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The Dictyostelium discoideum cell surface antigen PsA is a glycoprotein which first appears in the
multicellular stage soon after tip formation and is selectively expressed on prespore cells. The D19 gene encodes
an mRNA sequence which is highly enriched in prespore over prestalk cells in the slug stage. We have
determined 81 amino acid residues of N-terminal sequence from imniunoaffinity-purified PsA protein and
shown this sequence to be identical to the predicted sequence of the D19 gene. There are several short repeat
elements close to the C terminus, and unequal crossing-over within these is proposed to account for the size
polymorphism observed in PsA protein isolated from different D. discoideum strains. The repeats are proline
rich and show similarity to the C-terminal region of the D. discoideum cell adhesion molecule, contact sites A.
The extreme C terminus, which is also homologous to contact sites A, is characteristic of proteins attached to
the plasma membrane via a glycosyl-phosphatidylinositol link. We have marked the PsA gene by insertion of
an oligonucleotide encoding an epitope of the human c-myc protein. A construct containing this gene and 990
base pairs of 5'-flanking region directed correct temporal and spatial mRNA accumulation. We found the
marked PsA protein, detected with the human c-myc antibody, to be correctly localized on the surface of cells.

The identification of cell-type-specific markers is of cen-
tral importance in the analysis of cellular differentiation and
pattern formation. The ideal marker should be exclusively
restricted to the cell lineage which it characterizes, and, if it
is to be used to analyze the initial events in cellular differ-
entiation, it should be expressed early in the ontogeny of the
cell lineage. The anterior one-fifth of the migratory slug of
Dictyostelium discoideum contains stalk cell precursors,
while the posterior four-fifths consists predominantly of
prespore cells. Genes, which are expressed in a cell-type-
specific manner during dévelopment, are readily isolated (1,
17, 27), because prestalk- and prespore-cell-enriched popu-
lations can be separated by microdissection or by density
gradient centrifugation of disaggregated slugs (33, 42). The
D19 cDNA clone derives from a highly prespore-enriched
mRNA obtained from density gradient-separated cells (1).
The D19 gene has been defined as a class 2 prespore
sequence on the basis of the time of appearance of its nRNA
during development and its dependence on extracellular
cyclic AMP for continued expression (7). It has frequently
been used as a prespore-specific marker in studies investi-
gating the requirements for cell-type-specific gene expres-
sion and cellular differentiation (17, 32, 36).

An alternative approach to generating cell-type-specific
markers has been to raise monoclonal antibodies (MAbs).
The MAb MUDI1 detects the surface glycoprotein PsA
(prespore-specific antigen) first appearing on the prespore
cell surface early in the prespore pathway, soon after tip
formation (19). The MUD1 MADb has often been used to
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specifically localize prespore cells and to quantitate prespore
gene expression (18, 37). PsA was originally defined as a
30-kilodalton (kDa) prespore-specific cell surface protein
carrying a unique epitope which is recognized by MUDI1
(19). By using genetic, immunological, and biochemical
criteria, it was demonstrated that PsA is encoded by a single
locus, pspA, and that the gene product is a protein with a
molecular weight polymorphism in several wild isolates (12).
Another epitope on PsA is recognized by the MAb MUDS50
(13), which, in addition to PsA, recognizes a diverse group of
prespore proteins (S. Alexander, E. Smith, L. Davis, A.
Gooley, S. B. Por, L. Browne, and K. L. Williams, Differ-
entiation, in press). West and Loomis (44) have shown that
the PsA (SP29) glycoprotein lacks a glycoconjugate(s) in
modB mutants, and it has been shown that the MUDS0
epitope is, or is part of, this carbohydrate (Alexander et al.,
in press).

Another desirable feature of a marker is that it be well
defined structurally and functionally. PsA is the best char-
acterized cell-type-specific surface molecule of the multicel-
lular stage. Here, we have determined the entire sequence of
the D19 gene and have shown that it encodes the PsA
protein, which was purified and partially sequenced.

MATERIALS AND METHODS

Strains and culture conditions. PsA was purified from the
slug stage of three strains of D. discoideum: two wild
isolates, WS576 and WS380B (9); and a mutant, HU2440,
which carries the modB50] mutation (44) in the genetic
background of wild isolate DD61 (12; A. A. Gooley and
K. L. Williams, manuscript in preparation).

Preparation of slug extracts and purification of PsA by
immunoaffinity chromatography. Two methods were used to



VoL. 8, 1988

Nsi | Pvull

5 N|NRD R
|I| Ul I

D. DISCOIDEUM PRESPORE-SPECIFIC GENE pspA

Hinf 1
RR 3
||

3459

.
Y
[}
[}

A RD\ A R B
\ /] | ]
DI19G |
RD A R B
I——U-— ' | |

RD A R B CH

|-——|-|—_ 1 | L /

v I—“-I

RD A R B CH
I-———u—_ L L L

1kb

FIG. 1. Structure of the D19 genomic clones. The transcribed region (ENEE) contains the translated region (mmm) and the 5’ and 3’
untranslated regions ( ). This part of the map has been expanded twofold relative to the intergenic DNA. Abbreviations for restriction
sites are as follows: A, Avall; B, BamHI; C, Clal; D, Ddel; H, HindIll; N, Ndel; R, Rsal. D19G and three other genomic clones are shown.

prepare detergent extracts of slug cells. First, ~5 x 10 slug
cells were lysed in phosphate-buffered saline-0.1% (vol/vol)
Nonidet P-40 (NP-40; Sigma Chemical Co.). The detergent
extracts were passaged over two guard columns (20 ml of
Sepharose 6B followed by 4 ml of CNBr-Sepharose 4B
blocked with glycine) before chromatography on a MUDI1
affinity column. Increased yields of PsA were obtained with
a combination of detergents. Crude membranes were pre-
pared from ~5 x 10'° slug cells by the Tween 40 (Sigma)
detergent method used to purify Thy-1 from rat thymocytes
(35). The membranes were then dissolved in 2% (wt/vol)
sodium deoxycholate (BDH), and before binding the extract
to the MUDI affinity column, it was found necessary to add
NP-40 to a final concentration of 1% (vol/vol) to restore
antibody-antigen interaction. PsA was bound to a column of
1 ml of CNBr-Sepharose (Pharmacia) coupled to the MAb
MUDI. Bound PsA was eluted from the column in 1-ml
samples of 50 mM diethylamine (Sigma)-NaOH (pH 11.5)-
0.1% (vol/vol) NP-40 and immediately adjusted to pH 8.0
with solid glycine. Fractions containing PsA, as detected
with MUDI1 in a modified dot-immunobinding assay (39),
were pooled and lyophilized.

Purified PsA was subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) by the
method of Laemmli (22) with 12.5% (wt/vol) acrylamide in
the resolving gel and electroblotted onto nitrocellulose by
the method of either Towbin et al. (41) or Kyhse-Anderson
(20).

Endoproteinase Glu-C (Staphylococcus aureus V8 protease)
digestion. Protease digests of reduced and carboxymethyla-
ted PsA and peptide separation on high-pressure liquid
chromatography were essentially as described by Meyer et
al. (28). Cleavage with V8 protease (Miles Laboratories,
Inc.) (5% wt/wt) was performed for 2 h (three times) at 37°C
in 25 mM Tris hydrochloride-0.1 mM EDTA-0.025% (wt/
vol) SDS (pH 7.8). The digestion mixture (4.5 nmol in 3.0 ml)

was chromatographed on a 10-wm Vydac pH-stable re-
versed-phase column (4.6 by 250 mm) with a hexafluoroace-
tone (E. Merck AG)-containing solvent system. Solvent A
contained (vol/vol) hexafluoroacetone-NH, (pH 8.6); solvent
B contained 64% (vol/vol) acetonitrile~20% (vol/vol) propa-
nol-0.03% (vol/vol) hexafluoroacetone-NH; (pH 8.6). A
gradient ranging from 0 to 75% solvent B was applied at a
flow rate of 1 ml/min.

Sequence analysis. The amino acid sequences of the N
terminus and V8 peptides were determined by automated gas
phase Edman degradation with on-line identification of the
PTH-amino acids (16). Chemicals and solvents for auto-
mated sequence analysis were from Applied Biosystems.

Isolation and analysis of the D19G genomic clone. A ge-
nomic library, constructed by insertion of a partial Sau3A
digest of D. discoideum DNA from strain AX2 into the
BamHI site of the plasmid pAT153, was screened with an
internal Nsil-Hinfl fragment from the D19 cDNA clone (1).
The genomic clone (D19G) was sequenced by the method of
Maxam and Gilbert (26) after labeling at the Ndel, Rsal, and
Hinfl sites (Fig. 1). Other cloning methods used were
essentially as described by Maniatis et al. (25).

Insertion of a human c-myc epitope into D19G. The c-myc
oligonucleotide is a 33-base-pair sequence which encodes an
eight-amino-acid epitope of the human c-myc protein recog-
nized by a MAb, 9E10 (10, 29). The oligonucleotide was
synthesized with D. discoideum codon usage and inserted in
frame into the unique Pvull site in the D19G clone (coding
strand: 5'-CT GAA GAA AAA TTA ATT TCA GAA GAA
GAT CTC T-3') (Fig. 1). The two strands of the oligonucle-
otide were annealed at 60°C for 1 h in 1x ligase buffer (50
mM Tris [pH 7.5], 10 mM MgCl,, 10 mM dithiothreitol, 5
mM ATP) and then ligated to the linearized vector with the
same buffer. A 50-fold molar excess of nonphosphorylated
oligonucleotide over vector was used to ensure efficient
insertion of a single copy of the epitope. The oligonucleotide
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was designed so that a Pvull site was regenerated at one end
while at the other, a BgllI site was created. This latter site
was used in sequencing to verify correct orientation of the
epitope. The c-myc-marked gene was excised from pAT153
by using the EcoRlI site in the vector and a BamHI site which
was regenerated at the 3’ boundary of the insert. By using
this fragment, the gene was cloned into the corresponding
multilinker sites of the D. discoideum transformation vector,
pB10TP2 (8).

DNA-mediated transformation and analysis of cellular dif-
ferentiation. The D. discoideum strain AX2 (43) was used for
DNA-mediated transformation by the modified protocol
described by Early and Williams (8), which is based on the
procedure of Nellen et al. (30). Pooled populations of trans-
formants were grown in HL5 medium (43) in shaken suspen-
sion. Transformants were developed on membrane filters
(Millipore Corp.), after washing by centrifugation in 20 mM
KH,PO,-K,HPO,, pH 6.0 (40). To obtain migrating slugs,
cells were developed as single streaks of approximately 10°
cells per ml on 2% (wt/vol) water agar. The plates were kept
moist and dark except for a single slit, which provided a
unidirectional light source. Prestalk and prespore cells were
separated by the method of Ratner and Borth (33).

Analysis of gene expression by Northern (RNA) transfer.
Total cellular nucleic acid was extracted by alternating
phenol and chloroform extractions. Five micrograms of each
nucleic acid sample was electrophoresed through a formal-
dehyde denaturing gel and transferred onto nitrocellulose as
described by Maniatis et al. (25), except that the filters were
baked and prehybridized immediately after transfer. The
hybridization was carried out in 6x SSC (1x SSCis 0.15M
NaCl plus 0.015 M sodium citrate)-0.1% SDS at 32°C with
the kinase-labeled, noncoding strand of the c-myc oligonu-
cleotide as a probe. The filters were washed for 5 min (twice)
at 37°C in 5x SSC-0.1% SDS.

Immunohistochemical analysis of transformants. Disaggre-
gated cells in KH,PO,-K,HPO, were prepared by passaging
slugs through a series of syringes with needles of succes-
sively decreasing bore size. The disaggregated cells were
washed and suspended at about 5 x 10%ml in KH,PO,-
K,HPO, before fixing in 60% methanol and dispensing as
5-wl drops onto poly-L-lysine subbed multiwell slides.

Slides were stained with the affinity-purified c-myc MAb,
9E10, prepared from culture fluid (10 pl per field) (10). This
was diluted 1:50 in phosphate-buffered saline, and the slides
were incubated in a humidified chamber for 30 min at room
temperature. The specimens were washed extensively with
phosphate-buffered saline for 15 min which was followed by
the addition of 10 pl of rhodamine-conjugated rabbit anti-
mouse immunoglobulin, diluted 1:30 in phosphate-buffered
saline, again for 30 min at room temperature. Washing was
carried out as before. The slides were mounted in Gelvatol
and examined under a fluorescence phase-contrast micro-
scope.

RESULTS

Purification of PsA by MUDI affinity chromatography. PsA
was purified from slug cell extracts of three strains of D.
discoideum by MAb MUDI affinity chromatography. Ex-
tracts prepared by lysing WS380B cells in NP-40 were first
chromatographed over two guard columns. These columns
removed nonspecific material, particularly a 37-kDa protein
(this contaminant was later identified as the lectin discoidin).
Figure 2 shows three stages of the purification procedure;
the original NP-40 extract (lane 2); the material which did not
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FIG. 2. Purification of PsA from strain WS380B. Protein samples
were separated by SDS-PAGE and silver stained. Lanes: 1, molec-
ular weight markers; 2, original 0.1% (vol/vol) NP-40 cell extract; 3,
MUDI affinity column flow through; 4, PsA eluted off the column at
pH 11.5; 5, the same material as in lane 4, electroblotted onto
nitrocellulose and stained with MAb MUDI culture supernatant and
peroxidase-conjugated second antibody.

bind to the MUDI1 column (lane 3); PsA eluted off the
column, seen here to migrate at 27 kDa (lane 4); and the
same material as in lane 4, except that it was electroblotted
onto nitrocellulose and probed with MAb MUDI1 (lane 5).

PsA purified from this WS380B extract was subjected to
automated Edman degradation, and 12 of the first 14 residues
were assigned (Table 1). This procedure was repeated for a
polymorphic wild strain, WS576 (PsA, 33 kDa), and se-
quence analysis identified 16 of the first 21 residues, which
were identical to the N terminus of WS380B (Table 1). This
established that two different-sized versions of PsA had the
same N terminus. Typical yields of PsA by this method were
50 to 100 pg of protein per 10! cells. Since insufficient
material was recovered to allow further analysis, a purifica-
tion protocol involving a combination of sodium deoxycho-
late and NP-40 was devised (see Materials and Methods).

This method resulted in typical yields of 0.5 to 1.5 mg of
protein per 10*! cells, although the level of purification of
PsA was somewhat lower than that achieved by the original
method. However, the eluate was much enriched for PsA
(Fig. 3, lane 1), seen here to migrate at 22 kDa (strain
HU2440, a modB mutant lacking a glycoconjugate). The
identity of PsA was confirmed by electroblotting the material
onto nitrocellulose and probing with MAb (MUD1) (Fig. 3,
lane 2). Attempts to further purify PsA resulted in irrevers-
ible loss on high-pressure liquid chromatography columns
and low recovery from G-252 Sephadex. However, precipi-
tation of the protein in prechilled acetone and reduction and
carboxymethylation resulted in either loss of the contami-
nant or blocking of its N terminus (see below).

N-terminal amino acid sequence of PsA purified from
HU2440. PsA purified from HU2440 by MUD] affinity chro-
matography was subjected to N-terminal degradation, and 54
residues were identified. Only one sequence could be iden-
tified from the preparation (Table 1). Therefore, the contam-
inating protein was not present in sufficient quantities to
interfere with the sequencing of the intact PsA protein.
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TABLE 1. Amino acid sequences of PsA purified from three strains
Strain pspA allele? Sequence”

WS380B 352 YDYFT--LAN QNPV

WS576° 353 YDYFT--LAN QNPV-A-V-V [

HU2440 351 YDYFTTTLAN QNPVCASVDV IQNVCTEVCG RFVRYIPDAT NTNQFTFAEY

TTNQ
HU2440° 351 YDYFTTTLAN QNPVCASVDV IQNVCTEVCG RFVRYIPDAT NTNQFTFAEY

TTNQCTVQVT PAVTNTFTCA DQTSSHALGS D-S

“ The gene locus which encodes the PsA protein is called pspA. Numbers denote alleles for different isolates (12).
b Cleavages at the glutamate residues are shown in boldface. Amino acids are designated by the single-letter code. -, Unassigned residue.

€ WS576 sequence from the 0.1% (vol/vol) NP-40 extract.

4 Sequence from the material purified by using sodium deoxycholate and NP-40.

¢ Sequences from the V8 digest of PsA purified from HU2440.

V8 peptide map of PsA purified from HU2440 and sequenc-
ing of selected peptides. Three major peptides from the V8
digest of PsA purified from HU2440 were separated by
reversed-phase high-pressure liquid chromatography (Fig.
4). Peptide I spans from residue 1 to 27, and peptide II spans
from residue 28 to 49. The double peak, III, was analyzed to
determine whether it represented two separate V8 fragments
or whether part of the peak was undigested PsA. Sequence
analysis revealed that both peaks had the N terminus Tyr-
Thr-Thr-Asn, which is identical to the N-terminal sequence
at positions 50 through 53. This suggests that the double
peak resulted from a form of microheterogeneity due either
to bound SDS, which was present in the V8 digestion buffer
(38), or to some form of posttranslational modification (PsA
is phosphorylated [Alexander et al., in press]). The V8
fragments II1A and IIIB were pooled, and the sequence was
extended from residue 50 to serine at position 83, with
residue 82 unassigned.

A fourth peptide (IV; Fig. 4) from the V8 digest of HU2440
contained at least three sequences, one of which showed
100% homology with a V8 fragment of the lectin discoidin
(3). The lack of discoidin in PsA purified by using the guard
columns is explained by its removal by binding to these
columns.

Isolation and characterization of a D19 genomic clone.
Southern blotting of genomic AX2 DNA at high stringency
indicated that D19 was a single-copy gene, but at lower
stringency, cross-hybridizing restriction fragments were de-
tected (data not shown). A restriction fragment derived from
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FIG. 3. MUDI affinity column eluates of sodium deoxycholate—
NP-40 HU2440 cell extract. Protein samples were separated by
SDS-PAGE. Lane 1, Coomassie blue stain of PsA (*); lane 2, the
same sample electroblotted onto nitrocellulose and stained with
MAb MUDI1 and peroxidase-conjugated second antibody.

within the D19 cDNA insert was used, at high stringency, to
probe a genomic library in the plasmid pAT153. Four inde-
pendent positive clones were isolated and characterized by
restriction mapping and Southern blotting. These four clones
have an identical structure in the regions in which they
overlap (Fig. 1). The position of the gene was deduced by
restriction mapping. The clone with the greatest amount of
sequence flanking the D19 coding region was designated
D19G and used for all further analyses (Fig. 1).

The D19G clone contains an insert of 3.37 kilobases (kb).
A total of 1.1 kb of nucleotide sequence, spanning the coding
and 5’ and 3’ untranslated regions of the gene, was deter-
mined. A single start site of transcription was detected by
primer extension by using RNA isolated from V12M2 pre-
spore cells or from AX2 slugs (data not shown). The 5’
noncoding region is approximately 90 nucleotides long and
has an A+T content of 95%. The length of the 3’ noncoding
region was estimated from the cDNA clone to be 150
nucleotides. The coding region is 504 nucleotides long,
contains no introns, and encodes a predicted polypeptide of
168 amino acids (Fig. 5). The overall size of the mRNA is
estimated to be 736 nucleotides, which is in close agreement
with the results of gel electrophoresis.

Structure of the predicted polypeptide. The N terminus of
the D19 gene encodes a polypeptide tract which has the
characteristics of a signal sequence (6). A hydrophobic
‘“core’’ of 15 amino acids, with a predicted a-helical struc-
ture, follows a short hydrophilic region adjacent to the
methionine. Comparison of the sequence on the immediate
C-terminal side of the predicted cleavage site (i.e., following
Ala-Asn-Ala) shows it to be identical to the 81 N-terminal
residues of the PsA protein. Since we have shown the D19
gene to be unique in the genome, it must encode the PsA
protein. The protein encoded by the D19 gene has a pre-
dicted molecular weight of 17,879 and a predicted pl of 4.62.
It is composed of a higher-than-average proportion of non-
polar residues and a lower-than-average proportion of po-
tentially charged residues (Fig. 6). Remarkably, it contains
over 21% threonine residues. These are potential sites for
O-linked glycosylation. Although there is one potential N-
linked glycosylation site (Asn-Pro-Thr; Fig. 5), this is not
utilized (4). Bause (4) has shown that no glycosyl transfer
was detected on those peptides which contain a proline
residue in position X in the Asn-X-Ser/Thr triplet sequence.

The extreme C terminus contains a largely hydrophobic
stretch of approximately 18 amino acids, but these are not
followed by polar residues which could act as a membrane
anchor sequence (Fig. S and 6). This region is interspersed
with hydrophilic residues, most commonly serine. Immedi-
ately before the hydrophobic tail there are four copies of a
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FIG. 4. Separation of peptides from a V8 digest of PsA purified from HU2440. The digestion mixture was separated on a Vydac C8
pH-stable column in an acetonitrile-propanol (solvent B) gradient at a flow rate of 1 mi/min. PsA peptides are designated I, I, and I1IA and
B with respect to the time they eluted off the column. Peak IV is a peptide of the lectin discoidin. %B, Percentage of solvent B.

perfectly conserved, four-amino-acid repeat, Pro-Thr-Val-
Thr. These repeats are followed by three similar, but imper-
fect, repeats. The repeats form a proline-rich region, con-
taining 10 of the total 13 proline residues present in the
protein. Within this 31-amino-acid stretch there are nine
short regions where proline alternates with a hydroxyamino
acid, normally a threonine residue. This pattern is inter-
spersed with valine, asparagine, or alanine residues, present
as single amino acids. Overall, the primary amino acid
sequence predicts a polypeptide with an extended structure.

Expression of a marked copy of the gene after transforma-
tion into D. discoideum and localization of the protein product.
The PsA gene was marked by insertion of an oligonucleotide
encoding an eight-amino-acid epitope of the human c-myc
protein.(29), which is recognized by the 9E10 MAb (10). The

1

epitope was inserted in frame within codon 81. The marked
gene was subcloned into the D. discoideum transformation
vector pB10TP2 (8). The final construct, pB10D19G, con-
tained the entire coding region with approximately 1.0 kb of
sequence upstream of the cap site and about 1.9 kb of
downstream sequence (Fig. 7).

After transformation into AX2 cells and selection of stable
transformants by using G418, expression of the gene was
analyzed in pooled populations of cells. The vector copy
number within the population was approximately 10. The
mRNA transcribed from the marked D19 gene was analyzed
by Northern transfer hybridization by using the noncoding
strand of the c-myc oligonucleotide as a probe. This mRNA
accumulated with the same kinetics as the transcript of the
endogenous PsA gene (Fig. 8A). The mRNA was first

ATTTTATTAATATAATTCTTAATAATTATAAAAAAAAAAAAAAAA

46 AAACAACCAAAATATTATATTATTTTTTGTAAATATAAATTAAAAAA ATG AAA TTC CAA CAT ACA

MET Lys Phe Gln His Thr

111 TTT ATT GCA TTA TTA TCA CTA TTA ACA TAT GCA AAT GCA TAT GAT TAT TTC ACA

Phe Ile Ala Leu Leu Ser Leu Leu Thr Tyr Ala Asn Ala Tyr Asp Tyr Phe Thr

24

165 ACA ACA TTG GCC AAT CAA AAT CCA GTT TGT GCT TCA GTA GAT GTC ATA CAA AAT

Thr Thr Leu Ala Asn Gln Asn Pro Val Cys Ala Ser Val Asp Val Ile Gln Asn

42

219 GTT TGT ACT GAG GTT TGT GGT AGA TTT GTC CGT TAC ATT CCT GAT GCT ACC AAT

Val Cys Thr Glu Val Cys Gly Arg Phe Val Arg Tyr Ile Pro Asp Ala Thr Asn

60

273 ACA AAT CAA TTC ACT TTT GCC GAA TAT ACT ACA AAC CAA TGT ACT GIT CAA GTA

Thr Asn Gln Phe Thr Phe Ala Glu Tyr Thr Thr Asn Gln Cys Thr Val Gln Val

8

327 ACA CCA GCT GTA ACA AAT ACA TTT ACT TGC GCT GAT CAA ACT TCT TCA CAT GCA

Thr Pro Ala Val Thr Asn Thr Phe Thr Cys Ala Asp Gln Thr Ser Ser His Ala

381 CTC GGT TCT GAT TGG AGT GGA GTIT TGT AAA ATC ACT GCC ACA CCC GCA CCA ACA

Leu Gly Ser Asp Trp Ser Gly Val Cys Lys Ile Thr Ala Thr Pro Ala Pro Thr

435 GTT ACA CCA ACA GTT ACA CCA ACA GTT ACA CCA ACA GTA ACA CCA ACA CCA ACA

val Thr Pro Thr Val Thr Pro Thr Val Thr Pro Thr Val Thr Pro Thr Pro Thr

489 AAT ACA CCA AAT CCA ACC CCG TCC CAA ACA TCA ACA ACA ACT GGT TCT GCT TCA

Asn Thr Pro Asn Pro Thr Pro Ser Gln Thr Ser Thr Thr Thr Gly Ser Ala Ser
L] L] L

150

543 ACT GTT GTT GCA AGT TTA TCA CTC ATT ATT TTC TCA ATG ATT CTT TCC CTT TGT

Thr Val Val Ala Ser Leu Ser Leu Ile Ile Phe Ser MET Ile Leu Ser Leu Cys

168

597 TAATTTTAAAAATAACAAATGGTAAAAATTATTTGGCATTTTCAAGTACAATTTTAAATTTTTCAAAAAAA

668 AATAAAATTAAATAAATAATTAAATAAATTAATTAATAAAAAAAATAAAATTAAAACTTTTTTAATTTA
FIG. 5. Sequence of the D19 mRNA. The sequence was obtained from the genomic clone D19G by the chemical cleavage method (26).

The open reading frame shown is confirmed by comparison with th

e protein sequence (Table 1). The length of the 5’ noncoding region was

predicted by primer extension analysis (data not shown), while the length of the 3’ noncoding region was deduced by comparison with
sequence from the cDNA clone. Symbols: ===, position of the four tetra-amino acid repeats; ®®®, Asn-Pro-Thr triplet sequence which,

although it conforms to the Asn-X-Thr sequence, is not a predicte
nucleotides, while the numbers on the right represent amino acids.

d site for N-linked glycosylation (4). The numbers on the left represent
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FIG. 6. Plot of the hydropathic index of the predicted primary
translation product of the D19 gene. The plot was computed
according to the method of Kyte and Doolittle (21) with a window
size of nine amino acids. The 168 amino acids of the predicted D19
coding region are represented along the x axis. On the y axis,
positive values indicate hydrophobicity, while negative values indi-
cate hydrophilicity.

detectable at the tipped aggregate stage, reached a peak of
abundance at the first finger and standing slug stages, and fell
in concentration at culmination. The mRNA also showed
correct spatial localization. Slugs of the transformed popu-
lation were disaggregated, and the cells were separated by
two rounds of Percoll density gradient centrifugation. Com-
parison of the light (prestalk) and heavy (prespore) mRNA
fractions showed strong enrichment of the mRNA in pre-
spore cells (Fig. 8B). The D19 cDNA insert detected mRNA
from both the endogenous and transformed genes as a single
band when it was used as a probe in Northern transfer. In a
transformed population with approximately 5 to 10 copies of

3 cmyc epitope s

ori

FIG. 7. Structure of pB10D19G. The plasmid was constructed by
insertion of the entire D19G genomic fragment into the transforma-
tion vector, pB10TP2 (8). The position and orientation of the D19
gene within the insert are shown. The relative position of the c-myc
epitope within the coding region is also indicated. The solid black
line within the vector represents sequences derived from pEMBL.
The actin 6 promoter (Act 6; ) drives expression of the Tn5
neomycin resistance gene (TnS neo; ). This transcript, which
enables the selection of Dictyostelium cells resistant to G418, is
terminated with sequences from the cysteine proteinase 1 gene
(CP1; ). ori, Origin of replication; f1, phage f1.
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the transforming gene, there was approximately five times as
much mRNA at this position in the gel as was found in an
equivalent number of AX2 cells harvested at the same stages
of development (data not shown). Thus, 990 base pairs of
sequence upstream of the cap site contains all the informa-
tion required for correctly regulated expression at approxi-
mately the level of the endogenous gene.

The transformed population was screened for expression
of the marked gene by indirect immunofluorescence (Fig. 9).
Methanol-fixed, disaggregated slug cells were stained with
the anti-c-myc MAb and with a rhodamine-conjugated sec-
ond antibody. Bright, cell surface staining of a high propor-
tion of the transformed cells was seen, but there was no
staining of (control) cells harvested from nontransformed
slugs (data not shown).

DISCUSSION

The predicted amino acid sequence of the coding region of
the D19 gene is identical to the first 81 residues of PsA
purified by MAb MUDI1 affinity chromatography. Other
aspects of the DNA sequence correlate well with the phys-
ical properties of the PsA protein. The pl of PsA is between
4 and 5 (12), and the pl predicted from the primary sequence
of the D19 polypeptide is 4.62. The sequence of the PsA gene
indicates that there is a signal peptide and the predicted
cleavage site would generate an N terminus identical to that
obtained for the protein. However, the molecular weight of
the protein is predicted to be 17,879, while that of PsA has
been judged to be 30,000 (19). This apparent discrepancy can
be accounted for by posttranslational modifications. PsA and
D. discoideum contact sites A (CsA) are glycoproteins which
show major decreases in size in modB mutants (11, 44;
Alexander et al., in press). The primary defect caused by the
modB mutation is thought to be in the mechanism responsi-
ble for the retardation of the protein until type 2 glycosyl-
ation occurs (15).

A
o

o
psp pst

FIG. 8. Expression of the transformed gene during development.
Pooled populations of AX2 cells transformed with pB10D19G were
analyzed. Total cellular RNA was extracted and used for Northern
transfer analysis. The noncoding strand of the c-myc oligonucleotide
was end-labeled with 3P by using T4 polynucleotide kinase. This
probe specifically detects mRNA from the transformed gene. (A)
Times shown (h) indicate the interval after initiation of develop-
ment. The corresponding morphological stages are as follows: 12 h,
loose mounds; 14 h, tipped mounds; 16 h, first finger; 18 h, standing
slug; 20 h, late preculminates; 24 h, culminates. (B) Disaggregated
slug cells were separated by two rounds of Percoll density gradient
centrifugation (33), and RNA was extracted from isolated prespore
(psp) and prestalk (pst) cells.
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FIG. 9. Immunostaining of transformants. Slug cells, disaggrega-
ted and fixed with methanol, were stained with the anti-c-myc MAb
9E10 and a rhodamine-conjugated second antibody before micros-
copy. Magnification, x180.

Type 2 carbohydrate accounts for 12 kDa of the molecular
mass of CsA (11) and for 7 kDa of the PsA apparent
molecular mass as determined by SDS-PAGE (30 kDa in
NC4 and 23 kDa in the modB mutant of NC4, HU2428; data
not shown). Therefore, in PsA the modB-sensitive carbohy-
drate accounts for 7 kDa of the 12-kDa difference between
the molecular mass predicted from the translated D19 gene
and the apparent molecular mass determined by SDS-
PAGE. The difference between the molecular mass pre-
dicted from the DNA sequence and the apparent molecular
mass determined by SDS-PAGE may result from the unusu-
ally high content of hydroxyamino acids (21% threonine and
8% serine). A similar discrepancy, observed between the
predicted size of VP9 (22 kDa), a minor structural compo-
nent of a rotavirus capsid, and the apparent size of the
nonglycosylated protein on SDS-PAGE (28 kDa), has been
attributed to its unusually high content (20%) of serine
residues (5). None of the Thr or Ser residues in the first 81
residues of PsA can be glycosylated, since glycosylated
residues are not soluble in the sequencing reagents. There-
fore, all of the carbohydrate is predicted to be on the Thr and
Ser residues downstream of residue 81.

Despite the fact that PsA is a known plasma membrane
protein, the sequence data does not predict a hydrophobic,
transmembrane segment followed by a hydrophilic cytoplas-
mic ‘‘anchor’” domain. Rather, the C terminus closely re-
sembles the equivalent regions of a set of cell surface
glycoproteins known to be attached to the membrane via a
glycosyl-phosphatidylinositol link (23). At the extreme C
terminus of these proteins, largely hydrophobic residues are
interspersed with hydrophilic residues, often serine or thre-
onine. In the mature polypeptide, the hydrophobic tails are
removed by cleavage and the lipid is attached via an amide
linkage to the new C-terminal amino acid. The PsA protein
shows direct homology in the C-terminal region to two
proteins involved in cell adhesion, D. discoideum CsA (31)
and a form of chicken neural-cell adhesion molecule known
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to be linked to the membrane via a glycosyl-phosphatidyl-
inositol link (Fig. 10) (14). It seems almost certain that both
PsA and CsA are also attached to the cell membrane via a
glycolipid. Direct analysis of CsA shows that it is attached in
such a manner (J. Stadler, G. Bauer, and G. Gerisch,
personal communication). The predicted glycosyl-phos-
phatidylinositol linkage would allow the rapid removal of
PsA protein from the cell surface by the action of a specific
phospholipase, releasing cleaved protein into the extracellu-
lar matrix. This potential rapid loss could be important
during differentiation of D. discoideum, which involves rapid
changes in the presentation of surface molecules (34).

There is homology between PsA and CsA upstream of the
extreme C terminus in the proline-rich repeat region (31)
(Fig. 10). In PsA from strain AX2, this sequence is 31 amino
acids long and contains nine short, interspersed groups of
alternating threonines and prolines. In the CsA protein, the
comparable region is 32 amino acids long and contains three
longer clusters of proline residues which alternate with
threonine or serine. Such a primary sequence is capable of
forming an extended chain in proline-proline conformation,
which could be important in allowing the projection of these
proteins into the extracellular space. It is possible therefore
that the homology merely indicates a requirement for a
similar stalk-like structure, but in combination with the
extreme C-terminal homology to CsA and neural-cell adhe-
sion molecules, this internal homology suggests that these
three genes may belong to the same family. Direct evidence
is, however, clearly required to prove a role of PsA in cell
adhesion.

The repeat region in the C terminus could also be respon-
sible for the polymorphism in size of the PsA protein. In
different D. discoideum strains there is a difference in
apparent molecular mass of =2 kDa (12). The repeats in PsA
are four amino acids long and there are four perfectly
conserved copies. Unequal crossover would result in the
loss of up to three copies of the repeat from one chromosome
and the insertion of up to three extra copies into the other; at
least one copy of the repeat would always be retained. In this
way, exact insertion or deletion of up to 12 amino acids

CsA P D|T P|T|P T|D|T|A|T|P S|P T|P EIA

PTV

PSA T A|T P|A|P T|V|T|P|T|V T|P T|V

CsA T P|S|p T|P K|P|T S|T P|E E|T|- EA P §|S

PSA TPTPTNTPNPTPSQTST-'HTGS

N-CAM vxraELss

CsA T LIEPLSLIVI!ISPVLLII
PSA VVASLSLIIIPSHIL_SJLC
N-CAM P SSEFVSLLLSAVTLLLLC

FIG. 10. Comparison of PsA amino acid sequence with CsA and
neural-cell adhesion molecules. The C-terminal 63 amino acids of
PsA are shown, aligned with the C-terminal 62 amino acids of CsA
(31) and with the 25 amino acids unique to the form of chicken
neural-cell adhesion molecule known to be attached to the mem-
brane via phosphatidylinositol (14). The arrowhead indicates the
boundary between this unique sequence and sequence from the
previous exon. The boxed regions indicate the occurrence of iden-
tical amino acids.
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might occur. The repeat contains threonines which are
potential sites for O-linked glycosylation, and so these
12-amino-acid changes could account for the 2-kDa size
polymorphisms.

The results of the transformation show that 990 base pairs
upstream of the cap site of D19 are sufficient for correct
temporal and spatial mRNA accumulation. It is not clear
whether the signals for prespore-specific expression reside
within the promoter or whether a generalized promoter
element combined with posttranscriptional control leads to a
specifically localized transcript. The upstream and 5’ non-
coding sequences of one other prespore-specific gene, EB4,
have been reported (2). The EB4 and PsA genes are ex-
pressed at similar times in development. The transcripts
from both genes are rapidly lost because of selective desta-
bilization when aggregates are disrupted, and exogenous
CcAMP acts to prevent this destabilization (24). One sugges-
tion was that the extremely long, relatively GC-rich, 5’
noncoding region of EB4 might be involved in its posttran-
scriptional regulation. However, there is no obvious similar-
ity to the 5’ noncoding region of PsA, which is much shorter
and has a much lower GC content.

Since we have obtained correctly regulated expression of
the transformed D19 gene and an appropriate localization of
the marked protein, it will now be possible to use transfor-
mation both to localize the signals required for prespore-
specific gene expression and to investigate the possible
functions of the protein in the migratory slug.
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