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EB4 is one of several cloned cDNAs that is expressed as mRNA only after the aggregation stage of
Dictyostelium discoideum differentiation and exclusively in prespore and spore cells (E. Barklis and H. F.
Lodish, Cell 32:1139-1148, 1983). We have isolated the unique genome fragment corresponding to the 5'
portion of the EB4 message and the EB4 promoter. The EB4 transcript has an unusually long, G + C-rich, 5'
noncoding region, but initiates at several start sites within a region of DNA that is 96% A+ T. The sequence
GTGGTGG, along with slight variations, occurs several times in the promoter. We have used the EB4
promoter to drive the transcription of an EB4/,-galactosidase fusion transcript in yeast cells. Although the cap
sites of the fused transcript in yeast cells are located in the region where multiple EB4 transcripts are initiated
in Dictyostelium, the unregulated expression of the fusion transcript in yeast does not mimic the normal
regulated pattern of EB4 mRNA expression in D. discoideum.

Dictyostelium discoideum is an excellent system for the
study of differentiation of two or more cell types from a
single type of cell. During the Dictyostelium developmental
program, individual amoeboid cells are induced to aggregate
into mounds of approximately 101 cells by pulsatile signalling
of cyclic AMP (1). Aggregates then undergo a series of
morphological changes which result in the formation of
fruiting bodies, composed primarily of spore and stalk cells.

Previously, we (1, 6; E. Barklis, Ph.D. thesis, Massachu-
setts Institute of Technology, Cambridge, 1984) and others
have identified and analyzed Dictyostelium cDNA clones
complementary to mRNAs enriched in cells programmed to
become either spores (prespore cells) or stalk cells (prestalk
cells). Several studies suggest that there is a coordinate
control of expression of genes specific for the two principal
cell types. In particular, prespore RNAs begin to accumulate
just after aggregation. Levels of prespore messages are
drastically reduced by disaggregation of multicellular aggre-
gates, but can be maintained in disaggregated cells by high
levels of cAMP (1, 6, 22; Barklis, Ph.D. thesis). Prestalk
messages can be subdivided into two groups on the basis of
their temporal patterns of accumulation. Prestalk clones of
class I are complementary to messages which are present at
low levels in amoeboid and early developing cells, but
accumulate to 10 to 20-fold-higher levels during later stages
of development (1, 6). Prestalk mRNAs of class II accumu-
late only between 8 and 15 h of development and decrease
thereafter (1, 6).

In an effort to further clarify mechanisms of prespore and
prestalk gene regulation, we have undertaken the character-
ization of Dictyostelium genomic clones encoding cell type-
specific messages. Here we report the characterization of
the prespore EB4 promoter sequence, describe the function
of the EB4 promoter in yeast cells, and compare it with other
well-characterized Dictyostelium promoters. In the follow-
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ing paper (2), the structure of the prestalk Dll gene is
described. These papers provide a foundation for further
study of the regulation of cell type-specific messages in D.
discoideum.

MATERIALS AND METHODS

Dictyostelium strains, growth, differentiation, and DNA and
RNA isolation. Dictyostelium strain AX3 (17) was used for
almost all experiments, although strains NC4 (24) and V12
(25) were used as described in the text. Dictyostelium growth
and differention conditions, as well as the isolation of Dic-
tyostelium polyadenylated [poly(A+)]RNA, have been de-
scribed previously (1). Isolation of Dictyostelium nuclear
DNA was as described before (7).

Dictyostelium genomic library, enzymes, and cloning proce-
dures. A genomic library ofDictyostelium vegetative nuclear
DNA was constructed and generously supplied by Rex
Chisholm. The library was constructed by inserting partial
Sau3A digests of Dictyostelium genomic DNA in place of
the BamHI "stuffer" fragment of the vector lambda Charon
28 (26). Restriction endonuclease, DNA ligase, DNA poly-
merase, Klenow fragment (15), DNase I, calf intestine
alkaline phosphatase, and T4 polynucleotide kinase were
from Bethesda Research Laboratories, New England Bio-
labs, or Boehringer Mannheim Biochemicals. Radiolabeled
nucleotides were from Amersham Corp. The M13 cloning
and sequencing reagents were from P-L Biochemicals. Un-
less otherwise noted, all cloning methods used were essen-
tially as described by Maniatis et al. (20) or by Maxam and
Gilbert (21).

Plaque screening and DNA and RNA blot hybridization.
Generally, probes for hybridizations were made by nick
translation (16). Occasionally single-stranded probes were
synthesized from recombinant M13 templates, using large-
fragment DNA polymerase I. In these cases, 10 ng of M13
pentadecamer primer (TCCAGTCACGACGT; New Eng-
land Biolabs) was annealed to 1 ,ug of an M13 single-stranded
(SS) DNA template in the presence of 2.5 ,ug of lOx PolI
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FIG. 1. Structure of the EB4 genomic fragment. Restriction map

of the pEB4G 3.5-kbp insert. Striped bars indicate regions of lambda
DNA and the region which hybridizes to the EB4 cDNA probe.
Restriction sites are as shown.

buffer (lOx buffer = 70mM Tris [pH 7.5], 70 mM MgCl2, 500
mM NaCl) in a final volume of 18.5 ,ul. For labeling, the
primer-annealed template was then incubated for 1 h at room
temperature in a final reaction volume of 25 ,lI containing 50
,uCi of [a-32P]dATP, 20 FM deoxynucleoside triphosphates,
2 mM dithiothreitol, lx PolI buffer, and 5 U of large-frag-
ment polymerase I.
Lambda plaques were transferred to nitrocellulose and

screened by the method of Benton and Davis (3). DNA
fragments were separated by electrophoresis on agarose
gels, transferred onto nitrocellulose, and hybridized to 32p_
labeled DNA probes by the method of Southern (28). RNA
was fractionated by electrophoresis, transferred to nitrocel-
lulose or diazobenzoxymethyl paper, and hybridized to
probes as described previously (18). In all cases, nitrocellu-
lose from Schleicher & Schuell was used.
DNA sequencing and Si mapping. DNA sequencing was

carried out by the chain terminator procedure of Sanger et
al. (27), using M13mp8 and M13mp9 as sequencing vector
(23). Two strategies were used for S1 mapping of RNA
transcripts. For our initial mapping of transcripts (20),
approximately l,g (10 ,ul) of a recombinant M13 ssDNA was
hybridized to 10 p.g of poly(A+) RNA or 80 to 100 ,ug of total
RNA in 20 to 25 ,ul of 500 mM NaCI-20 mM Tris (pH 7.5)-2
mM EDTA. Reactions were covered with mineral oil, heated
to 95°C for 4 to 5 min, and incubated at 65°C for 18 to 24 h.
Reaction mixtures were removed from mineral oil and
incubated at 37°C for 1 h in 200 p.l of S1 buffer (30 mM
sodium acetate [pH 4.6], 50 mM NaCl, 1 mM ZnSO4, 5%
glycerol) containing 300 to 400 U of S1 nuclease. Hybrids
were ethanol precipitated after addition of 20 ,ug of yeast
tRNA, resuspended, gel fractionated, and blotted onto ni-
trocellulose or diazobenzoxymethyl paper. RNA-DNA hy-
brids were visualized by hybridization to radiolabeled probes
and autoradiography.

Precise S1 mapping of transcripts was performed follow-
ing the procedure of Berk and Sharp (4), using slight
modifications (8, 29). Essentially, uniformly labeled ssDNA
(8) was hybridized to RNA and incubated with S1 nuclease
as described above. Hybrids were precipitated with 5 pg of
carrier yeast tRNA, resuspended in a minimal volume of dye
mix (85% deionized formamide, 10 mM disodium EDTA,
0.1% bromophenol blue, 0.1% xylene cyanol FF), denatured
at 100°C for 2 to 3 min, run on a DNA sequencing gel (21),
and visualized by autoradiography.

Yeast transformation and RNA preparation procedures.
Saccharomyces cerevisiae strain BWG2-9a-1 (a his519 ade
ura3x42 gal40) (5) was used for all transformations, using
vectors detailed in Results. Transformations were performed
by the method of Ito et al. (12), and ura+ transformants were
selected on yeast minimal medium plates containing 40 p.g of
adenine and histidine per ml (5). Total yeast RNA for RNA

blot hybridizations and Si mapping studies was isolated
from log-phase cells as described previously (5).

RESULTS

Isolation of the EB4G genomic fragment. The regulation of
the 2,080-base mRNA complementary to the EB4 cDNA
clone is typical of the coordinately controlled class of
prespore genes and has been described previously (1). Using
the EB4 cDNA clone as a probe, we screened a lambda
Charon 28 genomic library of Dictyostelium vegetative nu-
clear DNA by the method of Benton and Davis (3). From an
initial screen of 40,000 recombinant lambda plaques, one,
designated AEB4G, was positive on successive rescreenings.
By restriction analysis, we determined that a 3.5-kilobase

pair (kbp) EcoRI-BamHI fragment contained all Dictyostel-
ium DNA sequences of the 46.1-kbp XEB4G DNA. Hybrid-
ization of XEB4G restriction fragments to EB4 cDNA indi-
cated that sequences within this fragment were related to
EB4. The 3.5-kbp EcoRI-BamHI fragment was inserted into
the large EcoRI-BamHI fragment of pBR322 to facilitate
further analysis (Fig. 1). The resultant pBR322 derivative
was designated pEB4G. The 3.5-kilobase (kb) pEB4G insert
contains approximately 1.1 kb of lambda Charon 28 DNA
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FIG. 2. Analysis of the EB4 region in genomic DNA. Dictyoste-

lium total nuclear DNA (approximately 2 p.g per lane) was digested
with restriction endonuclases, fractionated by agarose gel elec-
trophoresis, blotted onto nitrocellulose, and probed with 32P-labeled
DNA probes. (A) and (B) were probed with the EB4 cDNA clone.
(C) was probed with pEB4G. Lanes 1 to 5 contain DNA from D.
discoideum strain AX3; lane 6 contains DNA from strain V12; and
lane 7 contains DNA from strain NC4. Lane 1 DNA was digested
with HindlIl; lane 2, BglII; lane 3, EcoRI; and lanes 4 to 7, PvuII.
Size markers for (A) are on the left; those for (B) and (C) are on the
right.
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FIG. 3. EB4 sequencing strategy. The 794 bp of Dictyostelium
DNA bordering the lambda sequences in pEB4G (see Fig. 1) was
sequenced by the chain termination method. Numbers refer to
recombinant M13 clones; i.e., 2a refers to clone mEB4G/2a. Arrows
indicate the direction of the sequencing reaction and the amount of
sequence obtained from a given clone. (Arrow sizes do not neces-
sarily correlate with Dictyostelium insert sizes in M13 clones.) The
direction of RNA transcription is as shown. Restriction endonucle-
ase sites and the size scale are as indicated.

(from the EcoRI site to the Sau3A site) and 2.4 kb of
Dictyostelium DNA (Fig. 1). By hybridization of the EB4
cDNA probe to DNA blots of restriction digests of the
pEB4G insert, we showed that the region complementary to
the EB4 clone is contained in the 700-base pair (bp) PvuII
fragment and the 100-bp PvuII-Sau3A fragment (Fig. 1).

Hybridizations of XEB4G and pEB4G probes to blots of
Dictyostelium RNA fractionated on formaldehyde gels
(Northern blots) are identical to Northern blot hybridiza-
tions with the EB4 cDNA probe (data not shown). Each
probe hybridizes strongly to a 2,030-base mRNA which is

present during the postaggregation stages of Dictyostelium
development but not during the earlier stages, evidence that
pEB4G is the genomic fragment that encodes the EB4
mRNA.
To substantiate this point we performed DNA blot hybrid-

izations (Southern blots) of restriction digests of Dictyostel-
ium nuclear DNA to the EB4 cDNA and pEB4G probes.
Figure 2A shows that the EB4 cDNA probe hybridizes to
unique HindIlI, BgIII, and EcoRI genomic fragments, sug-
gesting that the EB4 transcript is encoded by a unique
Dictyostelium gene. Figure 2B indicates that the EB4 cDNA
probe hybridizes to two genomic PvuII fragments, and one
of these corresponds to the pEB4G 700-bp PvuII fragment.
Figure 2C shows the hybridization of pEB4G to PvuII
digests of DNA from three different strains of D. discoid-
eum, and in each lane a 700-bp PvuII frgment hybridizes to
the pEB4G probe. (Hybridization to DNA in lane 7 is faint
because approximately one-fifth of the DNA in other lanes
was used.) These results agree with the restriction mapping
data of pEB4G and indicate that pEB4G contains a unique
Dictyostelium genomic fragment which encodes a portion of
the 2,030-base EB4 message.
The direction of transcription of the EB4 message was

determined by two methods: hybridization of single-
stranded probes to Northern blots of Dictyostelium 22-h
poly(A+) RNA, and Si mapping of the 22-h transcripts with
recombinant M13 ssDNA clones (see Materials and Meth-
ods). Each of these procedures indicated that the direction
of EB4 message transcription is from Dictyostelium se-
quences toward lambda sequences in pEB4G (left to right in
Fig. 1 and 3). Furthermore, the initial Si mapping studies

CAGCTGCTCC AAGTGGTGGT GATAGTGGTGG GTATTTGGAC AGGTGGTGAT 50

AAACATAAAA AAGATTGTGG TGGCACAGGA TGTTG rAAAG AAGGTCAATA 100

TTGTACCAAA TTGATGGAAA AGAACAATGTr GTATATTATC CAGCATGACA 150

AAGGTCCACA A'rGGTrGGT'rC ArTCTG'rAGA GAAGGTGAAA TTTGTGTTTT 200

AGAACATGGTr GTTTTGGGTrT GTCTTGAAAA TCCAGTrGAA GATAGTAAAG 250

GTAAA

AAArTT

TATrA

rATTT AAAfrATrTTT ATTT AATC TATAATAATT ATTTT rATA

AATTT AATAACATTT TA TTAATATTTC

CTAGC AAATrTG'PGT TTAGTCCATT GTAATTACAA TGAATA'rTGT

300

350

400

ATTATGGTTA ATGGTTATCT TCAATGTTTA TTCTCAAATG GTACTACACC 450

ATTTGCArGT GGTCTCCAAA TTGTGTTCCA CCACAATTAT GTGTAAAGGT 500

TGAAAATTGT CAACAATGTG T'TTCTCCACC AAGACCAGAC AATAACTGTG 550

GTGACAAATA TTGTGArGAT GAACATCAAT GTGTTAGAAA AGGACTCGGT 600

rATGAATGTA TrCAAAACGT CTTACTTGTG AGACCAAAAA ATGAAGCC 650

TCTCAAGTTG TArCATGGTA AATGGTGATG CTCAATG'rAT CGTACCACCA 700

GCTGCCGCCG CTGCTGAAAT TAGAATAAAC AATTTCAGAT TCAACCGTAA 750

CTrCTrGTrGTrTC AACGTAATGC CAAACCAGCT CAACAACAAA GATrc 794
FIG. 4. DNA sequence of the EB4 promoter. The 794 bp from the internal PvuII site of the pEB4G insert (nucleotide 1) to the Sau3A site

at the junction of pEB4G Dictyostelium and lambda sequences (nucleotide 794) was sequenced by the chain terminator method, using the
strategy described in the legend to Fig. 2. Only the RNA sense strand is shown. Putative TATA boxes are underlined; oligo(dT) stretches and
the initiator methionine codon are boxed. The 16-bp palindrome (nucleotides 377 to 392) is underscored by a dashed line, as are occurrences
(5' to 3' or 3' to 5' in either the sense or antisense strand) of the repeated TGGTGG motif. Black triangles indicate transcription initiation sites
in Dictyostelium as determined in Fig. 4; open triangles indicate transcription initiation sites of the fused EB4/0-galactosidase message (see
Fig. 5) in yeasts.
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FIG. 5. Si mapping of EB4 transcription initiation sites. A
uniformly 32P-labeled ssDNA probe, extending from the pEB4G
RsaI site at position 442 (Fig. 3) to the RsaI site at position 104, was

generated from the mEB4G/1Oc template by DNA synthesis, using
large-fragment polymerase I. This probe was incubated with either
10 ,ug of cytoplasmic poly(A+) RNA from 22-h developing Dictyo-
stelium cells or 80 ,ug of total RNA from a yeast AUAS/EB4-1
transformant (see Fig. 6). Incubations were for 20 h at 65°C in 25 ,ul
of 500 mM NaCl-20 mM Tris (pH 7.5)-2 mM EDTA and were

followed by digestion with Si nuclease (400 U per incubation) at
37°C for 1 h. Sl-protected material was ethanol precipitated after
addition of 5 ,ug of carrier yeast tRNA, resuspended, denatured, and
applied to a 6% polycarylamide DNA sequencing gel. (A) Dictyo-
stelium cytoplasmic poly(A+) 22-h RNA. (B) Total RNA from the
yeast AUAS/EB4-1 transformant. Incubation of probe with yeast
tRNA produced no protected bands (not shown). Sizes were deter-
mined from DNA sequencing reactions run in parallel on the gel.

indicated the EB4 message is complementary to approxi-
mately 350 bases of the pEB4G 700-bp PvuII piece. These
results suggested that the 5' end of the EB4 message is
midway between the two PvuII sites in the pEB4G insert.

Structure of the EB4 promoter. The 794 bp of pEBa4G
DNA which hybridizes to the EB4 cDNA probe, including
the 701-bp PvuII fragment and the 93-bp PvuII-Sau3A
fragment, was sequenced by the dideoxy chain terminator

procedure of Sanger et al. (27). The sequencing strategy is
shown in Fig. 3; the sequence is shown in Fig. 4. Only the
strand corresponding to the RNA strand, from the internal
PvuII site (position 0) to the Sau3A site (794) is shown.
To precisely assign the site of EB4 transcription initiation,

transcripts were mapped by using a modification (4) of the
Berk-Sharp Si mapping procedure (see Materials and Meth-
ods). A uniformly 32P-labeled ssDNA probe, extending from
the pEB4G RsaI site (GT/AC) at position 442 (Fig. 4) to the
RsaI site at position 104, was generated from the mEB4G/lOc
template as described by Dierks et al. (8). This labeled
fragment was hybridized to Dictyostelium 22-h poly(A+)
RNA, and unprotected regions were subsequently digested
with Si nuclease. The remaining hybrids were denatured
and fractionated on a 6% polyacrylamide sequencing gel
(21). Protected DNA bands were visualized by autoradiogra-
phy. Dictyostelium RNA protects a series of bands with the
sizes of 110, 111, 112, 116, 121, 122, 128, and 129 bases (Fig.
5). Minor protected bands also appear in the region of 79 to
80 and 84 to 85 bases. These fragments indicate a heteroge-
neous set of EB4 transcription initiation sites at positions
314, 315, 321, 322, 327, 331, 332, 333, 358 to 359, and 363 to
364 (Fig. 4).
The overall percentage of A+T nucleotides in the EB4

promoter fragment is 67%. However, in the 100 bases from
positions 251 to 350, the percent A + T is 96%, characteristic
of regions adjacent to transcription initiation sites in Dictyo-
stelium (14). Within this A+ T-rich region there are several
candidate TATA boxes, similar to the Dictyostelium consen-
sus TATA sequence TATAAA(T/A)A (13, 14). Also, there
are three oligodeoxythymidylate [oligo(dT)] stretches in this
region (positions 266 to 275, 289 to 297, 325 to 339) which
occur between TATA boxes and cap sites of Dictyostelium
actin, discoidin, M3L, M3R, M4, and D2 genes (14; see also
Fig. 7). The transcription initiations at positions 314 to 315,
321 to 322 and 327 are 28 to 40 bases downstream from the
potential TATA box, TATAATA, at positions 381 to 287;
the starts at positions 331 to 333 are 27 to 19 bases down-
stream from the potential TATA box, TATAAAAT, at
positions 297 to 304; and the starts at positions 358 and 363
do not follow any obvious TATA sequence.
Because EB4 transcription initiates between positions 314

and 364, only the segment representing the 5' 420 to 480
bases of the 2,030-base EB4 message are represented on the
pEB4G genomic fragment. Consequently, if a protein is
initiated within the pEB4G fragment, an open translational
reading frame would be expected to read through position
794 of our sequence. The only such reading frame begins at
a methionine codon at position 641. This ATG is immedi-
ately preceded by several A nucleotides, characteristic of
translation starts in Dictyostelium (13, 14). A termination
codon, UGA, appears in frame, four codons upstream from
the methionine codon. The only other long open reading
frame within the sequenced region begins at position 424 and
the ATG initiator is preceded by ony a single A nucleotide.
This open reading frame codes for 83 amino acids and is
terminated by a UGA codon at position 676. If EB4 trans-
lation begins at position 641, the EB4 message possesses a
remarkably long 5' untranslated region of approximately 300
nucleotides. The G+C content of this untranslated region is
32%, significantly higher than the 10% G+C content of most
Dictyostelium 5' untranslated regions (14).

Function of the EB4 promoter in yeast cells. To assess the
functional ability of the EB4 promoter, the 1.4-kb Sau3A
fragment from pEB4G was fused to the ,-galactosidase gene
of the yeast transformation vector AUAS (9, 10; see Fig. 6).
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The AUAS vector is a derivative of pLG669-Z (10, 11),
generously provided by L. Guarente, and has been de-
scribed previously (9, 10). The AUAS vector has the pBR322
ori and ,-lactamase gene, and the yeast 2 pLm circle and ura3
gene (Fig. 6). These sequences permit replication and selec-
tion in both Escherichia coli and yeasts. Also, AUAS
contains the structural gene for ,-galactosidase fused to the
yeast cycl promoter (10, 11). The yeast cycl promoter has
been inactivated by deletion of the upstream activator se-
quence (UAS) and produces no detectable ,-galactosidase
RNA or protein (9, 10). In the AUAS/EB4-1 construct, the
pEB4G 1.4-kb Sau3A fragment was inserted into the BamHI
site at the beginning of the ,-galactosidase structural gene to
form a fused gene (Fig. 6). In this construct, the 13-
galactosidase message is expected to be translated in the
wrong reading frame, producing no active ,B-galactosidase
enzyme.
The AUAS and AUAS/EB4-1 plasmids were used to

transform S. cerevisiae strain BWG2-9A-1 (a his4-519 ade
ura3-52 gal40) (5) by the methods of Ito et al. (12), using the
selectable ura3 marker. Total RNA was isolated from the
host strain, three AUAS transformants and eight AUAS/EB4-
1 transformants as described before (5; see also Materials
and Methods). RNA from the host and each transformant
was fractionated by formaldehyde gel electrophoresis, trans-
ferred onto nitrocellulose, and hybridized to labeled DNA
specific for either EB4 (pEB4G) or f-galactosidase
(Ml3mp8).
The pEB4G probe detects no transcripts in the yeast host

strain BWG-9a-1 (Fig. 7A, lane a). In AUAS transformants
(lanes b to d), two low-molecular-weight messages, of ap-

ATG-
5

Sau3A EB4 Promoter Sau3A

PvuI1 Pvu i,

BamHl BamHl

URA 3 B3-galactosidase

AUAS/EB4-1
2 micron

Ap pBr322 ori

13-galactosidase ATG ACC GGA TCC GGA.
EB4/13-gal ATG ... AAA GAT CCG GAG.
FIG. 6. Structure of the AUAS/EB4-1 plasmid. The AUAS/EB4-

1 plasmid was constructed by insertion of the 1.5-kbp Sau3A
fragment from the pEB4G insert into the unique BamHI site of the
AUAS yeast transformation vector. The vector contains sequences
of the yeast 2 pLrm circle, permitting replication in yeast cells; the
pBR322 origin of replication, permitting replication in E. coli; the
pBR322 P-lactamase gene; and the yeast ura3 gene. The EB4
promoter was inserted into the vector so as to yield transcription of
a fused EB4/1-galactosidase message under the direction of the EB4
promoter. The approximate initiation site of transcription (from Fig.
5) and translation ATG are shown. Assuming that translation occurs
from the ATG at positions 641 to 643 (see Fig. 4), translation of the
,B-galactosidase-coding region will be out of phase, as illustrated at
the bottom of the diagram.

a b c d e f g h i j k I A

a b c d e f gh i j k I B

FIG. 7. Expression of the EB4/,B-galactosidase-fused mRNA in
AUJAS/EB4-1 yeast transformants. Total RNA (15 p.g per lane) from
the untransformed yeast host strain BWG2-9a-1 (a), from yeast
AUAS transformants (b to d), and from yeast AUAS/EB4-1 trans-
formants (e to 1) was fractionated on a formaldehyde gel, blotted
onto nitrocellulose, and hybridized to 32P-labeled pEB4G DNA (A)
or to 32P-labeled ml3mp8 RF DNA (B), which was used as a probe
to detect RNA sequences complementary to the 1-galactosidase
gene. The arrowhead indicates the RNA band which corresponds to
the expected size of the fused EB4/,B-galactosidase message and is
present in only AUAS/EB4-1 transformants. The RNA fractiona-
tion, blotting, and hybridization of (A) and (B) were performed at
the same time from the same gel.

proximately 1,800 and 2,800 bases, are detected by the
pEB4G probe. These messages probably derive from the
pBR322 sequences in pEB4G (9, 10). In all AUAS/EB4-1
transformants (lanes e to 1), a large RNA, greater than 4,000
bases, is detected. The size of this RNA corresponds to the
expected size of an EB4/1-galactosidase fusion transcript.
Figure 7B shows the hybridization patterns of these 12
RNAs to M13mp8, which was used as a probe for transcripts
complementary to 1-galactosidase DNA. No RNA from the
BWG-9a-1 host or AUAS transformants is complementary to
this probe (lanes a to d). In contrast, RNA species comple-
mentary to the M13mp8 probe is present in all of the
AUAS/EB4-1 transformants (lanes e to 1); the high-molecu-
lar-weight band in each of these lanes corresponds exactly to
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CONSENSUS: TATAAAAA

EB4 ITATAAAA*A ATTTAATAAC ATTI1AAA|T IThITlTTTITT T T AATA TTTCTATTAC TAGCAAATTGTGIIIAIICCAITGTAAII ACAA TGA...

Dll [TATAAAT#A ACA4TTTTT TTTGTTGTTT -T---CAT TATTAAAATT TTAGAAAAGC ACAAAAATG

3R |TATAAAT1A TITTTTTTTT TTTTTTT T TATTATTATT AGTTAATTTT CATTTGTAAA TA, AAAAAAA AAATG

Disc. 1A [TATAAAT*A AGAACTTTTI TTTTTTTT* ATCATTAAAT GAAAATCAAA ATTTCATTAA TTCAAATTAT CTTTTAAATA TTAAATTCAA CACAAATAAA ATG

ACTIN 4 WATAAATIT AA TTTTTT TTTTT TIA TCATTATTCA ATCTATAATA TATAAAATAC AATAAAAAAT G

ACTMin 6 rATAAAA1A A#TTTTTTT TTTTTTT AA TTAATTCAAA AAATAATCAA ATAAATAAAT ATAATATAAA T1

ACTIN t AATAAAT G ArTTTTTTTT ATTTTATTTT TTTTT1T AA TACTTMTTC AATCAAI'TAT ATATATATAA ATCATTIAAA AID'
FIG. 8. Comparison of Dictyostelium promoters. The DNA sequence of the sense strand of seven Dictyostelium promoters is shown.

Sequences are aligned by TATA sequences. TATA boxes and oligo(dT) stretches are boxed. CATT sequences, which appear at the 5'
untranslated region of many Dictyostelium mRNAs, are underlined. Black arrows indicate precise transcription initiation sites, when
determined. Open arrows indicate initiation sites of the fused EB4/,-galactosidase RNA in yeast AUAS/EB4-1 transformants. The sequence
of the EB4 promoter region is depicted from nucleotides 296 to 393 (Fig. 3). The putative EB4 initiator codon is locatd 250 bases downstream
from the 3' end shown here. The promoter regions of the bottom six promoters are depicted from the TATA box to the initiator methionine
codon. The Dictyostelium consensus TATA sequence and the actin, discoidin 1A, and M3R promoter sequences are from Kimmel and Firtel
(13). The sequence of the Dll promoter region is from Barklis et al. (2).

the size of the high-molecular-weight band detected by the
pEB4G probe. From this we conclude that an EB4/,-
galactosidase fusion transcript is produced in all AUAS/EB4-
1 transformants.
To determine the transcription initiation site of the fusion

message in yeast cells, RNA from one of the yeast trans-
formants (lane j, Fig. 7) was mapped by the Berk-Sharp Si
mapping procedure. Yeast total RNA was mapped as de-
scribed above for mapping of Dictyostelium poly(A+) RNA;
results are shown in Fig. 5B. As shown, fusion transcripts in
yeasts appear to initiate very close to initiation sites of the
EB4 message in Dictyostelium. In particular, a major pro-
tected fragment appears at 112 bases, whereas minor bands
appear at 79 to 80, 84 to 85, and 156 bases. Although the
156-base fragment does not correspond to any protected
fragments seen in Dictyostelium, this initiation site (Fig. 4,
position 287) is 12 bases downstream from a possible TATA
box (TAAATAT; positions 252 to 258). Initiation sites of the
EB4/,B-galactosidase fusion message are shown in Fig. 4.

DISCUSSION

We have cloned and sequenced Dictyostelium genomic
segment corresponding to the EB4 prespore mRNA. Hybrid-
ization of restriction digests of Dictyostelium nuclear DNA
to the EB4 cDNA clone and to the pEB4G genomic clone
indicate that the EB4 message is encoded by a single-copy
gene. The pEB4G genomic clone contains the 5' region of
the 2,030-base EB4 message and includes at least a portion
of the EB4 promoter. This is the first prespore-specific
Dictyostelium promoter region to be sequenced. Because
message abundance levels of developmentally regulated
mRNAs are controlled, at least partially, at the level of
transcription, the EB4 promoter should contain sequences
that respond to stage-specific transcription regulators.

Sequence analysis (Fig. 4) and Si mapping of the EB4

transcript (Fig. 5) indicate that the EB4 message initiates
within an A+T-rich region similar to the 5' flanking regions
of Dictyostelium actin, discoidin, M3L, M3R, M4, and Dli
genes which encode messages which are synthesized in
growing cells or during early development (14; see Fig. 8).
The initiation sites of the EB4 mRNA are somewhat heter-
ogeneous compared with the cap sites of other Dictyostelium
genes (Fig. 8). However, with the exception of the cap sites
mapped at positions 358 and 363, the initiation sites we have
mapped are characteristic of Dictyostelium initiation sites;
they follow oligo(dT) stretches and are located 25 to 40 bases
downstream of TATA-like sequences. Nevertheless, we
cannot exclude the possibility that some of the heterogeneity
in the mapped EB4 cap sites is due to S1 overdigestion of
transiently melted A+T-rich regions of RNA/DNA hybrids.
An unusual feature of the EB4 trancript is the long

G+C-rich 5' untranslated region. Assuming that translation
begins at the methionine codon at position 641, this 5'
noncoding region is 300 bases long and is 32% G+C. In
contrast, other Dictyostelium-transcribed but noncoding re-
gions tend to be less than 100 nucleotides and have a G+C
content of 10% or less (13). The EB4 message differs from
other sequenced Dictyostelium messages in that it is prefer-
entially degraded in disaggregated Dictyostelium cells (1,
19). It is possible that the EB4 5' noncoding region mediates
this sensitivity.

Within the EB4 noncoding region is a CATT sequence,
which appears slightly downstream of the cap site in the 5'
untranslated region of almost all characterized Dictyostelium
messages (Fig. 8). The developmentally regulated Dictyo-
stelium M4 band 4-3 mRNA contains the CATT sequence
within the sequence TGATTCATTTG, which is complemen-
tary to a sequence in the Dictyostelium 17S rRNA (13). In
the coregulated M3R and M3L mRNAs, this CATT se-
quence is nested within a conserved dodecamer nucleotide
stretch, TTCATT`TGTA. In the EB4 transcript, the CATT
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sequence appears at the beginning of a 16-base perfect
palindrome, CATTGTAATTACAATG.
Another feature of the EB4 promoter is the occurrence of

a repeated GTGGTGG motif in the region surrounding the
transcription initiation sites. The sequence GTGGTGGT is
present at positions 13 to 20 and 25 to 32, well upstream of
where RNA synthesis begins at positions 312 to 362 (see Fig.
4). The sequence GTGGTGGCACAGG is present at posi-
tions 67 to 70 and occurs in a 3'-to-5' orientation with a
1-base deletion at positions 37 to 48. Minor variations of this
motif occur at positions 212 to 219 and in the opposite strand
at positions 478 to 485, 524 to 531, and 694 to 700. Shorter
variations, such as TGGTG and TGTGT, occur in either
strand an additional 10 to 12 times. The EB4 GTGGTGG
motif is similar to the potential enhancer core sequence,
GTGGlTTTG, which is present, in a number of variations, in
several well-characterized viral and mammalian enhancers
(15, 19). Kimmel and Firtel (14) have observed that the
(TTG)n repeated sequence occurs in the anti-sense strand of
the 5' flanking region of the M4 band 4-3 gene, is repeated
many times throughout the Dictyostelium genome, and is
complementary to the (AAC)n repeat sequence found in the
5' noncoding regions of one class of aggregation-stage,
Dictyostelium-dependent messages. A series ofcDNA clones
bearing the (GGT)A repeat have also been isolated (14). At
the present time, the function of these sequences is not
understood.

Experiments with the AUAS/EB4-1 yeast transformation
vector indicate that the 1.4-kb pEB4G Sau3A fragment is
capable of initiating transcription of the fused EB4/13-
galactosidase RNA in yeast cells (Fig. 7). S1 mapping
experiments locate the cap sites of the fused transcript in
yeasts to the region where EB4 transcripts are initiated in
Dictyostelium. Expression of the EB4/,-galactosidase RNA
in yeasts is not merely a consequence of high plasmid copy
number. Since the levels of the 1.8- and 2.8-kb RNAs
present in AUAS and AUAS/EB4-1 transformants are the
same (Fig. 7A), we estimate that copy numbers of these
plasmids in host cells are similar. In contrast, transcripts
detected by the M13mp8 probe (Fig. 7B) are made in
AUAS/EB4-1 transformants but not transformants by the
AUAS clone. The specific elements of the 1.4-kb Sau3A
fragment responsible for message transcription in yeasts are
under study.
The functional activity of the EB4 promoter in yeast cells

is somewhat surprising, since the EB4 mRNA is present and
transcribed in differentiating but not vegetatively growing
Dictyostelium cells. Attempts to increase expression of the
EB4/,-galactosidase RNA in AUAS/EB4-1 transformants by
addition of exogenous cyclic AMP (1 mM), or by sporulation
after formation of diploids with the yeast strain BJW-T13A
(his' ade+ ura-), have been unsuccessful. Thus, regulation
of the EB4/,-galactosidase RNA in yeast cells does not
mimic the pattern of EB4 RNA regulation in Dictyostelium.
We hope that it will be possible to apply our knowledge of

the EB4 promoter towards the study of Dictyostelium pre-
spore gene regulation by transformation of Dictyostelium
cells with fusion genes similar to the EB4/p-galactosidase
gene.
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