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Fig. 5. Two-dimensional theoretical representa- 
tion of the mechanism of function of SP-B protein 
in the PL monolayer. The hydrophilic, charged 
residues interact with polar head groups of the 
PL, whereas the hydrophobic stretches of the 
peptide interact with the acyl side chains. These 
interacting forces induce stabhation of the PL 
layer, providing greater capacity to resist surface 
tension or alveolar collapse. 

spectroscopic data, published separately (1 I), 
showing that RL, and SP-B peptide 59-81 
com~lex with PL to form a denser head 
group packing order than that demonstrated 
by PL alone and provide increases in inter- 
molecular and intrachain order of the PLs. 
These data are consistent with the observa- 
tions of Baatz et al. (12) showing that bovine 
SP-B induces an increased ordering of the 
polar surface of DPPC-DPPG membrane bi- 
layers. 

The data support a concept that electro- 
static charges of the intermittent hydrophilic 
residues of SP-B interact with the PL polar 
head groups and that stretches of hydropho- 
bic residues interact with acyl side chains of 
the PLs to induce increased lateral intermo- 
lecular order. The electrostatic interactions 
are essential for surfactant function. These 
relationships are depicted in Fig. 5. The 
combination of these simplified peptides 
and DPPC-POPG provide excellent surfac- 
tant in 27-day-old fetal rabbits and 130-day- 
old fetal rhesus monkeys (13). The simpli- 
fied peptide surfactant could serve as an 
excellent material for replacement therapy in 
respiratory distress syndromes. 
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Phosphorylation of c-Src on Tyrosine 527 by Another 
Protein Tyrosine Kinase 

The protein tyrosine kinase activity of the cellular Src protein is negatively regulated by 
phosphorylation at tyrosine residue 527 (TyrSz7). It has not been established whether 
this regulatory modification of Src is mediated by autophosphorylation or by another 
cellular protein kinase. The phosphorylation of a modified form of c-Src that lacks 
kinase activity was examined in mouse cells that do not express endogenous Src 
(because of the targeted disruption of both src alleles). Phosphorylation of the inactive 
form of Src on Tyr527 occurred to a similar extent in cells lacking endogenous Src as 
it did in cells expressing Src. Therefore, Tyr527 phosphorylation, and thus negative 
control of Src kinase activity, is mediated by another cellular protein tyrosine kinase. 

family 
nases. 

HE C-SRC PROTEIN IS A 60-KD CEL- 

lular protein tyrosine kinase that has 
served as the prototype member of a 
of cytoplasmic protein tyrosine ki- 
The c-src protein is the cellular ho- 

molog of the v-src oncogene product en- 
coded by the Rous sarcoma virus. The 
specific activity of c-Src is 4 to 50 times 
lower than that of v-Src and other oncogenic 
variants of Src (1, 2). Wild-type c-Src is 
phosphorylated on Tyr527 ( 3 ) ,  whereas on- 
cogenic, activated variants of c-Src show 
severely reduced or undetectable phosphor- 

ylation at this site (2, 4, 5 ) .  The kinase 
activity of c-Src appears to be negatively 
regulated by phosphorylation at TyrSz7. De- 
phosphorylation at this site causes a 10- to 
20-fold enhancement of catalytic activity (6, 
7), and amino acid substitutions at residue 
527 cause an increase in kinase activity and 
an activation of the transforming potential 
of c-Src (8). Lastly, the activated form of 
c-Src that is associated with middle T anti- 
gen of polyoma virus is not phosphorylated 
on Tvr527 ( 9 ) .  

\ ,  

It is not clear whether Tyr527 is phosphor- 
ylated by an autophosphorylation event or by 

J E. Thomas and J. S. Brugge, Howard Hughes Medical 'other' tyrosin' ku;ase ' 'dudally pursed 
Institute, Department of Microbiology, University of c-Src is inefficiently phosphorylated on 
Pennsylvania, School of Medicine, Philadelphia, PA , 0 7  n~ Tyr527 in vitro (even after removal of the 
171Vf. 

P. Soriano, Howard Hughes Medical Institute, Institute endogenous phosphate from ~ y r " ~ ) ,  indicat- 
of Molecular Genetics, Baylor College of Medicine, ing that Tyr527 may be phosphorylated by 
Houston, TX 77030. 

another cellular enzyme (7, 10). Modified 
*To whom correspondence should be addressed. forms of C-Src lacking kinase activity were 
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phosphorylated on T T  to the same extent 
as was wild-type c-Src (11, 12). However, 
because endogenous c-Src was expressed in 
the cells used in these experkents, the possi- 
bility remaiwd that the endogenous active 
enzyme could be responsible fbr intecmolec- 
ular phosphorylation of inactive exogenous 
c-SK. 

Chicken c-Src has also been expressed in 
lower eukaryotic cells so that the phosphor- 
ylation of c-src could be in~es&~ated- in 
phyletically distant cells that do not express a 
TYrsZ7 kinase. The d t s  were equivocal: 
wild-type chicken c-Src e x p d i n  yeast 
cells was phosphorylated at Ty?27, albeit to 
a limited extent relative to the amount of 
phosphorylation in avian cells (13, 14). The 
low stoichiometry ofphosphorylation at this 
site [5 to 10% (13), compared to >90% in 
avian cells (3)] could be interpreted as evi- 
dence that another kinase is responsible fbr 
the majority of phosphate incorporation at 
T d Z 7  in avian cells or that veast cells do not 
";Press factors that hdlita& autophosphor- 
ylation in avian cells. 

To examine the mechanism of 
phosphorylation in vertebrate cells wikout 
the interference by endogenous Src, we es- 
tablished cell lines hmmouse  embryo fi- 
broblasts lacking endogenous SK (1 5). Cells 
from such embryos, 1 and 6, and a normal 
embryo, 8, were subsequently immortalized 
at passage thrce by ideaion with a recom- 
binant retrovirus encoding the large T anti- 
gen of SV40 (1 6). After passage 17, these 
cell lines (designated IT, 6T, and 8T) were 
tested for expression of c-Src. The c-Src 
protein immunoprecipitated with monodo- 
nal antibody to Src (anti-SK 327) under- 
goes autophosphorylation at Tyr4l6 in the 
presence of adenosine triphosphate (ATP) 
and M8+ (10, 17). Such autophosphoryl- 
ation of Src was not detected in cells derived 
from either done 1T or done 6T (Fig. 1A) 
but was found in immunoprecipitates from 
done 8T, which expresses C-Src. This result 
codinned that there was no c-Src activity in 
the 1T and 6T cell lines (18). 

The IT, 6T, and 8T cell lines were infect- 
ed with a murine retrovirus encodmg a 

Fig. 1. (A) Analysis of 
c-Src kinasc advity in Src 
cells containing or la&- 
ing c-Src. Cds from Luu- 
doses ladring Src, 1T 
(lanes 1 and 4) and 6T 
(lancs 2 and 5), and from 
the done conminim en- 
dw-src,=I~ 
3 and6), werelysedand 
immunopraipitated with 
anti-Src 327 (lancs 1 to 
3) or with antibody to 
mouse immunoglobulin 
G (IgG) bound to forma- 
lin-6xed Stapky- 
a u m  (Pansorbin, Calbi- 
ochem, La Jolla, CaMor- 1 2 3 4  5 6  
nia) (h 4 t6 6). Pri- 
marv embrvonic mouse 
fibnhsts &re isolated from El8 stage embryos as described (26). Animal cart was provided in 
aawdancc with Baylor College  of^& g~idclincs. Gcnotypa k& Qtcrmined from DNA isolated 
fiom fetal liver using the Src   robe A ( 15). After two mswcs. cells were hfmtcd at multi~liatv of 0 .  with 
~ i ~ ~ e x ,  a retmvid-c;ector dk ~ ~ 4 0  T under the control of the'~oIbney murine 
leukemia virus long tcnninal repeat (16). I m m o M  cdls werc established a h  multiple passages and 
maintained by passage at 1:20 dilution every 3 days. Cdl cultum at 90 to 100% confluency were lysed in 
radioimmuwprecipitation assay (RIPA) buffer (1 7), and c-Src was immunoprecipitated from 750 pg of 
protein extract with 0.1 pg of anti-Src 327 (From ascites fluid) and 1 pg of antibody to m o w  IgG from 
rabbit (RAM) (Cappel, Wmchmer, P ~ l v a n i a )  bound to P-11 (17). In vim kinase reactions 
were performed after immunoprecipitations by resuspension of the c-Src bound to Pansorbin in reaction 
mix (5 pCi [y-3ZP]ATP (New England Nuclear, 5000 Ci/mmol), 10 mM a% (pH 7 3 , s  mM MnC12, 1 
p M  ATP) for 15 min at 4°C as described (17). The reaction products were subjected to elecnophorrsis 
on polyacrylarnide gels (7.5%). The gel was dried and then exposed at -70°C to XAR-5 film (Kodak) and 
enhanced with W o n t  Cronex Liming-Plus intenslfylng screens for 4 days. (B) Analysis of chicken 
c-SrcK295R in vim kinase activity from i n f d  lT, 6T, and 8T cells. Cck (I@) were infected with 1 
ml of a stock solution of murine mvirus, LNCX c-SrcK295R (27). RIPA lysatcs (750 kg of protein) 
fi-ominfected 1T (lanes 1 to 3), 6T (lanes 4 to 6), and ST (lanes 7 to 10) cells were immunoprecipitated 
with 1 pl of 1:100 dilution of ascites fluid contain& the antibody spacific to Src from chicken (EC10) and 
1 pg of RAM (lanes 1,4, and 7), 0.1 pg of anddrc 327 and 1 pg &RAM (lanes 2,5, and 8), 5 p1 of 
polydonal rabbit antiserum SrdI (lanes 3, 6, and 9), or 1 pg of RAM alone (lane 10). These 
immunoprecipitans were muspe&d in the in viao kinase reaction mix as desuibed above and m t e d  
by a gel elecnoihorcsis (7.5% gel). Thc dried gel was exposcd for 20 hours at -7042. Ihc 
mobiitv of molecular size markers (in kilodaltons) are noted on the left of each fieurc. Ihc identior ofthe 
110-kLj protein in lanes 3,6, and 9is unknown, but its abundance does not cm"late with the ambunt of 
Src expression 
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chicken C-Src variant that contains an argi- 
nine substitution for LysZ9'. This substitu- 
tion inactivates the catalytic activity of c-Src 
by altering the ATP binding site (12, 19, 
20). Assays of in v im autophosphorylation 
were perfbrmed after immunoprecipitation 
with an antibody to Src (anti-Src EC10) 
that exclusively recognizes the avian form of 
Src (21). No autophosphorylation of Src 
was detected in the Src-EC10 immunopre- 
cipitates from lysates of any of the cells 
expressing the c-SKK295R variant (Fig. 
1B). As positive controls, the lysates were 
incubated with anti-Src 327 or the polydo- 
nal antiserum, SrdI, which r e c o ~  the 
COOH-twminal sequences of the Src, Fyn, 
and Yes protein tyrosine kinases (22). The 
60-kD band immunoprecipitated with SrdI 
antiserum showed diminished activity in the 
1T and 6T cell lysates, consistent with the 
loss of Src activity and with the detection of 
residual Fyn. (p62'" was not detested in 
these cells with this antiserum.) These assays 
confirmed the absence of endogenous Src in 
these infected cells and verified the lack of 
activity of the exogenous c-SrcK295R pro- 
tein. 

lT, 6T, and 8T cells infected with the 
retrovirus encoding c-SrcK295R were met- 
abolically labeled with 32P-labe1ed ortho- 
phosphate, and the avian c-SrcK295R pro- 
tein was immunoprecipitated from cell 
lysatts with anti-SK EClO (Fig. 2A). The 
60-kD c-SrcK295R protein was precipitat- 
ed from the infkted cultures and was not 
detected in the uninfected cultures. The 
6 0 - 0  bands containing c-SrcK295R la- 
beled in vivo were excised from the gel and 
subjected to partial proteolytic digestion 
with s taphylocd  V8 protease (Fig. 2B). 
Three fragments were detected: V2, a 26- 
kD fragment that contains Tyt527 and 
Tyr416 [the site of both in viao phosphoryl- 
ation (10) and the site of in vivo phosphor- 
ylation in oncogenic variants of Src (2, 4, 
S)], and V3 and V4, 18-kD and 16-kD 
fragments that contain Ser", the site of 
phosphorylation by adenosine 3',5'-mono- 
phosphate (cAMP)-dependent protein ki- 
nase (23). In cells that contain endogenous 
c-Src, c-SrcK295R is phosphorylated on 
Ty?27 (11, 12). In this experiment, the V2 
fragment from c-SrcK295R was labeled 
with 32P in both cell lines that lack endog- 
enous C-Src. The ratios of 32P labeling of V3 
and V4 relative to V2 was almost identical 
in cells expressing and lacking c-Src. This 
result indicates that the catalytically inactive 
form of c-Src is phosphorylated on a site 
within the COOH-terminal fragment of this 
protein. 

To examine whether the V2 fragment was 
phosphorylated on w2', Tyr4l6, or an- 
other site, 32P-labeled c-SKK295R immu- 
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noprecipitated from cell lysates was cleaved 
with cyanogen bromide (Fig. 3). Tyr527 is 
contained within a 4-kD fragment, Tyr416 

within a 10-kD fragment, and Ser17 within a 
31-kD peptide (12). Wild-type c-Src was 
radiolabeled in vitro to provide a marker for 
the 10-kD peptide containing Tyr416. The 
c-SrcK295R from cells both lacking and 
containing endogenous Src displayed similar 
amounts of 32P incorporation into the 4-kD 
fragment containing Tyr527, indicating that 
both proteins were phosphorylated on 
Tyr527. 

Phosphorylation of Tyr527 was not de-
tectably diminished under conditions where 
intra- and intermolecular autophosphoryl-
ation could not occur. Intramolecular auto-
phosphorylation by wild-type c-Src may ac
count for some of the phosphorylation at 
Tyr527 in vivo; however, the data indicate 
that another cellular tyrosine kinase is re

sponsible for the majority, if not all, of the in 
vivo phosphorylation at this site. 

There is a threefold reduction in Tyr527 

phosphorylation of inactive c-Src molecules 
during mitosis (relative to phosphorylation 
of wild-type Src during mitosis) (20). One 
interpretation of these data is that intramo
lecular autophosphorylation may be respon
sible for Tyr527 phosphorylation. However, 
our data indicate that if intramolecular au
tophosphorylation is responsible for Tyr527 

phosphorylation, the involvement of this 
mechanism must be restricted to mitotic 
cells. Alternate explanations for the reduced 
phosphorylation of inactive Src from mitotic 
cells, such as inaccessibility to a Tyr527 ki
nase or increased susceptibility to Tyr527 

phosphatase, are tenable. 
Identification of the Tyr527 kinase is now 

critical for elucidation of the mechanisms 
involved in this regulatory modification of 

Src. Other members of the Src family of 
tyrosine kinases may phosphorylate Tyr527 

on c-Src, or, alternatively, another cellular 
tyrosine kinase may be responsible for this 
activity. A candidate Tyr527 kinase isolated 
from brain extracts phosphorylates c-Src at 
this site in vitro (24). The gene encoding 
this kinase is homologous to the Src-family 
kinases, but it lacks tyrosine residues at 
positions analogous to Tyr527 and Tyr416 

(25). Whether this enzyme functions in vivo 
to regulate c-Src through Tyr527 phosphor
ylation remains to be determined. Because 
each of the kinases in the Src family contain 
a Tyr residue in a position analogous to that 
of Tyr527, it is possible that a Tyr527 kinase 
could regulate the activity of this family of 
kinases. 
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Dependence of Kidney Morphogenesis on the 
Expression of Nerve Growth Factor Receptor 

Nerve growth factor receptor (NGFR) serves as the binding site for the neurotrophic 
growth factors. Although NGFR has been found in several embryonic tissues outside 
the nervous system, the function of NGFR in embryogenesis of non-neuronal organs 
remains unknown. NGFR is transiently synthesized by embryonic rat kidney and 
disappears from nephrons upon their terminal differentiation. Anti-sense oligonucle- 
otide inhibition of NGFR expression inhibits kidney morphogenesis. Therefore, 
NGFR is required not only for development of the nervous system, but also for 
differentiation of the kidney tubules. 

A FAMILY OF N E U R ~ O P H I C  GROW The metanephric kidney is formed by the 
factors, including nerve growth factor interaction between ureter bud epithelium 
p (BNGF), brainderived neum and the surrounding nephrogenic mesen- 

mphic factor, and n m m p h i n  3 (hippocam- 
pusderived neuromphic ictor), is I;l;ely irn- 
portant for development and maintenance of 
various sets ofneurons (1). It is possible that all 
ofthesefactorsbindtothesamenewegrowth 
factor receptor (NGFR) (2). NGFR is ex- 
pressed on some neurod and glial cells (3), as 
WellasinsweralactultandembtyoIllctissues 
(4-8), indudmg glomeruli ofthe permanent or 
metanephric kidney (4, 8). The function of 
NGFR in the development of these non-neu- 
rod organs remains unknown. 

We have investigated the expression and 
effect of NGFR in the developing kidney. 

Flg. 1.  Expression of NGFR 
in embryonic rat kidneys. (A 
and B) In situ hybridization 
(20) with the 35S-labeled anti- 
sense riboprobe to NGFR 
mRNA. At day 13 (A), ncph- 
rogenesis is initiated around 
the ureter bud (UB) and the 
mesenchyme condenses to 
form the lint nephrons. The 
grainsarcdusmcdinthecon- 
densing mesenchyme. At day 
18 (B), nephrogemis contin- 
ues only in the outer-most cor- 
tex of the embryonic kidmy. 

chyme. The ureter bud induces nephro- 
genic mesenchyme to form the secretory 
part of the nephrons (9, 10). Reciprocally, 
nephrogenic mesenchyme causes the ureter 
bud to branch, thereby forming collecting 
tubules. The ureter bud can be microsurgi- 
cally separated from mesenchyme and re- 
placed by several neural or non-neural em- 
bryonic tissues that effectively trigger 
differentiation of kidney tubules (10, 11). 
Thus, the unknown morphogens of kidney 
tubulogenesis are widespread among em- 
bryonic tissues. 

By in situ hybridization with a 35S-labeled 
rat NGFR riboprobe, NGFR mRNA was 
first detected in the developing rat kidney at 
embryonic day 13 in cell condensates that 
later form nephrons (Fig. 1A). Expression 
was abundant in the embryonic nephrons 
(so called S-shaped bodies, Fig. 1, B and C) 
and ceased a few days after birth upon 
terminal differentiation of nephrons. A sim- 
ilar pattern of NGFR expression was also 
revealed by indirect irnmunoperoxidase 
smining with monoclonal antibodies 
(MAbs) to rat NGFR (Fig. 1, D and E), as 
well as by iodinated-BNGF binding and 
subsequent autoradiography (Fig. 1, F and 
G). In the adult kidney, NGFR expression is 
limited to speciiic non-epithelial cell types 
such as mesangial cells of the glomerulus, 
nerve fibers, and the adventitia of blood 
vessels (4). Expression of NGFR in the 
nephrons was transient and began during 
induction of the nephron. 

Two classes of NGFR have been character- 
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