
(IS), hrther tests will be needed to deter- 
mine whether this is the process used in 
human vision. 

Second, not every relevant scene property 
had an influence on search. Experiments 2 
and 3 showed that the direction of viewing 
had no effect on how easily a target could be 
found. We have run additional tests that gener- 
alize this result for blocks rotated 60" and 90" 
&om those used in experiments 2 and 3. 

Third, our experiments showed that visu- 
al search can be influenced by the direction 
of lighting in the items, although other 
scene properties may also be involved (16). 
As such, our results are consistent with 
reports (10, 17) that viewers are able to 
assign the correct direction of lighting to a 
scene only on the basis of intensity gradients 
in an image. However, our results support 
two stronger claims: (i) that preattentive 
processes determine lighting direction for 
objects in parallel over the image and (ii) 
that it is the deviation from the standard 
direction that is detected most readily. We 
also note that these effects did not require 
intensities to be varied smoothly (10, 17)- 
three intensities were sufficient. Perhaps the 
underlying processes make use of the fact 
that direction of lighting can be calculated 
by using only the orientations of the lines 
and the intensities of the three regions at 
each vertex in the image (18). 

Taken together, these experiments imply 
that visual search has access to a level of 
representation that describes several proper- 
ties of the three-dimensional scene. There- 
fore, search cannot be based entirely on the 
simple properties thought to be encoded at 
the earliest stages of cortical processing (for 
example, two-dimensional orientation, con- 
trast, and motion registered by neurons in 
area 17). Either these cells are also sensitive 
to scene-based properties, or else visual 
search must access areas higher in the corti- 
cal hierarchy. In addition, these finhngs 
suggest that computational studies of vision 
should examine the extent to which scene 
properties can be computed in parallel early 
in the visual stream (19). 
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Growth Factors Induce Phosphorylation of the 
Na+/H+ Antiporter, a Glycoprotein of 110 kD 

The Na'/H+ antiporter, which regulates intracellular pH in virtually all cells, is one of 
the best examples of a mitogen- and oncogene-activated membrane target whose 
activity rapidly changes on stimulation. The activating mechanism is unknown. A Na+/ 
H +  antiporter complementary DNA fragment was expressed in Escherichia coli as a P- 
galactosidase fusion protein, and a specific antibody to  the fusion protein was 
prepared. Use of this antibody revealed that the Na+/H+ antiporter is a 110-kilodalton 
glycoprotein that is phosphorylated in growing cells. Mitogenic activation of resting 
hamster fibroblasts and A43 1 human epidermoid cells with epidermal growth factor, 
thrombin, phorbol esters, or  serum, stimulated phosphorylation of the Na+/H+ 
antiporter with a time course similar to  that of the rise in intracellular pH.  

HE NA+/H+ ANTIPORTER IS A 

widespread plasma membrane trans- 
porter that regulates intracellular p H  

(pHi) (1, 2) and is important in signal 
transduction. Its biochemical ground state is 
modified by oncogenic transformation and 

Centre de Biochimie-CNRS, Parc Valrose, 06034 Nice, 
France. 

in response to a wide variety of external 
signals (including sperm, phorbol esters, 
lectins, growth factors, hormones, neuro- 
transmitters, and chemotactic peptides) (3- 
5), resulting in a persistent cytoplasmic alka- 
linization (6). This induced pH. change, 
which is most evident in the absence of 
bicarbonate (7, 8) ,  results from an increased 
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at7inity of the antiporter for H+  at the 
internal H+-regulatory site (2, 9, 10). To 
determine whether activation of the anti- 
porter is mediated by a phosphorylation- 
induced conformational change (3, 11), we 
developed a specific probe for the anti- 
porter. 

The nucleotide sequence of the largest 
open reading frame of the human Na+/H+ 
antiporter cDNA predicts a protein of 815 
amino acids with ten putative transmem- 
brane segments followed by a long hydro- 
philic COOH-terminal sequence (11-13). 
To confirm this topological model, we con- 
structed a fusion protein (Fig. 1A) of fiche- 
richia coli p-galactosidase and the last 157 
amino acids of the hydrophilic domain (12, 
13). Antibodies raised against this fusion 
protein detected a single band of 105 to 110 
kD only in cells expressing Na+/H+-ex- 
change activity (Fig. 1, B and C). The 
PS200 clone of Chinese hamster lung 
(CHL) fibroblasts, which has no endoge- 
nous Na+/H+ antiporter activity (14), has 
been stably transfected with the human 
Na+/H+ antiporter cDNA under the con- 
trol of the mouse mammary tumor virus 
long terminal repeat (MMTV LTR)-induc- 
ible promoter (12). After induction with 10 
nM dexamethasone, we detected in the 
transfectant PS201 de novo expression of a 
105- to 110-kD protein (Fig. lB, lanes 1 
and 2) that paralleled a 15-fold induction in 
Na+/H+ antiport activity (15). The clone 
PS127A, in which expression of the antiport 
protein was more prominent (Fig. lB), 
overexpresses the transfected human Na+/ 

H+  antiporter cDNA (15). This done is 
derived from PS120, another CHL Na+/H+ 
antiportdeficient mutant (14). By immun- 
oblotting, we also detected a protein of 
identical mobility in nontransfected CHL 
fibroblastderived clones; the responses var- 
ied from undetectable for PS120, to weak 
for CCL39 parent cells, and to strong for 
DD12, which has a high Na+/H+ antiport 
activity (15). The antiporter was found to be 
glycosylated (Fig. 1C); treatment with neur- 
aminidase and endoglycosidase F reduced 
the apparent size of the protein from 110 to 
90 kD, whereas endoglycosidase H had no 
effect. These results are consistent with the 
existence of two potential N-linked glycosy- 
lation sites in the amino acid sequence (12) 
and confirm the recent observation that 
endoglycosidase F treatment of renal brush- 
border membranes specifically reduced the 
rate of Na+/H+ exchange (16). The higher 
apparent molecular mass (120 kD) for the 
corresponding protein detected in the hu- 
man epidermoid cell line A431 (Fig. 1B) 
could reflect differences in glycosylation be- 
tween CHL and A431 cells. 

The human antiport protein expressed in 
stably transfected CHL fibroblasts was lo- 
calized to the plasma membrane (Fig. 2). 
The pattern of cell fluorescence was diffuse 
with increased intensity at the cell periphery 
and lamellipodia. Permeabilization of the 
cells was required to detect immunoreactiv- 
ity. This result is in accordance with our 
model, placing the long hydrophilic stretch 
containing the antigenic epitope inside the 
cell (12). 

Fig. 1. Immunological detection of the Na+/H+ 
antiporter. (A) Topological model of the Na+/H+ 
antiporter showing the segment chosen to con- 
struct the antigenic fusion protein (25). (B) Im- 
munoblotting analysis of membrane proteins 
from the CHL-derived dona  PS201 (lanes 1 and 
2) and PS127A (lane 3) and from A431 cells (lane 
4). PS201 cells were grown in absence (lane 1) or 
presence of 10 nM dexamethasone for 24 hours 
(lane 2). Arrowhead represents the phosphoxylase 
b standard molecular size in kilodaltons. (C) Im- P-gal 
munoblotting of PS127A membrane proteins af- 
ter various glycosidase treatments: lane 1 (no 
treatment), lane 2 (neuraminidase treatment), and 
lane 3 (neuraminidase and endoglycosidase F 
treatments). Membrane proteins (100 pg) were 
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incubated for 4 hours at 8°C with 0.02 units of B , c1  2 3 
neuraminidase or with 0.25 units of endo-P-N- 
acety~lucosaminidase F or with both enzymes 
(~&6rin~er  Mannheim). Arrowheads represent 
the molecular size of the three forms. For immu- 97, 
noblotting, crude membrane proteins were sepa- 
rated on S~~-pol~acxylamid~ gels, electrotrh- 
ferred to nitrocellulose filters, and immunoblot- 
ted as described (26) with a 5 X dilution of 
the RP1-c28 antiserum and 1251-labeled protein 
A. Membrane proteins (50 pg) were applied to 
each lane and separated by electrophoresis on 
7.5% SDS-polyacrylamide gel under reduced conditions. With the exception of the human epidermoid 
cell line A431, the cells used in this study are all derived from E L 3 9  CHL fibroblasts (ATE) .  The 
properties of the CHL-derived clones are described in the text. 

Flg. 2. Immunolocalization of the human Nafl 
H+ antiporter functionally expressed in CHL 
fibroblasts. PS120 cells transfected with the vec- 
tor control (A) and PS127A cells that express the 
transfected human antiporter gene (B) were fixed 
with 3% paraformaldehyde and permeabhd 
with 0.2% Triton X-100. The cells were then 
incubated with &ity-purified RPl-c28 anti- 
bodies (1 pglrnl) and fluorescein-conjugated anti- 
bodies to rabbit immunoglobulin G (Biosys, 
Campi$gne, France; dilution 11200). 

The Na+/H+ antiporter is a phosphopro- 
tein. When CHL fibroblast and A431 cell 
lines were grown in the presence of 
[32~]orthophosphate, lysed, and then sub- 
jected to immunoprecipitation and SDS- 
polyacrylamide gel electrophoresis (SDS- 
PAGE), a single phosphoprotein was appar- 
ent (Fig. 3). This phosphoprotein is the 
Na+/H+ antiporter because it had the same 
mobility as that revealed by immunoblotting 
(105 to 110 kD for CHL and 120 kD for 
A431 cells), and the intensity of the irnrnu- 
noprecipitated material paralleled expression 
of the Na+/H+ antiporter in the various 
CHL fibroblastderived cell lines: no signal 
was detected in PS120 cells, which lack 
Na+/H+ antiport activity; a weak signal was 
present in the parent CCL39 cells; and a 
stronger signal was detected in the over- 
expressor DD12 cell line. The lines PS127A 
and DD12 have equivalent Na+/H+ anti- 
port activity (10 to 15 times as large as that 
of the parent), yet a drastic difference in the 
amount of phosphoprotein present was de- 
tected (Fig. 3, lanes 3 and 4). We believe 
this result reflects a difference in immunore- 
activity between species as, in contrast to 
DD12, the CHL-derived clone PS127A ex- 
presses the human antiport protein. By la- 
beling exponentionally growing PS127A 
cells to equilibrium with [32~]orthophos- 
phate and [35S]methionine of known specif- 
ic activity, we estimated the stoichiometry of 
phosphorylation of the Na+/H+ antiporter 

SCIENCE, VOL. 247 



to be -1 mol of phosphate per mole of 
antiporter. 

w e  next analyzed the capacity of growth 
factors to modify the phosphorylation state 
of the exchange protein. Two distinct trans- 
membrane signal mechanisms operate in 
many cells including secondary cultures of 
CHL fibroblasts (17). For instance, epider- 
mal growth factor (EGF) and thrombin use 
two main separate signaling pathways (17, 
18). Because the CHL fibroblast cell line 
CCL39 gives only a weak response to EGF, 
we constructed ER22. a CCL39-derived 
done that expresses a large number of hu- 
man EGF receptors. In this new line of 
CHL fibroblasts, EGF can cause inositol 
lipid breakdown; however, its capacity to 
activate phospholipase C remains, at least, 
98% lower than that of thrombin (19); in 
contrast, EGF and thrombin are equally 
potent for inducing mitogenesis. After a lag 
of 2 min, both EGF and thrombin induced a 
rise in pHi that peaked at around 10 min,. 

declined slightly thereafter, and persisted as 
long as the stimulus was maintained (Fig. 
4 . )  (6). The in vivo state of phosphoryl- 
ation of the Na+/H+ antiporter was ana- 
lyzed under the same conditions of mitogen- 
ic stimulation by immunoprecipitation. Af- 
ter a lag of at least 2 min, EGF and throm- 
bin stimulated the phosphorylation of the 
Na+/H+ antiporter in Go-arrested ER22 
cells. Both EGF- and thrombin-stimulated 
phosphorylation occurred on serine residues 
(20). Because this growth factor stimulation 
was also observed when cells were labeled to 
equilibrium with 3 2 ~  (40 hours), the in- 
creased 3 2 ~  incorporation into the antiporter 
must reflect phosphorylation of new sites on 
the transporter. Fetal bovine serum and 
phorbol esters that activate the antiporter 
also stimulated its phosphorylation (Fig. 
4B). Identical results were obtained in qui- 
escent CCL39 cells stimulated with serum 
or in A431 cells stimulated with EGF (21). 

Thus growth factors such as EGF that 

Fig. 3. Irnrnunoprecipitation of the Na+M+ antiporter 1 2 3 4 5 6 
from cells labeled with [32P]orthophos hate. Autoradio- 

-ica 
gram of innnunoprecipitates separated gY electrophoresis 
on an SDS-7.5% polyacrylamide gel under reducing 
conditions. The protein content of a confluent cell layer 
from a 100-nun dish was applied to each lane. The cell 
d o n a  used were PSI20 (lane l), CCL39 (lane 2), 
DD12 (lane 3), PS127A (lanes 4 and 5), andA431 (lane 
6). Lane 4 is the same as lane 5 except that the cells were 
labeled with 32P for 1 and 20 hours, respectively. Cells 
grown to confluence in 100-nun dishes were labeled 
overnight in culture medium containing 10% fetal bo- 
vine serum (FBS) and 100 ph4 [32P]orthophosphate 
(100 pcilml). Cells were then washed with ice-cold 
phosphate-buffered saline (PBS), and membrane pro- 
teins were extracted as described (27). 

Fig. 4. Intracellular pH (A) and in vivo phospho- A 
rylation (B) of the Na+/H+ antiporter in mito- 
gen-stimulated quiescent fibroblasts. These ex- 0 3 
periments were conducted on ER22, a CCL39- 
derived clone that expresses 800,000 human EGF 
receptors (19). E m 2  cells were rendered q u i  O 2  fi 
cent by a 17-hour incubation in serum-free medi- 
um and were then stimulated with 40 nM EGF, 5 o., - 10 nM thrombin, phorbol ester (PMA) (100 ng/ 4 

ml), or 10% FBS. IntraceUular pH and in vivo 
phosphorylation were measured on parallel cul- 0 -I. 
tures and under the same conditions of stimula- 
tion. (A) For pH detenninations, quiescent cells 
grown on 12 multiwell plates were incubated for -0.1 - O 30 O 30 
30 min in bicarbonate-free culture medium buff- Time (min) 
ered with 20 mM Hepes (pH 7.4). The medium 

EGF Thrombin 
PM A 

was replaced with medium containing [14C]ben- 
zoic acid at time 0, and mitogen-induced pH rfRs 
changes were calculated as described (28). Error 
bars (+SEM) are based on triplicate determina- 
tions. (B) For inmuno recipitation, quiescent I 

ER22 cells were labeled t!r 5 hours in b~carbon- 97 

ate- and phosphate-free cultbre medium contain- 
ing loo ph4 [32Plortho~hos~hate (loo pcilml) ~i~~ 0 2 10 30 2 10 30 10 10 and buffered with 20 mM Hepes (pH 7.4). Afkr 
mitogenic stimulation, reactions were stopped by 
washing the cells three times with ice-cold PBS, 
and freezing the petri dishes on liquid N2. Pro- 
teins were then extracted, so lub i id ,  and innnunoprecipitated as described (27). Two independent 
experiments have shown identical patterns of stimulated phosphorylation. 

activate receptor tyrosine kinases or growth 
hctors such as thrombin that activate G 
protein-upled receptors increase the 
phosphorylation of the Na+/H+ antiporter 
at serine residues. This finding, similar to 
the phosphorylation of ribosomal protein 
S6 (24, raises the possibility that there is an 
integrator of the diverse output signals coor- 
dinating mitogenic events. Mitogen-activat- 
ed protein kinase (23) or Raf kinase (24) are 
potential candidates for this integrated and 
coordinated response. Our finding that the 
mitogen-induced cytoplasmic ahl inkt ion 
and phosphorylation of the antiporter are 
temporally associated suggests that the set 
point value of the antiporter is rectified by 
phosphorylation. 

- -  
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" ... Where the sped of the elevator ( S ) is inversely pmpodonal to the number of times the 
b u m  is pshed ( pB fknes the fmstration constant ( #). 

SCIENCE, VOL. 247 




