDNF in the 
nervous, excretory and reproductive systems. We 
have previously reported the mapping of a central 
ligand binding domain within GFRα1 and the 
related GFRα2, 3 and 4 (Scott and Ibanez, 2001). In 
this paper we report that the binding domain of 
GFRα1 forms a discrete core reinforced by multiple 
disulfide bridges. A partial tentative cystinyl map of 
the binding domain has been elucidated by 
characterization of proteolysis products. We also 
report two additional binding epitopes within the 
core-binding domain of GFRα1 by exchanges of 
homologous segment with GFRα2 and 4. Lastly, we 
have identified both N- and O-linked glycosylation 
sites and conclude that carbohydrate moieties in 
GFRα1 are not critical for its expression and 
interaction with its ligand. 
 
____________________________________________ 
 
Introduction 
 
Glial cell line-derived neurotrophic factor (GDNF), 
neurturin (NTN), artemin (ART), and persephin (PSP) 
are potent survival promoting factors for subsets of 
central and peripheral neurons (Airaksinen and 
Saarma, 2002; Baloh et al., 2000). GDNF is also crucial 
for early nephrogenesis (Sariola and Saarma, 1999) 
and has regulatory function in sperm development 
(Meng et al., 2000). These molecules comprise a 
subclass of cystine-knot superfamily of ligands distantly 
related to members of the transforming growth factor β 
(TGFβ) superfamily. They exert their biological effects 
via two modes both of which are distinct from signaling 
through receptors for the TGFβ ligands (recently 
reviewed by Airaksinen and Saarma, 2002). GDNF and 
related  ligands can interact with a class of cysteine-rich 
extracellular receptors collectively called GFRαs 
(GDNF family receptors alphas). The association of 
GDNF with GPI-tethered GFRα1 initiates Src-
dependent signaling in membrane rafts (Poteryaev et 
al., 1999; Trupp et al., 1998). Alternatively, these 
ligands can activate a multicomponent receptor 
complex consisting of GFRα and the transmembrane 
tyrosine kinase Ret. Signaling through Ret for all the 
GDNF family ligands require the presence of a GFRα 
co-receptor. Specificity is dictated by the identity of the 
ligand and the isoform of GFRα involved. GDNF 
preferentially associates with GFRα1, while NTN, ART 

and PSP with GFRα2, 3 and 4, respectively (Baloh et 
al., 1998; Enokido et al., 1998; Jing et al., 1996; Klein 
et al., 1997; Scott and Ibanez, 2001). 
 

Despite poor sequence homology with the TGF-β 
family of ligands, the crystal structure of GDNF 
(Eigenbrot and Gerber, 1997) has a striking 
resemblance to the structure of TGFβ1, TGFβ2, 
TGFβ3, BMP2, and BMP7 (Daopin et al., 1993; Griffith 
et al., 1996; Hinck et al., 1996; Mittl et al., 1996; 
Scheufler et al., 1999; Schlunegger and Grutter, 1993). 
The fold is characterized by a cystine knot (McDonald 
and Hendrickson, 1993; Murray-Rust et al., 1993) , with 
one cystinyl link used to form the disulfide-bridged 
dimer. Features shared with the monomeric structure of 
members of the TGFβ superfamily include two 
fingerlike projections comprising of β-sheets and a 
large α-helix protruding between two adjacent cystine 
knot cysteines. Surface-exposed residues and regions 
important for association of GDNF with GFRα1 and 2 
have been identified by mutation analysis (Baloh et al., 
2000; Eketjall et al., 1999).  

 
The structure of the GFRαs and Ret are less 

understood. A region of the ectodomain of Ret has 
been modeled revealing a contiguous quartet of 
cadherin-like domains  forming  a binding site for 
calcium (Anders et al., 2001) but specific determinants 
necessary for receptor complex formation and ligand 
interaction are yet to be defined. Secondary structure 
analysis of GFRα1 to 4 revealed a high degree of 
conservation of predicted secondary structure elements 
which proved to be useful as guide in mapping the 
ligand binding domain (Scott and Ibáñez, 2001).  

 
In this paper we discuss the identification of two 

additional binding epitopes for GDNF and NTN in 
GFRα1 and the  identification of some cystinyl linkages 
within the core ligand binding domain. Furthermore, we 
report that the glycosylation of  GFRα1 is no required 
for its surface expression and ligand association.  
 
 
Results 
 
Identification of ligand binding epitopes by chimera 
analysis of the subcentral receptor domain 
 
We have previously mapped the ligand binding domain 
(LBD) for GFRα1, GFRα2, GFRα3, and GFRα4--a 
region averaging 200 amino acid residues--using both 
truncation and chimera analyses (Scott and Ibanez, 
2001). We have shown that in the case of GFRα1, 
regions outside the LBD are not required for GDNF 
binding or to promote ligand activation of Ret. Distinct 
hydrophobic (211MLF) and positively charged (224RRR) 
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residue clusters within the LBD are critical for the 
interaction of GFRα1 with GDNF. Interestingly, surface 
-exposed hydrophobic and negatively charged 
determinants on GDNF have been reported as 
important for GFRα1 association (Eketjall et al., 1999). 
 

In this paper we set out to identify additional ligand 
binding epitopes in GFRα1. Six segments of GFRα1 
within the LBD were replaced with homologous regions 
from either GFRα2 or 4 (Fig. 1). The resulting chimeras 
were then compared to wild-type GFRα1 for their ability 
to associate with GDNF and NTN (Fig. 2). By this 
method, two new segments (residues 179-186 and 
245-255, i.e. chimeras C, D, G, and H) were found to 
be importantfor ligand interaction. Chimeras C, D , and 
H showed a decreased ability to bind GDNF in a cross-
linking assay (Fig. 2A and 3B). While the same regions 
are necessary for NTN binding, only chimeras D and H 
carrying homologous replacements with GFRα4 were 
able to bind NTN (Fig. 2B and 3B). The remaining 
chimeras made were able to bind GDNF comparable to 
wild-type GFRα1 (cross-linking analysis for chimeras I 
to P are not shown).  
 
The ligand binding domain of GFRα1 forms a 
discrete core unit reinforced by disulfide bridges 
 
Twenty-eight cysteines are conserved among the 
GFRα receptors, and two additional ones are 
conserved only between GFRα1 and GFRα2, most of 
which are likely to form disulfide bridges. As a first step 
in the identification of potential cystinyl bonds, we 
digested GFRα1 with cyanogen bromide (CNBr) and 
fractionated the peptide fragments by high performance 
liquid chromatography (HPLC) on a reversed phase 
column. For this purpose, we used a commercial fusion 
protein between the rat GFRα1 (first 445 residues) and 
human immunoglobulin (IgG1) Fc chain (residues 
Pro100 to Lys330). The acidic conditions used during 
CNBr digestion allowed for the preservation of cystinyl 
linkages.  
 

CNBr, which specifically cleaves after methionine, 
generated a hydrophobic peptide fraction which after N-
terminal Edman sequencing was found to consist of 
four contiguous peptides (thick arrow in Fig. 3A): 
Tyr108-Met182, Ser183-Met211, Leu212-Met297, and 
Thr298-Met353. Interestingly, these peptides span the 
LBD of GFRα1 (Fig. 3B) (Scott and Ibáñez, 2001). 
Elimination of sulfhydryl bonds in the CNBr digest by 
either reduction with dithiothreitol or performic acid 
oxidation led to the disappearance of this HPLC peak. 
This suggested that the LBD forms a discrete core that 
is multiply reinforced by cystinyl bonds.  
 

The CNBr fraction spanning the LBD of GFRα1 was 
further digested with trypsin for identification of the 
position of the sulfhydryl bonds within this region. 
Peptides containing cysteines were identified by 
comparing HPLC profiles of tryptic digests before and 
after chemical reduction. We have so far been able to 
identify, four well resolved chromatographic peaks 
using this approach (see Fig. 4A). N-terminal Edman 
sequencing of these HPLC fractions confirmed that 
they included cysteine-containing peptides. Cysteine 
residues located within co-eluting tryptic peptides were 
tentatively assigned as being disulfide-linked. From this 

analysis we have deduced the following partial cystinyl 
map of the LBD of GFRα1 (Fig. 4B): Cys154-221; Cys-
161-Cys167; Cys178-Cys233; Cys214-Cys216; 
Cys243-Cys250; and Cys267-Cys285. 
 

Previous deletion analysis on GFRα1 and the 
existence of N-terminally truncated isoforms of GFRα2 
suggest that the N- and C-terminal domains flanking 
the LBD are not disulfide-linked (Scott and Ibáñez, 
2001). Two cysteines are found in the C-terminal 
domain of mature GFRα1 and these are also 
conserved in GFRα2. We mutated these cysteines 
(C395S and C414S) to assess whether they are linked 
to each other. We anticipated that generation of a free 
thiol by mutagenesis would disrupt the normal cystinyl 
linkages and thus impair the expression of the receptor. 
This notion is consistent with our failure to express an 
N-terminally truncated mutant of GFRα1 (ΔN84) which 
has an odd-number of cysteine residues (Scott and 
Ibáñez, 2001). Surprisingly, the mutations C395S and 
C414S had no effect on GFRα1 expression (Fig. 4C), 
and thus do not allow us to conclusively establish 
whether they are engaged in the formation of dislfide 
bridges.  
 
Glycosylation of  GFRα1 
 
The predicted mass for full-length, HA-tagged GFRα1 
(discounting the N-terminal signal peptide and C-
terminal peptide sequences past the putative GPI 
anchorage site) is 47 kD, yet empirical masses as high 
as 60 kD are generally observed upon receptor 
expression in fibroblast and neuronal cells (Scott and 
Ibáñez, 2001). Enzymatic removal of N-glycan moeities 
by PNGase F (PNGF) treatment revealed that N-
glycosylation accounted for as much as 10 kD of the 
mass whereas O-glycosylation accounted for an 
additional 5 kD (Fig. 5A). We set out to investigate by 
mutagenesis which of the candidate glycosylation sites 
in GFRα1 were actually contributing to its 
postranslational modification.  
 

Three N-glycosylation sites are predicted for 
GFRα1: Asn59, Asn347, and Asn406. The receptor 
mutant N347A, showed a mass shift, albeit only partial, 
confirming that this site is glycosylated. We then built 
the double mutant N59A/N347A which also showed a 
mass shift, verifying that Asn59 is an additional site for 
attachment of carbohydrate moieties. PNGF treatment 
of the receptor double mutant N59A/N347A, however, 
showed a further decrease in mass thus suggesting 
that Asn406 is also likely to be a third N-glycosylation 
site.  
 

O-glycosylation on the other hand is predicted to be 
clustered in a threonine-rich segment of GFRα1 
downstream of the LBD (threonine residues 362, 363, 
364, 366, 367, 368, and 369). To assess its possible 
postranslational modification, the whole segment was 
deleted (ΔOG: Thr362 to Thr369). The ΔOG mutant 
protein migrated as a single protein band in gels, 
confirming the presence of O-glycosylation within the 
deleted segment (Fig. 5A). A similar pattern was also 
observed for the deletion mutant ΔC21 (lacking 
residues 348 to 369), encompassing the ΔOG deletion 
with an additional disruption of the N-glycosylation site 
at Asn347.  



Scott et al., 2002 

 3 

 
We have also characterized a receptor construct 

incorporating both the N59A and ΔC21 mutations. The 
product of the resulting construct was still PNGF-
sensitive, thus confirming the existence of an additional 
N-glycosylation site. To assess whether this N-
glycosylation site was within the LBD of GFRα1, we 
characterized the PNGF sensitivity of the truncated 
molecule ΔN144ΔC55 (deletion of N-terminal residues 
1-144 and C-terminal segment 356-421; see also Scott 
and Ibáñez, 2001). The mutant receptor ΔN144/ΔC55 
was N-glycosylated based on mass shift upon PNGF 
digestion. Incorporation of the mutation N347A (mutant 
ΔN144/ΔC55/N347A), led to complete loss of PNGF 
sensitivity suggesting that only Asn347 is utilized for N-
glycosylation within the LBD. Asn406 is likely the third 
glycosylation site based on predictions. 
 

In crosslinking assays,  none of the mutations found 
to affect receptor glycosylation had any effect on the 
ability of GFRα1 to interact with GDNF (Fig. 5B). 
Although the glycosylation of Asn406 is yet to be 
verified, we infer that it is unlikely to influence ligand 
binding, since the truncation mutant ΔN144/ΔC55 
(which lacks Asn406) is still capable of binding ligand 
(Scott and Ibáñez, 2001). We conclude that 
glycosylation does not affect the surface expression 
orligand binding properties of GFRα1.  
 
Discussion 
 
Threading and homology analyses (Bates et al., 2001; 
Kelley et al., 2000) have so far been unssuccesfull in 
assigning three-dimensional folds with reasonable 
significance for any of the GFRα receptors. Although 
GDNF is structurally very similar to members of the 
TGF-β superfamily of ligands, TGF-β receptors are 
completely different to GFRαs both in their domain 
structure and functionality. The small ectodomains of 
the high affinity type II receptors for the TGF-β-type 
ligands lack sequence homology with any of the 
domains of the GFRα receptors. Moreover, the crystal 
structures of the ligand interacting domains of the type 
II receptors for activin and TGF-β3 show a 
predominance of β strands (Greenwald et al., 1999; 
Hart et al., 2002) which are in contrast with the high α-
helical content of the predicted secondary structure of 
the GFRα receptors. Intriguingly, and despite these 
differences, both GDNF and TGFβ molecules interact 
with their respective receptors via analogous residues 
in the finger regions of these ligands (Baloh et al., 
2000; Eketjall et al., 1999; Hart et al., 2002). 
 

The characterization of CNBr-fragmentation of 
GFRα1 confirms our initial report that the ligand binding 
surface of  GFRα family of receptors, forms a discrete 
core which can be dissociated from the the rest of the 
molecule without loss of activity. Our present resuts 
indicate that the ligand binding domain is reinforced by 
multiple intradomain disulfide bridges. Analysis of 
truncated mutants of GFRα1 (Scott and Ibáñez, 2001) 
have suggested that intradomain disulfide linkage may 
also exists in the N-terminal domain.  
 

In our analysis we have identified two new ligand 
binding epitopes in GFRα1 which are relevant for its 

interaction with both GDNF and NTN in residues 179-
186 and 245-255, respectively. The replacement of the 
segment comprised by residues 179-186 with the 
homologous section from GFRα2 or GFRα4 (chimeras 
C and D, respectively), compromised interaction with 
GDNF. However, only the exchange with GFRα4 
sequences affected NTN binding. Segment 179-186 is 
shorter by one residue relative to the corresponding 
regions in GFRα2 and GFRα4. The homologous 
section of GFRα3 is notably smaller. Moreover, residue 
charge distributions are also unique within this region: 
GFRα4 is notably more basic than either GFRα1 or 
GFRα2. In the case of residues 245-255 of GFRα1, 
replacement with the corresponding sequence from 
GFRα4, but not with that of GFRα2, reduced binding of 
both GNDF and NTN. This segment has the same 
length in all GFRα receptors but a more acidic charge 
compositon in GFRα4 than in the other GFRαs. Both 
receptor epitopes map within predicted loops (Fig. 3B)  
(Scott and Ibáñez, 2001). Interestingly, our preliminary 
mapping of disulfide bonds in GFRα1, suggests that the 
four ligand binding determinants identified so far are 
drawn closer by the cystinyl bridges Cys154-Cys221 
and Cys178-Cys233 in the three dimensional structure 
of GFRα1 (see Fig. 4B). 
 

Finally, we have extended the  structural 
characterization of GFRα1 with the identification of its 
glycosylation sites. While the existence of N-
glycosylation was verified in both the N-terminal 
(Asn59) and ligand binding (Asn347) region   and 
predicted at the carboxy tail of the receptor (Asn406), 
O-glycosylation was found to be clustered within a 
threonine-rich region downstream of the ligand binding 
domain. Removal of these sites by mutagenesis 
revealed that glycosylation of GFRαs does not appear 
to have structural significance . The glycosylation 
mutants of GFRα1 we have analyzed are expressed at 
levels comparable to the wild-type receptor and are all 
competent in binding GDNF. GFRα1 is known to be 
secreted as as soluble receptor (Paratcha et al., 2001; 
Worley et al., 2000) and one possible role of its 
glycosylation may be the facilitation of its of interaction 
withextracellular matrix components. Interaction of 
GFRα1 with matrix components could play a role in 
GDNF-induced chemoattraction during nervous system 
development (Young et al., 2001). An alternative role 
for glycosylation may be in the polarized expression 
and secretion of GFRαs. Glycosylation has been 
identified as an apical sorting signal in polarized 
epithelial cells (Benting et al., 1999; Naim et al., 1999; 
Scheiffele et al., 1995).  
 

The determination of the complete disulfide 
structure of GFRα1 is ongoing. Unequivocal 
assignments of cystinyl bonds is planned to be 
performed by mass spectrometry analysis. The results 
presented here indicate that key determinants for ligand 
binding are spatially close. The apparent lackk of 
importance of glycosylation for both receptor 
expression and function could be beneficial in large-
scale expression of the GFRα1 for more refined 
structural characterization by, for example X-ray 
crystallography. On the basis of secondary structural 
topology and the existence of multiple disulfide 
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linkages, we expect that GFRα1 and the related GFRα 
receptors to constitute a novel three-dimensional fold.  
 
Experimental Procedures 
 
DNA constructs and mutagenesis 
Hemagglutinin (HA)-tagged rat GFRα1, rat GFRα2 and 
chicken GFRα4 expression constructs were described 
previously (Scott and Ibáñez, 2001). Deletions in GFRα1 and 
segmental exchanges within the ligand binding domain (from 
amino acid residues 179 and 285) with homologous regions of 
either GFRα2 or 4, were all accomplished by Quick Change 
mutagenesis (Stratagene). Candidate glycosylation sites were 
predicted using ScanProsite and (Falquet et al., 2002; Hansen 
et al., 1998; Hofmann et al., 1999) and were mutated similarly. 
 
Cell culture and transfection 
COS7 were grown in DMEM-based medium (Invitrogen) with 
10% fetal bovine serum,  1mM glutamine and gentamicin in a 
5% CO2/95% O2 incubator at 37°C. Cells were transiently 
transfected with branched polyethyleneimine (25 kD, Aldrich). 
 
Ligand crosslinking assay 
Radioiodination of GDNF and ligand-receptor crosslinking 
assay has been described earlier (Scott and Ibáñez, 2001). 
Briefly, COS7 cells  transiently transfected with various 
receptor constructs were crosslinked to  [125I]GDNF at 4°C 
using bis(succinimidyl) suberate (BS3) reagent (Pierce). Cell 
lysates were processed for autoradiography and 
immunoblotting. 
 
Characterization of glycosylation 
GFRα1 constructs mutated and putative glycosylation sites 
were expressed in COS7 cells transiently. Cell lysates were 
either left untreated or digested with PNGaseF (New England 
Biolabs) to remove N-glycans, and samples were analyzed in 
protein immunoblots. Extent of glycosylations and effects of 
introduced mutations were assessed by the heterogeneity of 
HA-tagged protein bands and mobility shifts upon PNGaseF 
digestion. 
 
Protein gels and immunoblotting 
Cells were lysed in immunoprecipitation buffer (50 mM Tris-
HCl, pH 7.4; 50 mM NaCl; 50 mM NaF; 1% IGEPAL CA-630; 
0.25%sodium deoxycholate; 10% glycerol; 1 mM EDTA; 10 
mM 2-glycerolphosphate; and 2 mM Na3VO4). 
Immunoprecipitation for expressed receptor and ligand-
receptor complexes was done using an anti-HA monoclonal 
antibody (Covance). Protein blots were made on PVDF 
membrane (Amersham Pharmacia). Immunoblot detection 
using alkaline-phosphatase based chemifluorescence and 
autoradiography were carried out using a Storm 
phosphoimager (Amersham Pharmacia). 
 
Mapping of disulfide bridges 
A commercial preparation of GFRα1 fused N-terminally to the 
Fc segment of human immunoglobulin (GFRα1-Fc, R&D 
Systems) was desalted by gel filtration using 30% acetic acid 
and  lyophilized prior to digestion. Cyanogen bromide (CNBr) 
cleavage was done overnight in 70% aqueous formic acid. 
CNBr-digests were separated on a 2.1 by 150 mm C8 reverse 
phase column (Vydac) using a discontinous solvent gradient 
from 100% solvent A (0.1% aqueous trifluoroacetic acid, TFA) 
to 100% solvent B (0.085% TFA/20% water/80% CH3CN) over 
72 min at a flow rate of 200 µL/min. Tryptic digestion of CNBr 
peaks was done overnight at 37°C in a 100-µL scale using 0.5 
µg trypsin (Promega) with the dried CNBr digests redissolved 
in 50 mM NH4CO3/10% CH3CN plus 2.5 mM iodoacetamide. 
The tryptic fragments were fractionated using a similar 
chromatographic gradient used for the CNBr digests but on a 
2.1 by 25 mm monomeric C18 column (Vydac). To identify 
potential cystinyl-containing peptides, chromatograms were 
compared against an aliquot of the tryptic digest that has been 
reduced. Reduction    of tryptic fragments was done using 20 

mM tris(2-carboxyethylphosphine) hydrochloride (TCEP) in 
10% aqueous acetic acid for 2.5 h at 37°C.  
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GFRα1           ----------MFLATLYFALPLLDLLMSAEVSGGDR-----------LDCVKASDQCLKE 39 
GFRα2           ----------MILANAFCLFFFLDETLRSLASPSSLQGSELHGWRPQVDCVRANELCAAE 50 
GFRα3           MGLSWSPRPPLLMILLLVLSLWLPLGAGNSLATENRFVN---------SCTQARKKCEAN 51 
GFRα4           -----------MRGILYFCTLILLEGMAEAVSSSR-------------DCLQAGESCTND 36 
 
 
 
GFRα1           QSCSTKYRTLRQCVAGKETNFSLTSGLEAKDECRSAMEALKQKSLYNCRCKRGMKKEKNC 99 
GFRα2           SNCSSRYRTLRQCLAGRDRN-----TMLANKECQAALEVLQESPLYDCRCKRGMKKELQC 105 
GFRα3           PACKAAYQHLGSCTSSLSRPLP-LEESAMSADCLEAAEQLRNSSLIDCRCHRRMKHQATC 110 
GFRα4           PICSSKFRTLRQCIAGNGAN---KLGPDAKNQCRSTVTALLSSQLYGCKCKRGMKKEKHC 93 
 
 
                                                              
GFRα1           LRIYWSMYQS-LQGNDLLEDSPYEPVNSRLSDIFRAVPFISDVFQQVEHISKGNNCLDAA 158 
GFRα2           LQIYWSIHLGLTEGEEFYEASPYEPVTSRLSDIFRLASIFSGTGTDPAVSTKSNHCLDAA 165 
GFRα3           LDIYWTVHPARSLGDYELDVSPYEDTVTS-------KPWKMNLSKLNMLKPDSDLCLKFA 163 
GFRα4           LSVYWSIHHTLMEGMNVLESSPYEPFIRG----FDYVRLASITAGSENEVTQVNRCLDAA 149 
                                                                       * 
 
                                       C/D                      A/B 
                                    ---------                 ------- 
GFRα1           KACNLDDTCKKYRSAYITPCTTSMS-NEVCNRRKCHKALRQFFDKVPAKHSYGMLFCSC- 216 
GFRα2           KACNLNDNCKKLRSSYISICNREISPTERCNRRKCHKALRQFFDRVPSEYTYRMLFCSC- 224 
GFRα3           MLCTLHDKCDRLRKAYGEACS-----GIRCQRHLCLAQLRSFFEKAAESHAQGLLLCPCP 218 
GFRα4           KACNVDEMCQRLRTEYVSFCIRRLARADTCNRSKCHKALRKFFDRVPPEYTHELLFCPC- 208 
 
 
                   E/F                K/L         G/H           M/N     O/P 
                 -------             ----    -----------       ---  -------- 
GFRα1           -RDIACTERRRQTIVPVCSYEERERPNCLSLQDSCKTNYICRSRLADFFTNCQPESRSVS 275 
GFRα2           -QDQACAERRRQTILPSCSYEDKEKPNCLDLRSLCRTDHLCRSRLADFHANCRASYRTIT 283 
GFRα3           PEDAGCGERRRNTIAPSCALPS-VTPNCLDLRSFCRADPLCRSRLMDFQTHCHP-MDILG 275 
GFRα4           -EDTACAERRRQTIVPACSYESKEKPNCLAPLDSCRENYVCRSRYAEFQFNCQPSLQTAS 267 
 
 
                    I/J  
                - ------- 
GFRα1           NCLKENYADCLLAYSGLIGTVMTPNYVDS--SSLSVAPWCDCSNSGNDLEDCLKFLNFFK 333 
GFRα2           SCPADNYQACLGSYAGMIGFDMTPNYVDSNPTGIVVSPWCNCRGSGNMEEECEKFLRDFT 343 
GFRα3           TCATEQSR-CLRAYLGLIGTAMTPNFISK--VNTTVALSCTCRGSGNLQDECEQLERSFS 333 
GFRα4           GCRRDSYAACLLAYTGIIGSPITPNYIDN--STSSIAPWCTCNASGNRQEECESFLHLFT 325 
 
                                               
GFRα1           DNTCLKNAIQAFGNGSDVTMWQPAPPVQTTTATTTTAFRVKNKPLGPAGSENEIPTHVLP 393 
GFRα2           ENPCLRNAIQAFGNGTD---VNMSPKGPSLPATQAPRVEKTPSLPDDLSDSTSLGTSVIT 400 
GFRα3           QNPCLVEAIAAK---------------------MRFHRQLFSQDWADSTFS--------- 363 
GFRα4           DNVCLQNAIQAFGNGT----YLNAATAPSISPTTQMYKQERNANRAAATLSENIFEHLQP 381 
 
 
GFRα1           PCANLQAQKLKSNVSGSTHLCLSDSDFGKDGLAGASSHITTKSMAAPPSCSLSSLPVLML 453 
GFRα2           TCTSIQEQGLKANNSKELSMCFT----------ELTTNISPGSKKVIKLNSGSSRARLSA 450 
GFRα3           --------------------------------------VVQQQNSNPALRLQPRLPILSF 385 
GFRα4           -----------TKVAGEERLLR-----------GSTRLSSETSSPAAPCHQAASLLQLWL 419 
 
 
GFRα1           TALAALLSVSLAETS 468 
GFRα2           ALTALPLLMLTLAL- 464 
GFRα3           SILPLILLQTLW--- 397 
GFRα4           PPTLAVLSHFMM--- 431 
 
 
 
Figure 1. Sequence alignment of members of the GFRα   family of receptors. Primary sequences of GFRα1 (rat), 
GFRα2 (rat), GFRα3 (mouse), and GFRα4 (chicken) were aligned using ClustalW. The ligand binding domain is 
demarcated by forward and reverse arrows above the alignments. Segments within the ligand binding domain of GFRα1 
that were replaced with homologous regions from either GFRα2 or GFRα4 are shaded in black. As indicated above the 
alignments, chimeras built between GFRα1 and GFRα2 were given indicated names A, C, E, G, I, K, M and O while 
those built between GFRα1 and GFRα4 were named B, D, F, H, J, L, N, and P. Conserved cysteines written as white 
characters shaded in grey whereas predicted glycosylation sites in GFRα1 are in black characters shaded in grey. N-
terminal signal peptide sequences are underlined once while the predicted C-terminal protease cleavage site for GPI-
anchorage are doubly underlined. 
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Figure 2. Ligand binding properties of subcentral domain chimeras. (A) GDNF crosslinking assay. (B) NTN 
crosslinking assay. Receptor constructs were expressed transiently in COS7 cells and crosslinked covalently with 
iodinated ligands. Upper panels show autoradiographs of ligand-receptor complexes while the lower panels show 
receptor expression levels as determined by protein immunoblotting using an anti-HA antibody. 
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Figure 3. The ligand binding domain is structurally discrete and likely reinforced by multiple disulfide bridges. 
(A) Proteolytic products of the ligand binding domain are physically linked.  Products of the cleavage of GFRα1-Fc 
fusion protein with CNBr were separated and collected by reversed-phase HPLC, and sequenced by Edman 
degradation. The hydrophobic fraction containing four  peptides spanning the ligand binding domain of GFRα1 is 
marked by a thick arrow. The immunoglobulin fraction containing most of the Fc tag is marked with a small arrow 
(IgG).HPLC conditions are described in the experimental section. Solvent ramp is indicated by dotted line segments. (B) 
Ligand binding determinants in GFRα1. Shown is a shematic representation of the predicted secondary structure of 
GFRα1. Linked CNBr-peptides described in (A) are marked by dotted blue boxes. Ligand binding determinants found in 
this study are encircled in red while two other epitopes identified previously (Scott and Ibáñez, 2001) are also marked in 
red . Predicted helices are shown as cylinders: grey in the N-terminal domain and blue in the ligand binding domain. 
Beta strands are shown as thick arrows within the ligand binding domain. Conserved cyteines are indicated as thick 
dots.   
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Figure 4. Mapping of the disulfide structure of GFRα1. (A) Chromatographic profile of the tryptic fragments of the 
ligand binding domain. The ligand binding domain separated by a preliminary CNBr-cleavage was digested with trypsin. 
Putative cystinyl-containing peptides were identified by comparison with the HPLC profile of a TECP-reduced aliquot of 
the tryptic digest . Only the profile of the unreduced aliquot is shown. Fractions with identified Cys-containing peptides 
are indicated by arrows. (B) Partial disulfide structure within the ligand binding domain of GFRα1. (C) Mutation of C-
terminal domain cysteines do not affect expression of GFRα1. Cys-395 and -415, beyond the ligand binding domain  
were mutated singly or in combination to serine. The resulting mutant constructs are expressed comparably as wild-type 
GFRα1 in fibroblast cells. 
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Figure 5. Glycosylation of GFRα1.  (A) Mapping of glycosylation sites in GFRα1. Putative glycosylation mutants of 
GFRα1 were compared with wild-type  GFRα1 for mass shifts  after PNGF  treatment. Shown are protein blots probed 
with anti-HA antibody. (B) Glycosylation deficiency in GFRα1 does not impair ligand binding. Glycosylation mutants 
were transiently expressed in COS7 cells and crosslinked to radioiodinated GDNF. Upper panels shows an 
autoradiograph of the crosslinked ligand-receptor complex while the lower panel shows the expression levels of the 
receptor constructs.  


