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The Neuronal Growth-Associated Protein GAP-43 
Induces Pilopodia in Non-Neuronal Cells 

The neuron-specific protein GAP43 is associated with the membrane of the nerve 
growth cone and thus may be important to the activity of this distinctive neuronal 
structure. Transient transfcction of COS and NIH 3T3 cells with appropriate vectors 
resulted in expression of GAP43 in these non-neuronal cells; as in neurons, trulsfect- 
cd GAP-43 associated with the membrane. In addition, many long fine 6lopodiaI 
processes extended h m  the periphery of rmch trandectcd cells. Stabk CHO cell lines 
expressing GAP-43 also exhibited processes that were more numerous, far longer, and 
more complex than those of  CHO cell lines not transfected or transfected with control 
plasmids. Thus GAP43 may directly contribute to growth cone activity by regulating 
cell membrane structure and enhancing extension of filopodial processes. 

T HE PROTEIN GAP-43 IS NEURON- 

specific and is associated with the 
membrane of erowth cones. Al- 

though its specific cell& function is un- 
known, it has been proposed to be impor- 
tant to growth wne function during devel- 
opmen<and to the remodeling of &nal 
connections in the adult. Evidence in sup- 
port of such a role for GAP43 includes (i) 
the coincident ex~ression of GAP43 with 
periods of axonalSelongation and regenera- 
tion in both mammals and amphibia, and 
with neurite growth in PC12 cells (1,2); (ii) 
transport to, and enrichment of, the protein 
on membranes of the growth cone (3); (iii) 
persistence of GAP-43 expression in regions 
of the adult central nervous system believed 
to be important in learning and memory (4, 
5); and (iv) changes in the phosphorylation 

state of GAP-43 in association with long- 
term potentiation (6). This protein has also 
been postulated to play a role in signal 
transduction at the membrane by biding 
calmodulin (7) and regulating the synthesis 
of phosphatidylinositol 4,dbisphosphate 
(8).  

To test the hypothesis that GAP-43 regu- 
lates growth cone function, we introduced 
expression vectors encoding rat GAP-43 
into non-neuronal cells. 1n-such cells the 
function of GAP43 might be more easily 
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Flg. 1. Imrnunofluorescence of 
COS-7 cells m f e c t e d  with (A) 
CD8 or (8) GAP-43. Mock-trans- 
M e d  cells or cells transfected with 
CD8 werc gumally round after 
planng, although some had a few 
shm processes. Process extension, 
as tiom the cell in (B), was only 
seen in cells expressing large 
amounts of GAP-43, although 
there was a spectrum of shapes for 
those cdls with GAP-43; some cells 
had smaller, longer, or fewer pro- 
cases than the cell shown herc, and 
somc, alls did not appear different 
from control cells. Bar, 10 pm ?hc 
expression vectors contained the cy- 
tomegalovirus promoter with ci- 
ther rat GAP43 or CD8. The 
GAP-43 expression plasmid 

(CDM8-GAP) was constructed by inserting rat GAP-43 Eoding sequences (14) at the Xba I sitc of the 
plasmid pCDM8 (15). This plasmid contains the cytomcgalovirus promoter, the simian virus 40 
polyadenyiation signaJ and origin of replication, and the polyoma virus origin of replication. The 
expression vector e n d q  CD8 was of similar constxuction (16). Cells wcrc transfected by DEAE- 
dextran (17). After 48 hours the cells were by trypsinization and plated on cover slips coated with 
poly-D-lysinc (0.1 CL&/pl). The cells were ‘$?=' ed in 3.7% formaldehyde 1 hour after plating. Cover slips 
were incubated for 1 hour in 1% normal goat serum in phosphate-buffered saline and then incubated 
with either rabbit antibody to GAP-43 (5) or the monoclonal antibody OKT8 to CD8 (American Type 
Culture CoUeaion). Appropriate secondary goat antibodies labeled with fluorescein isothiocyanate 
(Cooper Biomedical) werc wd to detcct immune complexes. 
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Brain Control GAP-43 Fig. 2. Protein blot analysis of - 
T C D  GAP-43 in CHO cell lines. GAP- , - ,  
- --, - 43 is detected in the membrane 

pellet of whole newborn rat brain 
116- (Brain, P) and in the membrane 

pellet fraction of the GAP-43 ex- 
84 - pressing CHO cell line 5E4 (GAP- 

58 - 43, P). GAP43 is not detected in 
any fraction of the control line 

49 - P l k  GAP43 is not detected in the 
-- - total cellular homogenate of the 

GAP-43-expressing line because it 
is diluted in total cellular protein. 
S i  amounts of GAP43 are 

37- 
27- 

present in the GAP43 CHO cells 
and in brain membranes. Tisue or 
cells were homogenized in 0.32M 
sucrose and 10 rnM Hepes, pH 7.4. 

These homogenates (T) were ccnmfbged at 1500g for 10 min, and the pellet was discarded. The 
supernatants were ccnmfbged at 100,000g fbr 1 hour to separate the membrane fractions (P) away from 
the cytosolic supernatant fractions (S). Protein (60 pg) was loaded in each lane. Clonal cell lines 
constitutively expressing GAP43 were established after cotransfection of CDM8-GAP and pK0-neo, a 
neomycin resistance expression plasmid (18), into CHO cells by the calcium phosphate coprccipitation 
method (19) with the use of active Geneticin (400 pglml) (Gibco) for selection. For control cell lines 
the plasmid pCDM8 (15) was used instead of CDM8-GAP. Molecular weight markers are in 
kilodaltons and the position of GAP43 is indicated by the arrow. 

Flg. 3. Expression of 
GAP-43 causes changes 
in CHO cell shape. Mi- 
crographs were obtained 
with Nomarski optics of 
CHO cells stably trans- 
fected with CDM8 (I& 
panels) or CDMS-GAP 
(right panels). Control 
cells were essentially 
round, whereas 5 of 19 
cells expressing GAP43 
formed long flopcxba. A 
field of cells is shown in 
the top panels, and indi- 
vidual cells are shown at 
higher magnification in 
the lower panels. Bar in- 
dicates 10 pm for the 
bottom panels and 40 
pm fbr the top panels. 
After cells achieved con- 
fluency they were passed 
with trypsin and plated 
on ply-D-lysinc-coated 
glass cover slips. Conwl 
cell lines are P1B (top 
left) and P2A (bottom 
left), and GAP43-ex- 
pressing CHO cell line is 
14 (both right panels). 

defined because of the absence of endoge- 
nous GAP-43 and other neuron-specific 
molecules. Expression vectors containing rat 
GAP-43 cDNA (legend to Fig. l) ,  or cDNA 
encoding the T cell-specific membrane pro- 
tein CD8 (9) as a control, were used to 
transfect COS 7 cells (10). Cells transfected 
with the vector containing CD8 cDNA were 
analyzed by immunofluorexent labeling 

IIw 

with a monoclonal antibody to CD8. Cells 
t r a n s f d  with GAP-43 cDNA were exam- 
ined with a rabbit antibody to GAP-43 (5). 
In both cases immunoreaaivity was detect- 
ed in 5 to 20% of the cells, depending on 
transfection efficiency, and appeared to be 
membrane-associated. Cells expressing CD8 
were as intensely labeled as those expressing 
GAP-43. However, COS 7 cells expressing 

1A 1B 2A 28 5E 4 12 14 

Cell llne 

Fig. 4. Effect of GAP43 on proccss formation in 
CHO cell lines. Cell lines were obtained as de- 
scribed in the legend to Fig. 2. The percentage of 
cells with processes in CDM&transfectcd lines 
(control) (open bars) and GAP-43-expressing 
lines (solid bars) was assayed by plating CHO 
cdls onto ply-mlysin~oated cwer slips. Cells 
with processes longer than 20 )~m were scored as 
positive. To ensure comparab'f ty all assays were 
performed 30 to 45 rnin after plating, although 
processes could be seen for several hours. All cells 
examined were included, and the number of cells 
counted for the different lines was: 1& 406; lB, 
408; 2 4  287; 2B, 303; SE, 234,4,333; 12,156; 
and 14,161. The proportion of cells with process- 
es in GAP-43-expressing cell lines was signifi- 
cantly greater than in controls (P < 0.001) as 
determined by one-tailed t test. 

CD8 were essentially round (Fig. lA), 
whereas many cells expressing GAP-43 had 
a distinctive structure with processes extend- 
ing from the cell perimeter (Fig. 1B). Long, 
thin processes were associated only with 
cells expressing a large amount of GAP-43. 
A similar association of process outgrowth 
with GAP-43 expression was found when 
WOP cells [3T3 cells expressing polyoma T 
antigen (1 I)] were transfected with CDM8- 
GAP, a GAP-43 expression vector that in- 
cluded the polyoma virus origin of replica- 
tion (legend to Fig. 1). In these transient 
transfection assays, however, the dciency 
of transfection and amount of expressed 
protein vary, making quantitation difficult. 

To overcome these problems we generat- 
ed a series of clonal, stably transformed 
CHO cell lines that constitutively expressed 
GAP-43. Control cell lines were also estab- 
lished. The four cell lines that expressed the 
highest amount of GAP-43, as determined 
by protein blotting (Fig. 2), and four con- 
trol cell lines were M e r  analyzed. 

Cells were examined by Nomarski optics 
immediately after plating and for several 
hours thereafter. Control cells were general- 
ly fbund to be round throughout this period 
(Fig. 3, left panels). On the other hand, cells 
expressing GAP-43 extended filopodial pro- 
cesses that were narrow and between 20 and 
75 pm in length (Fig. 3, right panels). 

SCIENCE, VOL. 24.4 



Filopodia wcrc cvidcnt as early as thc first 
observation time point (about 10 min) and 
persisted for 2 to 4 hours, aftcr which pcriod 
thcy became lcss cvidcnt as the spreading 
cell perimeter extended to encompass them. 
In both control ccll lines and those express- 
ing GAP-43, thc cell perimeter often exhib- 
ited broad, thin, ruffled lamellipodia (Fig. 

3). 
l'roccss formation from four indcpcndent 

cell lines transfcctcd with a control plasmid 
and four independent lines expressing the 
highcst amounts of GAP-43 was dctcr- 
mincd. All four GAP-43 lines expressed 
similar lcvcls of GAP-43 by protein blot 
analysis. All C H O  cell lines expressing GAP- 
43 had a grcater tcndcncy to extend process- 
es than did control cell lines (Fig. 4). 
Whcrcas 14 to 40% of cells expressing GAP- 
43 had processcs longer than 20 ~ m ,  only 3 
to 5% of control cells had proccsscs of this 
length. In addition, 6 to 11% of cells ex- 
prcssitlg GAP-43 had multiple processes 
and only 0.5 to 1% of control cells showed 
this feature. The lengths of the processes in 
cells expressing GAP-43 also cxcccdcd those 
in control cclls. 

One interpretation of our data is that 
GAP-43 contributes a uniquely ncuronal 
structure to these non-neuronal cells. A 
more likely explanation, howevcr, is that 
GAP-43 intcracts with general rncchanisms 
that control cell shapc (12) and thereby 
cnhanccs filopodial extension. Many cclls 
can extend filopodia or lamellipodia, de- 
pending upon several factors, including the 
phase of the ccll cycle, plating conditions, 
and second messenger cotlccntrations (13). 
Thus, although cclls that havc GAP43  tend 
to have more filopodia, this does not provc 
that GAP-43 plays an identical rolc in ncu- 
rons. Such a rolc does not sccm unreasotl- 
able however, given that the movement of 
growth concs is likely mediated by mccha- 
nisms such as cortical actin flow and SCICC- 
tivc adhesion, which are gencral means to 
impart cellular motion (12). 

It has bcen itlferrcd from the localization 
and regulation of GAP-43 that this protcin 
is important to nervc terminal plasticity. 
Our results are consistent with a model 
whercby GAP-43 controls the dynanlics of 
the nerve terminal membrane structure dur- 
ing growth. This system additionally pro- 
vidcs a bioassay that may be used to dissect 
functional regions of GAP-43 and to dctcr- 
mine how the protein may interact with 
second messengers and thc cytoskeletotl to 
cause this particular mcmbranc activity. 
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Three-Dimensional Structure of Human 
Serum Albumin 

The three-dimensional structure of  human serum albumin has been solved at 6.0 
angstrom (A) resolution by the method of  multiple isomorphous replacement. Crystals 
were grown from solutions of  polyethylene glycol in the infrequently observed space 
group P4212 (unit cell constants a = b = 186.5 + 0.5 A and c = 81.0 + 0.5 A) and 
diffracted x-rays to lattice d-spacings of less than 2.9 A. The electron density maps are 
of high quality and revealed the structure as a predominantly a-helical globin protein 
in which the course of the polypeptide can be traced. The binding loci of several 
organic compounds have been determined. 

T HE SERUM ALBUMIN PROTEINS ARE 

among the most highly studied and 
applied in biochemistry (1-4). These 

proteins possess high helical content and 
high cystcine content (17 disulfidcs), and 
havc approximatc molecular wcights of 65 
kD. Human serum albumin (HSA) com- 
prises 585 amino acids with a molccular 
wcight of 66,500 daltons. Complctc amino 
acid scqucnces are known for HSA (5) and 
for bovine and rat serum albumins (6, 7). 
Q,mparisons of these amino acid scquenccs 
reveal high sequence homology. The senun 
alb~~mins also oossess internal seauetlce ho- 

many as six rcpcating structural motifs based 
on the position and frcqucnce of the exon 
junctures (8) .  Although thc principal hnc-  
tion of senun albumin remains disputed, as 
thc most abundant plasma protcin c f  the 
circulatory system it contributcs significant- 
ly to colloidal osmotic blood pressure and to 
many transport and rcgulatory processcs. A 
number of studies have focuscd on the 
multifunctional binding properties of serum 
albumin. This protein binds a wide variety 
of substrates, ranging from mctals such as 
calcium and copper to fatty acids, amino 
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