patterning process. SAM films such as
PTCS, BTCS, and APTS on Si substrates
were exposed to either 193-nm or 248-nm
radiation, then metallized with electroless
plating techniques (19). Metal patterns typ-
ically several hundred angstroms thick were
deposited only in the unexposed areas of the
film (Fig. 4). These metal patterns can serve
as plasma-hard etch barriers, conductive
paths, or opaque regions for fabricating a
wide variety of microelectronic devices.

Patterned two-component SAM films
have also been used to produce arrays of
more complex structures such as biological
cells (6, 20). Coplanar EDA and 13F sur-
faces were plated with human SK-N-SH
neuroblastoma cells (21) suspended in cul-
ture medium. On 40-pm-wide EDA re-
gions, the cells maintained relatively spherical
shapes with visible contact points. However,
with 12-pm spacing, the widths of the alter-
nating EDA/13F regions were less than the cell
diameters, causing the cells to elongate to con-
form to the EDA lines (Fig. 5A). Subsequent
neurite outgrowth after 24 hours was confined
to the EDA regions (Fig. 5B).

The deep UV photochemistry of SAM
films promises to be an interesting area of
research and an enabling technology for
manipulating molecular assemblies. SAMs
are perhaps the ultimate materials for ultra-
high-resolution imaging in optical and elec-
tron-beam lithographies (1, 2). Also, pat-
terned adherent cells can facilitate advances
in biosensors and implant devices. This pro-
cess also provides a pathway to define pat-
terns of molecular species such as chro-
mophores, redox reagents, catalysts, and
optically active and biologically active spe-
cies at the practical limits of lateral resolu-
tion. The ability to photochemically control
the wettability of a SAM film over a wide
range of surface energy can provide insights
into adhesion and biocompatibility at the
molecular level. To reach these goals, it will
be necessary to understand how the surface
photochemical processes in SAM films de-
pend on the type of substrate, the nature and
energy of the exposure source, the surface
attachment chemistry, and the specific
chemical functionalities present in the SAM
molecule.

REFERENCES AND NOTES

1 J. D. Swalen et al., Langmuir 3, 932 (1987). -

2. G. G. Roberts, Langmuir-Blodgett Films (Plenum
New York, 1990), chap. 7.

3. G. M. Whitesides and P. E. Laibinis, Langmuir 6, 87
(1990). .

4. S. R. Wasserman, H. Biebuyck, G. M. Whitesides,
J. Mater. Res. 4, 886 (1989).

5. P. E. Laibinis, J. J. Hickman, M. S. Wrighton, G.
M. Whitesides, Science 245, 845 (1989).

6. D. Kleinfeld, K. H. Kahler, P. E. Hockberger, J.
Neurosci. 8, 4098 (1988).

7. K. M. R. Kallury, U. J. Krull, M. Thompson, Arnal.
Chem. 60, 169 (1988).

554

8. E. E. Polymeropoulos and J. Sagiv, J. Chem. Phys.
69, 1836 (1978).

9. Substrates were cleaned by sequential 30-min im-
mersions in 1:1 HCI/CH3;0H and 18 M sulfuric
acid, followed by multiple rinses with 18-megohm
deionized water. The final rinse consisted of immer-
sion in boiling deionized water. Residual water was
removed from the substrates by immersions in ace-
tone, followed by toluene. PTCS and BTCS films
were formed by immersion of the substrates in a 1%
(v/v) solution of the silane in anhydrous toluene for
3 to 5 min. The substrates were rinsed in’ toluene
and baked at 120°C for 5 min. We prepared films of
13F by using the same procedure, except that the
immersion time was 45 min. All chlorosilanes were
handled under inert atmosphere conditions. We
prepared films of APTS and EDA by transferring the
substrates directly from the boiling water rinse to
the deposition solution, which was 1% organosilane
in 95% aqueous methanol with 10~% M acetic acid.
After a 15-min immersion, the substrates were
rinsed in anhydrous methanol and baked on a hot
plate for 5 min at 120°C. Organosilanes were ob-
tained from Huls Petrach Company (Bristol, PA).
All cleaned and film-coated substrates were handled
in a class 100 clean room.

10. W. Zisman, in Contact Angles, Wettability and Adhe-
sion, vol. 43 of Advances in Chemistry, F. M. Fowkes,
Ed. (American Chemical Society, Washington, DC,

-1964), chap. 1.

11. The UV spectra were measured on a Cary 2400
spectrophotometer and were referenced to a clean,
fused silica blank slide.

12. D. L. Doub and J* M. Vandenbelt, J. Am. Chem.
Soc. 69, 2714 (1947).

13. FTMS experiments were performed in a Nicolet 3T

superconducting magnet ion cyclotron resonance
mass spectrometer. An apertured laser beam was
passed through a Ni-mesh ion trap and focused onto
the PTCS-coated substrate with estimated energy
densities ranging from 2 to 20 mJ/cm?. Desorbed
species were ionized by electron impact and mass-
analyzed.

14. D. P. Land, C. L. Pettiette-Hall, D. Sander, R. T.
Mclver, J. C. Hemminger, Rev. Sci. Instrum. 61,
1674 (1990).

15. We obtained XPS data by using an $SSX-100-03
spectrometer (monochromatized Al Ka source with
a 600-pm spot size and 45° takeoff angle).

16. R. Walsh, Acc. Chem. Res. 14, 246 (1981).

17. S. W. Benson, Thermochemical Kinetics (Wiley, New

. York, 1976).

18. R. Srinivasan and B. Braren, Chem. Rev. 89, 1303
(1989).

19. J. M. Schnur et al., U.S. Patent Appl. 7,182,123,
allowed.

20. D. A. Stenger, J. H. Georger, T. L. Fare, U. S.
Patent Appl. 7,598,194, pending.

21. J. L. Biedler et al., Cancer Res., 33, 2643 (1973).

22. We acknowledge the assistance of M.-S. Chen and
M. Anderson with SAM film preparation, S. McEl-
vany and H. Nelson with the FTMS experiments, R.
Colton with XPS experiments, and R. Binstead for
UV spectroscopy software. Helpful discussions with
G. Calabrese (Shipley €ompany) and J. Hickman
(Science Applications International Corporation)
are acknowledged. This work was supported in part
by the MANTECH office of the Assistant Secretary
of the Navy, the Office of Naval Research, and the

~ Office of Naval Technology.

5 December 1990; accepted 20 February 1991

The trk Proto-Oncogene Product: A Signal
Transducing Receptor for Nerve Growth Factor
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The trk proto-oncogene encodes a 140-kilodalton, membrane-spanning protein tyro-
sine kinase (p140P ™) that is expressed only in neural tissues. Nerve growth factor
(NGF) stimulates phosphorylation of p140P**°* in neural cell lines and in embryonic
dorsal root ganglia. Affinity cross-linking and equilibrium binding experiments with
125]-labeled NGF indicate that p140P ™ binds NGF specifically in cultured cells
with a dissociation constant of 10~° molar. The identification of p140P**°™* as an
NGF receptor indicates that this protein participates in the primary signal transduc-

tion mechanism of NGF.

HE DEVELOPMENT OF THE VERTE-
brate nervous system is characterized
" by a series of complex events that
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cause the apparently homogenous neuroep-
ithelium of the early embryo to form the
diverse, highly ordered, and interconnected
neural cell types of the adiilt. Extensive
evidence indicates that limiting diffusible
factors are required for the targeting, surviv-
al, and proper synaptic arrangeinent of neu-
rons (1). Neuronal circuits are sculpted from
an initially overabundant production of neu-
rons during development: In the midterm
embryo, programmed cell death eliminates
most of the neurons, leaving behind only
those required for innervation of target tis-
sues (2). Although neural adhesion and
extracellular matrix molecules are essential
for axonal migration, guidance, and growth
cone targeting, most of the molecules that
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convey signals to the cell nucleus to initially
induce neuronal proliferation, differentia-
tion, and, later, survival are unknown.

The proto-oncogene trk is a member of
the tyrosine kinase (TK) family of trans-
membrane receptors, which have in com-
mon a large extracellular ligand binding
domain, a single transmembrane domain,
and a cytoplasmic tyrosine kinase catalytic
domain. Although trk was discovered as a
rearranged oncogene from a colon carcino-
ma (3), normal trk expression in vivo is
limited to neural crest—derived sensory neu-
rons (4, 5). The low abundance of rk
mRNA in vivo and its restricted pattern of
expression in the neural crest—derived sen-
sory nervous system indicate that the func-
tion of the trk receptor must be distinct from
that of other tyrosine kinases because no
other TK receptors display such limited
expression.

The restricted expression of trk during
development and its neuronal specificity in-
dicated that trk, and related genes, might
mediate morphogenic signals in the embryo
during neurogenesis (4, 6). This notion is
reinforced by experiments relating trk,
pl40P™®°* and the neurotrophic factor
NGEF: Trk is expressed in rat pheochromo-
cytoma PC12 cells (7), a transformed adre-
nal chromaffin cell line that differentates in
response to NGF (8). Furthermore, pico-
molar concentrations of NGF rapidly stim-
ulate p140P* autophosphorylation (7),
while other growth factors [insulin, basic
fibroblast growth factor (bFGF), epidermal
growth factor (EGF)] do not elicit
p140P = tyrosine kinase activity. NGF is
responsible for the maintenance and survival
of sympathetic and neural crest—derived sen-
sory neurons. In mouse embryos, NGF in-
jected into the periphery of the trunk en-
hances the survival of sensory neurons that
are normally targeted for cell death (9, 10).
Exposure of embryos to antibodies to NGF
reduces the survival of dorsal root ganglion
(DRG) neurons, while injection of antibod-
ies to NGF into neonatal mice inhibits the
survival of sympathetic neurons (11).

The mechanisms by which NGF elicits its
neurotrophic effects in the cell have not been
fully resolved. Interaction of NGF with a
cell receptor is required for the transmission
of neurotrophic signals within the cell (12).
A 75-kD receptor (p75NCFR) that binds
NGF has been identified and cloned and is
present in NGF-responsive cells (13, 14).
Nevertheless, the structural and biological
properties of p75™SF® have provided only
limited clues about the nature of the NGF
signal transduction pathway inside the cell.
p75™SFR displays the binding properties of
a low affinity NGF receptor [dissociation
constant (K) = 10~° M] when expressed in
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heterologous cell lines (12). However, the
biological responsiveness to NGF depends
upon its interaction with a high affinity
binding site (K4 = 107! M).

The characteristics of the signal transduc-
tion pathway activated by NGF to cause its
neurotrophic effects have also been obscure.
In PC12 cells the activation of tyrosine
kinases in general (and p140P™* ™ tyrosine
phosphorylation) is an early response to the
binding of NGF (7, 15). These data impli-
cate tyrosine kinases, and pl40P™®T* in
particular, as candidates to transmit the neu-
rotrophic signals mediated by the high af-
finity binding site for NGF. We have now
examined whether p140P®™ 3 TK trans-
membrane receptor, can be activated by
means of a direct interaction with NGF in
order to investigate signal transduction mech-
anisms by which proliferation and differentia-
tion in the nervous system are controlled.

The stimulation of p140P™™™* tyrosine
phosphorylation in response to addition of
NGEF to PC12 cells is rapid and specific, and
occurs in the presence of physiological
amounts of NGF (7). To determine whether
phosphorylation of p140P™*™ was a gen-
eral response to NGF, we assayed NGF-

induced p140P**"* phosphorylation in ad-
ditional NGF-responsive neuroblastoma cell
lines. NGF induced pl140P™°* tyrosine
phosphorylation in the human neuroblasto-
ma cell lines SYSY and LA-N-5 (16) (Fig.
1A). SY5Y and LA-N-6 cells express less
(about fourfold) trk mRNA than do PC12
cells, which could account for the lower
amounts  of  tyrosine-phosphorylated
p140P™°* in these cell lines than in PC12
cells. NR18 cells are derived from the PC12
cell line but have lost their “high affinity”
response to NGF (17) in part due to the
absence of p75NSFR (18). These cells ex-
press much less p140P™*°™* than do normal
PC12 cells. Treatment of NR18 cells with
NGEF resulted in no detectable phosphoryla-
tion of pl40P<w=™* (Fig. 1A). Thus, in
NR18 cells, the reduced tyrosine phosphor-
ylation of p140P™™"% as well as the absence
of p75NGFR (17), correlate with the reduced
ability of NGF to elicit a biological re-
sponse.

The trk gene is expressed in embryonic
sensory neural crest—derived neurons and
expression is maintained in the adult (4). We
therefore tested whether p140P™*°"* in pri-
mary embryonic neurons was phosphorylat-

p140P°** was immunoprecipitated with anti-
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Fig. 1. NGF-dependent tyrosine phosphorylation Cc
of pl140P™*™* in the human neuroblastoma cell Suramin - + + 1oty o
lines SY5Y, LA-N-5, and dorsal root ganglia ROF s Lot At T
(DRG) from mouse cmbrzros. (A) Tyrosine phos- oy — 200
phorylation of p140P™™"™ from untreated (—) or n o
NGF-treated (+) SY5Y cells (16), LA-N-5 cells '
(16), NR18 cells (17), or PC12 cells. Cells were .
treated with NGF (100 ng/ml) for 5 min, B - _ 0

body 43-4, and the immunoprecipitates were
analyzed by Western blotting with antibody to
phosphotyrosine (Pryr) (41). The differences in
p140Pi™ mopbilities are primarily due to differ-
ences in glycosylation. Tyrosine-phosphorylated
p140P™* from NGF-treated or untreated PC12
cells is shown for comparison. Samples were
normalized for cell protein. (B) Tyrosine phos-
phorylation of p140P™*™ in DRGs from E13.5

==
. B i

or E14.5 mice. One hundred DRGs were maintained in NGF (50 ng/ml) for at least 10 min prior to
lysis, immunoprecipitated, and analyzed by immunoblotting with antibody to Ptyr (41). Each lane
contains protein from the same number of DRGs. (C) Tyrosine phosphorylation of p140P***** from
rtrk-3T3 cells in intact cells or in vitro (41). (Lanes 1 to 3) p140P™"*™ immunoprecipitates from intact
cells probed with antibody to Ptyr; (lanes 4 to 6) tyrosine phosphorylation of p140P™*™* in vitro (41).
Cells were treated with suramin (lanes 2 and 5) or with NGF (500 ng/ml) for 10 min after suramin
treatment (lanes 3 and 6) (41). The band migrating at 110 kD is a glycosylated precursor of p140P™*
(42). The band at the bottom of the figure is immunoglobulin G. Molecular weight markers in
kilodaltons are at right. Similar amounts of p140P™®"* were present in each lane.
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ed in response to NGF. Explanted DRGs
from embryonic day (E) 13.5 and E14.5
mouse embryos were treated with NGF, and
p140P=* phosphorylation was measured.
Phosphorylation of p140P™*"* was detect-
able in E14.5 DRGs but not in two inde-
pendent preparations of E13.5 DRGs (Fig.
1B). We were unable to detect tyrosine-
phosphorylated p140P™® in the absence
of exogenously administered NGF, al-
though pl40P™®°™* js expressed in both
E13.5 and E14.5 DRGs (4). The axon
terminals of DRG neurons are not included
in the explants, but may in fact contain more
p140P°"* than the cell bodies. Therefore,
our data may underestimate the amount of
phosphorylated p140P™*, Nevertheless,
our results demonstrate that embryonic
DRG neurons, cells that are dependent on
NGF during development, respond to NGF
administration by phosphorylation of
pl40P™™™* and that this is a general re-
sponse to NGF in many neuronal cells.

To assess whether NGF can activate
p140P™"* in heterologous, non-neuronal
cells, a rat trk cDNA was expressed in mouse
NIH-3T3 fibroblasts (rtrk-3T3 cells). The
tyrosine phosphorylation of p140P™® " ex-
pressed in rirk-3T3 cells was constitutive,
apparently due to autocrine stimulation by
NGEF produced by these cells (Fig. 1C, lanes
1 and 4) (19). However, treatment of rtrk-
3T3 cells with suramin, a polyanionic com-
pound that inhibits and reverses the binding
of NGF to its receptors (20), reduced the
tyrosine phosphorylation of p140P™*°"* in
intact rtrk-3T3 cells and in vitro after immu-
noprecipitation of pl40P~™* (Fig. 1C,
lanes 2 and 5). When NGF was added to the
suramin-treated cells for 10 min, tyrosine
phosphorylation of p140P™™™* in cells and

Fig. 2. Affinity cross- PC12

in immunoprecipitates was stimulated at
least tenfold (Fig. 1C, lanes 3 and 6). These
data indicate that p140P™*"* tyrosine phos-
phorylation is induced by NGF in a heter-
ologous environment in the absence of other
neural-specific factors.

The simplest interpretation of our results
was that p140P"* directly bound NGF.
To determine if NGF could bind to
p140P o=k several cell lines were analyzed
for the ability of antisera to p140P™"* to
precipitate receptor-ligand complexes in af-
finity cross-linking experiments (Fig. 2). We
tested rat PC12, human LA-N-5; human
SY5Y, mouse NIH-3T3, mouse rtrk-3T3,
and human A875 cells (21). NGF induced
the tyrosine phosphorylation of p140Pr*
in PC12 and rtrk-3T3 cells but not in A875
melanoma or NIH-3T3 cells, which express
no detectable trk mRNA (19). '**I-labeled
NGF was cross-linked to cells with the
lipophilic photoaffinity agent N-hydroxyl-
succinimidyl 4-azidobenzoate (HSAB). [In
PC12 cells or sympathetic neurons, two
NGF-containing species of 100 kD and 150
to 160 kD have been shown to be cross-
linked to NGF with HSAB (22, 23); the
100-kD species is *2I-labeled NGF bound
to p75NSFR ] After the cross-linking reac-
tion, the cells were lysed, and the lysates
were immunoprecipitated with antibodies
to NGF or p140P™™"* (Fig. 2). A 160-kD
species was immunoprecipitated by antibod-
ies to NGF or p140P"* from PC12 (lanes
1 to 4) and rtrk-3T3 cells (lanes 5 to 9), but
not from NIH-3T3 (lanes 10 to 12) or
A875 (lanes 13 to 15) cells. The immuno-
precipitation of the 160-kD species was
blocked by addition of the peptide from
p140P™* (7) used to generate the anti-
body (lanes 4 and 8) and was not seen if

rirk -3T3 NIH-3T3 AB75

linking of NGF to [
pl4oP~e=* on PCl2
cells and rrk-3T3 cells.
pl40Pet was labeled
by cross-linking of '2°I-
labeled NGF to cultured
cells with HSAB (43).
PC12 cells (lanes 1 to 4),
rtrk-3T3 cells (lanes 5 to
9), NIH-3T3 cells (lanes
10 to 12), A875 human
melanoma cells (lanes 13
to 15). Lysates from cells
were  immunoprecipi-
tated with antibody to
NGF (aNGF) (lanes 1,
5,9 to 11, and 13 to
14), pl40Por angi-
body 7-4 (atrkl) (lanes
2 and 6), or p140Prorok

i 4 aNGF
atrk1
 atrk2

220 —

110 —

0=

1502548

" atrk2 +peptide |

4

=

Il

atrk2 + peptide
oNGF+5um NGF
oNGF+5um NGF

aNGF
atrk1
- atrk2

. aNGF
atrk2
aNGF

" oNGFs+5um NGF
atrk2

g D et S R | oM L e G U Rk )

antibody 43-4 (curk2) in the absence (lanes 3, 7, 12, and 15) or presence (lanes 4 and 8) of competing
peptide (10 pg/ml) (7). Cross-linking was performed in the presence of excess unlabeled NGF (5 pM)
in lanes 9, 11, and 14. The antibody 7-4 immunoprecipitates three- to fivefold less p140P®* than
does antibody 43-4 (44). Molecular weight markers in kilodaltons are indicated on the left.
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excess unlabeled NGF was added to the cells
prior to cross-linking (lanes 9, 11, and 14).
A cross-linked product of approximately
150 kD was also observed in LA-N-5 and
SYS5Y cells. The cross-linked 100-kD species
was present in PC12 and A875 cells and not
in the NIH-3T3 cell lines (lanes 1, 10, and
13), reflecting the absence of p75™CGFR in
NIH-3T3 cells. Thus NGF interacts with
p140P°=k and this interaction is found
only in cell lines that show pl4QPrror
tyrosine phosphorylation in response to
NGF treatment.

To determine whether NGF directly in-
teracts with p140P™™* and whether this
interaction reflects physiologically relevant
conditions, equilibrium binding studies
were undertaken. Crude membranes were
prepared from rirk-3T3 cells and assayed for
binding to '?°I-labeled NGF. Membranes
from rtrk-3T3 cells displayed specific, satu-
rable binding for '**I-labeled NGF, with a
single binding site and a K4 of approximate-
ly 107° M. The number of receptors was
approximately 500,000 per cell. Thus,
pl40Pk like p75NCSFR has the binding
characteristics of a low-affinity NGF recep-
tor.

The physiological effects mediated by
NGEF in responsive cells have not been fully
explained by the genetic and biochemical
study of p757SFR (12, 14, 24, 25). Analysis
of NGF equilibrium binding with I'?*-la-
beled NGF has revealed sites with two dis-
tinct affinities for NGF in PC12 cells and in
primary sympathetic neurons (12, 26). This
has led to the speculation that a high affinity
form of the NGF receptor may require
additional intracellular proteins to interact
with NGF (23, 25, 27, 28) or that an
additional unidentified molecule or mole-
cules may independently mediate the high-
affinity response (9). The 160-kD species
cross-linked to NGF in PCl12 cells and
sympathetic neurons (22, 23, 29) (Fig. 2) is
not recognized by antibodies to p75NSFR
(18, 25). This 160-kD species comprises
NGF plus a molecule of approximately 145
kD. This 145-kD protein has been referred
to as the high affinity NGF receptor and
contains phosphorylated tyrosine residues
(25). Our results now indicate that the 145-
kD protein is pl40P™°"* NGF plus
p140P™*°* corresponds in size to the high
molecular weight cross-linked species in pri-
mary sympathetic ganglia and cell lines of
neuronal origin, PC12, LA-N-5, and SY5Y.
In these cell lines NGF also causes tyrosine
phosphorylation of pl40P™©°*.  Thus,
p140P™* binds NGF directly, even in
cells that do not contain p75NSFR (trk-
expressing NIH-3T3 cells): p140P™*"* can
bind NGF independently of the low affinity
p75NSFR and of neural cell-specific factors.
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Fig. 3. Equilibrium binding analysis of NGF to cell membranes prepared from rtrk-3T3 cells. Binding
of '**I-labeled NGF was analyzed in membrane preparations by filter binding as described (29).
Reactions were carried out in triplicate in the presence or absence of excess unlabeled NGF (5 uM) (to
assess nonspecific binding) with 10 ug of membrane protein for 1 hour at 30°C and filtered under
vacuum through Millipore HVLP filters. Specific binding was over 80% of total binding. (A)
Saturation binding curve. (B) Data in (A) plotted according to the method of Scatchard. Only values
above 50% specific binding were used. The LIGAND program was used to determine K.

Although the 160-kD species containing
cross-linked NGF has been previously iden-
tified, its precise role in NGF-mediated
events has remained controversial. This spe-
cies has been referred to as the high affinity
NGF receptor. Other investigators have ar-
gued (29), on the basis of biochemical data,
that one NGF receptor (p75™*®) can ac-
count for both binding affinities in PC12
cells. In addition, the 160-kD species has
been suggested to include p75NSF® plus
additional intracellular factors (30).

Our results demonstrate that the 140-kD
trk gene product (p140P***) can function
as an NGF receptor in PC12 cells and in
trk-expressing NIH-3T3 cells. However, un-
der our experimental conditions p140QP*
alone does not have the binding character-
istics of a high affinity NGF receptor. In-
deed, the K, observed for pl40Prrx js
similar to that observed for p75™S*®, Thus,
the  160-kD  cross-linked  species
(p140P™* plus NGF) does not by itself
seem to constitute the high affinity receptor.
However, because p140P**°"* alone can be
activated by NGF, albeit with a low binding
affinity, conditions may exist where
p140Pro° acts independently of p75™CFR
(18) and a reinterpretation of previous ex-
periments predicated on the expression of

75NCGFR may be necessary. Therefore,
PC12 cells contain two different receptors
each of which can bind NGF. It remains to
be demonstrated whether these molecules
interact or act independently to mediate
NGEF responses (18).

During postimplantation embryonic de-
velopment trk mRNA is expressed only in
neural crest-derived sensory neurons
(DRG, trigeminal, superior, and jugular
ganglia) (4). These sensory neurons all dis-
play trophic responses to NGF, a result
consistent with mediation of NGF responses
by pl40P®r* However, trk transcripts
cannot be detected in other sites where
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NGF-responsive neurons have also been
identified, such as sympathetic ganglia and
brain. This may be because rk is expressed
in amounts that are below our threshold of
detection in embryonic brain and sympa-
thetic ganglia or that trk expression does not
appear in these cells until very late prenatal
development (or after birth). Sensory neu-
rons require NGF during early development
but are less dependent on NGF in the adult,
whereas sympathetic neurons are most
NGF-dependent in late embryogenesis and
in the adult (10, 31). In fact, in situ experi-
ments with ¢k cDNA probes in adult mouse
brain show trk transcripts in a small number
of neurons in the basal forebrain region
where we had not previously detected
expression in the embryo (32).

In vertebrates, TK receptors first came

under scrutiny on the basis of their partici- -

pation in neoplastic transformation (33, 34).
Analysis of nononcogenic forms of these
receptors led to a general view of TK recep-
tors (such as platelet-derived growth factor
receptor and fibroblast growth factor recep-
tor) as mediators of mitogenic signals (34,
35). Indeed, ligands and normal substrates
of TK receptors can also be proto-onco-
genes or modulators of proto-oncogene ac-
tivity (for example, Sis, Raf, and GAP) (36,
37). However, in Drosophila melanogaster,
TK receptors function in the transduction of
morphogenic signals. Thus, sevenless en-
codes a TK receptor required for the forma-
tion of retinal photoreceptor number seven,
while forso encodes a TK. receptor that me-
diates signals leading to the anteroposterior
orientation of embryonic terminal structures
(38). No-associated mitogenic activity has
been reported for the sevenless or torso gene
products.

Our present observations indicate that
nonmitogenic signal transduction is not
unique to invertebrates and that p140P™©™*
mediates cell differentiation and survival sig-

nals rather than mitogenic signals (4, 5). Itis
unlikely that p140P**™ will be an isolated
example of a TK receptor providing a mech-
anism for neurotrophic signal transduction.
The products of trkb and other members of
the trk gene family are likely to mediate
related neurotrophic signals as receptors to
NGF-related neurotrophic factors (such as
NT-3, and BDNF). TK receptors that are
not members of the trk subfamily may also
have neurotrophic functions. Thus, the
product of the proto-oncogene c-kit, a TK
receptor, may provide nonmitogenic devel-
opmental signals in certain tissues, including
the neural tube and brain (39).

Intracellular substrates of TK receptors
include phospholipase C—y, Raf-1, Ras-
GAP, and PI-3 kinase (34). Indeed, tyrosine
phosphorylation of PLC-y in PC12 cells by
p140P*_associated tyrosine kinase activ-
ity has been observed and P1-3 kinase activ-
ity is induced by NGF (40). However, it is
unlikely that known TK substrates, such as
PLC-y, which are activated by various TK
receptors, articulate the signals that distin-
guish a p140P™*"*-mediated neurotrophic
response from TK-mediated mitogenic re-
sponses (34). The wealth of existing bio-
chemical information and expertise that has
been - generated through identification of
tyrosine kinase substrates can now be direct-
ed toward identifying new substrates of
p140P ™ and should allow advances in
understanding how neurotrophic signals are
transmitted.

The trk gene product may only be the first
of a host of as yet unidentified TK receptors
that are utilized in vertebrate embryonic
cells of neural and other lineages to mediate

“the subsequent molecular steps toward ter-

minal cell differentiation.
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Induction by NGF of Meiotic Maturation of Xenopus
Oocytes Expressing the trk Proto-Oncogene Product

ANGEL R. NEBREDA, DIONISIO MARTIN-ZANCA,* DAvVID R. KAPLAN,

Luis F. PArRADA, EUGENIO SANTOST

The effect of nerve growth factor (NGF) was assessed in Xenopus oocytes expressing
the human trk proto-oncogene product, pl40P ™ Qocytes injected with trk
messenger RNA expressed polypeptides recognized by antibodies to the trk gene
product. Exposure of these oocytes to nanomolar amounts of NGF resulted in specific
surface binding of '2°I-labeled NGF, tyrosine phosphorylation of p140P**°™*, and
meiotic maturation, as determined by germinal vesicle breakdown and maturation
promoting factor (p34°92) kinase activation. Thus the trk proto-oncogene product can
act as a receptor for NGF in a functionally productive manner.

HE MEMBERS 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”

phosphorylation and tyrosine kinase activ-
ity of the #k proto-oncogene product
(p140Pr°rk) in PC12 cells (4), suggesting
that this protein may transduce NGF sig-
nals. In Xenopus 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-oncogene in
Xenopus oocytes by injecting them with trk
mRNA synthesized in vitro and analyzing
the biochemical and biological effects pro-
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duced by NGF in these oocytes.

A cDNA fragment coding for the com-
plete human ¢k 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-ras"*'? 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 ¢k mRNA
(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 immunoprecipitation of ly-
sates of radiolabeled, injected oocytes with
specific antibodies (Fig. 1BJ. Immuno-
precipitation with two different antibodies
to either the whole p70*™* oncogene protein
(10) (lanes 1 and 2) or the COOH-terminal
region of pl40P®* (8) (lanes 3 and 4)
revealed significant de novo accumulation of
two polypeptide bands of 110 and 140 kD
(Fig. 1B, lanes 2 and 4) that corresponded
in size to the glycosylated protein products
of human trk (8). The antibodies did not
react with these molecules in control oocytes
injected with water (lanes 1 and 3).

Expression of p21™° in oocytes was car-
ried out in a similar manner by injecting the
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