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Eggs and embryos of the purple sea urchin (Strongylo-
centrotus purpuratus) contain profilin that is partly sup-
plied from maternal sources and partly produced by the
gastrula. The maternal profilin protein content is about 13
uwM and it persists in the embryo at least through gastrula-
tion. Transcript quantitation from probe excess titrations
show that very few profilin gene transcripts are present in
the embryo during cleavage, but that they increase at the
onset of gastrulation. By in situ hybridization, the newly
synthesized profilin transcripts are localized in mesen-
chyme cells. Profilin gene expression increases when mes-
enchyme cells initiate migration and filopodial extension
and retraction. We show that there are three isoforms of
maternal profilin protein produced from the single copy
gene during oogenesis, However, the blastula stage embryo
only produces the major isoform, whereas the acidic iso-
form is produced in the early stages of gastrulation and the
basic 1soform appears by the end of gastrulation. Based on
transcript prevalence and proetein production rates, our
calculations indicate that the amount of new protein pro-
duced in the mesenchyme cellsin 12 hr is at maximoum <2%
of that supplied from maternal sources. Because of the
large amount of maternzally supplied profilin present in the
egg and embryo, we suggest that it may be used in the eyto-
kinetic processes of cleavage. Alternatively, hecause of the
small amount of embryonically produced profilin, we sug-
gest that it may function in the cytoskeletal shape changes
required for filopodial extension and moetility in the mesen-

chyme cells during gastrulation. © 1594 Academic Press, Inc.

INTRODUCTION

The profilin gene from the purple gea urchin {Strongy-
locentrotus purpuratus) was initially cloned from a coe-
lomoeyte eDNA library {Smith et al, 1992). Coelomo-
cytes are amoeboid phagocytes that display an increase
in the profilin transeript prevalence when they become
activated in response to injury (Smith et al, 1992), bac-
tertal challenge, or lipopolysaccharide (unpublished
data). Coelomoeyte activation encompasses changes in
shape and behavior that include increases in pseudopo-
dial extensions involved in motility and chemotaxis to
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injuries {Karp and Hildemann, 1976; Coffaro and Hine-
gardner, 1977) and sites of infection (Johnson, 1969;
Johnson and Chapman, 1970; Hobaus, 1979). In addition,
foreign substances stimulate phagoeytosis (Reinisch
and Bang, 1971; Bertheussen, 1981; Coffaro, 1978; Yui
and Bayne, 1983; Plytzcz and Seljelid, 1993), encapsula-
tion {(Johnson, 1969; Hobaus, 1979), degranulation {Ser-
vice and Wardlaw, 1984), and clott formation (Edds,
1977, 1980), all of which require changes in the cytoskel-
eton.

Profilin is one of many actin binding proteins that in-
teraet with monomer (G-)actin and filaments (F-actin)
to configure or modify the cell cytoskeleton (for review,
see Aderem, 1992). The regulation of actin polymeriza-
tion is largely mediated by a finely tuned interplay be-
tween profilin and thymosing,, which compete for G-ac-
tin (Goldschmidt-Clermont et al, 1992). Thymosing, se-
questers actin monomers (Cassimeris et al, 1992) and
blocks the repolymerization of monomers into filaments,
while profilin promotes their repolymerization (Panta-
loni and Carlier, 1993) by catalyzing the ADP-ATP ex-
change on G-actin (Goldsehmidt-Clermont et al., 1992).
Because free G-actin and the thymosing,-G-actin com-
plex are in equilibrium, the free G-actin pool is limited.
Consequently, small changes in profilin concentration
will produce large effects on the G-actin nucleotide ex-
change rate, and hence on the state of actin polymeriza-
tion (Goldschmidt-Clermont et al, 1992; Pantaloni and
Carlier, 1993). Profilin thereby functions as a sensitive
regulator of cytoskeletal organization,

Changes in the concentration of profilin itself are in
turn affected by the inositol triphosphate (IP5) seeond
messenger system. Profilin binds to phosphoinositol-
{(4,5)-bisphosphate (PIP;) and blocks the hydrolytic
activity of nonphosphorylated phospholipase-Cy1
(PLC~v1) on PIP; (Goldschmidt-Clermont et al, 1991a).
When the cell receives and transduces a signal by a
transmembrane receptor with intracellular kinase ac-
tivity, the PLC~1 is phosphorylated and activated and
can then displace profilin from PIP; (Goldschmidt-Cler-
mont ef al, 1991a). This creates a localized increase in
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the profilin concentration (Lind et al., 1987; Hartwig ef
al., 1989) which could increase the nucleotide exchange
rate on the ADP-G-actin, thereby promoting regional
cytoskeletal modifications (Goldschmidt-Clermont ef
al, 1992). Essentially, profilin can be viewed as a cou-
pling device linking cellular signal transduction systems
to the cytoskeletal mobilization system. Profilin is thus
a key element in the mechanism by which cells respond
with changes in shape or motility to extracellular sig-
nals (Goldschmidt-Clermont et al., 1991b).

In this communication, we present patterns of profilin
expression in the sea urchin embryo. Profilin protein is
supplied to the egg from maternal sources and is present
throughout gastrulation. Embryonic profilin gene tran-
seripts are found in very low numbers until the onset
of gastrulation, when expression increases sharply. New
transeripts are localized in mesenchyme cells and their
appearance correlates with changes in shape and behav-
ior in these cells. This embryonic gene activity cecurs
despite the presence of about 18 uM maternally supplied
profilin protein and can result, during the 12 hr required
for gastrulation, in the synthesis of less than 2% of the
total maternal profilin that is probably already present
in these cells. We suggest that the large amounts of ma-
ternally supplied profilin may be involved in cytoskele-
tal modifications that occur during cleavage and that the
small amount of newly produced embryonic profilin may
be specifically required for the changes in cell shape that
are a prominent aspect of mesenchyme cell behavior.

MATERIALS AND METHODS
Protein Quantitation

Profilin fusion protein. The coding region from
SpCoell, a BamHI fragment of a cDNA clone (see Mate-
rials and Methods; Smith ef al, 1992), was subcloned into
the BamHI site of the pRSETA vector (Invitrogen),
which incorporates a six-histidine metal binding site
into the expressed fusion protein. The construct was
transformed into BL21(DE3)} bacteria containing the
pLysS plasmid, and a protein of correct size and antige-
nicity was expressed after induction with 0.6 mM iso-
propyl g@-D-thiogalactopyranoside (Bio-Rad Labora-
tories) (Studier ef al, 1990). The profilin-6(His) fusion
protein was isolated from the bacterial lysate according
to manufacturer’s instructions for nondenaturing con-
ditions on a nickel column {Invitrogen). The eluate was
dialyzed against water, lyophilized, and the concentra-
tion was estimated (Bradford, 1976). Because the eluate
contained a number of contaminating bands on a silver-
stained protein gel (not shown), the percentage of the
total protein mass that included profilin-6(His) was es-
timated by seanning and digitizing the gel on a comput-
ing densitometer (Molecular Dynamics, using Image-
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Quant, version 3.15 software). From this analysis, the
mass amount of profilin-6(His) was estimated to con-
struct a standard curve for quantitating protein blots
analyzed with the anti-profilin antiserum. The prove-
nance of this antiserum, which was raised against a bac-
terially expressed fusion protein, is deseribed in our pre-
vious study (Smith et al, 1992).

Protein gel blots and analysis by anti-profilin antise-
. Known amounts of profilin-6{His) and 200 eggs or
embryos per lane were run on a sodium dodecyl sulfate
{(SDS) polyacrylamide gel (6% stacking, 156% resolving)
and electroblotted onto a nitrocellulose-ECL filter (Am-
ersham) in electroblotting buffer (20% methanol, 20 mM
Tris, pH 8.8, 150 mM glycine, 0.05% SDS) for 2 to 4 hr,
300 mA, at 4°C). The filter was then incubated at room
temperature for 1 to 2 hr in blotto [phosphate-buffered
saline (PBS), i.e,, 0.2 M phosphate, pH 7.4, 0.15 M Na(Cl,
with 5% nonfat dried milk, 1% normal goat serum,
0.0001% tincture of merthiolate; filtered through No. 1
Whatman paper] followed by 1 hr in rabbit anti-profilin
serum (1:1000 in blotto) and then 1 hr in goat anti-rabbit
immunoglobulins labeled with horseradish peroxidase
{EY Laboratory) (1:2000 in blotto). The antibody that
was bound to the profilin bands in both the standard
samples and the embryonic protein lanes was simulta-
neously identifie¢ with the luminol-based ECL reagents
of Amersham, according to manuofacturer’s instruc-
tions. The film was then analyzed on a densitometer
(E. C. Apparatus Corporation} with a chart recorder
(Houston Instruments) to determine the mass of embry-
onic profilin by comparison to the profilin-6(His) stan-
dard.

Whole mount in situ hybridization. Whole mount in
sttu hybridizations were performed according to Harkey
et al (1992), Lepage ef al. (1992), and Ransick et al. (1993),
with the following minor modifications. The proteinase
K treatment of the fixed embryos was changed from that
in Harkey et ¢l (1992), in that the concentration of the
enzyme preparation was increased to 10 ug/m!, with the
incubation time for blastula and gastrula stages in-
creased to 10 and 15 min, respectively. The viscous hy-
bridization solution was infiltrated into and washed out
of the embryos in multiple, small, incremental steps, in
order to alleviate the problem of embryonic collapse, es-
pecially in older embryos. After hybridization, when
the embryos were in the 1X 8SC-1% Chaps wash
(20X SSC is 3 M NaCl, 0.3 M Na citrate; Chaps (3-
[(3-cholamidopropyl) dimethylammonio]-1-propanesul-
fonate {Schwarz/Mann Biotech}), they were incubated
for 25 min at 37°C in RNase solution [RNase A (Sigma)
at 10 ug per ml and RNaseT1 (Boehringer-Mannheim) at
10 U per ml] in 1X SSC-Chaps (Lepage et al., 1992). This
step decreased the background that could not be re-
moved with increased washes.
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Digoxigenin-lubeled antisense riboprobe. The template
for producing the antisense riboprobe was a 609-bp re-
gion of the profilin cDNA that spanned the coding region
and included most of the 5 untranslated (UT) region and
a small portion of the 3 trailer sequence (see Smith et
al,, 1992; Fig. 1; the probe extended from the Xaol site in
the polylinker to the Sacl site in the 3 UT region of clone
Bsc9b.6). A large quantity of probe was produced (43 ug)
using the Megaseript kit {Ambion}, following manufac-
turer’s instructions, and as described in Ransick et al
(1993). The final concentration of probe used in the hy-
bridization was 0.2 ng/pl. '

Two-Dimensional (2D) Gels of Newly Synthesized
Embryonic Profilin

Labeling sea urchin proteins with [PSmethionine or
[#*Plorthophosphate. To label embryonic proteins with
[®*S]methionine (Amersham), 400 embryos were incu-
bated in 450 pl millipore filtered sea water (MFSW) with
200 nM cold methionine (Sigma) and 50 uCi [®S]-
methionine { Amersham). Specific activity of the methi-
onine in the seawater was 207 Ci/mmole. Unlabeled me-
thionine was added to induce the sea urchin amino acid
transporters to function maximally (Manahan et al,
1989). To label embryonic proteins with [**P]-
orthophosphate (Amersham}, 400 embryos were Incu-
bated in 400 u]l mfSW with 100 xCi [**Plorthophosphate.
Development was allowed to continue for 2 hr at 16°C.
The embryos were pelleted and lysed by freeze-thaw and
sonication in 20 xl 2D gel buffer [1.5% SDS; 0.35% di-
thiothreitol; 7.65 M urea; 1.7% Nonidet-P40; 1.7% §3-
mercaptoethanol; 0.68% ampholine (Bio-Rad), pf range
from 3 to 10]. Sonication was accomplished in a Branson
450 Sonifier, set at constant output setting No. 8, for 30
sec in a cup horn filled with ice water. Multiple aliquots
of each preparation were stored at —70°C for less than 2
weeks before use and were not refrozen or reused after
initial thawing.

Two-dimensional gels. The first dimension [isoelectric
focusing (IEF)] was run as described (Harrington et al,,
1991a) in glass tubes (Wilmad Precision Glass) of 1.4
mm inner diameter and 210 mm long. Gels were poly-
merized to 160 mm. In normal IEF, 10 mM NaOH was
loaded on top of the sample and 6 mM phosphoric acid
was used in the bottom chamber. For nonequilibrium
pH gel electrophoresis (NEPHGE) of basic proteins, the
sample was loaded at the acidic end of the gel next to the
phosphoric acid and was overlain with 20 ul of 4.5 M urea
to prevent protein precipitation when in direct contact
with the phosphoric acid. Focusing was performed at
200 V for 2 hr, 500 V for 4 hr, and then 800 V for 12 hr.
NEPHGE was run for 3 hr at 500 V. The isoelectric
points of proteins were determined by direct pH mea-
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surement of an [EF gel that was run concurrently with
the sample containing gels, but instead of transferring
this gel to an SDS-PAGE gel for the second dimension,
it was cut into 3-mm pieces, soaked in water for 1 hr,
and the pH of each sample measured. A plot of the pH
gradient was then compared to the final position of the
protein spots in the IEF dimension. The reproducibility
of the pH gradient during the experimental conditions
was +0.05 pH units when different gels were compared.
However, the accuraey of the pH measurements of the
gels compared to absolute pH was at best 0.5 pH units,
due to the effects of urea on the mobility of the ampheo-
lines. Molecular weight of the proteing was determined
by running low-molecular-weight standard protein
markers {Bio-Rad) in the SDS-PAGE (second) dimen-
sion and comparing the proefilin spots to a mobility plot
of these standards. In the second dimension, gradient
gels were used to separate the proteins by molecular
weight. This was done to improve sample entry from the
IEF tube gel into the separating slab gel without the use
of a stacking gel. The SDS-PAGE gels were 160 by 200
mm and 1.5 mm thick. To facilitate the transfer of the
tube gel onto the slab gel, 120 pl of 0.01% bromphenol
blue solution were placed on the tube gel to lubricate it
during the transfer and to visualize the conductivity
front during the second-dimension run. SDS-PAGE was
run at 40 mA, 12°C, until the dye front reached the bot-
tom of the gel. Electroblotting the separated protein
onto a PVDF membrane (Millipore) was accomplished
using a TransBlot cell (Bio-Rad) using electroblotting
buffer (25 mM Tris base, 192 mM glycine, 20% methanol;
Towbin et al, 1979) run at 200 mA for 3 hr or overnight.
Because silver staining can decrease the *3 activity by
about 30% (Van Keuren et al, 1981), the loaded mem-
branes were first exposed to phosphorimager plates
(Molecular Dynamics) for 1 to 6 hr and the images then
digitized for analysis (Harrington ef al., 1991b).

Immunodetection of profilin on the membranes was
then performed as described elsewhere (Towbin et al,
1979). Briefly, after the radioactive image had been ob-
tained, the blot was rewetted in TBST [10 mM Tris, pH
8.0, 150 mM NaCl, 0.05% Tween 20 (Sigma)] and incu-
bated with the rabbit antiserum to sea urchin profilin
(1:5000 in TBST). Detection of the primary antibody was
achieved with an alkaline phosphatase-conjugated anti-
rabbit (Promega) secondary antibody (1:7500 in TBST).
The substrate reaction with nitro blue tetrazolium and
5-bromo-4-chloro-3-indolyl phosphate produced a pur-
ple stain. These blots were then directly compared to the
phosphorimager-derived image of the same radioactive
proteins in order to identify which of the radioactive
proteins were in the same charge and mass position as
the immunostained profilin spots.

Digitized images from the phosphorimager plates
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TABLE 1
PROFILIN PROTEIN IN SEA URCHIN EGGS AND EMBRYOS

Embryonic pg Profilin Molecules uM Profilin
age per emhryo® per embryc® per embryo®
Egg 104 4.0x10° 19.2
4 hr 59 2.3 x10° 109
& hr 69 2% 10° 12.8
16 hr 62 24 %107 115
22 hr T3 2.8 x 10 134
28 hr 83 3.2 x10° 15.3
31hr il 28 x10° 13.1
48 hr 7 3.0x10° 14.2

* Calculated from the deduced molecular weight of sea urchin pro-
filin; 15.3 kDa (Smith et al, 1992).

® Mean = 2.9 + 0.53 X 10%, Differences are due to sample variation.

“Mean = 13.8 £ 2.6 uM, based on an egg volume of 350 pl.

were analyzed using GALtool (Solomon and Harring-
ton, 1993) on a Sun workstation. This software was used
to determine the amount of radioactivity in each of the
profilin spots on every blot examined. To do this, each
spot was first identified by the edge-detector algorithm
(Solomon and Harrington, 1993) using a kernel size of 13
and 15 for the filter and edge detector, respectively. The
intensity of each spot was recorded and then normalized
to all protein spots on the gel to correct for variations in
the 2D gel procedure for each gel and between gels. This
quantity was then used to obtain the relative differences
of incorporated counts for the three profilin spots.

RESULTS
Estimation of Profilin Protein in Eggs and Embryos

The amount of profilin protein in sea urchin eggs and
embryos was estimated by comparing the signal ob-
tained from an enzyme-labled antibody reaction with
the embryonic proteins to a standard curve prepared
with known amounts of the profilin-6(His) fusion pro-
tein on a protein gel blot. Data from the densitometric
analysis of this blot are shown in Table 1 and summa-
rized in Fig. 1. The sea urchin embryo contains 2.9 + 0.53
X 10° molecules of profilin, the average concentration of
which is 13.8 + 2.6 uAf (Table 1). This large amount of
profilin is evidently generated during cogenesis since
the protein synthesis apparatus is quiescent in the ma-
ture unfertilized egg. Consequently, the profilin mRNA
must be fairly prevalent during oogenesis, For example,
if all the maternal profilin were accumulated in the ~38-
week terminal growth phase of oogenesis, about 10° pro-
filin mRNAs would be required per oocyte {equivalent to
~10° mRNAs per cell at late embryonic stages). Even
if the profilin were accumulated gradually, for example
over the 6-month period from June to January when sea-
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sonal S. purpuratus return to fecundity, about 10* mole-
cules of mRNA would be required per oocyte.

The distribution of the maternal profilin protein was
studied immunocytologically in whole embryos. We ob-
served that all cells in the embryo contain approxi-
mately equal amounts of maternal profilin from blas-
tula through prism stages (data not shown).

Quantitation of Profilin Transcripts

Preliminary studies in which gel blots of embryonic
RNA were probed for profilin transeripts indicated that
transeript level is very low in the egg and in cleavage
stage embryos, but that these transeripts increase sub-
stantially in gastrula and pluteus stages. In order to
quantitate these changes, probe excess transeript
titrations were performed, with the results summarized
in Fig. 1 and Table 2. The hatched blastula has about
5800 transcripts per embryo, or about 14.5 transeripts
per average cell. This coneentration is assumed here to
be the “base level” transcript prevalence in embryos an-
alyzed by whole mount in sity hybridization; see below.
The number of transeripts per embryo increases to
about 11,500 by mid gastrula and to 21,000 by the com-
pletion of gastrulation,

10
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F1G. 1. Profilin in sea urchin eggs and embryos. Data for profilin
were obtained from the densitometrie analysis of immunoblots as de-
seribed in text and listed in Table 1. Data for numbers of profilin tran-
scripts are from Table 2.
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TABLE 2
PROFILIN TRANSCRIPTS IN SEA UrCHIN EMBRYOS
Minimum
Transeripts per Transcripts in Mesenchyme transeripts per
Cells per Transcripts average mesenchyme cells per average
Embryonic stage embryo per embryo® ectodermal cell cells? embryo mesenchyme cell®
Hatched blastula 400 5800 14.5° d “ 4
64 PMCs
Mid gastrula 600 11500 ¢ 5700 ~60 SMCs 46
64 PMCs
Late gastrula 700 21000 € 15200 ~180 SMCs 62

¢ Correlation coefficients =0.9955.

¢ The number of transcripts per mesenchyme cell was caleulated by subtracting the number of “base level” transcripts at the blastula stage,
i.e., 5800/embryo, from the total number of transeripts for the later stages; that is, the mesenchyme cells are assumed to inherit no profilin
mRNA from their progenitors. Since they probably do so, these are minimum estimates.

¢ For these calculations all mesenchyme cells are assumed to be the same and to express the profilin gene egually.

¢ Mesenchyme cells are not present at this stage of development.

It is assumed that the average number of transcripts per ectodermal cell does not change during gastrulation.

Zygotic Profilin Transcripts Are Localized in
Mesenchyme Cells

To characterize emhbryonic profilin gene expression,
various posthatching embryo stages were analyzed for
profilin message by whole mount 4% sttu hybridization
(Fig. 2). As shown in Figs. 2A and 2B the hatched blas-
tula does not contain profilin transcripts at a concentra-
tion detectable under the staining conditions used; that
is, under these conditions the maternal profilin mRNA
is not discernible, and only further profilin mRNA accu-
mulation oceurring as a result of zygotic gene transerip-
tion can be identified. Note particularly that the premi-
gratory, skeletogenic, or primary mesenchyme cells
(PMC) shown in Figs. 2A and 2B appear negative. The
shape changes that have been observed in ingressing
PMCs (Fink and MeClay, 1985; Anstrom, 1992) do not
correspond to the expression of the profilin gene. How-
ever, when the PMCs enter their migratory phase and
begin moving about the blastocoel wall after ingression,
they begin to aceumulate profilin transcripts (Figs. 2C
and 2D). They continue to express the profilin gene as
they accumulate in the two patches on the oral side at
the base of the archenteron. Note that neither the cells
of the invaginating archenteron nor of the ectoderm ex-
press detectable profilin transcripts during gastrulation
(Figs. 2C and 2D).

At the onset of gastrulation, a barely detectable level
of prefilin transcripts appears in the vegetal plate cells
as they begin to invaginate in the initial formation of
the archenteron (Fig. 2B), but this staining does not per-
sist as invagination proceeds. As the archenteron begins
to elongate, secondary mesenchyme eells (SMCs) appear
at the tip and immediately display intense staining (Fig.
2C). The SMCs that remain at the end of the archenteron

continue to express profilin throughout the process of
gastrulation (Fig. 2D}). Cells located on the blastocoel
wall during gastrulation that display profilin expression
could be either PMCs or SMCs such as chromogenic mes-
enchyme (Gibson and Burke, 1985, 1987), or blastocoelar
cells (Tamboline and Burke, 1992), or both mesenchyme
types. However, those shown in Figs. 2C and 2D are most
likely PM(s.

As gastrulation is completed, some of the SMCs that
were located at the end of the archenteron begin migrat-
ing on the blastocoel wall and display detectable profilin
transeripts {(data not shown). These cells have been
shown to infiltrate into the ectoderm to produce an ad-
ditional cohort of pigment eells (Gibson and Burke,
1985). At the early prism stage, a subpopulation of ecto-
dermal cells that contain profilin transcripts becomes
clearly visible (Fig. 2E). The pattern of profilin expres-
sion in these ectodermal cells corresponds with the pat-
tern of cells that begin to show pigment granules in the
early prism stage {(Gibson and Burke, 1935). Also in the
early prism, a strong profilin RNA signal develops in
what appear to be rings of SMCs wrapped around the
gut at the positions where the muscular pylorie sphine-
ter and the anus will form (Fig. 2F). This occurs earlier
than any previously reported indication of sphincter
formation and suggests that SMCs may be involved in
early gut differentiation.

Estimation of Newly Synthesized Profilin Transcripts
and Profilin Protein in Mesenchyme Cells

The number of new profilin protein molecules synthe-
sized in the sea urchin gastrula can bhe estimated from
the results of our transcript titrations, given the local-
ization of these transeripts, and assuming standard
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rates of translation for sea urchin embryos. Data for
these calculations are shown in Table 2. We have seen
that the profilin transeripts in the hatched blastula are
not discernible by whole mount in sitx hybridization, al-
though the probe excess transcript titration shows that
an embryo at this stage has about 14.5 transcripts per
average cell, or 5800 transcripts in the whole embryo.
We consider this the undetectable background level,
which we also assume to remain present in the ectoderm
cells that appear negative by #n situ hybridization in
later embryos. Thus, if none of the 5800 blastula stage
transcripts are partitioned into the mesenchyme cells,
the difference between this and the total number of
transeripts present in mid and late gastrula stage em-
bryos provides a minimum estimate of the number of
transeripts that are localized in the mesenchyme cells,
as shown in Table 2. There are about 64 PMCs in gastru-
lae (Cameron et al., 1987; Ettensohn and Ingersoll, 1992),
about 60 SMCs at mid gastrula, and about 180 SMCs in
the late gastrula (Ettensohn and Ruffins, 1993). Accord-
ingly, we estimate that there are at least 46 transcripts
in an average mesenchyme cell at mid gastrula stage
and 62 at late gastrula stage. When this calculation,
which is based on the transcript titration data, is eom-
pared to the whole mount assay for a 609-bp probe under
the standard conditions used in this investigation, the
detection threshold for the ¢n situ hybridization assay
apparently falls between 14.5 and 46 transcripts per cell
(greater sensitivity can be obtained by longer staining;
unpublished data).

From the minimum number of profilin transeripts in
the mesenchyme cells, the minimum numbers of newly
synthesized profilin molecules (even if there is an equal
partition of the prior profilin mRNAs to mesenchyme
cells, i.e,, an additional 14.5 transeripts/cell, the result
is scarcely affected) can be estimated. We assume 54
transcripts per average mesenchyme cell during gastru-
lation and a profilin protein turnover rate of zero. The
rate of protein synthesis measured for these embryos is
about two molecules of protein min ' mRNA ! (see leg-
end to Table 3). Thus, during the 12-hr period required
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TABLE 3
CALCULATED SYNTHESIS 0F PROFILIN ISOFORMS

A. Profilin protein molecules (X10%) synthesized per embryoin 2 hr,
caleulated from mRNA prevalence

Hatched Early to mid Late
blastula gastrula gastrula
14 2.8 5.0

B. Relative amounts of profilin protein isoforms {105 per embryo
synthesized in 2 hr, calculated from phosphorimager data

pf of profilin Hatched Early to mid Late
isoforms blastula gastrula gastrula
57 0 1.0 12
6.1 14 1.8 28
6.8 0 0 1.0

Note. A. The number of profilin proteins produced per embryo was
caleulated from transeript titration data (see Fig. 1 and Table 2), as-
suming about 2 protein molecules produced min™ mRNA™ (i.e., for a
translation rate of 1.5-1.8 codons sec™’, and ribosome spacing of about
150 nt in active polysomes; reviewed by Davidson, 1986, pp. 74-78). The
caleulation was for 2 hr of synthesis, with no profilin turnover, and on
the basiz that all profilin transcripts are functional mENAs.

B. The relative number of incorporated counts of [®*S]methionine in
the profilin spots were averaged from three samples of phesphorim-
ager digitized 2D gel data. This information was then used to estimate
the relative amounts of the three profilin isoforms produced per
embryo, based on the calculated amount of profilin produced from the
numbers of transecripts present in the mesenchyme cells shown in (A).

for gastrulation at 16°C in this species, the average mes-
enchyme cell will have synthesized over this time a max-
imum of 7.8 X 10! new profilin molecules (accuracy is
based on the correlation coefficient of transeript titra-
tion linear regressions, see legend to Table 2). Compar-
ing the number of profilin molecules that could be syn-
thesized in a mesenchyme cell (7.8 X 10*) to the number
of maternally supplied profilin proteins present per av-
erage cell in the complete gastrula (4.1 X 10°% calculated
from molecules per embryo divided by 700 cells per
embryo, see Table 1), a remarkable paradox emerges.

FiG. 2. Whole mount i situ hybridization of profilin message in embryos. Embryos were photographed with a BH-2 Olympus photomicroscope
equipped with an Olympus exposure meter. The magnification is the same throughout. Scale bar, 20 um. {A) Hatched blastula. The vegetal plate
(v) is positioned towards the bottom. At this stage, profilin gene expression is below detectable levels. Arrowheads, ingressed PMCs. (B) Very
early gastrula. The vegetal plate (v), which is positioned toward the bottom, has initiated invagination (arrow). The vegetal plate cells show a
very light staining, indicating that these cells have begun to express the profilin gene; the messages have accumulated to a level that is just
above detection under the conditions used. (C) “One-quarter” gastrula. The focal plane passes through the archenteron and shows mesenchyme
cells (probably PMCs, arrowheads) on the blastocoel wall and the SMCs (arrows) at the end of the archenteron, which have activated their
profilin genes. (D) Late gastrula. The focal plane passes through the center of the embryo and the archenteron. The SMCs (s} (arrows) located
at the end of the archenteron and the mesenchyme cells on the blastocoel wall {(arrowheads) show pronounced expression of the profilin gene.
At this stage, the SMC filopodia have eontacted and bound to the future stomodeum. (E) Late gastrula. The focal plane passes along the ectoderm
of the embryo. A subpopulation of cells in ectoderm, possibly pigment cells (see text) express profilin (arrows}. (F) Prism. The focal plane passes
through the archenteron and the center of the embryo. Mesenchyme cells encircling the gut express profilin (arrows) in two bands. These cells
are located where the pyloric sphincter will form between stomach and hind gut and where the anal sphincter will form at the former blastopore.
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Basic

Acidic

FI1G. 8. Two-dimensional gel analysis of maternal and embryonie
profilin proteins. The five panels in this figure show enlargements of
small regions of 2D gels that were run on total embryonic proteins.
{A) An immunostained membrane indicating the positions of the ma-
ternal profilins. (B-E) Incorporation, in a 2-hr incubation, of
[®¥Slmethionine into newly synthesized embryonic profilins. Ar-
rowheads indicate the positions of three species of sea urchin profilin.
(A} Immunostaining of proteins of a blastula stage preparation dis-
plays three isoforms of maternal profiiin, of pI’s 5.7, 6.1, and 6.8. (B)
Prehatching embryo (16 hr); at this stage only the eentral, major iso-
form (pI = 6.1} of profilin is labeled with [®*S]methionine. (C) Hatched
blastula (24 hr); still only the central, major profilin isoform (pf =
6.1) incorporates [®*S]methionine. (D) Early to mid gastrula (36 hr); in
addition to the central 6.1 isoform, the acidic isoform {(pf = 5.7) is la-
beled with [¥*S]methionine. (E) The complete gastrula (48 hr); all three
profilin isoforms, including the acidic and basic (pf = 6.8) isoforms are
labeled.

The mesenchyme cells could produce, in 12 hr, less than
2% of the total amount of maternal profilin that is prob-
ably already present in them. Assuming, as we found
immunocytologically, that the maternal profilin is more
or less evenly distributed in the embryo, what then is
the functional significance of the sharply confined accu-
mulation of new profilin transeripts in mesenchyme
cells?

Identification of Prafilin Proteins by 2D Gels

When profilin from eggs or embryos of any stage (i.e,,
maternal profilin) is displayed by 2D gel electrophoresis,
using the anti-profilin antiserum for identification,
three spots are revealed which differ significantly in pl.
An example, from a blastula extract, is shown in Fig.
3A; however, all embryonic stages produce identical pat-
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terns. The pf of the major, central isoform is 6.1, and the
pls of the others are 5.7 and 6.8. The molecular weights
of the acidic and central spots are consistent with the
previous sequence analysis, i.e., 15.3 kDa (Smith et al,
1992). However, the basic isoform (pf 6.8) is consistently
of slightly lower apparent molecular weight. We
searched for a more basic isoform (pf > 8), as has been
identified in other organisms (Pollard and Rimm, 1991)
using NEPHGE, but no profilin-positive spots were ob-
served (data not shown).

To determine which of the profilin isoferms are syn-
thesized in the mesenchyme cells at gastrulation, em-
bryos were labeled for 2 hr with [®*S]methionine, and the
positions of the profilin isoforms in the array of radio-
active proteins were identified immunologieally. Figures
3B-3E display results for prehatched and hatched blas-
tula, early to mid gastrula, and late gastrula stages. Un-
like the immunostained blot of Fig. 3A, which reveals
the maternal profilin isoforms that are present in all
embryonic stages, the phosphorimages revealed a dis-
tinctly different distribution of embryonic profilin,
which varied according to developmental stage. Only the
major, central (pf 6.1) profilin protein is labeled with
[**SImethionine in the prehatched and hatched blastu-
lae. The acidie isoform (pf 5.7) is barely detected in the
early to mid gastrulae. By late gastrula stage all three
forms are labeled. Counts of [**S]methionine incorpo-
rated into the three profilin spots from phosphorimager
data (three blots averaged) were transformed into rela-
tive numbers of each profilin isoform produced for each
embryonic stage (Table 3). These data indicate signifi-
cant differences between embryonic stages, and also im-
ply an increase in the rate of profilin synthesis during
development, in agreement with the increase in the
number of transcripts present in clder embryos as as-
sayed by transeript titration.

Proteins with charge variants can arise from a variety
of modifications to the amino acid side chains. Because
profilin is known to catalyze the ADP-ATP exchange on
actin monomers (Goldschmidt-Clermont ef al.,, 1992), we
sought to detect profilin phosphorylation directly, by ex-
amining extracts from embryos that had been labeled in
vivo with [**Plorthophosphate. However, no evidence of
phosphate incorporation in any of the profilin isoforms
was obtained (Tseng et al, 1984), although several hun-
dred labeled phosphoproteins were easily observed in
the 2D gels (data not shown).

DISCUSSION
Muaternally Supplied Profilin and Cleavage

We show that maternally supplied profilin is present
in sea urchin eggs and embryos in physiologically rele-
vant concentrations (13.8 + 2.9 uM) through gastrula-
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tion. (Fer comparison, mammalian macrophages and
platelets, which are very mobile cells, contain about 50
wM profilin (Hannapple and Van Kampen, 1987}.) Ma-
ternal profilin in the embryo could be primarily involved
in the repetitive cytoskeletal alterations that are in-
volved in cleavage. In the ciliate Tetrahymena, profilin
has been shown to localize in the division furrow and
contractile ring during eytokinesis, in association with
actin filaments (Edamatsu et af, 1992). Sea urchin pro-
filin could have a similar function with respect to the
contractile cleavage furrows. Profilin may be associated
with myosin, actin, and an actin cross-linking protein
that has been shown to localize in the sea urchin embryo
cleavage furrows (Mabuchi et al, 1985, Tosuji et al.,
1992). Although maternally supplied profilin appeared
evenly distributed throughout the late gastrula and
early pluteus by whole mount immunofluorescence (data
not shown), we predict that careful localization studies
in the future on cleavage stage embryos would show pro-
filin localization in the cleavage furrow in association
with actin.

Profilin Gene Expression in the Mesenchyme Cells

Gastrulation involves substantial regional changes in
the hehavior of embryonic cells, requiring both cytoskel-
etal reorganizations and motility functions (Ettensohn,
1985; Hardin and Cheng, 1986; Hardin and McClay, 1990,
McClay et al,, 1992). Mesenchyme cells in particular are
highly mobile, utilizing exploratory filopodial extension
and retraction (Karp and Solursh, 1985; Ettensohn,
1984; Hardin and MeClay, 1990; McClay ef al, 1992; Et-
tensohn and Ruffins, 1993). The mesenchyme cells are
the first embryonic cells that unequivocally display zy-
gotic profilin transeripts, and by the end of gastrulation,
profilin transeript prevalence has increased at least
fourfold with respeet to the average ectoderm cell. It is
important to note that the level of profilin transcripts in
mesenchyme cells is equivalent to that seen in activated
adult sea urchin eoelomocytes, which are amoeboid, mo-
bile, phagocytic cells (Smith et al., 1992). As do activated
coelomocytes, the mesenchyme cells inerease their pro-
filin transcript prevalence as they initiate shape
changes. Profilin gene expression is thus likely to partic-
ipatein the mechanisms underlying cytoskeletal remod-
eling in mohile, responsive cells of both adult and em-
bryonic sea urchins.

The PMCs do not begin to express detectable profilin
transeripts until they begin their migratory phase. Dur-
ing the initial stages of PMC ingression there is a “purse
string” localization of actin at the cell apex, which re-
sults in the establishment of the bottle shape that the
cells assume as they loosen their prior contacts and in-
vade the blastocoel (Fink and McClay, 1985; Anstrom,
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1992). After they leave the vegetal plate, they then sit on
the basal lamina before initiating migratory behavior.
Their migration along the blastocoel wall requires the
active extension and attachment of filopodia, which then
retract, pulling the cell body forward (Karp and Solursh,
1985). The accumulation of detectable profilin tran-
seripts is correlated with the activation of this filopodial
extension and retraction process.

The most striking result reported in this communica-
tion is the accumulation of profilin gene transeripts in
the SMCs that appear at the tip of the invaginating
archenteron and are positive throughout gastrulation
(Figs. 2C and 2D). These cells function to identify the
stomodeal target and lead the archenteron toward fu-
sion by a process of repeated filopodial extensions and
retractions (Hardin, 1988; Hardin and McClay, 1990;
McClay ef al, 1992). From the data presented here, it
appears that profilin expression may occur in all but one
of the SMC subsets even though they all utilize filopodial
extensions. Several subsets appear during gastrulation
(Cameron et al, 1991; Ettensohn and Ruffins, 1993).
Those that are positive for profilin expression include
the early pigment cell precursors, or chromogenic mes-
enchyme, that migrate away from the forming archen-
teron during gastrulation {Gibson and Burke, 1983) and
the blastocoelar cells present in the blastocoel (Tambo-
line and Burke, 1992). These two SMC subsets may make
up part of the profilin positive cell population located on
the blastocoel wall with the PMCs during gastrulation,
When archenteron-stomaodeal fusion oceurs at the end
of gastrulation, some of the SMCs located at the end of
the archenteron migrate away from the gut, move along
the blastocoel wall, pass through the basal lamina, and
enter the ectoderm to become a later-appearing cohort
of pigment cells (Gibson and Burke, 1985, 1987}). During
this migration, these cells constitute another set of pro-
filin-positive cells on the blastocoel wall besides the
PMCs. Finally, there is an SMC subset that remains on
the foregut and participates in the formation of the coe-
lomic pouches (Cameron ef al., 1991). It is this category
of SMCs, the premyoblasts that come from the coelomic
pouches (Burke and Alvarez, 1988; Ettensohn, 1990;
Wessel et al, 1990; Venuti ef al, 1991; Cameron et al.,
1991), that does not express profilin during the differ-
entiation of the circumesophageal musculature. This
suggests that the cytoskeletal transformations oceur-
ring as the myoblasts wrap filopodial extentions around
the esophageal wall are different in nature from those
taking place in amoeboid cells that engage in filopodia-
driven mobility, This difference may be based in the pro-
cess of myoblast differentiation into musecle. Once the
filopodia are extended around the forgut, they are not
retracted, which is unlike activities observed in other
mesenchyme cell types.
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In the ectoderm, no cells with elevated levels of pro-
filin transeripts are detected by in situ hybridization un-
til the completion of gastrulation, and we believe the
positive cells seen in the early prism are probably pig-
ment cells of SMC origin that migrate to their ectoder-
mal locations at that time in development. Although we
have no direct evidence that these profilin-positive cells
are indeed pigment cells, unpublished data of the au-
thors and D. Livant indicate that pigment cell-enriched
ectodermal RNA from the early pluteus is positive for
profilin transcripts on RNA gel blots. In summary, pro-
filin expression occurs in most of the mesenchyme sub-
sets of the gea urchin embryo when they extend and re-
tract filopodia, activities which are intrinsic to mesen-
chyme differentiation.

The Role of Newly Produced Embryonic Profilin Protein

Given their modest content of profilin transeripts, the
amount of new profilin that could be synthesized by a
typieal mesenchyme cell is less than 2% of the amount
of maternal profilin that is retained in the average gas-
trula cell. Perhaps even such a small quantitative
change could have a profound effect on cytoskeletal re-
arrangements, if all the newly synthesized profilin were
localized to specific sites in the cyteoskeleton where filo-
podial formation oceurs. Profilin has been demonstrated
in filopodia of spreading and locomoting fibroblasts
(Bubb et al,, 1992). Along these lines, Goldschmidt-Cler-
mont et al. (1992) suggested that very slight increases in
profilin eoncentration localized near the plasma mem-
brane, such as result from signal transduetion, could
greatly affect cell morphology. The correlations we ob-
serve imply that profilin gene expression, and the provi-
sion of a small amount of newly synthesized profilin in
mesenchyme cells, could be required for the shape
changes that are observed in these cells during gastru-
lation.

The appearance of three profilin isoforms in an organ-
ism with a single copy profilin gene is a new resuit and
suggests post-translational modifications to the protein.
[Genome blots, which were originally probed with a 3
UT region of the cDNA (Smith et al, 1992), were re-
peated under lowered wash stringency. The coding re-
gion probe that was used for the in sifu hybridizations
(see Materials and Methods) and the original 3 UT probe
were hybridized to HeindIll-digested DNA from three
individuals. The coding region probe identified bands
corresponding to two polymorphic alleles in each ge-
nome, confirming that sea urchin profilin is a single copy
gene (data not shown).] Documented post-translational
modifications to profilins in other species include a tri-
methylated lysine at position 103 in Acanthamoeba pro-
filin Ia/b (Ampe et al, 1985, 1988) and a blocked N ter-
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minus in both the bovine protein (Nystrom et al., 1979)
and Acanthamoeba profilin II {Ampe et al, 1988). The
multiple isoforms we see must also be generated by post-
translational modifications. We show that newly syn-
thesized acidic and basic isoforms appear at gastrula-
tion. Earlier than this only the central major isoform is
produced by the embryo. Since these profilin variants
appear in the embryo only after the onset of gastrula-
tion, it is possible that enly newly synthesized (i.e., zy-
gotic) profilin can be modified, perhaps because of its
subeellular location. This might explain why the filo-
podially active mesenchyme cells produce profilin, de-
spite the relatively huge quantity of maternal profilin
remaining present throughout the embryo.

In summary, this study reveals (i) that the onset of
zygotic profilin transcript accumulation in the embryo
occurs at the beginning of gastrulation; (ii) that the pro-
filin gene is expressed in migratory skeletogenic and sec-
ondary mesenchyme cells; (iii) that the ratio of the
amount of maternally supplied to emhbryonically syn-
thesized profilin in the gastrula is approximately 50 to 1;
(iv) that after gastrulation, sea urchin profilin appears
in three isoforms; and (v) that the profilin gene is acti-
vated only in cells undergoing certain cytoskeletal mod-
ifications and changes in cell shape, viz mobile mesen-
chyme cells that extensively utilize filopodial extension
and retraction.
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