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SUMMARY

The Dp87 is a novel prespore specific gene of Dic -
tyostelium discoideum which has a long open reading
frame of 555 amino acids. The entire amino acid
sequence had low but significant homology to the spore
coat proteins, SP96 and SP70, of this organism. When
a chimeric gene, containing a 1380 bp of the 5" upstream
region of this gene fused with CAT gene, as reporter,
was introduced into cells of this organism, it was
expressed only in prespore cells of the dug. Transfor-
mation experiments, using chimeric genes, containing a
series of 5" deletions of the upstream region, showed that
-447 bp to -357 bp is an important cis-acting regula-
tory region for transcription. A nuclear factor(s) that
specifically bind to this cis-acting region were detected
from slug cell nuclei. Transformation experiments using
a chimeric gene consisting of the 5' region between -666

bp and +149 bp of this gene, a f-galactosidase reporter
and an actin 8 terminator, showed that thereporter gene
was expressed as early as in aggregation streams, indi-
cating that Dp87 become transcribed a few hours ear-
lier than the other prespore-specific genes so far
reported. Thiswas confirmed by northern hybridization
detected using an image plate analyzer. The fact that
cells expressing Dp87 appeared at random in aggrega-
tion streams gives solid support to the idea that posi-
tion-independent differentiation of prespore and pre
stalk cells, followed by their sorting, brings about
pattern formation in this organism.
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INTRODUCTION

During development of the celular slime mold Dic -
tyostelium discoideum, cells aggregate to form cell masses
(dlugs) and differentiate into two types of cellsi.e. prestalk
and prespore cells. The prespore cells occupy the posterior
three-quarters of the slug and differentiate into spores of
the mature fruiting body. Many developmental characteris-
tics specific to prespore cells have been studied at the sub-
cellular and molecular levels. Earlier works showed that the
prespore-specific characters appeared as the tip is forming
on a cell aggregate (Loomis, 1982; Tasaka et al., 1983).
Northern hybridization analysis of cDNA clones comple-
mentary to prespore-enriched mRNAs showed that these
accumulated almost simultaneously at the tipped aggregate
stage (Barklis and Lodish, 1983; Mehdy et al., 1983; Dowds
and Loomis, 1984; Ozaki et al., 1988).

The promoter regions of two prespore-specific genes,
D19 and SP60, and of the prestalk specific genes, ecmA
and ecmB, were used to drive the b-galactosidase gene and
introduced into D. discoideum cells. The expression of these
chimeric genes, detected histochemicaly (Early and
Williams, 1989; Williams et al., 1989; Haberstroh and

Firtel, 1990), showed that both prespore and prestalk cells
could be initially detected at the loose cell aggregate stage
and that both cell types were dispersed randomly in the cell
mass. Prestalk cells then sorted out to the tip and basal
regions of the cell mass, leaving prespore cells occupying
themiddle.

The regulatory mechanisms of transcription of three pre-
spore specific genes, D19, SP60 and SP96 have been stud-
ied (Early and Williams, 1989; Haberstroh and Firtel, 1990,
1991; Tasaka et al., 1992). These genes can be subdivided
into two groups according to the intracellular distribution
of their products. One group, including SP96 and SP60, is
the spore coat protein genes whose products accumulate in
prespore-specific vacuoles and are exocytosed during for-
mation of mature spores, to construct the spore coat. The
other, D19, is the gene for the cell surface protein, PsA, of
prespore cells (Early et al., 1988). This cis-regulatory
regions of SP96 and SP60 showed similarities, but differed
from D19. The presence of nuclear factor(s) which specif-
ically bind the cis-region of SP96 has been reported (Tasaka
et al., 1992).

We have previously isolated a member of a new class of
prespore enriched cDNA clone called Dp87 by differential
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screening (Ozaki et al., 1988). Northern hybridization indi-
cated that its mMRNA begins to accumulate at the tipped
aggregate stage and is enriched in prespore cells, but isthen
lost during fruiting body formation, in contrast to other pre-
spore specific MRNAS. In vitro run-on assays, using nuclei
isolated from cells at different developmental stages or sep-
arated prespore and prestalk cells, indicated that the Dp87
gene is transcribed only in prespore cells (Morio et al.,
1991).

In this paper, we focus on the elucidation of the regula
tory mechanisms of transcription of the Dp87 gene.

MATERIALS AND METHODS

Culture

Amoebae of D. discoideum, strain KAX-3 were grown in HL-5
medium and of those of strain NC-4 were grown with Klebsiella
aerogenesis on SM agar.

Stalk cell induction by DIF

The mutant strain HM44, which is defective in production of DIF
(Differentiation Inducing Factor, a low relative molecular mass
stalk-specific morphogen) was used for stalk cell induction under
submerged conditions (Town et a., 1976; Kopachik et a., 1983).
Vegetative cells were incubated for 12 hours in the presence of 5
mM cAMP in stalk salt solution, harvested and washed in KK2
buffer and incubated with or without 3000 U/ml of chemically
synthesized DIF in stalk solution containing 5 mM cAMP.

Cloning of cDNAs and genomic fragments,
sequencing and primer extension

The cDNA clone Dp87 (cDp87-2) has been isolated from acDNA
library constructed from poly(A)*RNA of slug cells by differen-
tial screening using poly(A)*RNA isolated from prespore and pre-
stalk cells, as previoudly described (Ozaki et a., 1988). To iso-
late longer cDNA, the same library was rescreened using a
cDp87-2 probe and cDp87-1 was isolated; this contained an almost
full length cDNA. Southern hybridization analyses of nuclear
DNA using these cDNA clones indicate that this gene is unique
(data not shown). The restriction map near this gene is shown in
Fig. 1. Based on this map, the genomic clones of gDp87-1 and
gDp87-2 were isolated from mini-genomic libraries including an
appropriate size of Clal and Pstl fragments of genomic DNA
which were constructed in the same way as described previously
(Tasaka et al., 1990). DNA sequencing and the primer extension
to determine the initiation site of transcription were conducted as
described previously (Sanger et al., 1977; Tasaka et al., 1990).

Construction of chimeric genes and
transformation

An EcoRV-Alul genomic fragment of 1.4 kb was isolated from
gbp87-1. The fragment includes 1380 bp of 5¢ upstream region
and 130 bp of 5¢untranslated region and 19 bp of translated region
of the Dp87 gene. This genomic fragment was inserted in Smal
site of plasmid pPAVCAT which was kindly supplied by Dr C.
K. Singleton (Singleton, 1987). In the resulting chimeric gene
(pDp87CAT), the coding region starting from the initiation codon
of the Dp87 gene was joined to the CAT coding region in frame,
an extra 22 amino acids being added on the N terminus of the
CAT protein. To construct mutated pDp87CAT genes, deleted in
the 5¢upstream regions, pDp87CAT was deleted unidirectionally
by Exolll nuclease and mung bean nuclease from the 5¢end, as
described previously (Henikoff, 1984, Tasaka et al., 1992). The

joined part of the Dp87 fragment and pPAVCAT and the deleted
end points (shown in Fig. 2A) were ascertained by DNA sequenc-
ing. Plasmids containing different chimeric Dp87-CAT genes were
co-transformed by the calcium phosphate method into KAX-3
cells with plasmid B10SX, which contains the NeoR selectable
marker (Nellen et al., 1985, 1987).

The Alul-Alul fragment of pDp87-1 was inserted into the mul-
ticloning site of plasmid pDD GAL(H)*, kindly provided by Dr
J. Williams (Jermyn and Williams, 1991). This plasmid (pDp87b-
gal) contained 666 bp of 5¢upstream region and intact 5¢ untrans-
lated region and 19 bp of coding region of the Dp87 gene, and
the trandation initiation codon of Dp87 was joined in frame with
the b-gal gene. It contained an additional 10 amino acids at the
N terminus and had an actin 8 terminator. KAX-3 cells were trans-
formed using pDp87b-gal by electroporation (Howard et a.,
1988). Transformants were screened and each clone was cultured
in the same way as described previously (Tasaka et al., 1992).

CAT assay

The method for CAT assay was basically as described by Gorman
et al. (1982). Cells, sampled from different developmental stages,
were suspended in 250 mM Tris-HCI buffer (pH 7.9) with 5 mM
EDTA, frozen quickly and stored at - 80°C. Before assay, the cell
lysate was thawed, additionally frozen and thawed three times and
centrifuged at 15000 rev/minute for 10 minutes to remove cell
debris. The supernatant was used for CAT assay and protein analy-
sis. The preliminary experiments showed that there was no strong
inhibitor or protease activity in the cell lysate to block the CAT

assay.

Histochemical detection of p-gal gene

After growth cells were collected and spread on Nylon filters at
5 108 cells/2.5 cm? put on a pad saturated with KK, phosphate
buffer. The methods of fixation and staining cell masses were the
same as described (Dingerman et al., 1989).

Isolation of nuclear extract and gel retardation
experiment

5 10° cells were harvested, washed with KK2-phosphate buffer
(20 mM, pH 6.4) containing 10 mM EDTA, washed finaly with
0.2% NaCl, and suspended in 20 ml of nuclei-isolation buffer (NI
buffer; 50 mM Tris-HCI (pH 7.5), 5 mM magnesium acetate, 10%
sucrose, 2% NP-40, and 0.5 mM PMSF), vortexed for 1 minute,
and centrifuged at 1500 revs/minute for 5 minutes to remove
unbroken cells. Pelleted cells were resuspended in the NI buffer
and centrifuged again. The first and second supernatant were com-
bined and centrifuged at 4500 revs/minute for 5 minutes to col-
lect the nuclei. The nuclei were suspended in 300 i of NI buffer,
and an equal volume of solution Il (10 mM Hepes pH 7.9, 600
mM NaCl, 10% sucrose, 5 mM MgCl2, 0.1 mM EDTA, 0.5% NP-
40,1 mM DTT, 5 mM spermidine and 0.5 mM PM SF) was added,
vortexed for 1 minute, and incubated at 4°C for 1-1.5 hours with
occasional mixing. The solution was centrifuged at 15000 rev/
minute at 4°C for 1 hour. The supernatant was dialyzed against
solution |11 (10 mM Hepes, pH 7.9, 1 mM MgCl,, 20% glycerol,
50 mM NaCl, 0.5 mM EDTA, 1 mM DTT and 0.5 mM PMSF),
at 4°C for more than 2 hours and centrifuged at 10000 rev/minute
at 4°C for 10 minutes and the supernatant was stored at - 80°C.
The gel shift assay contained 0.1-1 ng of DNA (specific activ-
ity 0.1-5" 108 counts/minute per ng DNA), 0.5-1 ng of poly
dA/dT, 1 ng of BSA and nuclear extract (approx. 10 ng of pro-
tein) and an appropriate concentration of competitor DNA and
was incubated at room temperature or 4°C for 30 minutes. The
mixture was applied to 5% polyacrylamide gel (0.5 mm thick) and



electrophoresed at 4°C for 2-4 hours at 150 V with 1 TBE (90
mM Tris-borate pH 8.0, 2 mM EDTA).

Isolation of total RNA and northern blotting
analysis

Total RNA was extracted by the sodium dodecyl sulfate/phenol
method or acid guanidinum thiocyanate-phenol-chloroform
method and electrophoresed through 1% neutral agarose gel, trans-
ferred to nylon membrane, hybridized with 32P-labeled DNA
probes and analyzed using X-ray film or a Fuji image plate ana-
lyzer (Chomczynski and Sacchi, 1987; Ozaki et al., 1988; Morio
et al., 1991).

RESULTS

DNA sequences of genomic and cDNA clones

The cDNA clone of cDp87-2 (1.2 kb) was isolated by dif-
ferential screening, using poly(A)*RNA from prespore and
prestalk cells, from a cDNA library constructed using
poly(A)*RNA of tipped aggregate cells (Ozaki et al., 1988).
Northern hybridization indicates that only one mRNA
species of about 2.0 kb long is present in prespore cells. A
cDNA clone, cDp87-1, which contains almost the full-
length cDNA was isolated from the same library, using
cDp87-2 as the probe. Southern hybridization indicated that
the Dp87 gene is unique (data not shown), and that two
genomic clones, gDp87-1 and gDp87-2, included the 5¢side
and the 3¢side of the gene, respectively, as shown in Fig.
1

The DNA of part of genomic clones gDp87-1 and
gDp87-2, and the cDNA clone cDp87-1 were sequenced
and compared. The genomic DNA sequence is shown in
Fig. 2A. Only one long open reading frame was found in
the cDNA clone. The comparison between the genomic
clones and the cDNA clone indicates that there is one short
intron near the 5¢end of the coding region. The intron is
heavily AT-rich and has genera acceptor and donor sites
(Grant et a., 1990). The initiation site of transcription was
determined by the primer extension method, and is indi-
cated in Fig. 2A (Tasaka et al., 1990, data not shown). The
end of the cDNA clone is also shown in Fig. 2A. The end
point of the transcription is not clear, but it should be near
the end of the cDNA because the length of cDp87-1 is
almost the same as the size of the mRNA and there is a
putative poly(A) additional signal (AATAAA) at the 3¢end
of the cDNA. The 5¢and 3¢untranslated regions and the
upstream and downstream regions of this gene are enriched
with AT, which is common in D. discoideum.

The deduced amino acid sequence of the Dp87 gene is
shown in Fig. 2B. It contains 555 amino acids and the mol-
ecular mass is calculated as 58,672 Da. At the N terminus,
there is a typical leader sequence of 17 amino acids. The
peptide has a long serine-alanine repeat at the C terminus
and a threonine-rich region just before this repeat. Many
cysteines (10.8%) are dispersed from the N terminus to the
middle of the peptide. The peptide may be glycosylated,
since it contains four possible N-glycosylation sites in the
middle and some threonine residues. The peptide shows
27.9% overal similarity to SP70 and 25.5% to SP96, but
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no homology to SP60, all of which are spore coat proteins.
It shows no significant similarity to any other protein in the
NBRF-PDB and SWISS-PROT protein data bases (Fos-
naugh et al., 1989; Haberstroh and Firtel, 1990; Tasaka et
al., 1990). Some highly homologous regions between it and
SP70 or SP96 are dispersed throughout the peptide. In par-
ticular, a part of the C-terminal half of the Dp87 peptide,
near the serine-alanine repeat shows high similarity to a
part of the C-termina half of SP70 (18/22 amino acids).
The serine-alanine repeat of Dp87 is aso highly homolo-
gousto that of SP96 (Fig. 2C). There is no conserved region
among the three peptides.

Identification of cis-acting region for transcription

The Dp87 geneis transcribed only in prespore cells and its
transcription is regulated by extracellular cAMP (Takemoto
et al., 1990; Morio et al., 1991). To investigate the mecha-
nisms regulating transcription, 1380 bp of 5¢upstream DNA
of Dp87 gene, or deleted fragments, were inserted in frame
into the Smal site of the 5¢upstream region of the CAT gene
of the transformation vector pPAVCAT. The chimeric genes
were co-transformed into D. discoideum Ax3 cells with
B10SX which includes the gene NeoR allowing transfor-

mants to be selected (Nellen et al., 1987). The CAT activ-
ity of cloned transformants was assayed at the vegetative
and slug stages. Each transformant was cultured and ana-
lyzed twice. All the extracts isolated from vegetative cells
had no, or very weak, CAT activity and the average activ-

ity of slug cells of each cloneis shown in Fig. 3A. Nine out
of 11 independent transformants including the intact DNA

fragment were strongly active at the slug stage. This sug-

gests that the 5¢ upstream DNA fragments used include
enough cisinformation for transcription at the slug stage.

Although the activity of each clone varied, Southern
hybridization showed that each transformant included sev-

eral tens of CAT genes in tandem and the numbers inte-

grated were amost the same among transformants (data not

shown).

The CAT activity of the transformants including differ-
ent lengths of the 5¢upstream region of the Dp87 gene are

gDp87-1

gDp87-2

C R A4 E E KP E £ KC

mRNA

cDp87-1
LOkb

cDp87-2 ——
Fig. 1. Restriction map of the Dp87 gene, two cDNA clones and
two genomic clones. The coding and non-coding regions are
indicated by filled and open boxes, respectively. Theintronis
indicated by vertical white dashes. A, Alul; C, Clal; E, EcoRI; K,
Kpnl; R, EcoRV; P, Pstl.
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TCTTCTTITT
TTTTreArTe
GTTTTTTCAA
AANABAAARA

CAATTTTAAT
TATAARAAAN
TAATTTTTTT
NTCTCAACTT

TTTTTTTTTT
TCTATAATTA
AAATCTAAGT
TTACAAATTG
ACAATTTTT
ACAGTGTTTA

TFEeTTTrTi

TAAGTAAATT
ATACTTTCAC
TAATAAAATT
TTTTTTTTIT
AGTGGTAAAT

~560 TTATITTTIT TTTTAATTGT

-480
-400
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—240
-160
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1
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161
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1361
1441
1521
1601
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2001
2081
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TGAAAAARAA
ACACATATAG
AAAAAATAAA
CTGTATAATA
TGAATTCATA
TATTTTTETT
AARARTAANT
AAAAGGAATC
TTTITANTTA
ATTAATATTA

AAAAAAAAAA
AblETacacT
ATAATAAAAA
TTAACACTAA
TGATTAATTT
TFTTTETTAA
ATTTTTTATA
AAATAATTAT
CATTATATCT
TTATTAAATA

TTTAACGAAT
AGCAATAAAN
AATTACCAAT
ATTTTTTCCA
CTTTTTTTIT
TACAATGATT
ATARATAAAA
TTCAATAAAA
ACAACTAAAT
AAATAGAAAA
TAATTCTGAT
AAMAAAAAAA
FITTACAATT
TAATAAAAAA
EREECATTTT
ACAATTATAC
ATTATTTATG
ATTATAAMAG
ATATATATAT
ATCACCAACT
ATAAAATTTC

GGTTGTTGTA
AAAATCTGGA
TTAAAATATT
TTACTATTTT
TGTTGAAAAA
TTATAAAAAA
AGGAGAGTGA
ARAGTAATAA

FATTATTAT
AACAAATGTA
GTGGTAAAAT
ANTECCAATA
ACCARTTATA
AAAMAAAATAC
CTACACAACAA
ATTGCTCAAT
AAMAAAARAA
GGTATTAAAT
AAAAATATAA
TTTGGTTGES
TAANTAATAAA

TTAAAATTGA
GATATTTATT
TTGATAAAAA
ATTTTCATCA
ARAAAAAATA
AMAAAAAAAA
GATTGATAAG
AATACAAACT
AATTAATTTA
AAATCTCTTT
t8&tt8AcTe
TGAAATACAA
rrrfeana
AATGTTGEAT
GTAATTATTT
GTTATTATTA
AAAAAAAAAA
TTCAAATTCT
AARAAATAAA
GTGGTGGCAG
TATTATTTAC,

ARAGANAAAN

GATATCACCC
ARATAAAAAN

ATTTTCTTCT
AMAAATAAAA

TTFATTTTTY

TANTAGAATT
AAACTATTTC
ATGCATAAAA
AAAAAAAAAA
AAGAAAAAAC
TTTAAACEEA
ACAGCTATTC
TATTTTATTT
ANTTATAATT
ACAATTCACC
TATTCTATAT
CGCAATAGAT
TTACCACTAC
TTATTATTAT
AAAAAATTAA
TTTTCATTCA
BTGAGAATTT

AGGTAATTAA

TTTTATEITT

ANTTCTTTTT
TAAMAATATA
AATAAATGTT
AAAATTAAAA
ANTGTGCCAT
ATTATAATGG
ATATGCAAAA
TIATTTATT
TGAA I‘!\(;TA/.\
ACTTCATTAC
GAAAAAAAAM

anhns

TATCACACAT
AATTTTCAGC
TATTTTTAM
TAATTAAATA
TTCAATTTTG
TATATTTAGC
TITTATTITA

NTATTTTTCT

TFITGGGANA
AATATAACAT
ATTAAATTAA
AAAARAATTA
TAATATTAAA
GTTTCAAAAT
AAACAAAAAG
TONTTTTTTT
TANTGGGATA
ACCCACAATA
AAMTAAAAAA
ACTTCGCACA
CATACCTATA
TTTATTTTIT
AATAAAAATA
TANTTATAAA
TFCTCTTTTA
TTTAAMATTT

TITrrreety

TITTriTCTe

TCTCAATATT

AGANTTGTCAA
GTAAGAAAGA
GGTGAAATCT
TCGAATCATTA
CAAGAATTCC
GAAGAACAAG
TGTCAATGAA
ATTGTCCACA
TGTCGTGGTT
ACCACACCCA
ATCCAACTTG
ACCAATATCG
TAGAAACGGT
GTAAAATGAT
CTATCATCAG
CCCATCTCAT
CANCCTCTGC
TCAGCCGATA
CGCCGCTTCA
CTTCAAGTTC
TCAAAAAAAA
TAAAAAAAAAN

AGTCATCGTT
ATTTTTCTGT
TTGAGATTTG
GOGTTCTGANG
AAGATGTGTT
GTGCTAGTGC
CATGGTAANT
TGGTTATTCA
TTGGTTGTCC
CCACCACCAC
TATTCGTGGT
TOAAATGTTC
CCACACTGTC
TAGAGGTAAT
CATGTAATCA
CCAATTTGTA
AACTACTGCA
GTAGCGCTGC
AGTAGTGCTC
AGCTGCATCA
AAAAAAAAAA
AATTAAATAA

FrrTrrrTey

TTTTTTTGTA

CAGAATATAC
GTTAATCGTG
GTCAAGTTGT
CAAGAGGTAT
GGTCATCATG
ATGCTGCGTA
GCAGATTGGT
TCTCCTGTCA
AGAAGGCTCC
CACAAATTTG
GATGGTTATT
ACCAAAGAAT
TTGCCAATAA
CCAACTTGTA
COTTGGAATG
TTCATCCATC
GGTACAACAA
CTCCTCATCA
CATCCTCTGC
TCAGCTGCAA
AAAMAAAAAG
AAGTAATATT
TAAGATCATG

FTTTTTTTTT
ATCAAAAATG
ACAATATTTT
ATTTCCACCA
TCACCTTCAA
ANTACCTACA
ATAATAATAA
GAANAAATTA
AAANACAACAA
AATCCAGAAT
AAAGATGAAC

ITTTTTTTCT
GTATTATCAT

TTTTGATGAT
AGTATACCCA

ATGTAAATCA
ATCATAGAAA
AAACCACATA
GGAATGTGAA
GTGGCGGTCA
CCACATCATG
ACCACACAGA
TTAAAGGTTC
CATTGTGAAG
CGGTAGTGTA
TATGTAATCA
GACGAATGTA
TGTATTCLCA
TTAAAGCAAG
ATTTGTATTC
AACTACTGCT
CTGGTGCGANC
CCATCAAGCA
TTCAAGTAGC
GCTCAGAAAG
TAAGBACCAA
ACAATAAAAT
ATTAGTTCAA
TTTTATCAAT

GATAGAAGTT
TTGTTGTCAT
GAGATTTIGT
TGGGTTGAAT
TAAATGTGAC
ACGGTITGTGE
CCACCACCAC
TGCCACTTOT
TTCTTGAAAA
AATTCTGGTC
AACCCGTTGT
AATGGCATCE
CAACTTTGTA
ACCACCGGTA
AAGTACCAAG
GCTTCAACCA
TACAACTGGT
GTGCTGCTTC
GCTCCATCCT
CTCAGAAAGC
ACAATANAAA
ATCCARATCC
GATATTTTTA
CGCATAATTT

CTTITTICCT

CTTTTTTTAA

Friarryrsy
TTTTGATAAT
TTCCACCATT
ANATATATTC
TAATAATAAT
AAGTTTTAGA
CAAATTCAAA
TTCTTATTAT
CTAAAAAAAT

TTTTTTTTTT
GAAATTTTAA
ACTTTCACCA
CATCCATTTA
AATAATAATA
GAAAACTTTA
TACAAGAAAG
GTTAAAAAGA
ATTTGATAAT

TTTTTTTTTY
ATAATAACTA
TTTAGTTCCA
TAAAAATTCA
ATAATAATAA
ATTTCATTAG
AGAAAAAGAA
TGAAACCATT
TTATCTGAAC

TETTTTTICT
CTTTAATAAA
TTAATCACAT
AATAATGATA
TTTAAAAATT
ATGAAATGAT
AAAGAAAACA
TGAAGAGAAT
TTGGTGAACA

GTGCATATTT
GATTTATCAT
ACCATATCAT
CATCACCATE
AGAATGAGAT
TAATATTCAA
GTCCAGCAGT
GTCAGAGATG
ACATCOAGTT
CAGCTTATAT
CCACACGATT
TTGTCCACCA
AAGTTACTCA
CCACCACCAC
CAATTGTACT
TTGCAACAAC
GGETCAACTT
AAGTGCCGET
CTGCCTCAAG
TCATCAGCCA
AAAAAAGAAA
CTATAAAAAA
TTTTTATTTT
GAATCATTTT
AAAATAATAA
AAATAAAAAA
AATTATAAAC
TCCATTCCAA
ATAATAATTA
CAAGAAAAAA
AGAAACTTTA
ATTCAAAATT
AAAGTATCAC
CATTCATGAA

ACCATTTGTA
GTGCTAARAA
TCACCAANTA
TTATGOANCT
GTCCAGAAGG
TCICCATEOE
TGACCAATGE
CLCETECACT
TGTGTTAGAA
TTGTACAATT
ATCAATGTGA
GETTCCAGET
ATGTCCAACT
ATTGCTCAAC
AATACTAGAT
TGCATCAACT
CTGATAGTAG
TCAAGTGAAC
TAGTGCTCCA
CTTCATARAT
AAAANAAAAA
TTTTATTATT
TTTAATTTTT
AAAAAAAATT
TTTTAAAAAT
GOAAAAAGAA
ACCAAGAATT
CAAAAARAATA
TTATTATAAT
TTCAATATGA
GAARAGCAAG
AGATTATAAT
AATGTTATTG
CATGTAAATT

TCATGTTGTT
CACGAGAACT
CANCCACATG
TCTTGTTGCC
ATTCTATTGY
GCCACTATTG
CGTAATCAAC
ACATAACCTT
ATCATGTTCC
ATCAATGGTC
AACCATTAGC
GCTTCAATAG
GATTTCTCTT
TTGTGCAGAG
TCCCATGTTC
GTCGCAACTA
TGCTGCTTCC
CATCAAGTAG
TGATCATCAG
AARACTTTGA
CTTTAAAAAA
ATTTTAATTT
TTTTCCAATT
AAATTTATAG
AATAATACTT
ATTTTAAATA
TAAAAAATAT
ATCCATCACT
AATAATAATA
TTTATCAATT
CATCAGTTTT
TCAAAATCGA
GAATGATTGT
COTTAACAAT

3041 GACTCAACTT AAATGTAAAT GGAAAGATTG TCAAGCTT

Fig. 2

summarized in Fig. 3A. All the transformants showed no
CAT activity at the vegetative stage. Six out of seven A21-
CAT transformants containing -689 bp to +149 bp
expressed CAT activity at the slug stage. Four out of five
A39-CAT transformants containing - 447 bp to +149 bp
also expressed CAT activity at the slug stage, while all (3
clones for each) of A30-CAT (-356 bp to +149 bp) and
A34-CAT (- 187 bp to +149 bp) did not express CAT activ-
ity at the slug stage. These indicate that there is a cis-reg-

ulating region from - 447 bp to - 356 bp related to tran-
scription of Dp87 gene. Though the number of transfor-
mants examined was limited, the average activity of A21
and A39 showed a significant difference, suggesting that
there is a regulatory element from - 736 bp to - 448 bp to
increase the rate of transcription.

To investigate whether the 5¢ upstream regions used in
the above experiments include enough information for pre-
spore-specific transcription, slugs of some transformants
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were dissociated and prespore and prestalk cells separated
by Percoll density gradient centrifugation. The contamina
tion of each cell type fraction by the other was less then
5% as detected by a prespore-specific monoclonal antibody
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Fig. 2. Nucleotide and deduced amino acid
sequences of Dp87 gene. (A) The
nucleotides of genomic clones are
numbered from the beginning of initiation
of transcription. Theinitiation (ATG) and
termination (TAA) codons are boxed and
theintron is underlined. The 3¢end of a
cDNA clone (cDp87-1) is shown by an
arrow. Putative TATA boxes of TAATAA
and TAAATA areindicated by dashed
underlines. The CA-box (ACACCCA) and
CA-box-like sequences are indicated by
dots on the sequences. The 5¢ends of
deleted positions for construction of
chimeric genes are shown by arrowheads.
(B) The deduced amino acid sequence. The
N-terminal leader sequenceis underlined.
Possible N-glycosylation sites are shown by
dots. (C) Alignments of highly homologous
regions between Dp87 and SP96 and
between Dp87 and SP70. The amino acid
sequences of SP96 and SP70 have been
described by Tasaka et a. (1990); Fosnaugh
et al. (1988).

347 (Tasaka et al., 1988). As illustrated by the results with
transformant A 39-CAT in Fig. 3B, all the separation exper-
iments showed that the CAT activity was highly enriched
in prespore cells.

Fig. 3. Expression of chimeric genes.
CAT activity of each cell extract of
different cloned transformants was
analyzed. (A) The mean CAT
| activities of vegetative or dug cells
analyzed twice using the same clone
areindicated by an open triangle and
an open circle, respectively. The
c abscissaindicates the length of the 5¢
upstream region of each chimeric
gene. Closed triangles and closed
circles show the mean activity of
vegetative and slug cells transformed
by chimeric genes of the same 5¢
upstream region, respectively.
(B) CAT activity of prestalk (pst)
and prespore (psp) cell extracts of a
transformant, A21. c, the position of
chloramphenicol; ac, those of its
acetylated derivatives. Theratioin
CAT activity of prespore (psp) to
prestalk (pst) cell extract is shown
below.

=g
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Nuclear factor binding to the cis-acting region

To identify any nuclear factor binding to the cis-acting
region of Dp87 gene, a nuclear extract was isolated from
slug cells and mixed with a 32P-labeled DNA fragment
- 432 bp to - 350 bp, which was almost the full length of
the cis region (-447 bp to -356 bp), and the mixture
applied to 5% polyacrylamide gel electrophoresis. As
shown in Fig. 4B, afew retardation bands were observed.
However, when the same unlabeled DNA fragment was
added at increasing concentrations, only one band (indi-
cated by the arrowhead) was competed out. This band was
not competed out by DNA from outside the cis region or
by heterologous DNA. These results indicate that there is
afactor in the slug nuclear extracts that specifically binds
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to the cis region. This nuclear factor should be a protein,
because the band did not appear when the nuclear extract
was pretreated with trypsin or heated at 90°C for 5 min-
utes (data not shown).

To further localize the specific binding sequence, shorter
DNA fragments were synthesized and used for gel retar-
dation experiments as probes or competitors (Fig. 4C,D).
When the full-length DNA fragment was used as a probe
and two shorter DNA fragments in this region were used
as competitors, both shorter fragments competed for spe-
cific binding when present in a 10 times excess over the
probe (Fig. 4C). In contrast, DNA fragments from outside
the cis region could not compete. When the shortest DNA
fragment (frag c) consisting of 13 base pairs was used as
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Fig. 4. Gel retardation assays. Cells were lysed with NP-40 to isolate nuclei. Nuclear proteins were extracted with 0.3 M NaCl. 32P-
labeled DNA fragments were mixed with the nuclear extract, incubated at 24°C for 30 minutes and applied to 5% polyacrylamide gel.
The competitor DNA fragment used in each experiment is indicated below each figure. Above each lane, the concentration of the
competitor DNA is given (molar excess over the probe). The lanes labeled - contained no competitor. Arrowheads mark the specific
retardation band; F, the position of free probe and O, the original position. (A) Frag-aisfrom - 432 to - 350, frag-b from - 402 to - 364,
frag-c from - 393 to - 381 (TACACCCTAGACT), and frag-d from - 349 to - 231. The cisregion (from - 447 to - 357) asindicated by
transformation experiments (Fig. 3) is shown by afilled box. (B) Frag-awas used as a probe. Different concentrations of homologous
(frag-a, left) or heterologous (frag-d, right) DNA fragments were added as competitors to the incubation mixture. (C) Frag-awas a probe
and frag-b (left) and frag-c (right) were competitors. In the case of frag-b, not only the specific retardation band (arrowhead), but also
another retardation band just below the specific one disappeared. When frag-c, a part of frag-b, was used, only the specific band
disappeared. (D) Frag-c was used as aprobe. In this case, only one retardation band (arrowhead) was observed. Frag-b (left), frag-c

(middle) and frag-d (right) were added as competitors.



a probe, only one retardation band was observed and it was
competed out by the homologous or a slightly longer DNA
fragment (Fig. 4D), but not by other fragments outside of
this region (data not shown). This suggests that the retar-
dation obtained with the shortest DNA fragment is

sequence-specific.

Detection of Dp87 gene expression

To detect Dp87 gene expression histochemically, the DNA
fragment from - 666 bp to +149 bp was joined in frame to
the b-galactosidase gene of pDD GAL(H)* and introduced
into D. discoideum cells. Fig. 5A shows histochemical
staining of transformant slugs. All the prespore cells occu-
pying the posterior three-quarters of slugs were stained
homogeneously. Thisindicates that the DNA fragment used
for transformation contains enough information for specific
transcription in prespore cells.

Surprisingly, histochemically stained cells were first
detected in aggregation streams which radiate from an
aggregation center (Fig. 5B). The number of stained cells
was initially very low, but the intensity of the staining was
about the same as that of slug cells. The humber of stained

Expression of Dp87 gene of Dictyostelium 1305

cells increased dramatically during aggregation and they
were evenly distributed in loose aggregates as well as in
aggregation streams (Fig. 5C). At a later stage, the tip and
the basal part reach to the agar surface became unstained
and this pattern of stained cells was basically maintained
at the standing and migrating slug stages (Fig. 5A). When
the same 5¢ upstream DNA fragment was inserted into a
plamsid containing the b-gal gene joined to the SP60 ter-
minator instead of the actin 8 terminator used in the previ-
ous vector, the stained cells were first detected at a later
aggregating stage before loose mound formation and the
intensity of the staining was weaker. (The plasmid con-
taining b-ga gene and SP60 terminator was kindly pro-
vided by Dr Firtel of the University of Caifornia at San
Diego; Haberstroh and Firtel, 1990.)

The stage when Dp87 transcription was first detected by
histochemical staining was earlier than suggested by our
previous northern hybridization experiments. This incon-
sistency is probably due to the difference in sensitivity of
the methods used. To confirm this point, cells transformed
by pDp87b-gal were alowed to develop synchronously and
total RNA was isolated from vegetative, incipient aggrega-

Fig. 5. Histochemical detection of cells that have transcribed
the Dp87 gene. Transformed cells developed on filters were
fixed and stained by b-gal substrate. (A) Standing early
migrating slugs (13 hours after incubation). (B) Early
aggregation stage (6 hours). (C) Late aggregation stage (9
hours).
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Fig. 6. Northern analyses of Dp87 gene expression using an image
analyzer. Cells that transformed by pDd87b-gal were harvested at
given developmental stages and total RNA was extracted by the
single-step RNA isolation method (Chomczynski and Sacchi,
1987). Total RNA was el ectrophoresed on 1% agarose gel, blotted
on nylon membranes and hybridized with 32P-labeled cDNAs, b-
gal Dp87 SP96 and ecmA. The filters were analyzed by an image
analyzer FUJX BAS2000 (Fuji Photo Film co., Ltd). V,
vegetative growth phase; R, incipient aggregative (rippling) stage;
A, stream stage; T, tipped stage; S, slug stage.

tive (rippling), stream, tipped aggregate and slug cells. After
gel electrophoreses of these RNASs, the filters were
hybridized with 32P-labeled Dp87, b-gal, Sp96 and ecmA
cDNAs and the hybridization patterns were analyzed by a
Fuji image plate analyzer. The results are shown in Fig. 6.
Both Dp87 mRNA and b-gal mRNA are detected at the
stream, tipped aggregate and slug stages but not at the veg-
etative and rippling stages. In contrast, SP96 and ecmA
mRNAs were first detected at the tipped aggregate stage.

Effect of DIF on Dp87 gene expression

Transcription of the prespore specific D19 geneis repressed
by DIF, a prestak and stak cell inducer (Early and
Williams, 1988). The effect of DIF on the expression of the
Dp87 gene was examined using a DIF-defective mutant
strain, HM44. After cells were preincubated with cAMP
alone, chemically synthesized DIF was added to the incu-
bation medium and isolated total RNA analyzed by north-
ern hybridization. Under the experimental conditions, more
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Fig. 7. The effects of DIF on the expression of prespore-specific
genes. Vegetative HM44 cells were preincubated in the presence
of 5mM cAMP for 12 hours and then incubated with or without
3000 U/ml of DIF. Cells were harvested at 4 hours and 8 hours
after DIF addition and total RNA was extracted for northern
analyses. After electrophoresis, filters were hybridized with 32P-
labeled cDNAs Dp87 SP96 and D19 and exposed to X-ray film.

than 90% of cells differentiated into vacuolate stalk cells
after 48 hours of incubation with DIF, but no stalk cells
formed without DIF. Syntheses of both ecmA and ecmB
mMRNAs were clearly induced in the presence of DIF, in
agreement with the findings of Kopachick et al. (1985) and
Early and Williams (1988) (data not shown). It was shown
that like D19 mRNA, Dp87 and SP96 mRNAs accumul ated
during the preincubation periods with cAMP (Fig. 7). After
DIF addition, the levels of Dp87 and SP96 mRNASs declined
within 4 hours, but that of D19 mRNA did not decrease
appreciably during the first 4 hours, but then declined grad-
ualy.

DISCUSSION

In this paper, we characterized a novel prespore-specific
gene, Dp87, whose transcription occurs only in prespore
cells (Morio et a., 1991) and is controlled by exogenous
CAMP (Takemoto et a., 1990). The amino acid sequence
of the protein encoded by this gene shows low, but signif-
icant, similarity to the spore coat proteins, SP96 and SP70.
Though this suggests that Dp87 is a member of the spore
coat protein family, it has three distinct characteristics from
the other proteins. First, Dp87 mRNA completely disap-
pears a the culmination stage, as analyzed by northern
hybridization (Ozaki et al., 1988). The disappearance of
mMRNA in culmination must be brought about by its degra-
dation, for the transcription continues during culmination
(Morio et al., 1991). Second, we have demonstrated that its
transcription starts at an earlier aggregation stage than the
others. Third, although the Dp87 gene product is stored in
prespore vacuoles, it is discharged into the interspace of
spores during spore formation, as detected by a specific
antibody produced against the Dp87 peptide (Nakao et a.,
unpublished data). These facts strongly suggest that Dp87
is a novel type of prespore-specific gene.

The initiation of transcription of the Dp87 gene is the
earliest event of prespore cell differentiation so far detected.
Accumulation of b-galactosidase from a Dp87-reporter con-
struct starts earlier than suggested by previous northern
analyses (Ozaki et al., 1988). However, in the present work
using a more sensitive image plate analyzer (Fig. 6) shows
that Dp87 mRNA s first detected at the aggregation stream
stage, concurrently with appearance of b-galactosidase
activity in the transformant. The fact that both Dp87 mRNA
and b-galactosidase activity appeared at the same stage sug-
gests that the b-gal expression pattern correctly reflects the
transcription pattern of Dp87 gene.

It was shown that both Dp87 and SP96 mRNAS rapidly
declined within 4 hours after addition of DIF to HM44 cells
preincubated with CAMP. In contrast, D19 mRNA did not
decrease as rapidly as Dp87 and SP96, but eventualy
declined as well. In essence, transcription of al these pre-
spore-specific genes was shown to be negatively regulated
by DIF, in agreement with the previous study by Early and
Williams (1988). As shown before, the transcription of both
Dp87 and SP96 genes is positively regulated by exogenous
CAMP in disaggregated slug cells (Takemoto et al., 1990).
This suggests that the regulatory mechanism of transcrip-
tion of these prespore genes may be similar. However, the
datain Figs 5, and 6 and the evidence that cells transformed



by SP60-LacZ first showed b-galactosidase activity only
after cell mounds were formed (unpublished data) indicate
that transcription of the Dp87 gene begins before that of
SP96 and SP60. This suggests that there may be at least
two different stages of prespore differentiation, which are
under different transcriptional control.

It has been generally believed that prespore and prestalk
cells differentiate simultaneously after formation of a cell
mound in the aggregation center. The present result, that
prespore cells expressing b-galactosidase activity appeared
at an earlier stage of aggregation, suggests that prespore
differentiation may precede prestalk differentiation.

The present study clearly shows that prespore differenti-
ation occurs independently of the position of cellsin a cell
mass. That b-galactosidase, produced by the chimeric Dp87
gene in transformants, is very stable was shown by the fact
that disaggregated prespore cells maintained the enzyme
activity long after Dp87 mMRNA and b-ga mRNA were
completely lost (data not shown). This probably explains
why a few stained cells are occasionally observed in the
anterior prestalk region of amigrating slug (Harwood et al.,
1991). It is, therefore, most likely that the changes of dis-
tribution of b-galactosidase cells during development is
caused by movement of cells that have already expressed
Dp87. The developmental changes in the pattern of b-galac-
tosidase-positive cells were the same as those detected pre-
vioudly using prespore specific antibodies or other trans-
formants with SP60 or D19 (prespore) and ecmA (prestalk)
promoters (Early and Williams, 1988; Williams et al., 1989;
Haberstroh and Firtel, 1990). These results strongly support
the idea that the construction of the prespore and prestalk
pattern in slugs is brought about by sorting out of differ-
entiated cells (Tasaka and Takeuchi, 1981).

The cis-acting region involved in transcription of the
Dp87 gene was investigated by transformation experiments
using various chimeric genes. A chimeric gene including
the DNA fragment from - 447 bp to +149 bp was tran-
scribed only in prespore cells, while that including - 355 bp
to +149 bp was transcribed in neither vegetative nor slug
cells. This indicates that the region between - 447 bp and
-356 bp is a cisacting region for transcription. The
seguence of this region was compared to that of the pro-
posed cis-acting regions of the other prespore-specific genes
such as SP96, SP60 and D19 (Early et al., 1988; Haber-
stroh and Firtel, 1990, 1991; Tasaka et a., 1992). The CA-
box, ‘ACACCCA’, is observed in Dp87, SP96 and SP60,
but not in D19, and the same sequence is also observed in
the 5Cupstream region of another spore coat protein SP70
(Fosnaugh and Loomis, 1991). In particular, a CA-box is
included in the CAE-1 element, which is one of the regu-
latory regions of the SP60 gene (Haberstroh and Firtel,
1991). This suggests that this element may be important for
transcription of these prespore genes, as discussed in our
previous papers (Tasaka, 1991; Tasaka et al., 1992). As a
gene including less than - 355 bp was inactive in either veg-
etative or slug cells, whether the proposed cis-acting region
isinvolved in cell-type- and stage-specific transcription or
merely in general activation of transcription is not known.

A nuclear factor(s) that sequence-specifically bindsto the
cisregion of Dp87 was identified, and gel shift assays using
synthesized shorter DNA fragments showed that the factor
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specifically binds to frag-c, which includes one of the CA-
boxes. It was previously suggested that the same nuclear
factor(s) may bind to the cis regions of both Dp87 and SP96
(Tasaka, 1991). It is aso highly plausible that this factor(s)
is similar to one of the CAE binding factors identified by
Haberstroh and Firtel (1991). As this factor(s) binds to the
cis region in a sequence-specific manner, it must constitute
part of the regulatory machinery involved in the transcrip-
tion of the Dp87 gene.
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Note added in proof

The nucleotide sequence data reported in this paper will
appear in the DDBJ, EMBL and GenBank Nucleotide
Sequence Databases with following accession number
D13973.



