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SUMMARY

The cellular slime mold,Dictyostelium discoideuns a non-  that the defect is non-cell autonomous. ThampA gene is
metazoan organism, yet we now demonstrate that a also demonstrated to be necessary in a cell-autonomous
disintegrin domain-containing protein, the product of the  manner for the correct localization of anterior-like cells to
ampA gene, plays a role in cell type specification. the upper cup of the fruiting body. When derived from
Disintegrin domain-containing proteins are involved in  ampAnull cells, the anterior-like cells are unable to localize
Notch signaling in Drosophila and C. elegansvia an  to positions in the interior of the developing mounds. Wild-
ectodomain shedding mechanism that depends on a type cells can rescue defects in morphogenesis by
metalloprotease domain. TheDictyosteliumprotein lacks a  substituting for null cells when they differentiate as
metalloprotease domain. Nonetheless, analysis of cell type anterior-like cells, but they cannot rescue the ability of
specific reporter gene expression during development of the ampAnull cells to fill this role. Thus, in spite of its simpler
ampA null strain identifies patterning defects that define  structure, the Dictyostelium ampAprotein carries out the
two distinct roles for the AmpA protein in specifying cell  same diversity of functions that have been observed for the
fate. In the absence of a functionalampA gene, cells ADAM and ADAMTS families in metazoans.

prematurely specify as prespore cells. Prestalk cell

differentiation and migration are delayed. Both of these  key words: Differentiation, Pattern formation, Anti-adhesive, Cell
defects can be rescued by the inclusion of 10% wild-type type-specific gene, Expressidictyostelium discoideum

cells in the developing null mutant aggregates, indicating Disintegrin, ADAM

INTRODUCTION ADAMTS family of proteins contain a disintegrin and a
metalloprotease domain coupled with a cysteine-rich region,
Cell adhesions are a vital component of the tissue architectuasually containing an EGF repeat. In the ADAMTS family, the
of developing organisms. Modulation of cell adhesions to alloveysteine-rich region is followed by a series of thrombospondin
cell migration during embryogenesis or cell fusion duringrepeats. The role played by molecules containing disintegrin-
myogenesis represent extremes of a continuum of dynamiike motifs often depends upon the context in which the domain
interactions between cells and their underlying matrices. This expressed and whether or not the metalloprotease domain is
sites of cell contact are not just static structures, but aractive (Schlondorff and Blobel, 1999). When expressed as part
increasingly recognized as highly complex interaction sitesf an integral membrane protein, the disintegrin domains can
that couple molecules that recognize the extracellulacarry out a fusogen-like function during myogenesis and
environment with molecules of the cellular signal transductiorsperm-egg fusion (Tdpfer-Petersen, 1999; Yagami-Hiromasa et
systems (Yamada and Geiger, 1997). The coupling of cedll., 1995). ADAMs with active metalloprotease activity have
adhesions to signal transduction is central to the regulation dken involved in ectodomain shedding, where the disintegrin
growth, differentiation and apoptosis. domain functions to target the protease domain to its
The disintegrin domain has been increasingly identified as extracellular substrate (Schlondorff and Blobel, 1999). It is
motif in several molecules involved in modulating adhesivehrough this mechanism that tBFosophila Kuzbaniargene
interactions between cells and extracellular matrixand theC. elegans sup-1@ene function to cleave the Notch
components, as well as in morphogenetic signaling eventigand, Delta, influencing cell-fate specification (Rooke et al.,
(Huang, 1998). Initially identified as a soluble hemorrhagicl996; Wen et al., 1997).
peptide in viper venom that competitively inhibits platelet A role for ADAM proteins in facilitating cell motility has
integrin receptors binding to fibrin (McLane et al., 1998),also been observed. Two different members of the ADAM
disintegrin domains have now been found in transmembrarfamily appear to modulate cell motility in distinctly different
and secreted proteins from a wide spectrum of metazoamays. ADAM9, an integral membrane protein facilitates
organisms (Schlondorff and Blobel, 1999). The ADAM andfibroblast migration by disrupting integrin binding to
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extracellular matrix ligands, while tl@& elegandADAM, mig-  bacteria express additional proteins on their surfaces that
17, is secreted and influences the route of migration of th&acilitate phagocytosis and alter their adhesive properties
distal tip cells (Nath et al., 2000; Nishiwaki et al., 2000). It is(Chia, 1996; Cornillon et al., 2000; Furukawa et al., 1992;
the metalloprotease domain that is essential for the rotegef  Rezabek et al., 1997; Vogel et al., 1980). We postulate that
17 role in cell migration, while the disintegrin domain plays athis leaves them significantly more dependent upon the anti-
localization function. adhesive activity of AmpA than cells grown axenically in
A more widely diverged disintegrin domain protein hassuspension culture. As a result, bacterially grasmpAnull
recently been identified ixXenopuswhere it functions in cells are more adherent to the substratum which delays their
dorsal/ventral specification (Matsui et al., 2000). Ke@opus migration into mounds and development completely arrests at
kielin protein is secreted and contains thrombospondin repedtse mound stage.
followed by chordin repeats, and has a disintegrin domain at Cell migrations are important at mound stage for ‘sorting
the C terminus. out’ of distinct cell populations that have differentiated at
We have recently described another highly divergedandom locations throughout the mound (reviewed by Kessin,
disintegrin domain-containing protein from a non-metazoar2001). The differentiated cells must move to their correct
organism, the cellular slime mol@ictyostelium discoidium locations in order to form the various structures of the fruiting
(Varney et al., 2002). This protein, AmpA, influencesbody. This process is not unlike gastrulation in higher systems,
developmental progression by modulating cell-cell and cellwhere cells must reposition themselves to form the three germ
substrate adhesions (Varney et al., 2002). AmpA contains dayers prior to organogenesis. Cells destined to form the stalk
N-terminal signal sequence followed by two disintegrin-likeof the fruiting body migrate from their site of initial
domains and four repeats, which are similar to thrombospondilifferentiation at the periphery of the mound to the mound apex
repeats and share homology with the leech ornatins, a familyhere they form the tip structure (Clow et al., 2000; Early et
of anti-coagulant peptides found in leech saliva (Varney et algl., 1995). Cells that will form the basal disc and the lower cup
2002). Unlike the ADAM and ADAMTS families AmpA does structure assemble at the base of the mound, while cells that
not contain a metalloprotease domain. We show that like Kuwill constitute the spore mass sort to a position just above these
and Supl7, AmpA also plays a role in cell fate specificationgells. Cells that will form the upper cup locate to a thin layer
possibly through a mechanism involving lateral inhibition.separating the prespore cells and the apical prestalk cells
However, as AmpA lacks a metalloprotease domain, it canndteviewed by Kessin, 2001). Once the differentiated cells have
do this directly through ectodomain shedding. ‘sorted out’ a final series of morphogenetic movements shape
Dictyosteliumis one of the simplest organisms to undergathe final fruiting body. The prestalk cells at the tip of the mound
true multicellular development. It is a single-celled amoebanigrate down through the spore mass while the upper and
that can be grown axenically in a shaken suspension, simillower cup cells move in a swirling vortex that results in the
to tissue culture cells or, it can feed on bacteria plated on spore mass rising to the top of the extending stalk (reviewed
solid substratum. Development is initiated by starvationby Kessin, 2001).
Multicellularity is achieved by chemotactic migration of single We show that in the absence of AmpA, cells are prematurely
amoebae into aggregation centers, or mounds, where sevedalected to assume a prespore or anterior-like cell fate and that
different adhesion proteins mediate cell-cell contacts (revieweprestalk differentiation is delayed. We show that this role of
by Kessin, 2001). Within the mounds cells differentiate andAmpA involves a non-cell autonomous mechanism and is
undergo morphogenesis to form a fruiting body consisting oflistinct from a second cell-autonomous defect that interferes
spore cells supported by a stalk with a basal disc that anchoséth correct localization of a subset of anterior-like cells
the fruiting body to the substrate. destined to form the upper cup. We discuss models that can
TheampAgene is expressed at a low level in most growingexplain how a more primitive disintegrin domain-containing
cells but expression is rapidly restricted to anterior-like cellprotein like AmpA, which lacks a metalloprotease activity, can
(ALCs) during development (Casademunt et al., 2002). Thesstill carry out the functional complexity of the more highly
cells represent about 10% of the total cells in the fruiting bodyevolved, multi-domain ADAM and ADAMTS proteins.
They form the support structures of the mature fruiting body,
the upper and lower cups that support the spore head and the
basal disc. During the later stages of development thRIATERIALS AND METHODS
migrations of the anterior-like cells play a major role in
morphogenesis of the fruiting body (Abe et al., 1994; DormanStrains, cell propagation and development
et al., 1996). Procedures used to generampA strains have been reported
The AmpA protein functions to modulate adhesions duringreviously (Varney et al., 2002). Wild-type cells (Ax3) aampA
development. Inactivation of AmpA causes increased cell-cetlells were grown under axenic conditions in HL5 medium (Sussman,
and cell-substrate adhesion that delays or arrests developm@g87) supplemented with 0./l folic acid, 20 ng/ml vitamin B12,
(Varney et al., 2002). Whether development is arrested O Hg/ml ampicillin, 0.5 ug/ml amphotericin B and 0.gg/ml
merely delayed in thampAnull mutants depends upon the streptomycin (Sussman, 1987). G418 (9.6 mg/ml; Sigma) was added

: s he culture medium of strains carrying reporter genes, and 10
rior growth conditions of the cells (Varney et al., 2002 _cellde ! o ! ; )
tphat %ave been grown axenical(ly in ysuspension )Culturmg/ml blasticidin S HCI (ICN) was included in medium used to

ropagateampA cells. All strains were grown in the absence of
progress normally through development to the mound staggbiotics and selection drugs for 48 hours before experiments.

and then are delayed by four hours in the process of formingonditions for growth in association wikh coli B/r and procedures
the tip on the mound. Ultimately they complete developmentised to induce development have been described elsewhere (Varney
and form slightly aberrant fruiting bodies. Cells grown onet al., 2002).
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Fig. 1. DuringampA strain development, expression of
B thepspDreporter gene is induced prematurely and
prespore reporter activity is observed in cells in regions
’ Q normally occupied by prestalk celRspDreporter
ﬁ expression patterns are shown for wild-type (left) and
@® i ampA structures (right) for the following developmental
~ .. . stages: (A,B) tight mounds (10 hours development), 4
hours staining; (C,D), tips (13.5 hours development), 2.5
- - hours staining; (E,F), early culminants (18 hours
development), 2.5 hours staining. Arrows indicate regions
- of the structures where prestalk cells are usually found.
‘ (G) Quantitation of the number of cells expressing the
~ ; pspDreporter in wild-type andmpAnull structures
a harvested at 14 hours of development. Developing
structures were dispersed to single cells, fixed, stained and
counted as described in the Materials and Methods.

- RESULTS
1= -
‘ ' . ’ Prespore gene expression is initiated
. # i : prematurely in ampA null cells

/ -y The pspD gene encodes a protein found in the coat
"- surrounding mature spore cells (Yoder et al., 1994).
' o, Expression of this gene is initiated during post-
aggregation development and is specifically restricted
4___/ to prespore cells (Oyama and Blumberg, 1986; Yoder
and Blumberg, 1994). When the promoter for this
gene is used to drive expression of thecoli -
galactosidase enzyme, reporter expression is normally
first detected by in situ staining in a few widely
scattered cells at about 10 hours of development, when
cells have assembled into tight mounds (Yoder and
Blumberg, 1994) (Fig. 1A). By 14 hours of
development, many more cells have started to express
the pspDreporter and these cells are localized to the
center of the mound surrounded at the periphery of the
mound by non-staining cells destined to become
prestalk cells (Fig. 1C). These non-staining prestalk
cells migrate to the apex of the mound where they will
form the tip structure (Fig. 1E).

When theampAgene is knocked out by insertional
inactivation, development of axenically grown cells
proceeds normally until late mound stage when there
is a 4 hour delay in formation of the tip on the mound

Transformation and detection of reporter activity apex (Varney et al., 2002). During development ofah®mA

The construction of reporter genes marking expressioangfA  null cells, thepspD prespore gene is expressed prematurely
(Casademunt et al., 2002) gospD(Yoder and Blumberg, 1994) has (Fig. 1B). At 10 hours of development, when only a few
been described. TheemAreporter (Jermyn and Williams, 1991) was scattered wild-type cells express the prespore reporter, there is
a kind gift from Dr Jeffrey G. Williams of University of Dundee, already extensive expression of fh&pD reporter in the null
Scotland. This construct contains the full promoter foettraAgene  ce||s. Quantitation indicates that at 14 hours of development,
and tags both prestalkA cells (pstA) and a subset of the ant_erlor-lll@my 25-30% of wild-type cells express the prespore reporter,
cells that form the upper cup. Stable transformatioDicfyostelium while nearly 60% of the null cells express the reporter (Fig.

cells with reporter genes was by 2Caphosphate precipitation - ;
(Knecht et al., 1986)ampA and wild-type aggregates formed by 1G). This suggests that taenpAgene product functions early

cells carrying the same reporter gene were assayed in parallél development to suppress premature entry of cells into the
Detection of reporter gene-drivef-galactosidase activity in Prespore pathway.

multicellular structures is described elsewhere (Dingermann, 19892:eIIS expressing the pspD prespore reporter in

To quantify the percentage of cells expressing ahmA or pspD .
reporter gene, aggregates were dispersed to single cells by bri@fnpA null developing structures occupy prestalk

digestion with trypsin/EDTA (Casademunt et al., 2002) before fixingC€!l POSitions
and staining. Three hundred to 2500 cells per experiment wei€ells staining for th@spDreporter are found at the periphery
photographed for analysis. of mounds formed bampAnull cells (Fig. 1D). The arrows
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Fig. 2. Mis-expression opspDreporter is rescued by the presence of wild-type cells in chimeric structures. PatpspBrefporter

expression in wild-typeampA and chimeric structures formed by 2 day bacteria-fed cells are shown. Samples were prepared as described in
Materials and Methods. All samples shown were stainefl-gmlactosidase activity for 2 to 3 hours. (A) 100% wild-type cells, reporter in all
cells; 18 hours of development. (B) 10@#hpA cells, reporter in all cells; 18 hours of development (C) 50% wild-type cellsébogsr cells,

reporter in all cells; 14 hours of development to show mound stage. Arrows in B,C indicate the position of prestalkeceitsuaickiperiphery

at this stage. These cells are stained in B, but unstained in C. (D) 50% wild-type cetiaid@etells, reporter in all cells; 18 hours of
development. (E) 50% wild-type cells/50npA cells, reporter immpA cells only; 18 hours of development. (F), 10% wild-type cells/90%
ampA cells, reporter in all cells; 18 hours of development. Black arrows in A,D,E,F indicate the tips that are composed afgtieeatadk

devoid of prespore cells. Gray arrows in E indicate clusterimgngfAnull cells carrying th@spDreporter clustering at the base of the

prespore zone.

indicate the prestalk cells at the periphery of the mounds th&rmation and extension (Varney et al., 2002). When grown in
are unstained in wild type (Fig. 1C) and stainedrmpAnull contact with a solid substratum in the presence of bacteria for
structures (Fig. 1D). Likewise, when the tip is formed on the days, ampAnull cells are delayed in the initiation of
mound by the migration of the prestalk cells to the moundlevelopment by 7-8 hours, and morphogenesis is completely
apex,pspDprespore staining cells are located in the tip of thearrested at the tip formation stage (Varney et al., 2002). This
ampAnull mounds (Fig. 1F) but not in the tip of mounds frommore severe developmental defect makes it feasible to ask
wild-type cells (Fig. 1E). Thus, it appears thatpAnull cells ~ whether addition of wild-type cells to developiagipAnull

that initially differentiate as prespore cells respecify anctells can rescue the aberrant prespore gene expression pattern.

assume a prestalk fate later in development. At 18 hours of development, bacterially grown wild-type

) cells are at the early culminant stage where the prestalk cells
Aberrant prespore gene expression by prestalk cells are evident in the tip region (Fig. 2A). The wild-type prestalk
is rescued when wild-type cells are mixed with cells are clear because they do not express the prespore reporter
developing ampA null cells gene. By contrast, bacterially gronampAnull cells have

We have previously demonstrated that a significant proportioarrested development at mound stage (Fig. 2B). Mis-
of the AmpA protein is secreted and can be recovered in trexpression of th@spD prespore reporter gene is observed in
wash of developing cells (Varney et al., 2002). If wild-typethe prestalk cells located at the periphery of the mounds formed
cells added to developingmpA null cells can rescue the by theampAnull cells (Fig. 2B). Inclusion of wild-type cells
aberrant pattern of gene expression byath@Anull cells, then in a 50:50 ratio withampAnull cells prior to plating for
AmpA protein would probably act extracellularly or by a ‘non-development rescues the mis-expression of the prespore
cell autonomous’ mechanism to suppress premature prespararker (Fig. 2C). Because inclusion of wild-type cells also
gene expression. rescues the delay in developmental progression, it was
The experiments described above were carried out usingecessary to look earlier (at 14 hours) to observe mound stage
cells grown axenically in suspension culture where loss ah the chimeric aggregates. The prestalk cells at the periphery
ampA gene function results in only a 4 hour delay in tipof the chimeric wild-typempAnull mounds show little or no



A disintegrin domain protein with a role in cell type specification 2385

expression of the prespore reporter gene (Fig. 2C). Moreovare progressively seen increasing in concentration towards the
inclusion of the wild-type cells in the chimeric aggregatesnound apex (Fig. 3C,E). The number of cells expressing the
rescues the developmental arrest and by 18 hours eapyestalkecmAreporter in thempAnull strain is reduced in the
culminants are formed just as in wild type (Fig. 2D,E). Thedeveloping mounds (Fig. 3D,E). Additionally, many of the
prestalk tip region in the chimeric culminants is also devoid o€ells that express the prest@&mAreporter remain near the
cells expressing the prespore reporter. In Fig. 2D, both wildnound periphery longer than cells expressing the reporter in
type andampAnull cells carry th@spDreporter, while in Fig.  wild-type structures (Fig. 3D,E). In this experiment, cells
2E only theampAnull cells carry thggspDreporter. As in both  grown axenically in suspension culture were used so that
cases the tips are devoid of prespore gene-expressing cells, grestalk gene expression could be viewed throughout
inclusion of the wild-type cells prevents taepAnull cells  development in theempAnull cells. By culmination, the
from mis-expressing the prespore gene. A caveat to thigattern ofecmA prestalk reporter expression ampAnull
conclusion is that wild-type cells capable of correctlystructures (Fig. 2H) is similar to the wild-type pattern (Fig.
suppressing prespore gene expression may exclusiveRG). These results indicate that the increase in prestalk gene
differentiate as prestalk cells in the chimeras. (Later, we shoexpression is delayed in the developargpAnull cells and
that this is not the case.) TampAnull cells also differentiate that the cells that do differentiate as prestalk cells remain at the
as prestalk cells in the presence of wild-type cells. Thus, thmound periphery longer. After the 4 hour delay in tip
inclusion of wild-type cells rescues the n°’
expression of the prespore gene marker byathpA
null cells. The inclusion of as few as 10% wild-t
cells with 90%ampAnull cells is sufficient to resct ‘ B :
the mis-expression of the prespore reporter gene , f : \
prestalk cells (Fig. 2F). g

In spite of the rescue of prespore gene : : ».
expression by wild-type cells, there is still a ey /
autonomous defect iampAnull prespore cells. | -
culminating aggregates formed by a susper \
containing an equal number of wild-type amtpA

null cells, the upper half of the spore mass is enri C oy i) ¥ &
with wild-type cells. WherpspDreporter expressic - W ‘ m .'f_'-, &

is marked only inampAnull cells, the resultin g e i - s
structures show a cup-shaped expression pi @ e '
outlining the lower half of the spore mass at 18 h &‘7}

as a result of increased numbersuwipAnull cells in
the lower half of the prespore zone (Fig. 2E, @ ’
arrows). However, when the cells of both strains ¢ < @ ¢
the pspDreporter, an even distribution of staining ' =t
observed throughout the prespore zone (Fig. 4 o)
These results suggest that the abilityaofipAnull E . ’e /
cells entering the prespore pathway to migrate int

anterior regions of mixed aggregates is red ‘ .,‘r‘ 4
compared with wild-type cells, presumably as a r G ' X i‘f%- e ~
of their increased adhesiveness. & i

oo s g ® &
Prestalk cell differentiation is delayed in v
ampA null structures and prestalk cells

. . - - ‘
remain longer at the mound periphery E m

Prestalk cells express an extracellular matrix prc

EcmA (McRobbie et al., 1988a; McRobbie et ; _ %
1988b). TheecmApromoter fused to thE. coli lacz | y 4 w
gene is a widely used reporter for prestalk cells a 5

expressed in both prestalk cells and in a subset N e %
anterior-like cells that form the upper cup (Jermy i '
al., 1989; Jermyn and Williams, 1991). Ini \

expression of thecmAprestalk cell reporter begi

in both wild-type ancampAnull strains at 10 hou Fig. 3.Loss of AmpA function delays differentiation of prestalk cells and

. . migration of stalk A cells from the mound periphery to the moundtmA
of de\/_elopment, just before the Or_lSEt of tip forma reporter expression patterns are shown for wild-type structures (left)namét

Th'.s is seen as a very faint ring of cells at structures (right) for the following developmental stages: (A,B), tight mounds,
periphery of the mounds that express ®em/ 10 hours of development; 2 hours staining. (C,D), late tight mounds, 12 hours of
reporter (Fig. 3A,B). In wild-type structures, = development; 1 hour staining. (E,F), tips, 13.5 hours of development; 1 hour
number of cells expressing the reporter gene ra  staining. (G,H) Culminants, 22 hours of development, 1 hour staining. Arrows
increases as the tip emerges, and the expressin indicate the mound periphery where stalk A cells initially differentiate.
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the ability ofampAnull cells to express the prestalk reporter
by 14 hours (Fig. 4C). Prestalk cells appear toward the apex of
the chimeric mound, suggesting that not only does the
inclusion of wild-type cells rescue the delay in differentiation
of prestalk cells but also the ability of the prestalk cells to
migrate to the mound apex. In Fig. 4C, oalyppAnull cells
carry the prestalk reporter, indicating that the inclusion of the
wild-type cells induceampAnull cells, themselves, to express
the prestalk cell reporter on time. Examination of the chimeric
structures at 18 hours of development indicates that inclusion
of only 10% wild-type cells in the plating suspension with 90%
ampAnull cells is sufficient to rescue the developmental arrest
at mound stage and to allow thempAnull cells that
differentiate as prestalk cells to migrate to the tip of the early
culminating structure (Fig. 4F; onlgmpAnull cells carry
reporter).

Fig. 4H shows 18 hour development of a 50:50 wild-
typeampAnull chimeric population in which thescmA
prestalk reporter construct is carried only in #mapAnull
cells. The intensity of staining within the tip region of the
structures suggests thampAnull cells not only gain the
ability to participate in tip extension in the presence of wild-
type cells, but may represent the majority of the prestalk

Fig. 4. The delay in prestalk gene expression and anterior prestalk population in S.trUCtur?S formed by an equal number of cells
cell migration in structures formed froampAnull cells is rescued ~ [70M €ach strain. In Fig. 4G, where wild-type cells also carry
by the presence Of W||d_type Ce”s_ (A_C) Expression pa’[terns Of the ecmArepOrter, there IS more Stall’llng N the Scattered areas
ecmAreporter after 14 hours of development by bacterially grown throughout the spore mass characteristic of the staining pattern
cells are shown. (A) Wild type; (BJmpA; (C) 50/50 wild type/null of the anterior-like cells that also express #doenAreporter.

with reporter carried only iampAnull cells. (D-F) 18 hours of This result raises the possibility that #m@pAnull cells have

development by bacterially grown cells is shown. (D) Wild type;  a tendency to assume the prestalk fate, rather than the anterior-
(E) ampAnull; (F) 10/90 wild type/null chimera with reporter carried |ike cell fate in the chimeras.

in null cells only. (G) 50:50 wild-typampA cells, reporter in all

cells; 18 hours development. (H) 50:50 wild-tygrapA cells, Anterior-like cells that express the ampA reporter
reporter inampA cells only; 18 hours development. All staining was re prematurely induced and largely excluded from

for 1 to 2 hours. the upper cup region of late developing structures
formed by ampA-null cells

extension, however, the pattern of prestalk gene expressidihile much of the AmpA protein is secreted during

becomes normal. development and can be recovered in the wash of developing
cells, some of it is found associated with the cell pellet (Varney
The delay in prestalk differentiation and migration in et al., 2002). Immunofluorescence analysis indicates that
ampA-null cells is rescued by inclusion of wild-type AmpA protein is associated with the anterior-like cells. These
cells during development are the cells that express tampAgene during development

By using bacterial growth of cells before development tqCasademunt et al., 2002). It was therefore of interest to
produce the more severe developmental defects airtipgx  examine the effects of thampA null mutation on the
null mutation, it is possible to address the question of whethelifferentiation and localization of these cells. We uastghA

the inclusion of wild-type cells in the developmental platingpromoter driven expression pfgalactosidase enzyme to label
suspension can also rescue the defects in prestalk célle anterior-like cells. Two striking differences are observed.
differentiation. Expression of the prestalk-speciBcmA  First, ampA gene expression is prematurely induced in the
reporter is not observed in 14 hour aggregates formed mpAnull developing cells. The expression of HrapAgene
ampAnull cells that have been grown on bacterial plates priois initially observed in a few widely scattered cells during early
to development (Fig. 4B). By comparison, bacterially growrndevelopment of wild type (Fig. 5A). By contrast, in #rapA
wild-type cells express the prestelkmAreporter at the mound null strain, significantly more cells are observed to express the
periphery and prestalk cells have started to migrate to thempAgene early (Fig. 5B). Quantitation indicates that nearly
mound apex by this stage in development (Fig. 4A). Théour times more cells express tht@mpA gene in early
bacterially grownampAnull cells arrest development at the development (Fig. 5C). By 12 hours of development, about 1%
mound stage, although by 18 hours they do express prestalkthe wild-type cells express thenpAgene, while nearly 4%
ecmAreporter but many of the prestalk cells remain at thef the null cells express it.

mound periphery (Fig. 4E). By 18 hours of development, the The second effect of theampAnull mutation on
wild-type cells have reached the early culminant stage (Fidifferentiation of anterior-like cells is that they fail to localize
4D). Inclusion of wild-type cells wittampAnull cells in a  to the upper cup region of the culminating fruiting bodies (Fig.
50/50 mix prior to plating for development results in rescue 06A-D). Fig. 6A,C show wild-type early and mid-culminants
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Fig. 5. Inactivation ofampAgene function results in a premature increase in the percentage of cells expressimgltteporter at the earliest
developmental stages. Axenically growing wild-type (A) anthA (B) cells carrying thempAreporter gene were washed free of growth
medium, plated for development on nitrocellulose filters and stained 19 hours for expreBsi@tactosidase after 4 hours of development as
described in the Materials and Methods. (C) Quantification of the percentage of cells expressimyAteporter in developing wild-type and
ampA structures during development on nitrocellulose filters. Structures harvested at 12 hours of development were dispeeseells singl
and fixed, stained and counted as described in the Materials and Methods.

and the arrows indicate tleenpAexpressing upper cup cells. region shows few if anampAexpressing cells (Fig. 6H).

By contrast, early and mid-culminants frampAnull strains

Thus, theampAgene is required in a cell associated or cell

show a reduced number afpAexpressing cells in the upper autonomous way for the correct localization afmpA

A . \'B ‘

cup region (Fig. 6B,D).

This effect is even more striking when wild-type and
ampAnull cells are grown on bacteria prior to plating for
development (Fig. 6E-H). By 18 hours of development, the
wild-type cells have reached the early culminant stage ar
ampAexpressing cells are clearly present in the upper an
lower cup regions (Fig. 6E). ThampAnull cells have
arrested development at mound stage, but cells expressi
the ampA gene are almost completely excluded from the
interior of the mounds and are found exclusively at the
periphery (Fig. 6F). When wild-type cells are mixed with
ampAnull cells in a 50:50 ratio prior to plating,
developmental progression is rescued but it is the wild-typ
ampAexpressing cells that occupy the interior positions ir
the upper and lower cup regions of the early culminants. |
Fig. 6G, both wild-type and null cells carry trempA
reporter and staining cells are clearly visible in the upper an
lower cup regions. When only tlenpAnull cells carry the
ampAreporter construct, there are no cells expressing th
ampAgene in the upper cup regions and even the lower cL

Fig. 6. Inactivation ofampAgene function results in a decrease in the
number of cells expressing taepAreporter in the region of the
upper cup during late developmeampAreporter gene expression
patterns for wild-type (A,C) anampA (B,D) structures formed by
axenically grown cells are shown. (A,B) Early culminants (18 hours
development); 29 hours staining. (C,D) Culminants (24 hours
development); 20 hours staining. Arrows indicate the regions of the
upper cup where reporter expression is reducathipXk aggregates
relative to wild type. (E-H) Wild-type anampA cells were grown in
the presence of bacteria. Suspensions of wild-type eetis/ cells

or wild-typeampA- cell mixtures were plated for 18 hours of
development. Samples were fixed and stained 22 to 24 hogs for
galactosidase activity. (E) 100% wild-type cells, reporter in all cells;
(F) 100%ampA cells, reporter in all cells; (G) 50% wild-type
cells/50%ampA cells, reporter in all cells; (H) 50% wild-type
cells/50%ampA cells, reporter immpA cells only. Arrows indicate
regions of the structures where upper cup cells should be found.
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expressing cells to the upper cup region and possibly to theverexpression of prespore fates in the axenically grown
lower cup region. ampAnull developing structures, allowing them to complete

development after a delay.

Inactivation of theampA gene results in a delay in

DISCUSSION differentiation of the maximal number of prestalk cells. A

simple explanation is that cells that have erroneously entered
The disintegrin domain containing AmpA protein has twothe prespore pathway require time to respecify as prestalk cells.
developmental functions (Varney et al.,, 2002). We havdiowever, migration of the prestalk cells to the mound apex is
previously shown that it modulates cell-cell and cell-substratalso delayed. A three-dimensional in vivo analysis of the
adhesion. We now demonstrate that it also plays a role in initiahigration of ecmA prestalk cells during mound and tip

cell fate specification. formation indicates that prestalk cell differentiation actually
takes place in two steps (Clow et al., 2000). Initially, prestalk

A role for AmpA protein in preventing cells from ecmAexpressing cells are observed to form a small, randomly

prematurely assuming the prespore cell fate located cluster early in mound morphogenesis. The cluster of

Not only is the AmpA protein necessary to prevent prematurecmAexpressing cells then migrates largely as a unit to the
prespore gene expression but, in its absence, cells that will lai@ibund apex, presumably in response to a second directional
differentiate as prestalk cells initially express the presporgignal. As the cluster migrates toward the apex, additional
gene. This suggests that, in its absence, most cells initialbemAexpressing cells arise throughout the mound, join the
enter the prespore developmental path. AmpA protein secreteflister and move with it to the tip. It is during this period of
by a small number of wild-type cells mixed into a populationmigration that there is the significant increase in the number of
of ampAnull cells is sufficient to prevent mis-expression of thecells expressing thecmAprestalk marker gene. This raises the
prespore gene. guestion of whether migration is necessary for differentiation
Oohata has described low-density monolayer conditions thaf these cells, which is also a central question in the
cause most cells to differentiate to the prespore fate (Oohatgifferentiation and migration of neural crest cells. A very close
1992; Oohata, 1995). A prespore inducing factor has beefkamination of Fig. 3 shows that taemAprestalk reporter is
isolated from the media of cells developed under thesfirst expressed in a small number of cells at the very periphery
conditions (Oohata et al., 1997). In very preliminaryof the mound at the same time in both wild-type anpA
experiments, we have also identified an activity in the washull cells. It appears that it is the second and later increase in
from developingampAnull cells that is capable of increasing reporter expression that is delayed in the null cells. This raises
the number of wild-type cells that express the prespore reportgte question of whether a second function of AmpA is
(H. H. and D. D. B., unpublished). Under identical conditionsnecessary for cluster formation and the subsequent migration
this activity is not present in the wash from developing wild-and differentiation of the prestalk cells?
type cells that secrete AmpA protein. One possibility is that
the AmpA protein functions to inactivate a secreted presporéhe ampA protein is necessary for anterior-like cells
inducing factor in order to allow prestalk cell differentiation. that express the ampA gene to localize to the upper
During development, the expression of #tmapAgene is  cup region
restricted to the anterior-like cells (Casademunt et al., 2002xmpAexpressing anterior-like cells are reduced in the upper
While someampAexpressing cells are scattered in the interiofcup structure when axenically growampAnull cells are
of the mound, the majority ohmpAexpressing cells are plated for development. Bacterial growth leasapAnull
localized at the periphery (Casademunt et al., 2002)ells adhering so strongly to the substrate during early
Importantly, the majority of thempAexpressing cells are development that mound formation is significantly delayed.
found in the same location, at the mound periphery, as are tBacterial growth also results in a nearly complete exclusion of
cells that are the earliest to express the pres@atkAreporter  the anterior-like cells, marked @BmpAexpression, from the
(Early et al., 1995). A high concentration of AmpA-secretinginterior of the mounds formed by developiagpAnull cells.
cells at the mound periphery could act to prevent neighboringhe addition of wild-type cells rescues morphogenesis, but it
cells at the mound periphery from entering the prespors the wild-type cells themselves that penetrate the interior of
pathway by locally reducing the level of a prespore inducinghe mound and differentiate as the anterior-like cell-derived
factor, such as that described by Oohata et. al. (Oohata et alpper and lower cups.
1997). The ampAnull cells that express trempAgene cannot be
The prespore gene mis-expression that occurs in the abserigduced to enter the interior of the mound by the inclusion of
of AmpA protein is clearly reversible, provided that the cellsthe wild-type cells. Thus, AmpA has two distinct functions,
are grown axenically and can complete development after th@ne a non-cell autonomous role in reducing premature prespore
4 hour delay at the tip formation stage. Cells that have startegpecification and the second, a cell-autonomous role, which
down the prespore pathway and retain the history of prespoa#iows the anterior-like cells that express #mpAgene to
reporter expression end up in prestalk cell derived structuregenetrate to the interior of developing mounds.
A similar ‘transdifferentiation’ phenomenon has been observed Like the multi-domain ADAM and ADAMTS proteins of
during prolonged migration of slugs, where loss ofhigher metazoans, AmpA clearly functions at the crucial
differentiated stalk cells in the slime trail triggers a conversiotintersection of cell adhesion, cell migration and cell fate
of prespore cells to prestalk cells to restore the correct cell tympecification. However, AmpA is an evolutionarily more
proportions (Abe et al., 1994). It is possible that a similaprimitive disintegrin domain-containing protein that lacks a
proportion regulation response is invoked to correct thenetalloprotease domain. It is interesting to draw an analogy
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with the Discoidin domain receptor tyrosine kinases of Xenopus kielin: A dorsalizing factor containing multiple chordin-type
metazoans (Vogel, 1999). These receptors take their name frontepeats secreted from the embryonic midliRec. Natl. Acad. Sci. USA
the extracellular domain that is homologous to a small solublﬁ 97, 5291-5296. o , N

lectin, Discoidin, initially identified iNDiCtyoStelium AN bk 1 ant Kownaronasi, S 1000 vl vonom detoonne
_eC v ! . y - Yy o Patynowski, I. and Niewiarowski, S(1998). Viper venom disintegrins and
interesting question is whether small, single proteins such asrelated moleculesroc. Soc. Exp. Biol. Me@19, 109-119.

AmpA or Discoidin represent evolutionary precursors thatcRobbie, S.J., Jermyn, K. A., Duffy, K., Blight, K. and Williams, J. G.
recombined with other catalytic domains to form the multi- (1988a). Two DIF-inducible, prestalk-specific mMRNAs of Dictyostelium

domain ADAMs or Discoidin tyrosine kinase receptor families, Sn¢de extracellular matrix protein of the sliipvelopment04, 275-
- 284,

The AmpA protein could function as a single domain tomcrobbie, S. J., Tilly, R., Blight, K., Ceccarelli, A. and Williams, J. G.
activate or to antagonize receptor ligand interactions, or it (1988b). Identification and localization of proteins encoded by two DIF-
could serve as an extracellular matrix ‘adaptor’ to anchor other inducible genes of Dictyosteliurbev. Biol.125 59-63.

; ; ; ; ; Nath, D., Slocombe, P. M., Webster, A., Stephens, P. E., Docherty, A. J.
important signaling, adhesion or catalytic molecules. and Murphy, G. (2000). Meltrin gamma(ADAM-9) mediates cellular

. adhesion through alpha(6)beta(1)integrin, leading to a marked induction of
This work was supported by grant # ROLGM56690 from the gy opiact cell motility.J. Cell Sci.113 2319-2328.

National Institutes of General Medical Sciences, National Institute§jishiwaki, K., Hisamoto, N. and Matsumoto, K.(2000). A Metalloprotease
of Health. Disintegrin that controls cell migration aenorhabditis eleganScience
288 2205-2208.
Oohata, A. A. (1992). Induction of cell differentiation of isolated cells in
Dictyostelium discoideum by low extracellular pPlev. Growth Differ34,
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