
11. R. Levi-Montalcini and B. Booker, Proc. Natl. Acad. 
Sci. U .S .A .  46,384 (1960); S. Cohen, ibid., p. 302; 
E. M. Johnson, P. D. Gorin, L. D. Brandeis, J. 
Pearson, Science 210, 916 (1980). 

12. M. V. Chao, in Handbook of Experimental Pharmacol- 
ogy, M. B. Sporn and A. Roberts, Eds. (Springer- 
Verlag, Berlin, 1990), pp. 135-165. 

13. M. V. Chao et al., Science 232, 418 (1986). 
14. M. J. Radeke et al., Nature 325, 593 (1987). 
15. P. A. Maher, Proc. Natl. Acad. Sci. U.S.A. 85, 6788 

(1988); P. A. MaherJ. Neirrosci. Rer. 24,29 (1989). 
16. K. H.  Sonnenfeld and D. N. Ishii, J. Neurosci. Res. 

8, 375 (1982). 
17. M. A. Bothwell, A. L. Schechter, K. M. Vaughn, 

Cell 21, 857 (1980); B. L. Hempstead and M. V. 
Chao, unpublished data. 

18. B. L. Hempstead, N. Patil, B. Thirl, M. V. Chao, J. 
Biol. Chem. 265, 9595 (1990); D. Martin-Zanca, 
D. R. Kaplan, M. V. Chao, Nature 350,678 (1991). 

19. D. Kaplan, D. Martin-Zanca, L. F. Parada, unpub- 
lished observations. 

20. M. Hosang, J. Cell. Biochem. 29, 265 (1985). 
21. R. F. Fabricant, J. E. DeLarco, G. J. Todaro, Proc. 

Natl. Acad. Sci. U.S.A.  74, 565 (1977). 
22. J. Massagueetal., J. Biol. Chem. 256,9419 (1981). 
23. M. Hosang and E. M. Shooter, ibid. 260, 655 

(1985). 
24. D. Johnson et al., Cell 47, 545 (1986); T. H .  Large 

et al., Neuron 2, 1123 (1989). 
25. S. 0. Meakin and E. M. Shooter, Neuron 6, 153 

(1991); B. Hempstead and M. V. Chao, unpub- 
lished observations. 

26. A. Sutter, R. J. Riopelle, R. M. Harris-Warrick, E. 
M. ShooterJ. Biol. Chem. 254,5972 (1979); G. E. 
Landreth and E. M. Shooter, Proc. Natl. Acad. Sci. 
U.S.A.  77, 4751 (1980). 

27. B. L. Hempstead, L. S. Schleifer, M. V. Chao, 
Science 243, 373 (1989). 

28. R. N. Kouchalakos and R. A. Bradshaw, J. Biol. 
Chem. 261, 16054 (1986). 

29. S. Buxser, P. Puma, G. L. Johnson, ibid. 260, 1917 
11985): S. H .  Green and L. A. Greene. ibid. 261. 
i5316j1986). 

30. E. M. Johnson, Jr., and M. Taniuchi, Biochem. 
Pharmacol. 36, 4189 (1987). 

31. I. A. Hendry and J. Campbell, J. Neurocytol. 5, 351 
(1976); M. D. Coughlin, D. M. Boyer, I. B. Black, 
Proc. Natl. Acad. Sci. U.S.A.  74, 3438 (1977). 

32. L. F. Parada, unpublished data. 
33. S. K. Hanks et al., Science 241, 42 (1988). 
34. L. C. Cantley et al., Cell 64, 281 (1991). 
35. Y. Yarden and A. Ullrich, Annu. Rev. Biochem. 57, 

443 (1988). 
36. K. C. Robbins et al., Nature 305, 605 (1983); M. 

D. Waterfield et al., ibid. 304, 35 (1983); D. K. 
Morrison et al., Cell 58, 649 (1989). 

37. D. R. Kaplan et al., Cell 61, 125 (1990). 
38. U. Banejee, P. J. Renfranz, J. A. Pollock, S. Benzer, 

Cell 49,281 (1987); K. Basler and E. Hafen, Trends 
Genetics 3, 74 (1988). 

39. E. Keshet et al., E M B O  J., in press. 
40. M. L. Vetter, D. M.-Zanca, L. F. Parada, J. M. 

Bishop, D. R. Kaplan, Pror. Natl. Acad. Sci. U.S.A., in 
press; D. Kaplan, unpublished observations. 

41. Cells (2 x lo7) or DRGs were treated with NGF, 
washed, and lysed in b d e r  containing 1% NP40; 
the lysates were then immunoprecipitated with an- 
tibody 43-4 to p140p"f0frk. lmmunoprecipitates 
were either elecnophoresed on 7.5% SDS-polyacryl- 
amide gels and subjected to immunoblot analysis 
with the phosphotyrosine (Ptyr) monoclonal anti- 
body 4G10 as described (7) or were analyzed in 
kinase assays. (7, 34). DRGs were subjected to 
Dounce homogenization during lysis in buffer con- 
taining 1% NP40. rtrk-3T3 cells were generated by 
Capo,-mediated transfection of a mouse-rat trk 
cDNA hybrid into NTH-3T3 cells. Rat trk cDNAs 
were obtained from an embryonic rat DRG cDNA 
library. The longest trk cDNA obtained (2.4 kb) was 
missing approximately 150 bp of the coding region 
as compared to available mouse and human trk 
sequence. The missing bases plus minimal (-50 bp) 
5' flanking noncoding sequences were replaced from 
mouse first coding exon sequences, and the recon- 
structed gene was placed downstream of an MSV- 
LTR (D. Martin-Zanca, E. Sanz, L. F. Parada, 
manuscript in preparation). rtrk 3T3 cells (2 x lo7) 
were neated with 1 mM suramin in Dulbecco's 

modified Eagle medium (DMEM) for 2 hours or 
mock-treated. After extensive washing of the cells 
with DMEM, NGF was added. 

42. D. Martin-Zanca et al., Mol. Cell. Biol. 9, 24 
(1988). 

43. '251-labeled NGF was prepared by lactoperoxidase 
treatment to specific activities of 2500 to 3500 
cpm/fmol. Cross-linking of p140pr"'""k to '251- 
labeled NGF was performed as described (18). Cells 
(2 x 106/ml) were incubated with 0.5 nM lZ5I- 
labeled NGF for 2 hours at 4°C. HSAB (50 pM) 
was added, and the reaction was exposed to long 
ultraviolet wavelength light (365 nm) for 10 min. 
After washing in 50 mM lysine in phosphate buf- 
fered saline, the cells were lysed in buffer containing 
1% NP40, and the lysates were immunoprecipitated 
and analyzed by 7.5% SDS-polyacrylamide gel elec- 

trophoresis as described (7). 
44. D. R. Kaplan, unpublished data. 
45. We thank M. C. Fishman for the rat DRG cDNA 

library, J. Maragos, J. Blair, and S. Rabin for 
technical help, and R. Handley for preparation of 
the manuscript. Supported in part by NCI contract 
N01-CO-74101 with Advanced Biosciences Labo- 
ratory(D.R.K.,D.M.-Z.,andL.F.P.) andbygrants 
from the March of Dimes, Andrew W. Mellon 
Foundation, and the National Cancer Institute 
(B.L.H.) and from the National Institutes of 
Health, the American Cancer Society, Hirschl- 
Caulier Trust Fund, Parke Davis, and the special 
group of donors to the Dorothy Rodbell Founda- 
tion (M.V.C.). 

18 March 1991; accepted 30 March 1991 

Induction by NGF of Meiotic Maturation of Xenopus 
Oocytes Expressing the trk Proto-Oncogene Product 

The effect of nerve growth factor (NGF) was assessed in Xenogus oocytes expressing 
the human trk proto-oncogene product, p140pr0t0mk . Oocytes injected with trk 
messenger RNA expressed polypeptides recogniz.ed by antibodies to the trk gene 
product. Exposure of these oocytes to nanomolar amounts of NGF resulted in specific 
surface binding of 125~-labeled NGF, tyrosine .phosphorylation of p140protomk 7 and 
meiotic maturation, as determined by germinal vesicle breakdown and maturation 
promoting factor (p34cdc2) kinase activation. Thus the trk proto-oncogene product can 
act as a receptor for NGF in a functionally productive manner. 

T HE hEMBERS OF THE TRK GENE 

family (1) code for receptor-like, ty- 
rosine kinase molecules that are tran- 

scribed in a pattern that suggests that they 
have a specialized role in neural tissue devel~ 
opment (2). NGF (3) induces tyrosine' 
pho~~horylation and tyrosine kinase activ- 
ity of the trk proto-oncogene product 
(p140Pr0'0trk) in PC12 cells ( 4 ) ,  suggesting 
that this protein may transduce NGF sig- 
nals. InXenopus oocytes, factors that control 
cell proliferation and regulate the cell cycle 
(including hormones, growth factors and 
their receptors, and oncogenes) can easily be 
studied (5-7). We have now expressed the 
product of the human trk proto-dncogene in 
Xenopus oocytes by injecting them with trk 
mRNA synthesized in vitro and analyzing . - 

the biochemical and biological effects pro- 

A. R. Nebreda and E. Santos, Laboratory of Molecular 
Microbiology, National Institute of Allergy and Infec- 
tious Diseases, National Institutes of Health, Bethesda, 
MD 20892. 
D. Mamn-Zanca and L. F. Parada. Molecular Embrvol- 

duced by NGF in these oocytes. 
A cDNA fragment coding for the com- 

plete human trk proto-oncogene product (8) 
was inserted into vector pGEM2 to generate 
plasmid pGEMTRK-R1 from which full- 
length sense trk mRNA can be transcribed. 
An analogous H-Y~s'Y''~ construct, used as a 
control in these studies, was generated with 
a 670-bp EcoR I fragment from plasmid 
pJCL30 (9).  These constructs were used to 
synthesize in vitro the full-length trk m R h ~  
(2.7 kb) and ras mRNA (0.7 kb) (Fig. 1A), 
which were then injected into the cytoplasm 
of full-grown Xenopus oocytes. Expression 
of the protein products, after incubation to 
allow for translation of the injected mRNA, 
was assessed by irnmunoprecipitation of ly- 
sates of radiolabeled, injected_ oocytes with 
specific antibodies (Fig. 1B)S Immuno- 
precipitation with two different mtit%odies 
to either the whole p70"k oncogene protein 
(10) (lanes 1 and 2) or the COOH-terminal 
region of p140Pr0'0"k (8) (lanes 3 and 4) 
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ras mRNA and allowing translation of the 
functional protein product. Expression of 
p21"(1p12) protein in oocytes injected with 
ras mRNA resulted in rapid induction of 
germinal vesicle breakdown (GVBD), with 

Fig. 2. Activation of MPF kinase 
complex. Histone H 1  kinase assay 
(18) of oocytes from same samples 
analyzed in Table 1, experiment 3. 
Similar results were obtained in all 
other experiments in Table 1. (A) 
Autoradioeram of total reaction NGF 

Hlstone H 

& dciency similar to that caused by pro- 
gesterone, the physiological inducer of 
GVBD in oocytes (Table 1). Oocytes inject- 

mixtures. 76) Same gel as in (A) 
after alkaline treatment (19). Posi- 
tion of exogenously added histone 
H1 is indicated. Lane 1, control, ed with water remained morphologi&Uy 

unaltered. In addition, injection of water 
and subsequent incubation before proges- 

water-injected oocytes; lane 2, 
NGF, 35 nM; lane 3, progesterone, 
15 pM; lane 4, untreated, trk-ex- 
pressing oocytes; lane 5, trk-ex- 1 2 3 4 5 6  1 2 3 4  s b  

pressing oocytes treated with 35 
nM NGF; lane 6, ras-expressing oocyces. Gels were exposed at room temperature for 5 hours (A) and 
16 hours (B). 

terone treatment did not alter the abili& of 
the injected oocytes to undergo hormone- 
induced meiotic maturation (Table l) ,  indi- 
cating that the microinjection procedure 
does not impair the maturation ability of the 
oocytes. 

In contrast, injection of trk mRNA and 
subsequent expression of p140pmmmk did 
not produce any significant GVBD by itself 
(Table 1). Addition of low concentrations of 
NGF (1.7 to 35 nM) to oocytes expressing 
p140~mmmk resulted in meiotic maturation, 
with the highest levels of GVBD obtained in 
those experiments where translation of the 

mRNA proceeded for the longest time be- 
fore NGF treatment (Table 1). Addition of 
NGF to uninjected oocytes or to oocytes 
injected with water alone did not produce 
any meiotic maturation (Table l ) ,  indicating 
that NGF-induced GVBD was dependent 
upon pl40pmComk ex pression. 

Oocyte meiotic maturation requires the 

previous activation of the maturation pro- 
moting factor (MPF) complex (5, 1 I ) ,  
which leads irreversibly to GVBD (5-7). 
This active complex contains a serine-threo- 
nine histone H 1  kinase activity that can be 
readily assayed in oocyte lysates. We con- 
firmed biochemically the morphological es- 
timation of GVBD in Table 1 by assaying 
the H 1  kinase activity in lysates of the 

Fig. 1. Expression of pl40Pmwk in 
Xenopw oocytes injected with syn- 
thetic trk proto-oncogene mRNA. 
(A) Ethidium bromide staining 
of RNA markers (lane l), ra.4~612 
mRNA (lane 2), trk proto-onco- 
gene mRNA (lane 3) synthesized 
(17) in vitro and electrophoresed 
on 1% agarose gels. (B) Irnmuno- 
precipitation of trk mRNA-inject- 

oocytes matured under the various condi- 
tions tested (Fig. 2). There was the same 
amount of kinase activity in oocytes that had 
been treated with NGF plus trk mRNA as in 
oocytes that had been induced to mature 
with progesterone or p21" (Fig. 2). Unlike 
other endogenous substrates that became 
phosphorylated in the assays (Fig. 2A), the 
phosphorylation of exogenous histone H 1  

ed (lines 2 and 4) and water-inject- 
ed (lanes 1 and 3) oocytes with rabbit antiserum 6-3 (lanes 1 and 2) to 111 length, bacterially expressed 
p70d (10) or with rabbit antiserum 43-4 (lanes 3 and 4) to a COOH-terminal trk proto-oncogene 
peptide (8). The oocytes (five per gel lane) were injected and maintained in ND-96 medium (16) 
supplemented with 1 mCi/ml each of [35S]methionine (1100 Ci/mmol) and [35S]cysteine (900 
Ci/mmol) (NEN) for 14 hours at 20°C. Oocyce lysates prepared in "radioimmunoprecipitation" 
(RIPA) buffer (30 pl per oocyte) were centrifugated and the supernatants were immunoprecipitated (3 
hours, 4°C) with antisera 6-3 or 43-4 preadsorbed to protein ASepharose were (Pharmacia). The 
immunoprecipitates were washed four times with RIPA buffer, mixed with SDS-electrophoresis sample 
buffer, and analyzed by electrophoresis with 10 to 20% SDS-polyacrylamide gradient minigels 
(Integrated Separation Systems) followed by autoradiography for 18 hours at -70°C. 

- - 
was in all-cases res i s tg to  alkali treatment 
(Fig. 2B), presumably due to threonine 
phosphorylation. Oocytes expressing 
p140pm"mk, but not treated, did not show 
H 1  kinase activity. No H 1  kinase activity 
was detected either in control, uninjected 
oocytes treated with NGF alone, or in 
oucytes injected with water and treated with 
NGF. Therefore, it appears that maturation 

Table 1. Induction of meiotic maturation in injected oocytes. Oocytes ob- was scored 12 to 15 hours later. Percentage GVBD was estimated by scoring 
tained from different frogs for each experiment were injected with rar'p'2 the absence of the nucleus (germinal vesicle) in oocytes fixed with 10% 
mRNA, trk mRNA, or water (16) and maintained in ND-96 medium mchloroacetic acid. Number of oocytes matured per total number of oocytes 
without KCI. At the indicated times after injection, oocytes were treated with used in each experiment is indicated in parenthesis. T i e  between injection 
the different agonists for 12 to 15 hours. Ras mRNA was injected at the time and agonist treatment: experiment (exp.) 1,48 hours; exp. 2,25 hours; exp. 
of agonist treatment of the trk- and water-injected oocytes, and GVBD 3, 25 hours; exp. 4, 16 hours; n.d., not done. 

GVBD (percentage) 
Injection Agonist 

Exp. 1 Exp. 2 Exp. 3 Exp. 4 

ras mRNA 

Water 
Water 
Water 

Progesterone (15 pM) 100 (10/10) 100 (818) 
- 

NGF (35 nM) 
0 (OP) 0 (018) 
0 (0110) 0 (018) 

trk mRNA 
trk mRNA 
trk mRNA 

- 
NGF (35 nM) 
NGF (1.7 nM) 
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induced by p140pmuk plus NGF treatment 
proceeds by the same mechanisms as that 
induced by p21" or progesterone. 

Our results indicate that a functional in- 
teraction between NGF and p140P"'muk is 
responsible for triggering activation of MPF 
and subsequent meiotic maturation. Thus, 
p140Pmm"k m ay act as a receptor for NGF. 
To test this, we examined the specific bind- 
ing of '251-labeled NGF to the surface of 
oocytes expressing p140pmd (Fig. 3A). 
Incubation of oocytes expressing ~ l 4 0 P " ' ~ ~  
with increasing concentrations of '251-labeled 
NGF resulted in specific binding that was 
greater than the background binding in con- 
trol, water-injected oocytes. The radioactivity 
bound to oocytes that had been injected with 
water was considered nonspeafic because ad- 
dition of excess (> 150-fold) unlabeled NGF 
to the reaction mixtures did not change the 
amount of radioactivity incorporated by wa- 
ter-injected oocytes, whereas it reduced the 
radioactivity bound to trk-injected oocytes 
to the same levels as for water-injected 
oocytes. Furthennore, the specific binding 
of '251-labeled NGF to trk-injected oocytes 
was completely blocked by a neudizing 
antibody to NGF (Fig. 3A). Thus, the 12'1- 
labeled NGF specific binding was defined as 
the difference between radioactivity bound 
to trk-injected and that bound to water- 

NGF (nh 

injected oocytes (Fig. 3A, inset). Irnmuno- 
precipitation with antibodies to p140Pmt0uk 
of extracts of oocytes after the binding reac- 
tion with '251-labeled NGF (12) showed 
that there was a direct, physical interaction 
between NGF and p140pmmuk. 

A functional, direct interaction between 
p140Pmmuk and NGF was indicated by the 
detection of tyrosine-specific phosphoryla- 
tion of p140Pmmuk aft er NGF binding (Fig. 
3B, lane 2). A 5-min exposure to NGF of 
oocytes expressing p140Pmmcrk allowed the 
detection in immunoprecipitates of a ty- 
rosine-phosphorylated band that comi- 
grated with the mature p140pmuk product 
(8) expressed in the oocytes injected with trk 
mRNA (Fig. 1B). Expression of 
p140Pmmuk alone or treatment of control 
oocytes with NGF did not produce such 
phosphorylation (Fig. 3B, lanes 1 and 3). 

Our results demonstrate that p140P-"k 
expressed in oocytes can interact functional- 
ly with exogenously added NGF. Binding of 
NGF to p140ptouk results in rapid tyrosine 
phosphorylation of this protein and triggers 
GVBD by activation of the MPF kinase 
complex. Similar tyrosine phosphorylation 
and GVBD induction upon ligand biding 
occurs in oocytes expressing the human epi- 
dermal growth factor (EGF) receptor (7). It 
is likely that the NGF-induced tyrosine 

Fig. 3 
induct 
phoryl 
(A) R 

1 h l C C  

. HIndlng ot N b k  and 
ion of tyrosine phos- 
lation of p140Pr"""'. 
inding of 'Z51-labeled ..,. to ooqces injected 

with trk proto-oncogene 
n h  
NG 

mRNA (solid bars) or Lith 
water (open bars). Groups 

"I uucc LU I I V C  - ~ L c >  III~CLLCU WIUI  waLcL UI I ~ K  I I I N I ~  ( 1 0 ,  WCIC ~ l t~ubated 48 hours after injection 
with the indicated concentrations of 'Z"-labeled 2.5s murine NGF (1500 Cilmmol) (Amersham) at 
0°C (to avoid internalization) for 3 to 4 hours in ND-96 medium supplemented with bovine serum 
albumin ( 1  m@ml). Where indicated, an excess (350 nM) of unlabeled 2.5s murine NGF (Roehringer 
Mannheim) or a neutralizing antibody to NGF (dilution 1/50) (Sigma) were included in the reactlon 
mixtures. Oocytes were washed five times at O°C, counted individuallv, and the average and SD of 
radioactivity incorporated per o o q e  calculated. Similar results were obtained in two separate 
experiments performed with q e s  from different animals. (B) NGF-induced ryrosine phosphoryla- 
tion of p140Pr"'""k (arrow) expressed in ooq'fes. Lysates of oocytes (16 per gel lane) injected 48 hours 
previously with trk mRNA (lanes 1 and 2) or water (lane 3) were incubated with 35 nM NGF for 5 min 
(lanes 2 and 3), followed by extraction with Triton X-100-containing buffer (13). p140'"'""" 
immunoprecipitates prepared with antibody 43-4 (8) as in Fig. 1 were electrophoresed in 10 to 20% 
SDS-polyacrylamide gradient minigels and analyled by Western blotting with antiphosphotymsine 
monoclonal antibody 4G10 (Upstate Biotechnoloev Inc.) and 12"-labeled s h e e ~  antibodv to mouse 
immunoglobulin G (I&) (1500 Ci/mrnoL) (A 
at -70°C. Bands at the 45-kD marker corresp 
chain and ""-labeled antibody to mouse IpC 

The autorac 
;-reaction t* 

liogram wa! 
enveen the 

E hxposed fi 
rabbit 43-4 

)r 48 hours 
IgG heavy 

phosphorylation of p140pm"k constitutes 
the initiating signal for the observed biolog- 
ical effects. 

Our results also suggest that NGF is a 
functional ligand for p140-"k, and thus 
p140P"m"k may act in vivo as a receptor for 
this multifunctional growth factor (3). This 
work with Xenopus oocytes confirms and 
extends other observations (14) showing 
that p140P-"k is a functional receptor for 
NGF in PC12 cells. Interestingly, expres- 
sion in Xenopus oocytes of a different NGF 
receptor, coded by a gene unrelated to trk, 
does not result in meiotic maturation, even 
upon exposure to NGF (15). 
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phy after electrophoresis on 10 to 20% polyacryl- 
amide gradient minigels. 
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Chimeric NGF-EGF Receptors Define Domains 
Responsible for Neuronal Differentiation 

To determine the domains of the low-affinity nerve growth factor (NGF) receptor 
required for appropriate signal transduction, 'a series of hybrid receptors were 
constructed that consisted of the extracellular ligand-binding domain of the human 
epidermal growth factor (EGF) receptor (EGFR) fused to the transmembrane and 
cytoplasmic domains of the human low-affinity NGF receptor (NGFR). Transfection 
of these chimeric receptors into rat pheochromocytoma PC12 cells resulted in 
appropriate cell surface expression. Biological activity mediated by the EGF-NGF 
chimeric receptor was assayed by the induction of neurite outgrowth in response to  
EGF in stably transfected cells. Furthermore, the chimeric receptor mediated nuclear 
signaling, as evidenced by the specific induction of transin messenger RNA, an 
NGF-responsive gene. Neurite outgrowth was .not observed with chimeric receptors 
that contained the transmembrane domain from the EGFR, suggesting that the 
membrane-spanning region and cytoplasmic domain of the low-&ty NGFR are 
necessary for signal transduction. 

T HE BIOLOGICAL ACTIVITIES OF 

NGF, like those of EGF, are mediat- 
ed by cell-surface receptor proteins 

that span the plasma membrane (1, 2). Re- 
ceptors for NGF exist in a high- and low- 
affinity form. However, it is unclear whether 
the low-aflinity form is capable of participat- 
ing in signal transduction. To investigate the 
function of the low-a=ty NGFR repre- 
sented by the p75NGFR protein (2), and the 
structural requirements necessary to elicit 
biological responses by NGF, we construct- 
ed chimeric receptors that consisted of var- 
ious domains from the human EGFRs and 
NGFRs and tested their ability to carry out 
signal transduction. 

The cDNA sequences (3) that coded for 
the ligand-binding domain of the human 
EGFR (amino acid residues -24 to 541) 
were hsed with the sequences that encoded 
the transmembrane and cytoplasmic se- 
quences (amino acids 188 to 399) of the 

H. Yan and M. V. Chao, Depamnent of Cell Biology 
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J. Schlessinger, Department of Pharmacology, New York 
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human p75NGFR (2), creating ENlO cDNA 
(Fig. 1). We also constructed two other , 
chimeric receptor cDNAs with a similar 
strategy (Fig. 1, EN30 and EN31). EN30 
resulted from a ligation between the extra- 
cellular domain of the EGFR (amino acids 
-24 to 619) with ~ 7 5 ~ ~ ' ~  transmembrane 
and cytoplasmic sequences (amino acids 204 
to 399), and EN31 consisted of EGFR 
ligand-binding and transmembrane domains 
(amino acids -24 to 647) fused to only the 

Fig. 1. Schematic representation of 
EGF and NGF chimeric receptors. 
The sequences are aligned at their 
transmeplbrane domains, shown by 
the vertical bar. The reading frame 
was verified by DNA sequencing. 
Filled region, NGFR; open re- 
gions, EGFR, S, signal peptide; 
striped regions, cysteine rich; 
checkerboard region, tyrosine ki- 
nase domain. 

cytoplasmic domain (amino acids 250 to 
399) of the NGFR. Each hybrid cDNA was 
introduced into either the pMV7 (4) or 
pCMV5 (5 )  mammalian expression vectors. 

Rat PC12 cells were transfected with each 
plasmid, and stable transfectants were select- 
ed by resistance to G418. Expression of the 
chimeric proteins was assessed by rosetting 
analysis (2) with the R1 monoclonal anti- 
body, which recognizes the human EGFR 
(6). Positive clones were selected and used 
for immunoprecipitation and cross-linking 
analyses. Transfected cells were labeled with 
35S-labeled Cys and Met, and receptors were 
immunoprecipitated with the R1 antibody. 
In cells that expressed the ENlO and EN30 
cDNAs, the chimeric receptors were com- 
pared to the native EGFR in A431 cells 
(Fig. 2A). The chimeric receptors migrated 
at an apparent molecular size of 140 kD, as 
would be expected for a receptor that con- 
tained the comparativ~ly shorter NGFR cy- 
toplasmic domain. Endogenous EGFRs 
were not detected, as the R l  antibody was 
specific for human EGFRs (6). 

Treatment of PC12 cells with NGF led to 
morphological differentiation into a sympa- 
theuc cell phenotype (7). No changes in 
morphology were observed with cells treat- 
ed with EGF (Fig. 3). We tested the mor- 
phological response to NGF and EGF in 
transfected cells that contained chimeric re- 
ceptors. All clones responded to NGF at 
concentrations necessary to observe biolog- 
ical responses (1 to 10 nglml) (8). In clonal 
cell lines that contained the ENlO and 
EN30 chimeric receptors, EGF induced cell 
flattening within hours and extensive neurite 
outgrowth after 3 days of treatment with 
EGF. From 40 to 75% of the EN10- and 
EN30-containing cell lines showed a phase 
bright neuronal-like morphology in re- 
sponse to EGF, and the majority of pro- 
cesses were greater than one cell- diameter 
and approached several hundred microme- 
ters. The response of these cells to treatment 
with concentrations of EGF between 0.5 to 
5 ng/ml was qualitatively similar to their 
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