
dence to date that individual neurons have 
the capacity to generate circadian rhythms. 
Cultured hypothalamic neurons of mam- 
mals show a circadian rhythm in the release 
of vasopressin (9) ,  but the rhythm was 
measured after sufficient time for functional 
connections to be restored. Thus it is not 
yet certain whether individual hypothalam- 
ic neurons have the capacity to generate 
circadian rhythms. 

Although we have demonstrated that 
individual neurons can generate a circadian 
rhythm, it is not clear whether isolated 
neurons have all of the characteristics asso- 
ciated with the "biological clock" in the 
intact retina (for example, entrainment by 
Zeitgebers, temperature compensation). In- 
deed, we failed to observe light responses 
from BRNs in culture, even though BRNs 
in the intact retina depolarize upon illumi- 
nation and can be phase-shifted (10). In 
addition, we only rarely observed impulse 
production in dispersed cells. Regardless of 
whether some properties of circadian sys- 
tems require organized tissue, our experi- 
ments confirm that the mechanism; for 
generation and expression of circadian 
rhythmicity can be present within individ- 
ual neurons. This demonstration should 
greatly aid experimental efforts to under- 
stand the cellular basis of circadian rhvthm 
generation by facilitating the use of bio- 
physical and biochemical techniques with 
identified circadian pacemaker cells. 
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Tyrosine Phosphorylation of Actin in Dictyostelium 
Associated with Cell-Shape Changes 

Peter K. Howard, Bartholomew M. Sefton, Richard A. Firtel* 
When Dictyostelium cells that have initiated their developmental program upon starvation 
are returned to growth medium, there is a rapid and transient de novo tyrosine phospho- 
rylation of a 43-kilodalton protein. This protein -was found to be actin. Most of the phos- 
phorylation occurred in a single, minor acidic isoform of actin. Developing cells that had 
been returned to growth medium lost their pseudopod extensions, became round, and had 
reduced adhesion to the substratum. These effects occurred with kinetics that matched the 
increase in tyrosine phosphorylation of actin. In mutant cell lines in which the gene for the 
phosphotyrosine phosphatase PTPl had been disrupted, tyrosine phosphorylation of actin 
was rapid and more prolonged. These cells responded with proportionally accelerated 
kinetics of cell rounding. Cell lines overexpressing PTPl had diminished amplitude and 
duration of actin tyrosine phosphorylation and exhibited diminished cell-shape change and 
an accelerated return to the extended cell-shape morphology seen in starved cells. 

A varietv of extracellular simals. such as .., 7 

growth factors and chemoattractants, and in- 
trinsic events, such as progression through the 
cell cycle, lead to changes in cell shape and 
altered filamentous (F) -actin (1 ) . Changes in 
actin and the cytoskeleton occur in Dictyoste- 
lium after stimulation of cells by the chemo- 
attractant adenosine 3'3'-monophosphate 
(CAMP) (2). Binding of CAMP to surface 
receptors leads to polymerization of actin 
within seconds and subsequent changes in the 
association of actin binding proteins with 
actin and the cytoskeleton. These responses 

lead to specific morphological changes within 
the cell and to extension of pseudopodia in 
the direction of the emitted CAMP signal. 
Little is known, however, about the signal 
transduction steps that connect the initial 
signaling events to the morphological chang- 
es. Changes in the Ca2+ Zoncentration are 
thought to regulate some actin ,biiiding pro- 
tein associations with the cytoskeleton (3), 
and in Dictyostelium the 1,2-diacylglycerol 
stimulates actin polymerization by apparent 
de novo formation of actin nucleation sites 
(4). We provide evidence that changes in the 
tyrosine phosphorylation of actin correlate 
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phosphotyrosine (anti-pTyr) (5). A 43-kD 
protein is weakly labeled by the anti-pTyr 
in vegetative cells (Fig. 1) and is no longer 
labeled in cells 1 hour after the cells have 
initiated development (5). Cells were 
starved in suspension culture in nonnutri- 
ent buffer for 4 hours to initiate early 
developmental gene expression and then 
returned to standard Dictyostelium axenic 
growth medium (HL5) (6). At 5-min inter- 
vals after return to growth medium, pro- 
teins from cells were analyzed by protein 
immunoblotting with anti-pTyr. Phospho- 
rylation of a 43-kD protein increased sub- 
stantially relative to the amount of phos- 
~horvlation of that  rotei in in cells that had 
been' starved for 4 'hours or to the steady- 
state amount of phosphorylation in vegeta- 
tively growing cells (Fig. l). Tyrosine phos- 
phorylation of p43 was detectable within 5 
min and was maximal by 20 min, when it 
was the most prominent pTyr-containing 
protein. The intensity of the signal then 
decreased gradually to a faint but detectable 
signal after several hours (7). When devel- 
oping cells that had been returned to 
growth medium for 20 min (henceforth 
referred to as growth-stimulated cells) were 
starved in salts without nutrients (8), the 
pTyr signal on p43 rapidly decreased and 
was not detectable within 25 min (Fig. 1). 

B PTPl null 
HL5 Na-KPO, 

v 4 1 0  5 1015202510-551252025 man 
F ;= ' ~ ' N U ~ ~ ~ I I r n  

3- - - 100 
- 68 

C PTPl overexpressor 
H L5 Na-KPO, 

V 4 1 0  5 10 1520 2510 5 LO 15 20 25 min 

Shifts from starvation conditions to growth 
medium and then back to starvation condi- 
tions resulted in changes in the amount of 
tyrosine phosphorylation of at least four 
other proteins (Fig. 1). Increased phosphor- 
vlation of the -130- and 55-kD ~hos- 
;hoproteins was the earliest deteEtable 
change after stimulation of cells with 
growth medium, whereas the dephospho- 
rylation of a 90-kD protein was the first 
change detected after return to starvation. 

FTF'1 is a developmentally regulated tyro- 
sine phosphatase in hcryostebum and is re- 
quired for the normal temporal pattern of 
development. PTPl is expressed in low 
amounts during vegetative growth, and its 
expression is spatially regulated during multi- 
cellular development (5). We examined 
whether FTP1 might participate in the phos- 
phorylation-dephosphorylation cycle of pp43 
by repeating the nutrient-shift experiments 
with ptpl null cells carrying a disrupted PTPl 
gene and with cell lines overexpmshg PTPl 
(5). In PTPl-overexpressing mutants, the 
amount of tyrosine phosphorylation of p43 
u r n  the retum of cells to erowth medium was one-third to one-fourth Gf that in wild- 
type cells, and the rate of dephosphorylation 
was 10 to 20 times more rapid when cells were 
retumed to nonnutrient b&r (Fig. 1). In 
ptpl null strains, although the extent of tyro- 
sine phosphorylation of p43 was similar to 
that in wild-type cells, the maximum amount 
of phosphorylation was attained in 10 to 15 
min versus 20 to 25 rnin, and the rate of 
dephosphoqdation of p43 was one-fifth of that 
in wild-type cells, with much of the phospho- 
rylation remaining 30 min after cells were 

Flg. 1. Changes in protein tyrosine phosphoryl- 
ation in response to nutrient shi i  in (A) wild- 
type cells, (8) PrPl null cells, and (C) PTPl 
overexpressor cells. Logarithmically growing 
vegetative wild-type cells (axenic strain KAx-3) 
were harvested, washed, and suspended in 
sodium and potassium phosphate salts not 
buffered by the nutrients (8) to initiate develop 
ment and shaken at 180 rpm. After 4 hours, 
cells were centrifuged and resuspended in HL5 
growth medium (8). Cells were collected every 
5 min and boiled in SDS sample buffer. After 25 
min, the remaining cells were washed free of 
nutrients, resuspended in salts not buffered by 
the nutrients, and sampled every 5 min as 
described. Proteins were r-ed by SDS- 
potyacrylamide gel electrophoresis (PAGE) on 
10% gels, blotted, and probed with anti-pTyr 
and Iz51-labeled protein A as described (19). 
Molecular size markers are shown at the right 
(in kilodaltons). V, vegetative cells; 4, cells 
starved for 4 hours. HL5, time points of cells 
resuspended in HE; Na-KPO,, time points of 
cells resuspended in buffer. Arrowheads mark 
proteins that undergo tyrosine phosphorylation: 
1, protein >200 kD; 2, p130; 3, p90; 4, p55; A, 
actin. Rates of tyrosine phosphorylation and 
dephosphorylation were quantitated with a 
Phosphoimage analyzer. 

returned to nonnutrient b&r. The amount 
of FTP1 had little effect on the phosphoryla- 
tion of the other prominent phosphopmteins, 
with the exception of p90, which showed 
little change in the amount of tyrosine phos- 
phorylation in ptpl null cells. 
The protein p43 unnigrates with actin on 

polyacrylamide gels (7). We immunoprecipi- 
tated actin from a lysate of growth-stimulated 
cells with an antibody to actin (anti-actin) (9) 
and found that the precipitated protein react- 
ed with anti-pTyr (7). This suggested that p43 

Flg. 2. Tyrosine phosphorylation of actin in 
response to nutrient shift. KAx-3 cells were 
grown in suspension for 12 hours in MES- 
buffered H E  to 2 x 106 to 5 x 106 cells per 
milliliter, washed free of medium, and resus- 
pended at 1 x 10' cells per milliliter in medium 
not buffered by phosphates or containing nutri- 
ents (MES-PDF) (8). F i e  millicuries of =PO, 
were added, and cells were starved in suspen- 
sion culture for 4 hours. An equal volume of 2x 
MES-FM medium [a defined, axenic g rmh  
medium that does not contain phosphates (14)] 
was added, and cells were shaken for an 
additional 30 min. Cells pelleted by centrifuga- 
tion were boiled in SDS lysis buffer and immu- 
noprecipitated with affinity-purified potyclonal 
rabbit antibodies to actin (9). The affinity-puri- 
fied proteins were fractionated by two-dimen- 
sional PAGE [LKB ampholytes, pH range of 3.5 
to 10 (lo)], transferred to an lmmobilon mem- 
brane, stained with the anti-actin, and visual- 
ized with a colorimetric detection system (A) 
( m e  acidic proteins on the left) or by autora- 
diography (B). The pottii of the gel containing 
actin (10) is shown. The major =P-labeled spot 
was excised and subjected to a two-dimension- 
al phosphoamino acid analysis as described 
(20) (C). The positions of phosphoserine (S), 
phosphothreonine (T), and phosphotyrosine 
(Y) are indicated. 
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was actin. To show that actin undergoes 
m i n e  phosphorylation, we padally purified 
actin from cells labeled biosynthetidy with 
[32P]orthophosphate. Actin was immunopre- 
cipitated from growth-stimulated cell lysates 
with the anti-actin. The immunoprecipitated 
proteins were fractionated by twodimension- 
a1 polyacrylamide gel electrophoresis (lo), 
transferred to an Immobilon-P membrane, 
and stained with anti-actin and alkaline phos- 
p h o r y h u p l e d  second antibody. The 32P- 
labeled proteins were detected by autoradiog- 
raphy. Most of the radioactivity was associat- 
ed with the most acidic isoform, which we 
estimate represents 10 to 15% of the total 
actin (Fig. 2B). When this labeled spot was 
excised and subjected to phosphoamino 
acid analysis, phosphotyrosine was detected 
(Fig. 2C). In Duxyostelium, -20 distinct 
actin genes have been identified (1 I) .  Of 
the ones that have been analyzed, most 
have identical amino acid sequences, al- 
though some isofom have been identified 
by sequence analysis and two-dimensional 
gel analysis (1 0). We do not know whether 
the phosphorylation occurs on a minor 
species or whether the phosphorylated iso- 
form is generated by tyrosine phosphoryla- 
tion of a major actin isoform. 

Cells transferred from starvation condi- 
tions to growth medium showed a transient 
change in cell shape. We examined the 
kinetics of tyrosine phosphorylation of ac- 
tin, changes in plasma membran+associat- 
ed F-actin, and cell shape in wild-type and 
PTPl mutant cell lines responding to the 
addition of growth medium. Cells were 
starved in suspension (which also initiates 
development) for 4 hours and allowed to 
settle on glass cover slips; the starvation 
buffer was then re~laced either with fresh 
starvation buffer ias a control) or 4th 
growth medium. At chosen time points, 
cells were fixed and stained with rhoda- 
mine-labeled phalloidin to detect F-actin- 
containing structures (12). Wild-type cells 
plated onto cover slips in nonnutrient buff- 
er became well spread and adherent, with 
spike-like projections of F-actin at the plas- 
ma membrane (Fig. 3, A and D). By 10 min 
after the addition of growth medium, the 
cells became round, and F-actin-contain- 
ing cellular projections, although numer- 
ous, became quite short (Fig. 3, B and E); 
-50% of the cells no longer adhered to the 
cover slip. After 20 min, 95% of the cells 
no longer adhered to the surface, and the 
few remaining cells were still round (Fig. 3, 
C and F). In comparison, in wild-type or 
PTPl mutant cells exposed to nonnutrient 
buffer, there was no change in the amount 
of actin tyrosine phosphorylation or in the 
cell shape. The ptpl null cells plated in 
starvation buffer were also adherent and 
exhibited F-actin projections, although 
these projections were less numerous than 

Fig. 3. Cell-shape 7 - ,' wWt?.llrrlclb?eBI 
changes in response to * 

retum to growth condi- 
tions. Cells were grown, 
harvested, and starved k % 

as described (Fig. 1). $;? 9 
After 3.5 hours, the s i,'!% 
cells were plated onto - 

mine-phalloidin fluores- 
cence of the ptpl null mutant cells at 4 hours after starvation (G), after 10 rnin in HL5 (H), and 
after 20 rnin in HW (I). (J to L) Fluorescence photographs of the PTP1-werexpressing cells 
stained with rhodomine-phalloidin at 4 hours after starvation (J), after 10 rnin in HL5 (K), and after 
20 rnin in HL5 (L). Selected regions of the field are presented to show representative cell shapes 
and to indicate relative adherence to the cwer slips. Quantitation of numbers of cells adhering 
was performed by cell count in a 20-mm2 field. All photomicrographs are the same magnification. 

in wild-type cells (Fig. 3G). By 10 min after 
replacement of the buffer with growth me- 
dium, these cells had become quite round, 
and 95% had become detached from the 
cover slip (Fig. 3H), similar to that ob- 
served for wild-type cells after 20 min. The 
morphology and number of cells attached to 
the cover slip were unchanged after 20 rnin 
(Fig. 31). PTP1-overexpressing cells that 
had been starved for 4 hours spread out on 
the cover slip and contained more numer- 
ous spike-like F-actin projections than wild- 
type cells (Fig. 3J). After 10 min in growth 
medium, these cells started to become 
round; however, many cells retained F-ac- 
tin projections, and by 20 rnin these cells 
had begun to spread and re-extend F-actin- 
containing structures and had attained a 
cell shape similar to that of starved cells 
(Fig. 3, K and L). In contrast to wild-type 
and ptpl null cells, there was little loss of 
PTP1-overexpressing cells from the cover 
slip. Thus, in PTP1-overexpressing cells, 
the cell-shape change, as with the actin 
tyrosine phosphorylation, was transient, 

whereas in the ptpl null cells the extent of 
actin phosphorylation and the rate of cell- 
shape change were more rapid. When cells 
that had been starved for 4 hours were 
initially plated on a glass surface and sub- 
jected to the same changes in medium, we 
observed similar kinetics of both actin ty- 
rosine phosphorylation and cell-shape 
change to those seen when cells in suspen- 
sion were used (7). 

Amino acid starvation initiates the de- 
velopmental phase of the Dictyostelium life 
cycle (13)- When starved cells were re- 
turned to a chemically defined minimal 
medium (1 4), actin tyrosine phosphoryla- 
tion and cell-shape changes occurred as 
with cells that had been returned to growth 
medium (7). We determined which compo- 
nents of the defined medium elicit the 
response by adding various components to 
cells starved for 4 hours in nonnutrient 
buffer. Both amino acids and glucose were 
necessary and sufficient to induce actin 
tyrosine phosphorylation with the same ki- 
netics as growth medium. 
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Our results show a temporal correlation 
between tyrosine phosphorylation of actin 
and cell-shape changes in response to 
growth conditions and suggest that growth 
medium induces either the activation of a 
tyrosine kinase or inhibition of a phospho- 
tyrosine phosphatase that regulates actin 
tyrosine phosphorylation. This phospho- 
rylation may in turn regulate the alterations 
in F-actin-containing structures in the cy- 
toskeleton, resulting in cell-shape changes. 
Changes in the amount of PTPl affect the 
kinetics and extent of actin phosphoryla- 
tion and similarlv affect the kinetics and 
extent of the cell-shape changes and F-ac- 
tin staining pattern. It is possible that PTPl 
does not directly dephosphorylate pTyr- 
actin and that the effects of PTPl activity 
may be propagated through a series of re- 
sponding proteins. Because the amount of 
growth-stimulated actin tyrosine phospho- 
rylation in ptpl null cells decreases to an 
amount similar to that seen in wild-type 
cells, a second PTP may dephosphorylate 
actin in the absence of PTP1. Amoeba 
proteus actin is phosphorylated in vitro in 
cell-free extracts in response to CaZ+ (the 
phosphorylated amino acid is unknown) 
and has been shown to affect actin polymer- 
ization in vitro (1 5). Although actin phos- 
phorylation has not been reported in verte- 
brates, tyrosine phosphorylation of non- 
actin proteins is essential for conversion of 
globular (G)-actin to F-actin in B lympho- 
cytes (1 6). The observed changes in Dicty- 
ostelium may be analogous to cytoskeleton 
chanees in mammalian cells mediated bv " 
serum and other extracellular factors or 
protooncogene activation (1 7). 

Note added in proof. Schweiger et al. (18) 
also recently showed pTyr-actin in Dictyo- 
stelium. 
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Forward Plasma Membrane Flow in 
Growing Nerve Processes 

Sergey Popov,* Abraham Brown, Mu-ming Poof 
Nerve growth requires addition of new plasma membrane material, which is generally 
believed to occur at the growth cone. Local incorporation of a fluorescent lipid analog into 
the plasma membrane of fast-growing Xenopus neurites revealed an anterograde bulk 
membrane flow that correlated with neurite elongation. The rate of membrane flow de- 
pended on the position of the labeled membrane segment along the neurite, increasing with 
distance from the soma. This result suggests that new membrane in growing Xenopus 
neurites is added not at the growth cone but at the cell body and along the neurite. 

I t  is generally accepted that the new plas- 
ma membrane material required for nerve 
growth is added at the tip of the neurite, 
known as the growth cone (1). This view of 
nerve growth originated mainly from the 
observation that extracellular particles at- 
tached to the neurite surface remain sta- 
tionary relative to the soma as the neurite 
elongates (2). However, it is possible that 
some of the particles on the neurite surface 
were anchored to the neuronal cytoskeleton 
through transmembrane linkage, and the 
behavior of the particles reflects the move- 
ment of the cytoskeleton rather than that of 
the plasma membrane (3,4). Here we show 
that when fluorescent lipid molecules are 
locally inserted into the plasma membrane 
of Xenopus laevis neurites, they move for- 
ward as the neurite grows; thus, in this 
system, membrane is added not at the 
growth cone but at the soma and along the 
length of neurite. 

Cultured Xenopus spinal neurons were 
prepared on laminin-coated glass cover slips 
(5) and were used 3 to 8 hours after plating. 

At this time, the average rate of neurite 
extension was 79 f 19 pmlhour (SEM, n 
= 49) at room temperature (20' to 22°C). 
In the first set of ex~eriments. neurons with 
relatively long neurites (-400 pm) were 
selected, and the fluorescent lipid analog 
1, 1'-didodec~l-3,3,3',3'-tetramethylindo- 
carbocyanide perchlorate (DiICIz) was in- 
corporated into a segment of neurite mem- 
brane close to the growth cone (at a dis- 
tance of 60 to 80 pm from the neurite tip) 
by a local perfusion method (6). Analysis of 
the differential interference contrast (DIC) . . 
and fluorescence images of the neurite at 
two different times after local perfusion of 
the fluorescent lipid (Fig. 1)' revealed that 
the incorporated lipid molecules rapidly 
spread along the membrane. The profiles of 
the fluorescence distribution during the first 
5 min after perfusion were measured with a 
digital imaging method (7), and the posi- 
tions of the center of the profiles were 
determined (8). For actively growing neu- 
rites (Fig. 1, A through C), we observed a 
shift of the .center of the profile in the 
anterograde direction. In 17 cases in which 
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sitv. New York. NY 10027. . .  - -. 
~ ,, center of the fluorescence prohle moved 
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