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DIRS-1 is a Dictyostelium discoideum transposable element that contains heat shock promoter sequences in
the inverted terminal repeats. We showed that transcription of a 4.5-kilobase polyadenylated RNA initiates at a
discrete site within the left-terminal repeat of DIRS-1, downstream from heat shock promoter and TATA box
sequences. This RNA represents a full-length transcript of DIRS-1. We describe a cDNA clone that contains the
4.1 kilobases of internal sequence of DIRS-1, a cDNA clone that spans the junction between the internal
sequences and the right-terminal repeat, and a cDNA clone that appears to have been transcribed from a
rearranged genomic copy of DIRS-1. A second DIRS-1 RNA, named El, is transcribed on the opposite strand
of DIRS-1 from the 4.5-kilobase RNA and is under control of the heat shock promoter in the right-terminal
repeat. El transcription initiates at multiple positions both within and downstream from the right-terminal
repeat. The same transcriptional initiation sites are used during normal development and during heat shock,
suggesting that in all cases DIRS-1 transcription is regulated by the heat shock promoters contained within the
two terminal repeats.

Dictyostelium intermediate repeat sequence 1 (DIRS-1) is
a moderately repetitive and apparently transposable element
with several unusual features (4, 7, 15). DIRS-1 consists of
4.1 kilobases (kb) of unique internal sequence flanked by
inverted terminal repeats of unequal length, 332 and 360 base
pairs (bp) (6, 23). There are about 40 copies of the intact
DIRS-1 element interspersed throughout the Dictyostelium
genome, as well as an additional 200 copies of related
sequences (7). Different Dictyostelium strains have different
sequences flanking some of their DIRS-1 elements, indicat-
ing that the element had transposed after these strains were
separated (7, 15).

Transcription of DIRS-1-related sequences results in the
production of a heterogeneous population of polyadenylated
cytoplasmic RNAs that are differentially expressed during
development (7, 24; C. Zuker, Ph.D. thesis, Massachusetts
Institute of Technology, Cambridge). DIRS-1 RNAs are
present at very low levels in growing cells, begin to accumu-
late within the first hour after initiation of development, and
reach their maximal level by 15 h. Transcription of DIRS-1-
related RNAs is induced in vegetative cells subjected to
stresses such as heat shock and high cell density (22).
Examination of the DNA sequence of the DIRS-1 terminal

repeats has led to the identification of a putative heat shock
promoter sequence (22, 23) homologous to the Drosophila
consensus heat shock promoter (13, 14). Stress-induced
transcription of DIRS-1-related RNAs is presumed to be
directed by these sequences. Cappello et al. (5) showed that
a cloned partial copy of DIRS-1 (pB41.6) directs transcrip-
tion of a heat-shock-inducible RNA in yeasts and that heat-
inducible transcription of this RNA is dependent on the
presence of the DIRS-1 terminal repeat. The isolated termi-
nal repeat also directs heat-inducible transcription of the
flanking vector sequences (5).

In Dictyostelium strains, the direction of transcription of
the majority of the DIRS-1 RNAs is from the left-terminal
(332-bp) repeat, rightward into the element (see Fig. 2A for a
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representation of the structure of DIRS-1) (15; Zuker, Ph.D.
thesis). Among the heterogeneous population of RNAs tran-
scribed from the left repeat is a major species of ca. 4.5 kb.
We show here that this RNA represents a nearly full-length
transcript of an intact DIRS-1 element. Transcription of the
4.5-kb RNA initiates at a discrete site within the left-terminal
repeat. Transcription of another RNA (El) occurs from the
opposite strand of DIRS-1, initiating near the right-terminal
repeat (15). In both cases, the same transcriptional initiation
sites are used by cells during normal development and during
heat shock. These results suggest that transcription of DIRS-
1 RNAs is regulated by the heat shock promoter sequences
contained in the inverted terminal repeats.

MATERIALS AND METHODS
Dictyostelium culture conditions and genomic clones. Dic-

tyostelium discoideum AX-3 was grown axenically and plat-
ed for development on filters as described previously (1).
Growing cells were harvested when the concentration
reached 2 x 106 cells per ml.
The DIRS-1 genomic clones used here (pB41.6 and

pB41.3) are subclones of the A genomic clone SB41 and have
been described in detail elsewhere (7, 22, 24). pB41.3
contains the entire 4.1 kb of DIRS-1 unique internal se-
quence flanked by EcoRI sites. pB41.6 contains a 2.5-kb
EcoRI fragment that includes the right-terminal repeat of
DIRS-1 and 2.2 kb of flanking sequence, which in SB41 is
another copy of the right half of DIRS-1 (4, 24).
RNA preparation, transfer, and hybridization. RNA was

isolated from suspension cultures and filter-developed cells
by the guanidine thiocyanate extraction procedure of Chirg-
win et al. (6). Cells were harvested and washed as described
previously (3), dissolved in 50% guanidine thiocyanate-0.5%
N-lauryl sarcosine-0.1% 2-mercaptoethanol-25 mM EDTA,
and centrifuged through a cesium chloride cushion. The
RNA pellet was dissolved in water and stored at -70°C.
Polyadenylated [poly(A)+] RNA was purified by oligodeox-
ythymidylate [oligo(dT)]-cellulose chromatography as de-
scribed previously (3). RNA samples used for gel transfer
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hybridization analysis were adjusted to 50% formamide-18
mM Na2HPO4-2 mM NaH2PO4-6% formaldehyde, heat
denatured for 10 min at 65°C, and electrophoresed on 1%
formaldehyde agarose gels (Zuker, Ph.D. thesis). RNA gels
were transferred to Gene Screen, and the filters were
hybridized to nick-translated DNA probes as described
previously (22, 24).
cDNA library construction and screening. Double-stranded

cDNA was synthesized essentially as described by Efstra-
diatis et al. (8) from poly(A)+ RNA prepared from 8-h filter-
developed D. discoideum cells. This RNA was a gift of R.
Chisholm. Before cDNA synthesis, 10 ,ug of RNA was
denatured in 10 mM methylmercury hydroxide for 10 min at
room temperature followed by the addition of 2-mercap-
toethanol to a concentration of 100 mM. cDNA synthesis
was carried out for 2 h at 42°C in 100 mM Tris hydrochloride
(pH 8.3)-10 mM MgCl2-140 mM KCl-1 mM dATP, dTTP,
dCTP and dGTP, containing 25 ,ug of oligo (dT), 400 U of
RNAsin (Promega Biotec), 200 p.Ci of [3H]dGTP, and 150 U
of AMV reverse transcriptase (gift of the laboratory of D.
Baltimore) in a final volume of 250 ,ul. The reaction mixture
was extracted with phenol, chloroform, and ether and heat
denatured at 95°C for 3 min. Second-strand synthesis was
carried out by addition of 67.5 U of Escherichia coli DNA
polymerase I large fragment, 50 ,uCi of [32P]dATP, and 1/10
volume of a solution containing 0.5 M Tris hydrochloride
(pH 7.2), 0.1 M MgSO4, and 1 mM dithiothreitol (DTT). The
reaction was incubated for 16 h at 15°C followed by extrac-
tion with phenol, chloroform, and ether and precipitation
with ethanol. The double-stranded cDNA was treated with
500 U of Si nuclease for 1 h at 37°C to remove any hairpin
loops and to generate blunt ends; extracted with phenol,
chloroform, and ether; and precipitated with ethanol. cDNA
(2.5 ,ug) was then ligated to 5 ,ug of a 5'-phosphorylated
EcoRI synthetic oligonucleotide linker (GGAATTCC) for 16
h at 4°C in 50 p.l of 70 mM Tris hydrochloride (pH 7.6)-S5 mM
MgCl2-5 mM DTT-1 mM ATP containing 10 U of DNA
ligase. The ligation mix was digested with EcoRI (20 U/,ug of
linker) for 4 h at 37°C, phenol and chloroform extracted, and
adjusted to 1 mM EDTA and 0.3 M NaCl. Excess linkers
were removed by size fractionation on a Sephadex G-100
column (10 by 1 cm) in 10 mM Tris hydrochloride (pH 8.1)-i
mM EDTA-0.3 M NaCl.
The cDNA was then cloned into the Agtll expression

vector described by Young and Davis (21). Xgtll DNA was
cut with EcoRI and treated with calf intestinal alkaline
phosphatase to minimize religation in the absence of an
insert. The cDNA was ligated into the vector DNA by
incubation for 16 h at 4°C and packaged into lambda phage in
vitro (18). The resulting library was composed of ca. 120,000
recombinant phage, as assessed by the loss of P-galacto-
sidase activity which results from insertion of DNA into the
EcoRI site of wild-type Agtll. After amplification, the li-
brary was screened according to the procedure of Benton
and Davis (2). Phage that contained cDNA complementary
to DIRS-1 were isolated through two cycles of plaque
purification and hybridization. cDNA inserts from these
lambda phage clones were excised with EcoRI and recloned
into pBR322.
DNA sequence analysis. The ends of the cDNA clones were

sequenced by the chain termination method of Sanger et al.
(17). M13mp8 and M13mp9 were used as the sequencing
vectors, and JM103 was used as the host strain for transfor-
mation. M13 recombinants were prepared by the procedures
of Messing et al. (11). Sequencing reactions were carried out
as described previously (23). The samples were analyzed on

6% acrylamide (19:1 acrylamide-bisacrylamide) gels contain-
ing 7 M urea (16).
Primer extension. Primers for reverse transcription of

DIRS-1 RNAs were prepared by cloning DNA segments
near the 5' ends of the DIRS-1 coding regions into M13
bacteriophage. The orientation of the DNA inserts was
selected so that the DNA strand synthesized from the M13
phage template was complementary to the RNA. For the 4.5-
kb DIRS-1 transcript, a 219-bp Sau3a-to-EcoRI fragment
from the left end of DIRS-1 internal sequence was cloned
into BamHI- and EcoRI-digested M13mp8 (see Fig. 4a). For
the El RNA, a 604-bp Sau3a-to-EcoRI fragment from the
right end of DIRS-1 internal sequence (see Fig. 6a) was
cloned into BamHI- and EcoRI-digested M13mp8. The
structures of the M13 clones were verified by DNA sequenc-
ing. For synthesis of the primer, 20 ,ul of single-stranded M13
DNA solution (ca. 0.1 to 0.5 p.g of DNA) was annealed to 6
ng of a 17-base oligonucleotide M13 primer (P-L Biochemi-
cals) in 70 mM Tris hydrochloride (pH 7.6-10 mM MgCl2.
The reaction mixture was adjusted to contain 10 mM DTT;
0.5 mM dGTP, dCTP, and dTTP; 20 ,uCi of [32P]dATP (400
Ci/mmol); and 5 U of E. coli DNA polymerase I large
fragment were added. After 15 min of incubation at room
temperature, dATP was added to a concentration of 0.5 mM,
and synthesis was continued for 15 min. The reaction was
terminated by heating to 70°C for 10 min.
The asymmetrically labeled double-stranded primer was

excised from the M13 DNA by digestion with 10 U of each of
the appropriate restriction enzymes for 30 min at 37°C. For
the 4.5-kb and related RNAs, the 112-bp primer fragment
was excised with Sau3a and EcoRV and purified on a 6%
acrylamide gel. For El RNA, the 604-bp Sau3a-EcoRI
fragment was excised and purified on a 1.5% agarose gel,
recovered, and digested with RsaI and DdeI. The 95-bp

1 2 3 4
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FIG. 1. Developmental regulation of DIRS-1 RNAs. RNA filter
hybridization of D. discoideum RNAs with labeled DIRS-1 DNA.
Four micrograms of poly(A)+ RNA isolated from vegetative cells
(lane 1) heat shock-treated vegetative cells (lane 2), and 1-h (lane 3)
and 15-h (lane 4) filter-developed cells were size fractionated on a
1% agarose-formaldehyde gel and transferred to Gene Screen. The
filter was hybridized for 48 h at 65°C with 106 cpm of nick-translated
DNA from clone pB41-6 per ml. The positions of the ribosomal
RNAs are indicated as 26S and 17S. The positions of the ca. 4.5-kb
and El RNAs are indicated.
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RsaI-to-DdeI primer fragment was purified on a 6% acryl-
amide gel. The primers were eluted from macerated gel
slices by diffusion for 16 h at 37°C in 0.5 M NaCI-10 mM Tris
hydrochloride (pH 7.5)-10 mM EDTA and precipitated with
ethanol in the presence of 10 p.g of carrier tRNA.
The primers were hybridized to 20 ,ug of poly(A)+ RNA

for 16 to 24 h at 37°C in 20 ,ul of 70% formamide-400 mM
NaCl-40 mM PIPES [piperazine-N,N'-bis(2-ethanesulfonic
acid); pH 6.4]-1 mM EDTA (19), precipitated with ethanol,
and redissolved in 50 p.l of 50 mM Tris hydrochloride (pH
8.1)-S50 mM NaCi-10 mM MgCl2-5 mM DTT-1 mM each of
dATP, dTTP, dCTP, and dGTP; 30 U of AMV reverse
transcriptase was added, and the reaction mix was incubated
for 2 h at 42°C (J. Pinkham and T. Platt, manuscript
submitted). The reactions were terminated by precipitation

)I(

with ethanol, and the products were size fractionated on 6%
acrylamide-7 M urea sequencing gels (16).

RESULTS
Developmental regulation of DIRS-1-related RNAs. Tran-

scription of DIRS-1 is regulated during development of D.
discoideum (7, 22). Figure 1 shows that poly(A)+ DIRS-1-
related RNAs were present at very low levels in vegetative
cells, below the limit of detection of the RNA filter hybrid-
ization experiment (but see lane 2 of the primer extension
experiments in Fig. 4B and 6B). DIRS-1 RNAs began to
accumulate within 1 h of development (lane 3) and increased
significantly by 15 h of development (lane 4). There was a
predominant RNA species of 4.5 kb as well as a heteroge-
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SB-41
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ATAATTTTAGATATCAACAATAAAATATGTCTACCACTGTTAATAATAAT

C
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SB-41 CGTCCAAATTTCATAATATATATATATATATGATATATAAATTAAATTTAATTTATTAATTATATTTTATATTAAATATATATATATATATTAGTC
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CCATCCCACCCGCCCTTAGTCGGAATTC ATAAATCAAATTGTTTTAGTTTTTAGTGCCACTATTTATACGTTTTTATTTTCTTAAAA TTTCGCAAAAC
-------- -------------------C-----------------------------------------------------------A---A-------
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SB-41 TCAAAAAAATAGAGTTTTCG4CCCTTCACAAATTTGTCGCATAGTCTCGTCGGTTCGGAATTTTTCAGITTTTCACCT
PLZ12 C----------

FIG. 2. Characterization of two cDNA clones complementary to DIRS-1. (a) Restriction maps of DIRS-1 and cDNA clones pCC31 and
pCCA5. The restriction map of DIRS-1 is from genomic clone SB41. The HindlIl restriction site indicated by a dashed line is absent from
SB41 because of a single nucleotide substitution (see Fig. 3) but is present in all other genomic copies of DIRS-1. L and R denote left and right
inverted terminal repeats. Hatched boxes represent pBR322 sequences. The portions of the cDNA clones that have been sequenced are

indicated by arrows under the restriction maps. Abbreviations: B, BglII; C, Clal; H, HindlIl; K, KpnI; R, EcoRI; P, Pulu1; X, XbaI. (B)
Comparison of the DNA sequence of the 5' ends [left ends in (A)] of cDNA clones pCC31, pCCA5, and the unique internal region of DIRS-1
(SB41) adjacent to the left-terminal repeat. The 5' ends of the cDNA clones were isolated as EcoRI-AluI fragments and were cloned into
EcoRI- and HinclI-digested M13mp9. The DNA sequence is written 5' to 3' [left to right in (A)] and numbered from the EcoRI site. Dashes in-
dicate homology with the DIRS-1 sequence (22, 23; Zuker, Ph.D. thesis). (C) Comparison of the DNA sequence of the right ends of cDNA
clones pLZ12 and pCC31 with the region of DIRS-1 spanning the junction of unique internal sequence and the right-terminal repeat. The

sequence of pLZ12 was kindly provided by J. Morgenstern, R. Chisholm, and H. F. Lodish. The 3' EcoRI-HindIII fragment of pCC31 was

isolated and cloned into EcoRI- and HindlIl-digested M13mp9. The DNA sequence is written 5' to 3' [left to right in (A)] and numbered in
both directions from the EcoRI site. Dashes indicate homology with the DIRS-1 sequence (22, 23; Zuker, Ph.D. thesis).
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neous population of smaller RNAs. Based solely on its size,
the 4.5-kb RNA might represent a full-length transcript of
the DIRS-1 element. This suggestion is supported by the
observation that each of 10 subfragments of the unique
internal 4.1-kb of DIRS-1 sequence hybridizes to the 4.5-kb
RNA (7). One 900-bp RNA, which we call El, was present at
1 h of development but disappeared as development pro-
ceeded (22) (lanes 3 and 4, Fig. 1). In heat-shock-treated
vegetative cells most, if not all, of the developmentally
induced DIRS-1 RNAs were transcribed; however, El accu-
mulated to a disproportionately greater extent (lane 2, Fig.
1).

Isolation of cDNA clones. To determine whether the 4.5-kb
RNA represented a transcript of an intact DIRS-1 element,
we isolated cDNA clones complementary to DIRS-1 RNAs.
We screened ca. 320,000 recombinant Agtll phage and
identified seven cDNAs that hybridized to DIRS-1. Three of
these contained 4.1-kb inserts, one contained a 2.3-kb insert,
and three contained inserts of less than 200 bp. We chose the
2.3-kb cDNA and one of the 4.1-kb clones for examination.
The cDNA inserts, flanked by EcoRI restriction sites, were
recloned into pBR322. Restriction maps of these clones are
presented in Fig. 2A. pCC31 is a 4.1-kb cDNA clone
delimited by EcoRI restriction sites. Restriction mapping
(Fig. 2A) and DNA sequence analysis of the ends of pCC31
(Fig. 2B and C) indicated that it represented a complete
transcript of the internal 4.1-kb EcoRI segment of a DIRS-1
element. There were a small number of restriction site
polymorphisms between pCC31 and the DIRS-1 element
contained in SB41 (Fig. 2A), indicating that this cDNA was
probably derived from a different genomic copy of DIRS-1.

Since the cDNA molecules were truncated by EcoRI
digestion during construction of the cDNA library, we could
not determine from pCC31 whether transcription of the 4.5-
kb RNA extended beyond the EcoRI sites on either side. A

previously identified cDNA clone complementary to DIRS-
1, pLZ12 (24), contains sequences that are homologous to
230 bp at the 3' end of pCC31 and extend at least 152 bp into
a right-terminal repeat sequence (Fig. 2C). We do not know
whether pLZ12 was derived from a transcript of an intact
DIRS-1 element; however, the structure of pLZ12 suggests
that transcription of DIRS-1 can proceed through at least
half of the right-terminal repeat. Transcription termination
near the end of the right-terminal repeat, adjacent to flanking
sequences, was suggested by the presence of three poly-
adenylation signals (AATAAA) in the distal 70 nucleotides
of the repeat sequence (TTTATT at positions -278, -282
and -334 in Fig. 7) (23).
The restriction map of most of cDNA clone pCCA5 was

similar to that of the left half of DIRS-1 (Fig. 2A). The left
(5') end of pCCA5 had the same nucleotide sequence as
pCC31 and DIRS-1 (Fig. 2B). The similarity in the restriction
maps extended to the internal HindlIl restriction sites.
pCCA5 then contained the XbaI and an EcoRI site spaced
240 bp apart, a pattern reminiscent of the DIRS-1 terminal-
repeat structure. We sequenced 551 nucleotides at the 3' end
of pCCA5 extending from the 5' HindIll site to the EcoRI
site (Fig. 3). The sequence of the first 223 nucleotides from
the 5' HindIIl site was virtually identical to the internal
sequence of the equivalent region of genomic DIRS-1 clone
SB41. There were a small number of single-base differences,
one of which accounts for the absence of the second HindlIl
restriction site in SB41 (Fig. 2A). Beginning at position -328
(224 nucleotides from the 5' HindIll restriction site) the
cDNA sequence was nearly identical to that of the SB41 left-
terminal repeat. Transcription of the RNA from which
pCCA5 was derived was presumed to have initiated up-
stream from the 5' EcoRI site of the cDNA, probably in a
DIRS-1 left-terminal repeat. Approximately halfway through
the normal DIRS-1 internal sequence, the genomic template

-550 -540 -530 -520 -510 -500 -490 -400 -470 -460

SB 41 AAGCTTCTTGTTCCCAAAGAAAAGAAGAAAAGTGTAATCAGGGAAATAAGAAACTTTTTAAAACTAGATTGTTGCTCCCCAAGAAAACTTGTTGGTTTAA
PCCA5 ------------ -----------------------C----A------------ --- ---- ------------- ----------- --G--- -C------ --

HINDIII HINDIII
-450 -440 -430 -420 -410 -400 -390 -389 -370 -360
AAGGAAAGCTAATCGCACTGAAAGATGCAGTCATCCCATTCAGACTTTACACTCGTCGAACAAACAAGTTTCACTCTCAGTGTCTGACTCTAGCCAATGGSB-41

PCCA5

SB-41
PCCA5
L-ITRP

PCCA5
L-ITR

-350 -340 -330 -320 -310 -300 -290 -280 -270 -260
AGATTGGGATCAATCATTCCCCA

TTTATATTATCATATATATATATATATTATGAATAACATTTATTTATTTGAATTTCCCAAATATTTAAGATAATTTT

-250 -240 -230 -220 -210 -200 -190 -180 -170 -160

TTAGAATGTTCTAGA CATTCGAAGAATAAAAAATTTTCGAAAGAAAAGTAAAAATTTCGAACCGGCACAATGACGCGATAATTGCGCAAGGTCGAAAAA
XBA

-150 -140 -130 -120 -110 -100 -90 -80 -70 -60
PCCA5 --------------------------------G-------------------------------------------------------------------
L-ITR CTGAAAATTCCGAACCGAGACTATGCACAAATTTGTGAAGGGTCGAAACTCTTATTTTTTTGAGTTTTGCGAAATTTTAAGAAAATAAAAACGTATAA

-50 -40 -30 -20 -10
PCCA5 -----A---------------- A--AA---GAT------TATTT-------
L-ITR ATAGTGGCACTAAAAACTAAAACAC TTT TTATTT GGAATTC

EcoR I

FIG. 3. DNA sequence of the 3' end of cDNA clone pCCA5. A total of 551 nucleotides from the 3' end of pCCA5 were sequenced. The
HindIII-EcoRI fragment was cloned into HindIll- and EcoRI-digested M13mp8 and M13mp9. The HpaII site at position -186 was used to
clone the HpaII-HindIII fragment into AccI- and HindIll-digested M13mp9 and to clone the HpaII-EcoRl fragment into AccI- and EcoRl-
digested M13mp8. The sequence of pCCA5 is numbered backward from the EcoRl site at the right end of the cDNA clone. The sequence of
pCCA5 is homologous to two noncontiguous regions of DIRS-1 (see Fig. 2A). The sequence labeled SB41 is the unique internal DIRS-1
sequence extending rightward from the HindIlI site (22). The sequence labeled L-ITR is the left-terminal repeat of SB41 (23).
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FIG. 4. Initiation of transcription of the 4.5-kb RNA
tion point of the 4.5-kb RNA was determined by prime
The structure of the primer and its relationship to the
DIRS-1 are shown in (A). The left terminal repeat is indi
box labelled L, and the open box represents inter
sequences. The direction of transcription of the 4.5
indicated. Restriction sites: E, EcoRI; S, Sau3a; V,
XbaI. The labeled Sau3a-EcoRV fragment was hybridi
and extended by reverse transcription, indicated by th,
(B) The cDNA extension products were size fractiona
acrylamide-7 M urea gel panel B. The primer was h
tRNA (lane 1) and poly(A)+ RNA from vegetative cells
shock-treated vegetative cells (lane 3), and 15-h filte
cells (lane 4). A predominant band of 230 bp was sy

scrTpt of pCCA5 is interrupted by a second left-terminal repeat. thescript genomic template of pCCA5 could have arisen through a
DIRS-1-into-DIRS-1 transposition event similar to the one
observed in genomic cloneSB41 (4). pCCA5 reflects tran-
scription of a genomic copy of a rearranged DIRS-1 element
that would appear as a small EcoRI fragment on a genomic
Southern blot.

Transcription initiation from the left-terminal repeat. We
100bp mapped the precise point at which transcription of the 4.5 kb

RNA is initiated by using primer extension (19). For the 4.5-
kb RNA and related transcripts, a 112-bp Sau3a-to-EcoRV
fragment located 111 bp from the 5' EcoRI restriction site
was used as a primer for reverse transcriptase (Fig. 4A). The
uniformly labeled double-stranded primer was hybridized to
40,ug of poly(A)+ RNA, extended by reverse transcription,
and size fractionated on a 6% acrylamide-7 M urea sequenc-
ing gel (Fig. 4B). One predominant cDNA extension product
of 230 bp was primed by the 112-bp Sau3a-EcoRV fragment
by using RNA from vegetative cells, heat shock-treated
vegetative cells, and 15-h filter-developed cells. Quantita-
tively minor products were also generated. The major initia-
tion site was located 9 bp upstream from the center of the
EcoRI restriction site that defines the end of the left-terminal
repeat (Fig. 5).

Sequences homologous to the Drosophila consensus heat-
shock promoter (13, 14) were located at positions -205 and
-216 upstream from the major initiation site. A sequence
identical to the D. discoideum consensus TATA box
TATAAA(T/A)A (9) was located at position -27. Transcrip-
tion initiated at the end of a short oligo(dT) sequence, as has
been observed for a number of Dictyostelium genes (9).
Since DIRS-1 transcription initiates at the same position
during both normal development and heat shock, the same
promoter apparently directs transcription under both sets of
conditions. We also mapped the transcriptional initiation of
the 4.5-kb and related RNAs by S1 nuclease protection
experiments, with similar results (data not shown).

Transcription initiation from the right-terminal repeat.
Transcription of the El RNA occurs on the opposite strand
of DIRS-1 from that of the 4.5-kb RNA (15) and appears to
be directed by the heat-shock promoters in the right-terminal
repeat. We mapped the transcription initiation of the El
RNA by primer extension. The primer was a 98-bp DdeI-
RsaI fragment located 332 bp from the right-terminal repeat
(Fig. 6A). The asymmetrically labeled primer was hybridized
to 40 ,ug of poly(A)+ RNA from vegetative, heat-shock-
treated, and 1-h filter-developed cells; extended by reverse
transcription; and size fractionated on a sequencing gel (Fig.
6B). Unlike the 4.5-kb RNA, initiation of the El RNA is
heterogeneous. A large number of cDNA extension products
were generated, ranging in size from ca. 120 to 450 bp. One
predominant extension product of 420 bp (indicated by the
asterisk in Fig. 6B) was located 7 bp downstream from the

The initia- center of the EcoRI restriction site that defines the end of the
r extension. right-terminal repeat. The positions of the other major
left end of initiation sites are indicated in Fig. 7. El transcription

icated by the initiated at the same positions in vegetative, filter-devel-
nal DIRS-1 oped, and heat shock-treated cells (Fig. 6B). The profile was
-kb RNA is not affected by increasing the temperature of the reverse
EcoRV; X, transcription reaction from 42 to 46°C, suggesting that the
ized to RNA multiple initiation sites are not due to premature termination
lewavy line. of the reverse transcription reaction due to RNA secondary
tAtu on ah ACV,

Iybridized to
(lane 2), heat
r-developed
nthesized in

lanes 2 through 4. The 112-bp primer is visible at the bottom of the
gel. Size standards were provided by a DNA sequencing ladder (not
shown).
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HSP

O TTTATATTATCATATATATATATATATTATGAATA4CATTTATTTATTTriAATTTCCCAAATATTTAAGATAATTTTTTAGAATGTTCTAGAACATTCG.MGAAT.AAATTTTCGAAA
-35 -290 -20q -270 -26V -25) -240 -230 XBAI -210 -290 -190

120 GAAAAGTAAAATTTCGAACCGGCACAATGACGCGATAATTGCGCMAtETCGAAACTGAAAATTCCGACCGAGACTATGCACAAATTTGTGAAGGGTCGAAACTCTTATTTTTTT
-100 -170 -160 -150 -140 -13) -120 -110 -10) -90 -80 -70

TATA box t
GAGTMGCGA4AATTTTAAGATAMAMCGTATAAATAGTGGCACTAAAAACTAMACACTTTTTATTTGGAATTCCTCCTATATATATTTAAGATA C CACACACACAAATTTTATA

-60 -50 -4A -30 -20 -10 -1 EcoRl
30.. 0.

20 30 40 50

360 CAAATAATTATTTCTCTTTATTIATTMTATTATTATTMCTCATATTATAATM AGATATCAACkAATATGTCTACCACTGTTAATAATGATGCCTCTAGTAGCAATA
60 70 80 90 1A 110 EcoRV 130 14' 150 160 170

480 CCTCTGCCTCT AATAGCGCTGAATCCTTT ATTTAAGAMTAAATCAIITCGAGGATC
180 190 200 210 220( TAUIIIA

FIG. 5. Nucleotide sequence of the left-terminal repeat and internal region of DIRS-1. The nucleotide sequence of the left-terminal repeat
(23) and a portion of the 5' internal region of genomic clone SB-41 is presented. The sequence is written from the distal end of the left-terminal
repeat rightward to the Saui3a restriction site. The size of the cDNA extension product (Fig. 4) places the initiation point of transcription 230
bp upstream from the Saui3a site (arrow), within the terminal repeat. The major transcription initiation site is designated position 1 (arrow).
The locations of the putative TATA box and heat shock promoter (HSP) sequences are indicated. The regions of homology between the
Drosophila and Dictvostelitum heat shock promoters are indicated by asterisks.

structure (data not shown). A similarly heterogeneous pat-
tern was obtained in S1 nuclease protection experiments
(data not shown).

DISCUSSION
DIRS-1 is a 4.7-kb transposable element in D. discoideum.

Transcription of DIRS-1-related RNAs is regulated during
development and results in the accumulation of a heteroge-
neously sized population of RNA species (7, 22). This
heterogeneity reflects transcription of both the 40 intact and
200 partial copies of the DIRS-1 element. cDNA clone
pCC31 represents a transcript of an intact element, whereas
cDNA clone pCCA5 was derived from a rearranged copy of
the element. We do not know whether any of the multiple
RNA species reflect processing of the 4.5-kb transcript.

Transcription of the majority of the DIRS-1-related RNAs
is directed inward from the left repeat (left to right in Fig.
2A) (15; Zuker, Ph.D. thesis). Transcription initiates pre-
dominantly at a site 9 bases upstream from the center of the
EcoRI site that defines the end of the terminal repeat. This
initiation site is located at the downstream end of a short
oligo(dT) sequence. An oligo(dT) sequence preceding tran-
scriptional initiation sites is a characteristic feature of Dic-
tyostelium protein-coding genes (9) and may be required for
precise initiation. A sequence identical to the Dictyostelium
consensus TATA box (9) begins at position -27. The heat
shock promoter sequences (13, 14) are located at positions
-205 and -216.
Although we did not directly demonstrate that this heat-

shock promotor is responsible for regulating transcription of
the DIRS-1 RNAs in D. discoideum, this suggestion was
strongly supported by the observations that these RNAs
were heat shock inducible and that transcription initiated at
the same site during heat shock and normal development.
Sequences contained in the terminal repeat are required for
heat shock-inducible transcription of DIRS-1 RNAs in
yeasts (5; J. Cappello, unpublished data). Recent experi-
ments have shown that specific deletion of the heat shock
promoter consensus sequences in the terminal repeat abol-

ishes heat-inducible transcription of DIRS-1 RNA in yeasts
(J. Cappello, unpublished data).

Transcription of one 900-bp cytoplasmic poly(A)+ DIRS-
1-related RNA, El, exhibits a different pattern of regulation
than the majority of the DIRS-1 RNAs (15, 22; Zuker, Ph.D.
thesis). El RNA accumulates early in development, reaches
its maximal level by 1 h of development, and decreases in
abundance thereafter (22). Transcription of El occurs from
the opposite strand of DIRS-1 (15) and is induced to much
greater extent during heat shock than are other DIRS-1-
related RNAs (Fig. 1) (15, 22; Zuker, Ph.D. thesis).

Transcriptional initiation of El RNA is significantly more
heterogeneous than that of the 4.5-kb RNA. There are
several possible explanations for this heterogeneity. The
prominent 420-bp and the minor 450-bp cDNA extension
products indicate that at least some of the El RNAs initiate
near or within the right-terminal repeat. These initiation sites
may be directed by the TATA box at position -42. The
sequence of the first 120 nuicleotides downstream from the
EcoRI restriction site is unusual in that it contains a 100-base
stretch consisting almost entirely of adenine and thymine
residues (22). Consequently, another perfect match for the
consensus TATA box is located within this sequence at
position +45. It is possible that this and other less-perfect
TATA boxes might contribute to the multiple El initiations.
In addition, there is a 19-bp perfect inverted repeat located at
positions +22 to +40 and +88 to + 107. This inverted repeat
could form a base-paired structure that might cause prema-
ture termination of primer extension by reverse transcrip-
tase. Three quantitatively minor cDNA extension products
of 287, 310, and 314 bp terminate at positions +106, +110,
and + 133, respectively. These products could result from
premature termination if the base-paired structure is stable
under the hybridization conditions used. We could not find
any unusual structural features that would explain the major
cDNA extension products of 151, 161, 167, 178, 192, 202,
and 257 bp. We suggest that these cDNAs reflect authentic
heterogeneity in the initiation of El transcription. This
heterogeneity does not result from structural divergence
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FIG. 6. Initiation of transcription of the El RNA. The initiation
points of transcription of the El RNA were determined by primer
extension. The structure of the primer and its relationship to the
right end of DIRS-1 are indicated in panel A. The right terminal
repeat is indicated by the box labeled R, and the open box
represents DIRS-1 internal sequences. The direction of El tran-
scription is indicated. Restriction sites: D, Ddel; E, EcoRI; R, Rsal;
5, Sau3a; X, Xbal. The labeled Ddel-Rsal fragment was hybridized
to RNA and extended by reverse transcription, indicated by the
wavy line. (B) The cDNA extension products were size fractionated
on a 6% acrylamide, 7M Urea gel. The primer was hybridized to
tRNA (lane 1) and poly(A)' RNA from vegetative cells (lane 2), 1-h

among different genomic copies of DIRS-1, since the DNA
sequences of four different DIRS-1 elements are nearly
identical in the region encoding the El RNA (15, 22; J.
Cappello, unpublished data).

Transcription of DIRS-1-related RNAs appears to be
under the control of the heat shock promoters contained in
the inverted terminal repeats of the element. Left- and right-
terminal repeats have been sequenced from a number of
genomic copies of DIRS-1 (23). All terminal repeats contain
two tandem, overlapping copies of the Drosophila consensus
heat shock promoter, CT-GAA--TTC-AG, defined by Pel-
ham and Beinz (13, 14). These sequences are indicated by
asterisks in Fig. 5 and 7. Drosophila heat shock promoters
and synthetic oligonucleotide promoters that confer heat
shock inducibility on heterologous genes typically share 8 to
10 bp of homology with the consensus sequence. The DIRS-
1 heat shock promoters match the consensus sequence at 9
or 10 positions. The evolutionary conservation of the se-
quence of the heat shock promoter has also been suggested
by numerous observations that heat shock genes and pro-
moters can function in heterologous systems (5, 10, 13, 14;
see reference 13 for additional references). Heat shock genes
in heterologous cells are recognized by the cellular transcrip-
tional machinery and are activated in response to the same
stresses as the endogenous heat shock genes (5, 10, 13, 14).
Parker and Topol have recently identified a protein that is
specifically required for the transcription of the Drosophila
hsp70 gene (12). This protein binds to the region of the hsp70
gene that contains the heat shock promoter sequences.
Similar indications of protein binding to the heat shock
promoters of the hsp70 and hsp83 genes of Drosophila have
also been reported (20).
A consequence of the palindromic structure of the consen-

sus heat shock promoter is the presence of an equivalent
copy of the promoter in both strands of the DNA. These
promoters should therefore be able to function bidirectional-
ly. Yeasts transformed with plasmids carrying isolated
DIRS-1 terminal repeats show heat shock-inducible tran-
scription of vector sequences in both directions (J. Cappello,
unpublished data). In addition, previous experiments have
shown heat shock-inducible transcription directed outward
from a DIRS-1 terminal repeat into flanking sequences in
yeasts transformed with a DIRS-1-related clone, pB41.6 (5).
The genomic fragment contained in pB41.6 was generated by
a transpositional event in which a DIRS-1 element inserted
into a preexisting genomic copy of DIRS-1, with the result
that sequences flanking the intact DIRS-1 element are por-
tions of DIRS-1 (4). We do not yet have any evidence for
transcription outward into flanking sequences in D. discoi-
deum.
Both terminal repeats of DIRS-1 appear to contain all of

the upstream regulatory elements required to direct tran-
scription of DIRS-1 RNAs. Transcription from the left
repeat into the element produces the 4.5-kb RNA. A number
of other heat shock-inducible RNAs are transcribed from the
same strand as the 4.5-kb RNA. These smaller RNAs may
reflect processing of the 4.5-kb RNA, transcription of rear-
ranged or deleted genomic DIRS-1 templates, or transcrip-

filter-developed cells (lane 3), and heat shock-treated vegetative
cells (lane 4). Major cDNA extension products of 151, 161, 167, 178,
192, 202, 257, and 420 bp, as well as a number of quantitatively
minor products, were produced. The 420-bp cDNA is indicated with
an asterisk. Size standards were AluI-digested pBR322.

A El transcript

S DD R
I

primer

B1
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TRANSCRIPTION OF DIRS-1 OF D. DISCOIDEUM 2339

0 ATTAAAAATTTAATTTATTAAATTATATTTTATATTMATATATATATATATATTATGAATAACATTTATTTATTTGMTTTCCCMATATTTMGATM
-350 -340 -330 -320 -310 -300 -290 -280 -270 -260

HSP
-100 TTMTAGAATGTTCTAGAACATTCGAAGAATAAAAATTTTCGAAAGAAAAGTAAAAMTTTCGAACCGGCACAATGACGGCGATAATTGCGCAAGGTCG

-250 XBAI -230 -220 -210 -200 -190 -180 -170 -160

-200 AAAAACTGAAAAATTCCGAACCGACGAGACTATGCACAAATTTGTGAAGGGTCGAAAACTCTTATTTTTTTGAGTTTTGCGAAATMAAGAAAATAAAA
-150 -140 -130 -120 -110 -100 -90 -80 -70 -60

TATA IVR
-300 ACGTATAAATAGTGGCACTAAAACTAAACAATTTGATTTATGAATTCCGACTAAGGGCGGGTGGGATGGGACTAATATATATATATATATTTAATATA

-50 -40 -30 -20 EcoRI -1 10 20 30 40

IVR
-400 67TATA8M90T001TTMMTTTMAAmATATTATCATATATATATATATATTATGAAAmGGACGACAGTAmM1GA13CCACCAGA0CAC

50 60 70 80 90 100 110 120 130 140

-500 C11TGATTATTTTATCGTAGA3GGTATCTACAGTATCATTTGATTTCCAACGACCCATCIM10GACMCGTGGMCGAMCTTTATTGGACMCAGCAG
150 160 170 180 190 200 210 220 230 240

-600 AGAAGCCATAGCGAACGGGTAGAGTGAGATTTGAACTTGACAATATCAATACCTGACTTTGAGAGTGGTTGATAGTACAATTGAATTAATATCATTAACT
250 260 270 280 290 300 310 RSAI 330 340

-700 TGGAGCGGTTCACCCTCATTCTTMTAAAGACAGAGAGTCACCCGAATGGCTTTCTTCTTCCTmGAGGCTCTAAG
350 360 370 380 390 400 410 DDEI

FIG. 7. Nucleotide sequence of the right-terminal repeat and internal region of DIRS-1. The nucleotide sequence of the right-terminal
repeat and a portion of the 5' internal region of genomic clone SB-41 is presented (22, 23). The sequence is written for the 5'-to-3' strand from
the distal end of the right-terminal repeat leftward to the DdeI restriction site of the primer (right to left in Fig. 6A). The size of the cDNA ex-
tension product indicated by the asterisk in Fig. 6B places this initiation point of transcription 420 bp upstream from the DdeI site, adjacent to
the terminal repeat. This initiation site is arbitrarily designated position + 1, and the sequence is numbered accordingly. Other major initiation
sites are indicated by large arrows. Some minor initiation sites are indicated by small arrows. The locations of the putative TATA boxes are
underlined. A 19-bp perfect inverted repeat is indicated by horizontal arrows (IVR) above the DNA sequence. The regions of homology
between the Drosophila and Dictyostelium heat shock promoters are indicated by asterisks.

tional initiation from other heat shock promoters contained
within the internal region of DIRS-1. One such internal
putative heat shock promoter has been identified by DNA
sequence (Zuker, Ph.D. thesis) but has not yet been shown
to be functional. Transcription from the right repeat into
internal sequences produces El RNA. In both cases tran-
scription appears to be regulated by the heat shock promot-
ers contained in the terminal repeats. Transcription of the
4.5-kb RNA and at least a portion of the transcription of El
RNA initiate near the junction between the terminal repeat
and internal DIRS-1 sequences. Both isolated DIRS-1 termi-
nal repeats are capable of directing heat shock-inducible
transcription in yeasts (Cappello, unpublished data). In spite
of the nearly identical nucleotide sequences of the right- and
left-terminal repeats (23) regulation of the 4.5-kb and El
RNAs differs significantly. El RNA is only expressed during
early development and is induced to a much greater extent
by heat shock than are the other DIRS-1 RNAs.
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