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Thymotaxin, a Chemotactic Protein, Is Identical to 
P2-Microglobulin 

Thymotaxin, an 11-kilodalton protein chemotactic for rat bone marrow hematopoietic 
precursors, was purified from media conditioned by a rat thymic epithelial cell line. 
The NH2-terminal sequence of thymotaxin was identical to that of rat P2-microglob- 
ulin (P2m). Antibodies to P2m removed thymotaxin activity from the fraction 
containing the 11-kilodalton protein. chemotactic activity was observed with rat 
plasma P2m, human 92m, and mouse recombinant P2m, further supporting the 
identity of thymotaxin with 92m. The directional migration, as opposed to random 
movement, of the cells was also confirmed. The only rat bone marrow cells that 
migrated toward P2m were Thyl+ immature lymphoid cells devoid of T cell, B cell, 
and myeloid cell differentiation markers. 

C HEMOTAXIS IS THE DIRECTIONAL example, polymorphonuclear cells ( I ) ,  
migration of cells along soluble gra- monocytes, and mature T lymphocytes (2). 
dients of chemical substances. In It has been suggested (3) that chemotaxis is 

mammals, several cell types are able to mi- involved in directing the migration of hema- 
grate in a chemotactic manner, especially topoietic precursors from their site of emer- 
cells from the hematopoietic system, for gence, the bone marrow, to the thymus. 

indeed, we showed that avian thymic pep- 

C. Dargemont, D. Dunon, M.-A. Deugnier, M. De- tides attract precursors from quai' 
novelle, J.-M. Gira~dt, J. P. Thienr, B. A. Imhof, Labora- bone marrow in vitro (4). In vivo, migration 
tohe de Physiopathologie du DC\;eloppement CNRS and 
Ecole Normale Suptrieure, 46, rue d'Ulm, 75230 Paris of hemato~oietic precursors into the 
Cedex 05, France. is a prerequisite for T cell differentiation, 
F. Lederer and K. H. D. L&, INSERM U25, Immunolo- which requires the influence of the thymic gie Clini ue, Hopital Necker, 161, rue de SPvres, 75743 
Paris ~ e j e x  15. France. eoithelium and thvmic accesson7 cells 15). \ ,  
F. Godeau, Laboratoire de Biologie Mol~culaire du Gene $,re also shom,ed tiat secretion iroducts of INSERM U277, Institut Pasteur, 25, rue du Docteur 
Roux, 75724 Paris Cedex 15, France. rat thymic epithelial cells induce the migra- 

*Present address: Basel Institute for Immunolo , Gren- tion the hematopoietic precursors from 
zacherstrasse 487, CW-4005 Basel, S\vitzerlanF rat (6) and mouse (7) bone marrow. This 

chemotactic activity was due to an 11-kD 
protein called thymotaxin (6). In Boyden 
migration chambers, thymotaxin selectively 
attracted immature lymphoid cells, devoid 
of mature T and B cell differentiation mark- 
ers. These nonreplicating cells failed to grow 
in methylcellulose when stimulated with 
growth factors. The selected population did 
acquire T cell differentiation markers and 
synthesized T cell receptor a and P chain 
transcripts on coculture with embryonic 
thymic ;issue (8); thus, this population con- 
tained T cell precursors. We now report that 
thymotaxin is biochemically and hnctional- 
Iy identical to rat ~2-microglobulin (p2m). 

Thymotaxin, secreted in a serum-free me- 
dium conditioned by IT-45 R1 rat thymic 
epithelial cell line (9) ,  was purified by gel 
filtration or reversed-phase high-perform- 
ance liquid chromatography (HPLC). Col- 
umn fractions were tested for their ability to 
induce the migration of rat bone marrow 
cells in a Boyden chamber assay (10). Bone 
marrow cells were partially depleted of ery- 
throid and myeloid cells and enriched in 
low-density hematopoietic precursors by 
centrifugation on a 28% bovine serum albu- 
min (BSA) gradient (6). In both gel filtra- 
tion and reversed-phase HPLC, a cell migra- 
tion activity was associated with the same 
11-kD peptide when analyzed by SDS- 
polyactylamide gel electrophoresis (SDS- 
PAGE) (Fig. 1, A and B). The active re- 
versed-phase fraction was electroblotted 
onto a h o ~ y v i n ~ ~  membrane and sequenced 
directly from membrane strips in a gas phase 
microsequencer (11, 12). The 11 NH2-ter- 
minal amino acids were IQKTPQIQVYS, 
identical to those of rat P2m (13). Since the 
amino acid sequence of bovine P2m can 
easily be distinguished from that of rat P2m 
in this region, we confirmed that thymo- 
taxin was a product of thymic epithelial cells 
and not a contaminant from the fetal calf 
serum used in the culture medium 

The biological activity of thymotaxin pro- 
duced bv IT-45 R1 cells was then further 
investigated. The thymotaxin fraction from 
reversed-phase HPLC (Fig. lB,  lane c) 
showed a peak of maximal activity at 
1 0 - " ~  and another slightly lower peak at 
3 x I O - ~ M  (Fig. 2A). The activity found at 
1 0 - ' ' ~  was completely removed by passage 
over an affinity column prepared with rabbit 
polyclonal antibodies to mouse P2m (anti- 
P2m), which cross-react with rat P2m (Fig. 
2A). The activity found at 3 x 10-9AVf, 
which was not retained on the anti-p2m 
affinity column, seemed to be due to a 
second peptide of 8 kD, which comigrated 
with thymotaxin on reversed-phase HPLC 
(Fig. lB, lane c) and which could be re- 
moved by running the reversed-phase frac- 
tion on SDS-PAGE and electroeluting the 
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thymotaxin. Attempts to characterize the 8- 
kD molecule have been hampered because 
the NH2-terminus is blocked, and all further 
studies have been made with p2m free of 
this molecule. A checkerboard analysis (14) 
with thymotaxin (free of the 8-kD molecule) 
revealed that the migration of bone marrow 
hematopoietic precursors results from a gra- 
dient of thymotaxin concentration. Thus, 
thymotaxin acts by a chemotactic mecha- 
nism (oriented migration toward a concen- 
tration gradient) (Fig. 2B), whereas cell 
migration induced by the 8-kD purified 
protein is chemokinetic (random migration) 
(15). Cells that migrated toward elecaoelut- 

ed thymotaxin were lymphoid cells with an 
immature Thyl' CD4- CD8- IgM- phe- 
notype (8).  

To establish that p2m secreted by IT-45 
R1 cell line and plasma p2m show the same 
activities, we prepared p2m from rat plasma 
by ultrafiltration and electroelution fiom an 
SDS gel. In Boyden chambers, it attracted 
hematopoietic cells from bone marrow at an 
optimal concentration of 10-"M (Fig. 3A). 
The effect of p2m h m  other species on rat 
bone marrow cells was also tested. Activity 
was found with commercial human p2m 
purified fiom urine (Serotec, Oxford, En- 
gland): cell migration was maximal between 

- 
Fig. 1. Purification of thymotaxin by ""..-.. ...,.. - P chromatography. (A) Serum-free me- 

k d i m  from the IT-45 R1 thymic epi- 
thelial cell line was prepared and puri- 

24 * fied on Sep-Pack cartridges as de- 
scribed (6). This material was fiuther 
purified by I-IPLC gel filtration on a 
Superose 12 column (1 mllmin) (Phar- 

12.4 r macia), and fractions were analyzed on 
- (T  15% SDS-PAGE (reducing condi- 

7.4 * I - 
I 

tions) stained by silver nitrate (26). 
Each fraction was tested at Merent 
concentrations for its ability to induce 

lnducti the migration of bone marrow-derived 
of mig~ - - + + + +  hematopoietic precursors in Boyden 

chambers (10); (+) represents active 
Column fractions a b c d  fractions and (-) represents fractions 

without activity. Active peptides had 
apparent molecular masses of 11 and 8 kD. (B) In a parallel experiment, SepPadc-purified thymotaxin 
was applied to a reversed-phase HPLC column (TSK ODs-12W, 5 pm; 1 rnllmin; LKB). The column 
was loaded in an aqueous phase and eluted by a gradient of 35% to 39% acetonimle, 0.1% 
trifluoroacetic acid during 20 min. Fractions (1 ml) were immediately lyophilized and reconstituted; 
representative portions were analyzed on 15% SDS-PAGE (reducing conditions), stained by the silver 
nitrate method (24, and tested at different concentrations for their abiity to induce cell migration (10); 
(+) and (-) are as in (A). Fraction (a) corresponds to 35% acetonitrile, (b) to 36%, (c) to 37%, and (d) 
to 38%. The active peptide (thymotaxin) elutes at 37% acetonitrile. T, thymotaxin. 

Fig. 2 Chemotactic activity 
of puri6ed thymotaxin. (A) 
Thymotaxin from reversed- 

E 1.4 phase HPLC (Fig. lB, lane 
C 

DMEM c) was tested for its abiity to 
induce migration of bone 

g1.2 marrow hematopoietic pre- 
~ursors in a Boyden cham- 

1 .0 ber assay (10). Thymotaxin 
-12 -11 -10 -9 from reversed-phase HPLC 

Concentration (log M) is indicated by (x). Flow- 
through of reversed-phase 

thymotaxin fraction passed over an &ty column prepared with rabbit plyclonal antibodies to mouse 
p2m bound to protein A-Sepharose (Pharmacia) is indicated by (+). (Without antibodies on the 
column, the flow-through had the same activity as thymotaxin.) Results are given as mean of four 
separate experiments (six wells per experiment). The difference between the number of cells that 
migrated toward reversed-phase thymotaxin and the number of cells that migrated toward the flow- 
through of reversed-phase thymotaxin passed over the &ty column was statistically significant at 
0.10 < P < 0.15, according to a Student t test applied to paired samples. (B) Discrimination between 
chemotactic and chemokinetic effects of electroeluted thymotaxin. Thymotaxin was purified on a 
reversed-phase HPLC column, as described in Fig. lB, and run on 15% SDS-PAGE (reducing 
conditions); the band with a molecular mass of 11 kD was electroeluted for 3 hours at 200 mA in a 
Schleicher & Schuell apparatus with 192 mM glycine, 25 rnM nis, pH 6.8, as elution buffer. The purity 
of electroeluted thymotaxin was checked on 20% SDS-PAGE stained by the silver nitrate method. 
Concentration of thymotaxin was estimated according to a dilution series of cytochrome c (Sigma) on 
the same el. Chemotactic activity of thymotaxin was determined by a checkerboard experiment (14) 
with lO-'M thymaaxin and control Dulbecco's minimum essential medium (DMEM) in Boyden 
chambers as attractants for bone marrow hematopietic precursors. Chemotactic activity was achieved 
when 10-"M thymotaxin was placed in the lower chamber. These typical results are fiom a single 
experiment. 

3 x 10-"M and 3 x 10-'*M ( ~ i ~ .  3A) and 
was oriented as demonstrated by checker- 
board analysis (Fig. 3B). Moreover, as re- 
ported for thymotaxin-responding cells, the 
low-density cells that had migrated toward 
human p2m displayed an immature 
Thyl+T-B-M- phenotype (devoid of T 
cell, B cell, and myeloid cell differentiation 
markers) and did not give rise to granulo- 
cyte and macrophage colonies in semisolid 
cultures under stimulation with interleukin- 
1, interleukin-3, and colony-stimulating fac- 
tors (16). Finally, recombinant mouse p2m 
was produced in a baculovirus system and 
fiuther purified. This p2m (95% pure) at- 
tracted low-density rat bone marrow cells 
when added at 10-"M (Fig. 3A), suggest- 
ing that no additional posttranslational mat- 
uration of p2m is necessary for chemotactic 
activity. Whatever the source of p2m, the 
cell migration indices were close to 1.5, and 
about 1.3% of the total low-density cells 
migrated specifically. Because we are dealing 
with a heterogenous cell population, the 
observed indices must underestimate the 
abiity of the subset of responding cells to 
migrate toward p2m. In any event, these 
migration indices are compatible with those 
reported for lymphoid cells (2). 

All of the above experiments were made 
with low-density bone marrow cells, which 
account for 10% of the total bone marrow. 
We also tested the migration ability of the 
high-density cell fraction. This high-density 
fraction is depleted in hematopoietic precur- 
sor cells (95% fewer colonies than from the 
low-density fraction in semisolid assays) and 
contains a large number of committed my- 
eloid cells, especially cells from the granulo- 
cyte lineage, which migrate toward many 
soluble factors. Nevertheless, in our migra- 
tion assay, essentially no lymphoid cells or 
myeloid cells migrated specifically toward 
P2m (Table l) ,  indicating that the respond- 
ing: cells are enriched in the low-densitv 
frVction. Thus, in the rat bone marrow, thi 
cells able to migrate toward p2m belong to a 
small subset of immature Thyl'T-B-M- 
precursor cells. 

$2-Microglobulin is the common small 
subunit of the major histocompatibility 
complex (MHC) class I molecule (1 7). Asso- 
ciation with p2m is generally required for 
the transport of class I heavy chain h m  the 
endoplasmic reticulum to -the cell surface 
(18), and p2m contributes to stabilizing the 
heavy chain conformation recognized by 
alloantisera (19). In addition, soluble p2m is 
produced, in vitro, by rabbit synovial fibro- 
blasts stimulated with phorbol myristate ac- 
etate and can induce, & these cells, collage- 
nase synthesis in an autocrine manner (20). 
The mechanism of this autocrine induction 
is not yet understood but could be involved, 
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in vivo, in the modulation of connective 
tissue breakdown. We have shown that P2m 
can exert a chemotactic activity on immature 
lymphoid rat bone marrow cells in vitro. 
Since P2m is present on most cells and 
in body fluids at high concentration in adult 
mammals (21), the molecular mechanism by 
which such a molecule could be responsible 
for a specific chemotactic process is un- 
clear. 

If we consider that only free P2m and not 
the bound protein exerts a chemotactic ac- 
tivity, this biological effect could be regulat- 
ed in vivo bv the plasma concentration of 

1.6 
A B 

D M E M  3 x 10- l2 M 10-$ M 
X 

1.4 .- 
c 1 0.99 1.07 .- - 
6l 1.2 
3 

1.52 1.13 1.08 

1 .o 

free P2m. ~Adeed,' different p2m-binding 
proteins have been described in the adult rat 

-13 -12 -11 - l o  -9 -8 

Concentration (log M) 

$asma (24,  and the concentration of free 
circulating P2m is unknown. The plasma 
concentration of P2m during embryogene- 
sis and its sites of production have not yet 
been studied, although MHC class I and 
P2m antigens are known to be expressed at 
lower levels on cells 123). 

\ ,  

The specificity of the migration response 
may be due to a cell surface receptor that is 
restricted to a subset of bone marrow cells. 
Although MHC class I hea\y chain could be 
such a receptor, a number of proteins from 
the immunoglobulin superfamily, including 
CD1 (24), have been reported to bind P2m. 
Notably, P2m associates with a class I-like 
molecule that acts as an Fc receptor on 

Flg. 3. Characteristics of  p2m from other origins. (A) Chemotactic activity of  rat plasma p2m (x), 
human p2m (O), and mouse recombinant p2m ( W ) .  p2-Microglobulin from rat plasma was prepared by 
ultrafiltration o n  a D i d o  U M 2 0  membrane; the flow-through was applied to  a Lichroprep reversed- 
phase column, electroeluted with 50% acetonitrile, and lyophilized. This material was loaded o n  15% 
SDS-PAGE, and p2m was electroeluted. Human p2m was from Serotec, and recombinant mouse p2m 
was produced in a baculovirus system. T h e  results are given as mean of 5, 11, and 6 experiments (six 
wells per experiment), respectively. The  degree of  purity of  these proteins was tested o n  SDS-PAGE. 
The  difference between the number o f  cells that migrated toward each p2m at 10-I'M and the number 
of cells that migrated toward D M E M  was statistically significant at 0 .025 < P < 0.05, according t o  a 
Student r test applied to  paired samples. (6) Commercially available purified human p2m (Serotec) was 
tested for its chemotactic activity o n  rat bone marrow hematopoietic precursors in Boyden chambers. 
Checkerboard analysis (14) revealed chemotactic activity of this molecule at 3 x 1 0 - 1 2 ~ .  This molecule 
was completely devoid of  chemokinetic effect. Results are given as mean of  three separate experiments 
(six wells per experiment). 

intestinal epithelial cells of the neonatal rat 

1.05 

and allows the transcytosis of irnmunoglob- 
ulin G from mother's milk (25). Thus, it 

1.17 10-9M 

seems possible that another protein anchor- 
ing to the immunoglobulin superfamily 
could be involved in the chemotactic migra- 
tion toward P2m. Finally, it is possible that 
P2m binds to responding cells by a nonspe- 

1.17 

Table 1. Cytological phenotype of  bone marrow 
cells that migrated specifically toward P2m. Bone 
marrow-derived cells were taken after BSA gradi- 
ent. High-density cells (pellet) were treated with a 
hypotonic medium in order t o  lyse red cells. Low- 
and high-density cells before migration were then 
centrihged and stained in May-Griinwald and 
Giemsa solution. The  percentage of cells of  each 
cytological phenotype was determined by scoring 
at least 250 cells per experiment. T h e  percentage 
of  specifically migrated cells is obtained from the 
difference between cells that migrated toward 
human p2m and cells that migrated toward 
DMEM for each type of  cell. Abbreviations: L, 
lymphoid cells; M, myeloid cells; and E, erythroid 
cells. 

P. Thiery, J. Cell Biol. 103, 2715 (1986). 
5. B. Adkins et a/., Annu. Rev. Immunol. 5, 325 (1987). 
6. B. A. Imhof et al., Proc. h'atl. Acad. Sci. U . S . A .  85, 

7699 (1988). 
7. B. Bauvois. S. Ezine. B. Imhof. M. Denovelle. I. P. , , *  

Thiery, J ,  Jmmunol, 143, 1077 (1989). 
8. M.-A. Deugnier et al., Cell 56, 1073 (1989). 
9. T. Itoh, S. Aizu, S. Kasahara, T. Mori, Biomed. Rei. 

2, 11 (1982). 
10. Migration of bone marrow-derived hematopoietic 

precursors was measured by the Boyden chamber 
assay. Cells were counted with a Coulter Counter 
ZM equipped with a 256 channelizer; the count- 
ing window was 5 to 7 pm. Approximately 
2.5 x lo5 bone marrow cells (5 to 11 pm), depleted 
of erythroid and myeloid cells and enriched in 
hematopoietic precursors by centrifugation on a 
28% BSA gradient (6), were loaded in the upper 
compartment of Boyden chambers. Proteins to be 
assayed were placed into the lower blind well cham- 
ber, which was separated from the cell-containing 
compartment by Nuclepore filters (pore size, 5 pm; 
Nuclepore, Pleasanton, CA). After 3 hours of incu- 
bation at 37"C, the cells of the upper compartment 
were removed by washing four times with phos- 
phate buffer saline (PBS). The chamber was then 
centrifuged at lOOg to detach weakly adherent cells 
from the lower surface of the filter, the Nuclepore 
filter was discarded, and the cells that had migrated 
were collected from the lower compartment and 
suspended in Isoton I1 (Coultronics, Margenq:, 
France). The mieration index was defined as the 

Cytological Specifically 
Cell phenotype migrated cells 
den- 
sity 

(%) (%) 

L lM E L M 

Low 43 20 37 2.21 <0.1 
High 15 42 43 <0.1 <0.1 

cific receptor (for example, the healy chain 
of MHC class I) but exerts its chemotactic 
effect by an intracellular response specific to 
these cells. There may also be other path- 
ways for this newly described activity of 
p2m. 
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Unusual Pattern of Accumulation of mRNA Encoding 
EGF-Related Protein in Sea Urchin Embryos 

A sea urchin (Strongylocentrotus purpuratus) messenger RNA encoding a protein 
(SpEGF2) related to epidermal growth factor (EGF) was identified. The full-length 
complementary DNA sequence predicts a protein with an unusually simple structure, 
including four tandem EGF-like repeats and a hydrophobic leader, but lacking a 
potential transmembrane domain. Sequence similarities suggest that the peptides are 
homologous to two peptides from a different sea urchin species, which cause a classic 
developmental defect, exogastrulation, when added to the seawater outside of embry- 
os. The SpEGF2 messenger RNA begins to accumulate at blastula stage, and in pluteus 
larvae it is distributed in discrete regions of ectoderm that are not congruent with 
known histological borders. One region corresponds to that expressing the homeodo- 
main-containing protein, SpHboxl. The structure of the SpEGF2 protein and the 
pattern of acc~lmulation of its messenger RNA suggest that it may have important 
functions as a secreted factor during development of sea urchin embryos. 

T HE FAMILY OF PROTEINS THAT CON- 

tain domains similar to  epidermal 
grolvth factor (EGF) includes many 

that are membrane-bound or diff-usible me- 
diators of  cell-cell interactions. The proteins 
encoded by the rlotclz (1) and deitn (2) genes 
of Dvosophiln and by the i iu-12 (3) and glp-I 
(4) genes of Cnenovhnhditis are expressed 
during development of these invertebrate 
embnos in which they hnction in decisions 
of cell fate. The structure of the mRNA 
encoding a new member of this family, 
SpEGF2, which is expressed in embryos of 
the sea urchin S tvo t~gy loce~ t io t~r s  p~r ip~r in t~r s ,  is 
shown in Fig. 1A. This message contains an 
open reading frame of 975 nucleotides be- 
ginning with an ATG codon. The deduced 
protein contains 325 amino acids and has a 
predicted molecular mass of  36.9 kD. Most 
(at least 263 of 325 amino acids) of the 
predicted protein consists of four tandem 
EGF-like repeats that can be aligned by the 
six cpsteine residues found in each repeat 
spaced as CX6CX5CX8-13CXCXI I-12C (Fig. 
1B). These are within the range of spacings 
(Cx&14Cx3~8Cx&14CxCx8-l~C) for 6 3  
EGF-like repeats from hnctionallp diverse 
proteins (5). The SpEGF2 repeats have sev- 
eral highly consenred residues proposed t o  
be important for protein conformation ( 6 ) ,  
including GlyI8, ~ h e i ~ y r ~ ~ ,  GIy36-Phe/ 
Tyr37, and G I v ~ ~ .  They lack two of six 
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residues, Arg" and ~ e u ~ ~ ,  consenred in li- 
gands that bind to vertebrate EGF receptors 
(7). They also lack the site of  P-hydroxpl- 
ation at A s p / A ~ n ~ ~  and several other residues 
thought to be important for high-affinity 
Ca2' binding characteristic of  some EGF- 
like repeats of plasma proteins (5). Comput- 
er-assisted analysis of secondary structure 
(8) predicts that repeats 1 to 3 have a central 
P-sheet structure similar t o  that demonstrat- 
ed for EGF (9). 

The sequence around the ATG at the 
beginning of this open reading frame 
stronglp suggests that it is the true initiation 
codon. First, there are stop codons in all 
three reading frames upstream of this ATG. 
Second, the 1 7  amino acids follo~ving it 
constinite a putative hydrophobic signal 
peptide, a feature cornlllo~l to  all EGF- 
related proteins. Third, primer extension 
identified the A residue 70 base pairs up- 
stream of this ATG codon as the unique 
transcription initiation site. Furthennore, 
sequence upstream from this initiation site 
includes a TATA box at base -32 t o  -26 
and (G)CCAATI motifs at bases -52 and 
-171. Several other close matches to  
knolvn regulaton motifs, whose filnctional 
significance in the SpEGF2 gene remains to  
be established, are described in the legend to 
Fig. 1A. The 3'  untranslated region is ap- 
proximately 500 bases long and contains a 
known variant signal for transcript cleavage 
and polyadenplation, ATTAAA ( lo) ,  ~ l h i c h  

begins 19 bases upstream from a stretch of A 
residues that presumably represent the be- 
ginning of the polpadenplate tail. These 
features predict an mRNA length lvhich 
matches that determined by blotting analy- 
sis. 

The EGF-like domains ultimately have 
extracellular destinations. either as secreted 
peptides or in extracellular regions of  mem- 
brane-bound proteins. In addition to  their 
initially identified roles as growth factors 
[for example, EGF and transforming 
growth factor-a (TGF-a)],  EGF-like do- 
mains are found in mosaic proteins that 
hnction in diverse biological processes and 
usually contain various other functional do- 
mains. Holvever, several lines of evidence 
suggest that the SpEGF2 mRNA encodes a 
protein of  relatively simple structure that is 
secreted into the blastocoel and whose fi~nc- 
tion is mediated largely, if not entirely, by 
the EGF-like domains. (i) Suyemitsu ~t a / .  
(11) recently reported the sequences of nvo 
of four peptides found in the blastocoel of 
embryos of a diferent sea urchin, '4trthoc-i- 
daiis cvassispina, which are similar to  the 
SpEGF2 repeats (Fig. 1R). The similarity is 
greatest for peptide A, which has about 60% 
identity to repeats 2 and 3 of SpEGF2 and 
64% to 68% similarity when conse~a t ive  
m i n o  acid substinitions are included. This 
is a strong similarity in view of the time 
since divergence of the lines leading to these 
two sea urchin species [30 to 45 million 
pears ago (12)l. EGF and TGF-a are only 
55% identical in amino acid sequence, but 
bind to the same receptor lvith sihilar afiini- 
ty (7).  Furthermore, the peptides from '4. 
cvnssispim have the same developmental ef- 
fects on embryos of both genera. 111 contrast 
to their similarity with peptides of '4. cmssi- 
spina, the SpEGF2 repeats differ from the 
other EGF-related protein identified in S. 
ptivp~riattis, uEGF1, -1vhich contains at least 
20 relatively precise repeats of the EGF-like 
domain as lvell as other filnctional domains 
(1 .3) .  Thus, it seems likely that A .  cnlssijpim 
peptides and SpEGF2 protein encode filnc- 
tionallp eiluivalent products of ho~nologous 
genes. (ii) The SpEGF2 protein includes a 
probable leader peptide but lacks a sequence 
suitable to  sen.e as a transmembrane do- 
main. (iii) At late blastula stage, SpEGF2 
mRNA is concentrated at the basal sides of 
cells (Id),  a phenomenon we ha1.e ohsenred 
for only one other mRNA, one that encodes 
an extracellular anlsulfatase (15). (iv) Other 
than the four EGF-like repeats and hydro- 
phobic leader, the protein contains. tlvo 
stretches of 30 or felver amino aclds sur- 
rounding the EGF-like repeats, which d o  
not corr&pond t o  any sequence in the Na- 
tional Biomedical Research Foundation 
protein data base. (v) Several other features 
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