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SUMMARY

A mutant of Dictyosteliumthat is aberrant in the process cells fail to move to the apex on cue and so tip formation
of tip formation (dtfA ~: defective in tip formation A) has is delayed. dtfA" cells also show a conditional defect in
been isolated by gene tagging. ThatfA gene is predicted early development, in that they are unable to aggregate

to encode a protein of 163 kDa. There are no extensive when plated at low density. In addition dtfA” cells do not

sequence homologies between DTFA and previously
identified proteins, but four short N-terminal sequence
motifs show partial homology to repeats found in
mammalian mucins. Immunofluorescence reveals a
lattice-like arrangement of DTFA protein at the cell
surface. When developing on a bacterial lawn, cells of the
mutant strain (dtfA~ cells) aggregate to form tight
mounds, but development then becomes arrested. When

agglomerate efficiently when shaken in suspension. In
combination, these results suggest that DTFA may form
part of a cell-cell adhesion system that is needed both for
optimal aggregation and for efficient cell sorting during
multicellular development. The DTFA protein also
appears to be important during cell growth, because
cytokinesis is defective and the actin cytoskeleton
aberrant in growing dtfA ~ cells.

developed in the absence of nutrients, a fraction of dtfA
cells complete development, but there is a long delay at
the tight mound stage and the culminants that eventually
form are aberrant. In such dtfA~ mounds the prestalk

Key words:Dictyostelium discoideupdtfA, Cell adhesion, Cell
sorting, Cell surface protein

INTRODUCTION to receipt of a pulsatie cAMP signal by themselves
synthesising and releasing cAMP. There is considerable
Formation of theDictyosteliumfruiting body requires the co- evidence (reviewed by Siegert and Weijer, 1995 and Schaap,
ordination of cellular differentiation and movement. Starvationl989 that cAMP signalling continues in the multicellular
triggers pulsatile cAMP signalling, which leads to aggregatiorstages, with the tip acting as the signalling centre. Cellular
of the cells to form a hemispherical mound in which the cellglifferentiation then provides the heterogeneity in cAMP
differentiate into either prestalk or prespore cells. Althoughresponsiveness necessary to generate sorting because, relative
initially intermingled with one another, the prestalk andto the prespore cells, the prestalk cells accumulate elevated
prespore cells separate, with the prestalk cells at the apex of themounts of several components of the CAMP sensing system
mound and the prespore cells below them. A nipple shaped tiCoukell, 1975; Ginsburg et al., 1995 hese differences may
composed of prestalk cells, then emerges from the apex of thecount for the fact that prestalk cells, isolated from first
mound and this initiates a process of ordered cell movemerfingers, move towards cAMP at a higher rate than do the
whereby the mound is transformed into a cylindrical structur@respore cells (Mee et al., 1986; Early et al., 1995).
known as the first finger or standing slug. At culmination a Direct evidence that differential chemotaxis to cAMP is
further set of co-ordinated differentiation events andactually involved in cell sorting comes from a study where
morphogenetic cell movements leads to the formation of thexperimentally induced over-production of the extracellular
fruiting body (reviewed by Schaap, 1986). The cell sorting thaform of cAMP phosphodiesterase slowed tip formation
occurs during slug formation is not at all well understood, buéppreciably and also from experiments where cAMP artificially
several lines of evidence suggest that chemotaxis to cAMP &pplied to the base of aggregates, caused the prestalk cells to
one of the major organising forces (Bretschneider et al., 1995kverse their normal polarity of movement and so accumulate in
The cAMP signals that direct aggregation initially emanatehe base (Traynor et al., 1992; Matsukuma and Durston).1979
from the centre of the aggregation territory, a roughly circular While in total it appears very convincing, the evidence for a
region that can contain up to 100,000 cells. These signals ame of extracellular cAMP in cell sorting has recently been
relayed and amplified by the surrounding cells, which responchalled into question in a study using a null mutaradaA (the
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gene encoding the adenylyl cyclase believed to be responsiblashed twice in KK (16.5 mM KHPQs, 3.8 mM KHPQu, pH 6.2)

for cCAMP production prior to spore formation) (Wang andand resuspended atB) cells/ml (unless otherwise stated) and then

Kuspa, 1997). When PKA is rendered constitutively active irgpotted onto either 2% water agar or nitrocellulose filters (Millipore)

acaAnull cells, fruiting bodies are formed, even though there i§upported on pads soaked in KK

no detectable cAMP accumulation. While a degree of cautio

needs to be applied when considering this work, most notab

over the fact that a positive conclusion was drawn from th

failure to detect a labile cellular component, it illustrates the leve

of uncertainty that exists in this area. Furthermore, an alternatiV®EMI mutagenesis and redisruption

mechanism, selective cell adhesion, has been proposed to plag@vi was performed (Kuspa and Loomis, 1992) using the plasmid

major role in cell sorting (see review hyomis, 1988). Here  pJB1 (Insall et al., 1996). The plasmid was linearized BainH|

the evidence is less extensive than for cAMP, but the relativend electroporated into DH1 cells with the restriction enzBgld.

dearth of evidence could reflect the difficulty of studying cellTransformants were selected for uracil auxotrophy in FM medium

adhesion in the later, multicellular developmental stages. ~ (GIBCO, BRL) as described by (Harwood et al., 1995). To re-disrupt
Several cell adhesion systems have been identified th&edt/Agene, 19ug of Bglil-rescued plasmid DNA was re-linearised

. : . with Bglll and transformed into DH1 cells. The disruption frequency
Eugn%loriggg-rlrg mu{th(laIIu:ILeglézc.legilqpment (Ge(ljto;ky_ ?_]t :?Ig as 3%. The disruption was confirmed by Southern blotting (data not

’ ; a0 et a., 1992, Steinemann an ansn, own) and one of the redisruption mutants (22.7) was used in all
Fontana, 1993). The adhesion systems were initially divided intq,psequent experiments.

two types, known as contact sites A (Beug et al., 1973), which

is insensitive to EDTA and contact sites B (Garrod, 1972), whickeneration of ployclonal antisera to DTFA

is sensitive to EDTA treatment. However, only two moleculesio generate polyclonal antisera to DTFA, a C-terminal portion of the
involved in adhesion have been characterised in detail, nameatyotein (Fig. 3a underlined) was expressed as a His-tagged fusion protein
gp80 (Muller and Gerisch, 1978), a glycoprotein which mediate® E. coli. This was achieved by subcloning a 1. Bfil- Pst fragment
contact sites A adhesion during aggregation and gp24 #po PQE-31 (Qiagen). Clones containing titA sequence were
DACAD-1, which mediates contact sites B adhesion early igansformed into th&. coli strain M15[pREP4] (Qiagen) and grown at

; . °C to an Aoo of 0.6 prior to induction of expression with 1 mM
development (Brar and Siu, 1993; Wong et al., 1996). The gents propylB-D-thiogalactopyranoside (IPTG) for 2 hours. The expressed

encoding these proteln(_ss(AandcadArespectlver) _h_ave bee_n rotein was purified from bacterial lysates using a nickel agarose affinity
cloned, however mutations that remove the activity of eithegs;;mn and analysed by SDS-PAGE. Because expression levels of the
protein do not greatly disrupt development (Harloff et al., 198%uysion protein were low and it consistently eluted with several
Siu et al., 1997), suggesting an overlap of function between theséntaminatinge. coli proteins, the fusion protein was further purified
two molecules and between them and other adhesion systemgrior to inoculation. Nickel agarose purified lysate from 6l of culture was
An alternative, unbiased method of analysing the processesparated on a 12% SDS-PAGE gel and the proteins were visualised by
mediating tip formation is to identify mutations that affect thecopper staining (Lee et al., 1987). A 47 kDa protein band, corresponding
process and to then determine the nature of the mutated gdfdhe predicted size of the fusion protein, was excised from the gel,
product. In REMI,_Rstriction_Eizyme Mediated_itegration  destained (0.25 M EDTA, 0.25 M Tris pH 9.0) and desiccated. The
(Kuspa and Loomis, 1992), genes are tagged by insertion Of?jrgsmcated gel slice was ground to a fine powder and then resuspended

Dictvosteliume i shuttl A A tricti adjuvant prior to inoculation. Rabbit polyclonal antisera were
IClyoSteliumE. - Coll shuttie  vector. restriction -enzyme, generated using this fusion protein preparation. The antisera were

usually one that cutsDictyostelium genomic DNA Vvery  finity purified, using fusion protein immobilised on nitrocellulose
frequently, is mixed with the transforming vector DNA, ensuring(Hybond C), in order to reduce the background during immunostaining.
that most or all genes are accessible to tagging. After selection

of a Dictyostelium clone with the desired phenotype, the Immunohistochemical staining

genomic sequences flanking the vector are isolated by cleava@isaggregated cells were obtained by dissociation of tipped mounds
with an enzyme that does not cut the vector, followed byr slugs through a 25 gauge needle and washed twice in Kie

circularisation and cloning if. coli Using REMI, we describe cells were then resuspended a1 cells/ml and allowed to settle on
i \Roly-L-lysine-coated slides for 10 minutes prior to fixation. The cells

the isolation of a novel gene required for tip formation, and sho i _ : .

. . . - were fixed by one of the following methods: 100% methanol; 1%
_that 'F has m_ultlple effects orchtyoste!lum development glutaraldehyde; 4% paraformaldehyde. Permeabilisation of cells after
including a major effect on cellular adhesion. using the latter two fixation methods was achieved with 0.2% Triton
X-100. After glutaraldehyde fixation, autofluorescence was quenched
with sodium borohydride (0.5 mg/ml) and 50 mM glycine. The slides
were washed twice in PBS after these treatments. Whole mounts of
) slugs were fixed on slides in 100% methanol. Fixed specimens were
Cell culture, transformation and development incubated with primary antisera at 4°C for 16 hours and then washed
TheD. discoideunstrain DH1 (a gift from P. Devreotes), a derivative twice in PBS, prior to incubation with secondary antisera. For F-actin
of KAx3 in which the pyr5-6 gene is disrupted, was grown at 22°Gstaining, glutaraldehyde fixed, permeabilised and quenched samples
in HL5 medium (Ashworth and Watts, 1970) supplemented withwere incubated with 100 nM Texas red-conjugated phalloidin
uracil at 200ug/ml. The strain dtfA, generated by transformation (Molecular probes) for 10 minutes. For nuclear staining, fixed cells
with a pyr5-6-containing vector, was grown in unsupplemented HL%vere incubated for 10 minutes with Hoechst 33258. Samples were
medium. ThelacZ marker constructs ecmAlacZ (Jermyn and visualised with a Leica DMRBE confocal microscope and data was
Williams, 1991) and SP6@cZ (Fosnaugh and Loomis, 1989) were processed using the NIH Image 1.61 package.
introduced by calcium-phosphate transformation and clones were ) )
selected and maintained in fi/ml G418 (geneticin; GIBCO, BRL).  Time-lapse videomicroscopy
For development, axenically grown cells (318° cells/ml) were  To observe development of dtf&ells, washed axenically grown cells

-galactosidase staining

tructures developing on filters were fixed and stained with X-gal for
-3 hours at room temperature (Dingermann et al., 1989).

MATERIALS AND METHODS
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were plated at210® cells/ml on 2% water agar and recorded using a When gown on a bacterialavn, dtfA™ plaques display a
time-lapse video recordeTo obseve traction mediatedytofission,  relaively enlaged clearing zone (the zone adjacent to the
phase contrast images were collected fromrelried microscope pacteria, that contains bothogring and aggagating cells). In
using a video camera connected to a computer using NIH Image 1.¢de central part of the plaque there is an accumulation of tight
software. moundsbut mature fruiting bodies are not formed (Fig. 1A).
Chemotaxis ass ays When tley are gown axenically and eveloped orbuffered

Dissociated, agggation competent cells were washed, resuspende lters or on water agaapproxmately 30% of difAcells pass .
in KK2, plated onto 2% water agar angvered with a thin layer of through the block to tip formation, and we recorded their
1.5% water aga 100uM cAMP was albwed to dffuse from a fine  behaviour using time-lapse video microsgop\ggregation to
glass needle tip placed near the cells. The cells wenediusing an  form tight mounds seems to occur normaily is followed by
inverted phase contrast microscope equipped with an imagine formation of doughnut-like structures (Fig. 1Bjithin a
intensified CCD camera (Prostab Inc., model Hr604-MCP) and thepperiod of about one hour these structures rgule
movement before and after release of the cCAMi3 recorded using  disaggegation and, in some cases, yield single cells.

a time-lapse video camera. Alterivaty, aggegation-competent ceI.Is A few hours after disagggation, the cells quickly re-
were assessed for chemotaxis using the 2-spot assayjr(, 1965; aggegate to form lege iregular mounds (Fig. 1C) thatove
Insall et al., 1996). in an apparently random fashion across the substratum by an
Adhesion ass ay unkrown mechanism. Approximately 20 hours afterstion,

Cells were eveloped fowvarying times on Kifilters, disaggegated, ~ SIUgS [egin to emege from some of these moundsavieg
washed and resuspended atl@ cells/ml in KKz. 1 ml of cell ~ behind circular heaps of discarded cells @&y thigrateavay
suspension was shaken in a 25 ml flask at 100 rpm for 45 minutedsig. 1D). Using pre-stalk and pre-spore cell specific markers
Using a haemgtomete, the number of cells not in clumps of 3 or we determined that the discarded heaps contain a mixture of
more cellswas counted. Bving counted the number of cells/field cell types (data not stvn), that could bve differentiated in
before incubation itvas possible to calculate the percentage of cellsitu or that might &ve been left behind as the aggpite noved

in any field which were present in clumps of >3 cells. away. Many of the slugs are multi-headed (Fig. 1E) and go on
to produce culminants with twisted stalks and thickened basal
RESULTS discs (Fig. 1F).
» o ) Transformation of dtfA cells with adtfA over-expression
dtfA ~ cells are conditional ly defective in their construct restored the ability of these cellsegetbp relaively
development normally and produce mature fruiting bodies (Fig. 2).

The originaldtfA null mutant was isolated by screening a bankDevelopment of the transformed dtfAcells is not entirely

of REMI mutants for those clones that could not form tippedyild-type as the fruiting bodies are malforméudt this is as
mounds during é/elopment after gwth on a bacterialdvn.  might beexpected becausspression of theltfA gene in these
One such mutant, clone 22, was unable to procegmhd the  cells is directed by the Actin-15 promoter and is therefore not
loose aggmyate stage of edelopment (data not stvn).  subject to normal temporaggulation. Grer-expression of the
Genomic DNA flanking the site ofector insertion in clone 22 dtfA gene in parental cells had no obsdie dfect on
was propagated i&. col and this INA was used to perform development (data not stvn).

homologous gene disruption.oever, the isolates where

disruption had occurred sived a lessevere phenotype than The DTFA protein sh ows a limited homology to

the originaldtfA null strain, blocking instead at the tight mound mucins

stage, suggesting that there were ntieeyptic mutations in  The structure of the gene was deduced by sequencing the
clone 22. One such disruptant (clone 22.7, henceforth referredscued INA and also from a partial length 8 clone.

to as dtfA) was used in all subsequemperiments. Analysis of the deduced sequeneeealed a single, continuous

Fig. 1. Developmental
morphology of dtfA cells.
Axenically gown dtfA-

cells were albwed to
develop on a bacteriahivn
(A) or 2% water agar
(B,C,D,E,F) as described in
the Materials and Methods.
(A) The clearing zone (top
right) is adjacent to@eloping aggegates which
proceed no further than tight mounds (left side).

(B) Time-lapse frame of dtfAaggegates 10 hours post-
stawvation, slowing disaggegating mounds and
doughnuts. (CTime lapse frame of the same field
shown in B, 13 hours after steation, slowing re-
formed iregular mounds. (D) Ermmgence of slugs,
leaving behind circular piles of cells, 20 hours after
stavation. (E) Migration of lege multi-tipped slugs.

(F) Abnormal culminant after 30 hours station.
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1 MKDI EASKKPHTTTVAPPQ NFI KNNENI FQPKPI SNVTTTTVQPPQ VS
51 PPSPPSPPQITTI APPTI LPTTKTTTTTTTTTTITITVOPPQ VSPPI | N
101 NLI | QNNLNTPSLSSTPSPLPNNNNSNENDNDI NNLKI SKEEYQTQ El Q
151 QQ QRQQ LERQQLLQRRNQEQL DLLERHNDYQEL | NTHQI FVPPNNRFS
201 QQ HVSQLKKQSSQSQL QUL SSQSLQQAN QKSKQPPPQRUQQUQPPPPP
251 I PLLPQ HQQL KPKQQQEQQUQREQQQQQITENER! NELRRLKRKKEYHND
301 EYKDDE! YLDNI LKG DI RKLEKLTAVELRKI GKTLGVPMGNNTKGETFQ
351 Rl KSFI ENHKKKKQKYREYQSEKNQQOKSNSKKLVNNSTI YDLPI KDI EH
401 LEQLFVRI FRNI VLFRKI | GNL SRGGFFDQQQQUQQQQQSTMITTSSSSS
451 PMTSSDDKFFYCYNY! FSKTYKYDQ | HVSW VDSNYFGLLKYKVSRGDL
501 LVFCNHNTI NDGDVNDDEDQNTKYEFCKMFKKI FNSI RSI QDKSFYRDLF
551 TNYSEFI FDRI NKRYPI DI YLVGSLAI ECNCLVATKLLI SEFQFRPVMNH
601 SLQLAI KSGSYKMVKLI VTTI HRQVSLNPNNKPFDI EMFSKI NNPSI KI |
651 NLLI QLRLFTYSNI | NLVI ADAKLI NDNNENDI LQFNKNLKNQ FNYSNL

701 LINSFTFNNNI NNNNNNNIE NNNNNNNNNNNNNNNNNNNNNNSNL SNNTT EY
Fig. 2. Complementation of the developmental defect in dtfélls. 751 SKI KTKTVENQFTI KQLI NSCKLI VTFDLKNQYQQQYYKRHYEDSDNEEE
Disruptant cells (22.7) were transformed with a DTFA 801 EEI TQASFTI NTMVAEI EFI ETQN TEEEEHCFVKKVI QQQLLKDGEKEDYD
overexpression construct derived from EXP4(+) (Dynes et al., 1994) 851 G KRLAEL YVSLNPHLKVYCNFMYKI | YGNENCYDQDL DDEDL FDYRVTR
containing the entire coding region of tit#A gene. Transformed 901 VFDSNCFKQSLKYGSPGYW EYKEVEMKYAFL SNKYRNEI TPNLLFKYVS
cells (right) were selected for G418 resistance and grown side-by- 951 PNNLNKQLKFI KKI YNSSI ENGNSNGNGNGNGGTVI GGl LDRLLLFYLI |
side with non-transformed (22.7) cells (left) on a bacterial lawn. 1001 ENNNLELLSI VI KEFPLI SNFCY! AKSNSEI YNLKI PRFI RS| EM.EFCF

1051 SNFRDHFYL PQSNSL TADFYGFQNVEL L RKYDQL MVL DDVDKG | VSNKK
1101 VRASFDDFHFI FEWGSSLKNYNNYLKMLAYI VEDPYGLYTI VTNEI LLLS
1151 Al LSPTTSSGEPLLNLNI ERQLI FQEI | SSFSTI LEGTELKYYPEQWFQE
1201 STHLKRFFDW FENRSEDLLI GGRCVI TQSVQSHWMLYRAGRLDI VLRKGY
1251 YYDDTNEGSKKI MPVGLALVLDDI GKYGDVVALEKY! RSCI PLMKQQSEL
1301 LTLLDKDERESRACFSQCQRHFSSLLSKASI YGRI NI FQHI FYNHQFI FD
1351 KKSLLFARKGFLSKI SFKKLI LECHYHKQHHI LDFI QNVI GLDI TPKQ K

open reading frame encoding a 1402 amino acid protein, DTF
with a predicted molecular mass of 163 kDa (Fig. 3A).

In common with many developmentally regulated
Dictyosteliumgenes, thaltfA gene contains several tracts of
AAC repeat sequence that are, depending on the reading fran
translated into homopolymeric tracts of asparagine, threonir

or glutamine residues (Shaw et al., 1989). In addition there a mor SN

proline and serine repeats and also an asparagine/glyci

repeat (underlined), which is similar to that identified in a B HumanTM 79 TTTTVTPTP..
fungal cell wall protein (Lora et al., 1994). The N terminus of Human M 15 TTTTVTPTP..
DTFA contains 2 identical copies of the sequence Canine TM 246 TTTTVTPTP..
TTTTVQPPQIVSPP and 2 partial copies of the same sequen: DddtfA2 39 TTTTVQPP...
(underlined). This Thr/Pro rich sequence contains part of DA difA4 85 TTTTVQPP...
repeated motif found in mammalian mucins (Fig. 3B) that it DAdfA1 12 TTTVAPP...
thought to be responsible for O-linked glycosylation (Gum e DAdtfA3 60 TTTIAPP...

al., 1989). The DTFA sequence also includes 14 putative N-.

; ; ; ; i Fig. 3. Predicted amino acid sequence of the DTFA protein. (A) The
ﬁql)ég‘t)SNy_ltaet:f?nnins;egf' ?hneergfu\c,:vim(l:irllél\:ggggtlss located within thetranslated ORF ddtfA, showing the C-terminal region (bold) against

which the polyclonal antiserum was raised. The amino terminal

. . . mucin-like repeats and NG repeat are underlined. (B) Alignment of
Disaggregated mound stage cells have a lattice-like DTFA N-terminal repeats and mammalian mucin repeats. The full,

distribution of DTFA protein at their surfaces highly conserved, 12 amino acid repeat in all of the mammalian

In order to localise the DTFA protein, a polyclonal rabbitmucins is TTTTVTPTPTPT. Human tracheal mucin (TM) has 10
antiserum was generated to a C-terminal portion of the protesuch repeats (Verma and Davidson, 1993); human intestinal mucin
(indicated in bold in Fig. 3A) and was affinity purified using (IM) has 3 such repeats (Gum et al., 1989); Canine tracheal mucin
the immunogen. Parental slugs and dtsfugs (i.e. slugs after has 4 such repeats (Gerard et al., 1990).

escape from the block) were disaggregated, fixed and

incubated with affinity purified anti-DTFA antiserum or with surface. The antiserum yielded this staining pattern on cells
pre-immune antiserum. After staining with a fluorescenfixed using three different fixatives, methanol, glutaraldehyde
second antibody, the cells were viewed by confocaand paraformaldehyde and it was not necessary to permeabilise
microscopy. Parental cells incubated with the pre-immuneells after glutaraldehyde or paraformaldehyde fixation to
serum show no staining, whereas approximately 10% of cellsbtain such a staining pattern, supporting the notion that the
incubated with the immune serum show surface staining (Figprotein is indeed present on the outside of the cell.

4A). This staining is generally restricted to one region of the The dtfA™ cells show no surface staining with either the pre-
cell but we have not been able to define this region in any waynmune or anti-DTFA antisera (Fig. 4B), confirming that the
Its localisation does not correlate with the intracellularaffinity purified anti-serum is specific to the DTFA protein.
distributions of myosin or actin (data not shown) or with theThere is, however, a low level of punctate intracellular staining
anterior or posterior of the cell. 3-D reconstructions show & about 10% of the cells. The REMI disruption plasmid
lattice-like distribution of the protein (Fig. 4C) over the cellinserted only 300 bp from the C terminus of the open reading
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Fig. 4. Detection of DTFA using polyclonal antiser&arental A and
C) and dtfA cells (B) were dveloped to the slug stage on 2% water
aga, disaggegated, fked and probed with antisera as described in
the Materials and Methods fiinity purified pre-immune or anti-
DTFA antisera were used as the primary antibody and TRITC-
conjugated goat anti-rabbit antiserum as the secondary antod
andB are single focal plane€ is a single véw of a 3-D
reconstruction of 64 optical sections taken through a single cell
probed with anti-DFA antiserum.
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PARENTAL

A dtfA-

Fig. 5. Cell type specificity of DFA expression. (AParental and
dtfA~ slugs were fed and probed withfinity purified anti-DTFA
antisera as described in the Materials and Methods. Higkm

(40x) images of slug anteriors areogm. This staining pattern was
seen throughout the slugs (data nawah). (B) Parental slugs were
disaggegated and fied before probing with anti OFA (red) and
MUD-1 antisera (Krét et al., 1983) against prespore cells (green),
as described in the Materials and Methods. FITC-conjugated goat
anti-mouse antiserum was used as the secondary antibody for the
MUD-1 staining. A group of fie cells is sbwn. Regions where both
antisera bound appear yail

dtfA gene isexpressed in the null cellsut that the protein is
not correctlyexported to the cell surface.

The time-course of DHA expression was also fallved, by
immunostaining cells disagggated at dferent gvelopmental
stages (data not alvn). DTFA expression is first detected at
the tight mound stage and remains detectable in slug cells.
Analysis of whole-mount slugs alis cell surface staining in
cells scattered throughout the parental slug and punctate
intracellular staining in the dtfA slug (Fig. 5A). This
distribution is supported by double staining, using the anti-
DTFA antiserum and a monoclonal antibody that specifically
recognises prespore cells. In disagated slugs both prespore
cells and ‘non-prespore cells’ (presumably the prestalk cells)
express DFA (Fig. 5B) to varying cegrees. There is no
detectable staining in terminallyffiirentiated stalk and spore
cells (data not ghwn).

Apical so rting of dtfA ~ prestalk cells is great ly
delayed and the defect is cell autonomous

Normal anddtfA~ cells were transfected with e&®:lacZ (a

frame, so that the disrupted gene still encodes nearly 13@estalk-specific marker) and SP&OZ (a prespore-specific

amino acids of DFFA protein.We beleve, therefore, that the

marker) and theiexpression was analysed duringzdlopment
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A PARENTAL dtfA- B

Fig. 6. Prestalk cell
distribution in parental and . ecmAQ-lac z
dtfA~ aggregates. ‘ ' .
(A) Parental and dtfAcells ’ -
expressing the ecmA@cZ b
reporter construct, developed '
on KK: filters for 12 hours.
B) dtfA~ cells expressin
Eac)mAO or SPG(Dae:Z ’ . ‘ SP60-lac z
reporter constructs,

developed for 19 hours on L]
KK filters.

on buffered filters. The markers are equivalently expressed imuclei seen in a single cell. However, the cytokinetic defect is
the two strains at the loose mound stage (data not showmpt as great as some previously characterised mutants (De
indicating that initial cell-type differentiation is not detectably Lozanne and Spudich 1987; Tuxworth et al., 1997). Cytokinesis
disrupted in dtfA cells. However, in the arrested mounds anddefective mutants can often be rescued by growth on a
doughnut structures formed by dtfaells, the prestalk cells substratum, where they divide by a process termed traction-
remain scattered, while in the mounds formed by parental celtsediated cytofission, and this is also true of dtfells (Fig.
the prestalk cells accumulate at the apex (Fig. 6A). Thus dtfA8C). This mechanism of cell division explains why dtiZells
prestalk cells fail to sort correctly and this presumably explaingrown on plastic dishes are mononucleate (data not shown). To
why they are unable to make a tip. As expected, in those dtfAconfirm that this defect in cytokinesis was not the cause of the
aggregates that eventually overcome the block, the prestgtikeviously observed defects in dtfAcell aggregation and
cells do sort correctly (Fig. 6B). development, these experiments were repeated using either
We also followed the fate of dtfAcells when mixed with a cells grown in shaken suspension or cells grown on plastic
three fold excess of normal cells. The dtf#estalk cells were dishes. The results were the same however the cells had been
marked by their expression of Actinl&Z, a construct that grown (data not shown). Moreover, multinucleate dté&lls
expressesB-galactosidase in all cells. In such a synergygrown in shaken suspension were found to be mononucleate
experiment the mutant cells are excluded from the upper paafter 2 hours development on agar (data not shown).

of the aggregate (Fig. 7). In addition to a defect in cytokinesis, the actin cytoskeleton
is also altered in vegetative dtfA&ells. Phalloidin staining of

The DTFA protein is necessary for normal fixed parental cells reveals actin-rich filopodia restricted to the

cytokinesis and has a role in aggregation periphery at the site of contact with the substratum, with only

Even though it is present at a concentration too low to bthe occasional phagocytic crown on the upper surface of the
detectable by immunocytochemistry prior to tip formation,cell. In marked contrast, vegetative dtféells bear filopodia
several pieces of evidence indicate that DTFA has a role iover their entire surface (Fig. 9). Also, patches of polymerised
growth and in the early stages of development. actin are often present within dtf&ells.

dtfA~ cells grow poorly (Fig. 8A) and to a large size in Another difference between dtfAand parental dtfAcells
shaken culture, features that have been previously associaetierged when we compared their abilities to aggregate at
with a defect in cytokinesis. In support of this notion, shakewarying plating densities. The dtf&ells show a much greater
cultures contain many multi-nucleate cells (Fig. 8B). Undedensity dependence than parental cells (Fig. 10), so that dtfA
these growth conditions the average number of nuclei per cadklls are entirely unable to aggregate below a density 1’3
is 2.7 for the dtfA strain, with a maximum of 17 nuclei counted cells/ml, while the parental strain can aggregate efficiently at
in a single cell. This is significantly greater than in parentalx10’ cells/ml.

cells, which average 1.9 nuclei per cell, with no more than 7 ) _ ) _ _
DTFA is not required for chemotaxis but is required

for cell-cell adhesion

One potential explanation for the failure of dtféells to sort

to the apex of the mound and for their conditional defect in
aggregation is a defect in chemotaxis to cAMP. However, when
developing at high cell density, dtf&ells elongate, polarize,
stream and form end-to-end contacts in the same way as
parental cells (data not shown). We tested their chemotaxis to
cAMP directly, using both a 2-spot assay and micropipette
assay. In both assays dtfg&ells respond just as well as their
parental counterparts (Fig. 11 and data not shown).

Fig. 7. Distribution of dtfA”
prestalk cells in
parental/dtfA chimeras.
dtfA~ cells expressing the
ecmiacZ reporter construct

were mixed 1:3 with One further observation indicates that dtféells have a
parental cells and allowed to defect in cell-cell adhesion that may explain some or all aspects
develop on KK filters for of their aberrant behaviour. Cells were developed opfiti€rs

16 hours. for various times, disaggregated and then tested for their ability
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Fig. 8. Evidence of aytokinetic defect. (A) Gawth in suspension cultures.
Parental (open squares) and dtfgells (filled circles) were gwn in shaken
suspension culture and cell density was determinedriius intevals. The
growth cuwve slown is representate of 3 separatexperiments. (BNuclear
staining.Parental and dtfAcells which had been gwn in shaken
suspension for 3 days were washeddiand stained with Hoechst 33258 to
visualise the nuclei in each cell. Bgalent phase contrast images are also
shown. (C) Phase contrast of traction-mediatgbfission. dtfA cells,

which had been gwn for 3 days in sheen suspension, were plated on
plastic and obsged by phase contrast microscopy after 20 minutes. A small
portion ofcytoplasm (left) can be seen detaching from thgelzell on the
right, still attached by a thin thread.

to reaggegate. At early times there is a markeffatence in  DISCUSSION
the ability to reagggate between parental and dtféells (Fig.
12). After 4 hours of érelopment, dtfA cells are unable to DTFA does not displagxtensve homology with kown proteins
aggegate, whereas 80% of parental cells can remgde. but, there are four amino-terminal repeats of the sequence
However, after 6 hours @/elopment, 40% of dtfAcells can  TTTTVxP Such a sequence is present in mucin proteins, where
reaggegate, compared with 90% of parental cells and by 8 forms part of a conseed 23 amino acid tandem repeat (Gum
hours @velopment both parental and dtf&ells slow almost et al., 1989). The mucins arerda, highly glycosylated cell
100% re-aggegation. Thus the dtfAmutant lacks the eagrl  surface proteins that cortmite to the fluid mechanical properties
EDTA sensitve adhesion system, that is mediated by DACAD-of mucus ¥an Klinken et al., 1995). As OFR does not share
1, and it appears to be also partially defecin the EOA homology with the mucins inng other egions of its protein
resistant mechanism that is mediated by gp86weder, sequence it cannot begarded as a mucin homologumet the
immunostaining sbws that both the DdCAD-1 and gp80 presence of common sequence elements suggests fimsDd
proteins are present iregkloping dtfA” cells at évels similar  the mucins may share some properties. It hagxfonple, been
to those seen inedeloping parental cells (data notosim).  suggested that thesery Th-rich, repeateagions in mucin are
Therefore, dtfA cells have a defect in the functioning of sites of O-linked glycosylation (Gum et al., 1989). Ekistence
DdCAD-1 and gp80 rather than in thekpression. of such repeats in OFR, and of 14 potential sites for N-linked
As both DdCAD-1- and gp80-mediated adhesion argjlycosylation suggest that it may also be a glycoprotein,
believed to be acleved through homophilic mechanisms, we there is no direatvidence for this. Consistent with a mucin-like
examined the ability of dtfA cells to adhere to parental cells role, DTFA is located at the cell surface in a lattice-like structure
(Fig. 13). GFPexpressing dtfA cells participate in mied  that has not, to our kaledge, been gviously described for
aggegates, suggesting that BA mediates a heterophilic any Dictyosteliun protein.
adhesion mechanism. dtfA~ cells have a compix phenotype, suggesting that the
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PARENTAL

Fig. 9. F-actin staining of vegetative cells. Vegetative
parental and dtfAcells were glutaraldehyde fixed and
permeabilised as described in the Materials and
Methods. F-actin was visualised with rhodamine-
conjugated phalloidin and by confocal microscopy. 3-D §
images were constructed from 64 optical sections. Two
different planes of rotation of the 3-D images are
shown.

DTFA protein is important in several different cellular andfunction that is necessary to augment the effect of both
developmental processes. A defect in cellular adhesion is tla@hesion systems or it may be that DTFA adhesion constitutes
earliest detectable developmental phenotypic trait. DdCADanother independent system which is required in addition to
1/gp24 and gp80, the adhesion molecules that are operatitle DACAD-1/gp80 systems for proper adhesion. The fact
at these times, are both thought to function by homophilithat the dtfA null strain shows defective adhesion, while
interactions (Siu et al., 1987; Brar and Siu, 1993). Converselgisruptants in either theadA or the csA genes develop
DTFA appears to operate through heterophilic interactions. hormally (Harloff et al., 1989; Siu et al., 1997), may reflect
may be that the DTFA protein provides some ancillarythe fact that dtfA cells are defective in both adhesion

systems.
The defect in adhesion in dtf&ells may explain their other
02 developmental characteristics. A simple hypothesis to explain

the defective aggregation of dtfAcells developing at low
density is that cells need to adhere in order to aggregate
efficiently. The adhesion defect may also explain the delayed
tip formation observed on water agar and the complete inability
to form a tip in cells growing clonally on bacteria.

In dtfA~ cells prestalk differentiation occurs apparently
normally, but the prestalk cells are then delayed or blocked in
their movement to the apex of the mound. Several pieces of
evidence suggest that movement of prestalk cells to the apex
occurs as a result of chemotactic movement towards cAMP
signals (Traynor et al., 1992; Matsukuma and Durston, 1979)
but there may also be some contribution of differential
adhesion. The prespore cells are known to be strongly mutually

0.1

ltimeto aggregate (hrs™)

0.0 -

' ? , adhesivgLam et al., 198}land this may facilitate separation
density (cells/ml) x 10 into discrete prestalk and prespore regions. The DTFA protein
Fig. 10.Comparison of aggregation speeds in parental and dtfA may, perhaps, | be necessary gor §pQCIf|CbceII adhelf"clm
cells. Axenically grown parental (filled boxes) and dtfatriped interactions at. at_e stages so that, in its absence, cellular
boxes) cells were washed and resuspended inatifferent compartmentalisation may be delayed or abrogated.

densities. The cell suspensions were plated on 2% water agar and ~ During the period when tip formation is delayed, dtfA
allowed to develop at 22°C. The inverse of the time it took to form cells have a distinctive ‘doughnut’-like appearance and this
streams was plotted. is also seen in a mutant constitutively active in the G alphal
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Fig. 11 Chemotaxis to cANR. dtfA~ cells were albwed to avelop
to the tight mound stage, were disaggted and then tested for
their ability to nove towards a needle releasing 100 mM cRMs
described in the Materials and Method@isne-lapse video images
taken before (A) and 40 minutes after (B) CAMP release angrsh

100

80

60

40 A

% cellsin clumpsof >3 cells

20 1

0 2 4 6 8 10

development time (hours)

12

Fig. 12 Comparison of parental and dtf&ell-cell adhesion during
early cevelopment. Aenically gown parental (open squares) and
dtfA~ (filled circles) cells were ailved to a@velop on Kk soaked
filters forvarious times. The cells were disaggated, washed,
resuspended aix&0’ cells/ml and shaken at 100 rpm for 45 minutes.
The percentage of cells in clumps of >3 cells was determined as
described in the Materials and Methods.

dtfA a Dictyostelium cell surface protein 3351

Fig. 13 Demonstration of heterophilic adhesion between dAd
parental cells. dtfAcells transformed with an Actin-15 coupled GFP
marker were mied 1:9 with unmarked parental cells and tested for
their ability to reagggate after 4 hoursadelopment (as described in
Fig. 12). (A) Phase contrast, (B) fluorescence and (Cyedeémages
of a typical mked aggegate are stwn.

movement pattern because normalv@ment to the tip is not
possible. The ability of a proportion of dtfAcells to
eventually pass through the block in tip formation may reflect
the existence of multiple adhesion systems wotlerlapping
redundant functions. The ffeeient clumping of late
aggegation phase dtfAcells is consistent with this notion,
because it sbws that some late adhesion systems will
function in the absence of FA.

While impairment of everal of the eganisms adhesion
systems might dwe beenexpected to Hiect development, the
role of a cell adhesion molecule igytokinesis is not
immediately apparent. ddvever, Texas red-phalloidin staining
revealed that the actirtytoskeleton is highly abnormal in
vegetatve dtfA- cells and this disturbance perhaps accounts for
their poorcytokinetic abilities. In support of this idea, a similar

protein (Rietdorf et al., 1997). Cells within such structuresiefect in cytokinesis has been obsed in talin null cells
orbit around the structure, as if locked into a defauli{Niewohner et al., 1997). NDictyosteliun integrin homologue
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has so far been identified but, given the cell surface localisatia@rmyn, K. A. and Williams, J. G. (1991). An analysis of culmination in
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