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A sequence 30 bp downstream from the start site of the
Drosophila melanogaster retrotransposon mdgl is shown
to be responsible for correct and precise initiation of
mdgl RNA synthesis in combination with the RNA
start-site sequence TCAGTT. A sequence-specific DNA
binding protein is demonstrated to interact with the +30
sequence, and the efficient binding of this factor is
necessary for in vivo transcriptional activity of the
plasmid constructs containing mdgl promoter fragments.
The nucleotides -8/+34 of mdgl represent a minimal
promoter which is able to provide correct initiation of
transcription by RNA polymerase II at basal levels. A
comparison with properties of some other retrotrans-
posable elements and several developmentally regulated
cellular genes allows us to conclude that together they
form a specific class of RNA polymerase II promoter.
This promoter class characteristically lacks upstream
sequences necessary for transcription initiation, such
as TATA boxes, but requires a specific downstream
promoter element within 40 bp downstream of the RNA
start site. The level of transcription can, however,
be modulated by upstream regulatory elements. The
identified sequence-specific downstream initiation factor
may be responsible for transcription initiation on
promoters of some genes which belong to this class.
Key words: Drosophila retrotransposons/downstream
initiation factor/RNA polymerase II promoter/transcription
initiation

Introduction
Drosophila retrotransposons are representatives of a wide
class of eukaryotic mobile genetic elements similar to
vertebrate retroviruses in their structure and replication cycle
(Georgiev, 1984; Finnegan and Fawcett, 1986; Boeke, 1988,
1989; Bingham and Zachar, 1989; Boeke and Corces, 1989).
They are transposed via the reverse transcription of their
corresponding RNAs (Boeke et al., 1985; Arkhipova et al.,
1984, 1986) and active copies are transcribed at different
developmental stages as well as in cultured cells. In general,
these elements do not encode their own transcription factors,
but use the cellular RNA polymerase II transcription system.
For several Drosophila and yeast retrotransposons, a set of
cellular regulatory genes involved in their transcription has

been identified and characterized (Boeke, 1989; Mazo et al.,
1989; Spana et al., 1988). These genes encode transcrip-
tional activators or repressors able to bind to certain cis-
acting regulatory regions within the retrotransposon body.
The transcriptional control sequences within the long terminal
repeats (LTRs), where transcription is initiated and
terminated, are not well defined.
The general design of typical RNA polymerase II (polII)

promoters is rather complex (Shenk, 1981; Struhl, 1987;
Wasylyk, 1988; Dynan, 1989). There are a number of
discrete sequence elements which may be dispersed at
various distances upstream or downstream from the RNA
start sites and which bind numerous protein factors. Cis-
acting sequences necessary for transcription initiation and
modulation are often considered as promoters themselves
and consist of the start-site selection sequences and upstream
promoter elements; more distal, orientation- and often
position-independent regulatory elements are usually called
enhancers. The most severe positional constraints are placed
upon the start-site selection sequences including a highly
conserved TATA-box sequence located -25-30 bp
upstream from the RNA start site. This element appears to
be responsible for correct and precise initiation of mRNA
synthesis, since mutations in it lead to heterogeneity ofRNA
start sites (e.g. Mathis and Chambon, 1981). Usually the
-40 to + 30 bp sequence is considered to be the interaction
site for general transcription factors able to interact with the
majority of polll promoters. Some promoters, such as those
for many housekeeping genes, lack discernible TATA
motifs, but they contain very GC-rich regions in this area
(Dynan, 1986).

In an earlier study, while determining the position of
RNA start sites within the LTRs of three D.melanogaster
retrotransposons (mdg 1, mdg3 and gypsy, or mdg4),
homogeneous RNA start sites were observed for all three
elements, but none of them contained any sequences
resembling TATA boxes at the appropriate position in the
5'-nontranscribed regions (Arkhipova et al., 1986). Nor did
they possess GC-rich regions typical of the non-TATA
promoters of housekeeping genes. Moreover, all of the three
different elements had a common sequence, TCAGTPy,
immediately adjacent to the RNA start site (Figure 1).
Such an unusual organization of the mdg promoter region
stimulated us to determine the LTR sequences necessary for
efficient and precise initiation of RNA synthesis.

Traditionally, a minimal promoter is considered to be
represented by the TATA element in conjunction with the
cap site (for review, see Lewin, 1990). The only component
of the general poll transcription machinery known to possess
a sequence-specific DNA binding activity is the factor TFIID
which binds specifically to the TATA motif. However, the
basis for transcription from a number of TATA-less
promoters (for references, see Dynan, 1989; Smale and
Baltimore, 1989) has not yet been identified. This study
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represents the first evidence of a downstream sequence-
specific DNA binding protein which is necessary for
transcription initiation on a minimal promoter consisting of
the RNA start site and the downstream +30 element.

Results
mdg1-CAT constructs and their expression
To identify the minimal promoter sequences, we created a
series of plasmid constructs which contained a standard
reporter bacterial chloramphenicol acetyltransferase (CAT)
gene followed by SV40 intron/poly(A) site (Gorman et al.,
1982) under the control of the LTR sequences deleted to
various extents (see Materials and methods). The most
detailed study was performed for mdgl. Figure 2 is a
schematic representation of mdgl-CAT constructs containing
5'- and 3'-deletions of the LTR (see also Figure 1), as well
as insertions and inversions. These constructs were tested
in transient expression assays in the D. melanogaster
Schneider 2 cell line.

Transfections and CAT assays performed using this
series of constructs revealed the following picture of CAT

-146 mdg 1 -110 -95

GAATTCAGGA TGTACGCCTT TAGGGGTCGG ACTCGACTCC CATTGGTTAT CGAGTATGAA
-. -. _-.

CTTCATACAT ACATATTGCA GAATTTGCTA GTGTCAGCAC TTGGCTGTCA CAAGAGATCT
-0

-20 -8 +1 +15 +27 +34

CCCTGTAGAC CACACTAAGA TCAGTTATAA ATCAGGAATA GATCTGGAAT GTACACTC
GGAT C

TTAATAAAAA CCAAATAAAG ATAAAATGAC CAACTGCGTT TTGAGACTTT ATTAACTACA

-22 ;,

mdg3 ACTTATCGAC TGATCGACTC GCCACTCTGC AGAGAGCGCG GCAGTCAGTC

-34 +1

mdg4 TGCATTGCTC GAGGGTAAAC TTAGTTTTCA ATATTGTCTT CTACTCAGTT

Fig. 1. Nucleotide sequences of the LTR regions adjacent to the sites
of initiation of RNA synthesis for retrotransposons mdgl, mdg3 and
gypsy (mdg4). The transcriptional start sites and polyadenylation sites
determined by Arkhipova et al. (1986) are indicated by arrows with
asterisks and by dots, respectively. The sequence TCAGTT and the
polyadenylation signals are underlined. 5'- and 3 '-deletion endpoints
are shown by horizontal arrows. Arrowed asterisks in an opposite
orientation denote RNA start sites from the outward mdgl promoter
determined in the present work. The letters below the main sequence
indicate base changes in the +30 core (underlined by a thick line)
mutant clones.

-177 -146 -110-f5
G E H T

expression (indicated in Figure 2). The entire LTR (catX),
as well as the - 146 bp deletion mutant, is able to direct
high levels of CAT enzyme activity. Further 5'-deletion
constructs exhibit a several-fold decrease in CAT activity,
indicating the presence of an essential upstream distal
promoter element located between the EcoRI and Hinfl sites
(-146 to -110 bp). The sequence of this region does not
reveal any homologies to known transcription factor binding
sites, although there is a weak homology with the upstream
regulatory element of the copia retrotransposon activating
its transcription [- 133(ACGCCTTTAGG) - 123 for mdgl
and -60(ACACCTTTTATC) -50 for copia] (Sneddon and
Flavell, 1989). This upstream promoter element probably
cannot act as an enhancer, since the fragment containing this
element does not produce any effect on transcription when
inserted upstream from the mdg4 promoter at the same
distance from the RNA start site (data not shown).
The mdgl sequence (-179/-31) upstream from the RNA

start site does not possess promoter activity when inserted
into the vector pUSVL-cat in direct orientation (construct
GD). However, the same sequence inserted in the opposite
orientation (construct GR) can produce measurable levels
of CAT activity, thus explaining the phenomenon of bi-
directional transcription of some mdg elements observed in
earlier studies (Ilyin et al., 1980). In mobile elements, a
bidirectional promoter has also been found in the Lepidoptera
retrotransposon TED (Friesen et al., 1986).
The most surprising result was that all the further

5'-deletions up to the position -8 did not cause a significant
decrease in CAT activity. Only the deletions extending into
the transcribed region (positions +15 and +27) reduced
activity to the background level of the promoterless vector
pUSVL-cat. Deletion of the sequence from the other
direction (3' end of the LTR) also caused a drop in activity
of the promoter thus indicating the presence of important
downstream elements in the transcribed region.

Northern blot analysis
To exclude the possibility of changes at the level of
translation, we performed Northern blotting experiments
with poly(A)+ RNA extracted from culture cells transfected
with some of the constructs. The results of these experiments
are presented in Figure 3, which demonstrates that the data
on the CAT enzyme expression are in good agreement with

+112

E
LTR %CAT

E

H

T

100bp

G T H E

G E H T

* catX 100
EL -146 109
EL -110 24
ML -95 19

A IL -20 23
s ML -8 24

G ML +15 0.5

R -At +27 0.6

-31/+27 0.5

GR 19
GD 0.7

Fig. 2. Schematic representation of mdgl-CAT fusions. The fused CAT sequences are shown by thick arrows. The names of the clones are given in
the left column; the figures in the right column denote the mean level of their CAT activity with respect to the longest construct. Restriction
endonucleases are abbreviated as follows: A, AccI; G, BglII; E, EcoRI; H, Hinfl; R, RsaI; S, Sau3A; T, TaqI.
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the Northern analysis. mdg 1-CAT transcripts of the correct
length correspond to the upper ofRNA bands (1.9 kb), while
the lower 1.6 kb band is most probably initiated within the
CAT gene. The highest RNA levels for the 1.9 kb band are
observed for the constructs catX and -146 (lanes 2 and 3).
The intensity of this band is reduced significantly for the
constructs -110, -20 and -8 (lanes 4, 5 and 7), and it

Ml 2 3 4 5 6 7 8

Fig. 3. Northern blot analysis of RNAs expressed in transient
transfection experiments. The 32P-labelled Hinfl fragment of the vector
pUSVL-cat was used as a probe. Transcription of the following
constructs is shown: GR (1), catX (2), -146 (3), -110 (4), -95 (5),
+ 15 (6), -8 (7), +27 (8). M denotes the lane with restriction
fragments of the DNA marker plasmid hybridizable to the CAT probe;
the size of the marker fragments is indicated on the left. The arrow at
the slowly migrating bands indicates contaminating plasm-id DNA used
for transfection in large quantities (25 AtgI10 ml plate).

is not visible for the constructs + 15 and +27 (lanes 6 and
8) which produce only the shorter non-mdg 1-specific 1.6 kb
transcript.
Two other retrotransposons, mdg3 and mdg4 (gypsy),

were examined in less detail. mdg3-CAT fusions displayed
no difference in expression from the constructs -109/+47
and -22/+47, the same being true at the RNA level, and
gypsy was equally well expressed in the -35/ + 192 construct
when compared with the entire LTR (data not shown).
However, from these constructs it cannot be excluded that
regulatory sequences are situated nearer than -22 bp for
mdg3 and -35 bp for mdg4.
Primer extension experiments
To confirm that the RNA synthesized from construct -8
was not initiated at cryptic downstream or upstream sites
and that its 5' end remained homogeneous, we performed
primer extension experiments with the transiently expressed
RNAs. The results are presented in Figure 4. It may be seen
that the RNA synthesized from construct -8 (lane 2), as
well as from -20 (lane 8), preserves the correct and highly
homogenous start site when compared with the construct
-146 (lanes 1 and 6). The length of the extended primer
corresponds to the previously defined RNA start site for
endogenous genomic mdgl copies (Arkhipova et al., 1986).
As in the Northern blotting experiments, RNA synthesis is
not observed for the constructs +15 and +27 or for the
vector plasmid (lanes 4, 7 and 5); nor is it observed with
non-promoter-containing inserts (lane 9).
The same RNA start site is also observed for the -8

construct in transfected culture cells of Drosophila hydei
which do not carry endogenous mdgl copies (lane 3). This
indicates that the general transcription factors responsible
for its transcription are well conserved between D.
melanogaster and D. hydei. It is interesting that there is some
block of mdg1-CAT translation in D.hydei cells, since the

_.j
.;
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Fig. 4. Primer extension analysis of transiently expressed mdgl-CAT constructs using the 32P-labelled primer synthesized on M13cat single-stranded
template. The following plasmids were tested: 1,6, -146; 2, -8; 3, -8 in D.hydei; 4, +15; 5, vector pUSVL-cat; 7, +27; 8, -20; 9, non-
promoter-containing fragment of jockey (Priimagi et al., 1988); 10, GR. The marker used was the pUC19 plasmid cleaved by MspI.
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level of CAT expression for several cons
produce enough RNA (judged by Northern blol
shown) is almost undetectable.
The LTR fragment inserted in the opposite

which exhibited an outward promoter activi
GR), was shown in these experiments to direct
start sites (Figure 4, lane 10; also shown in
The construct -8 retains upstream of the tr

start site only the sequence TCAGTT which
be important as a strong RNA start site (see
Therefore, the sequences responsible for
promoter activity must lie in the region dowi
the site of transcription initiation. The transc
after the first 35 bp, contains a long 30 bp i

sequence which includes two successive po

CCTCATTCTGGAGACACCACCTGATGGCACAC
GCCGTTTAGTTGTCTTTTGACTGCTGTAACGC
v f f
GCCACATTCGTTCGATGGCAACGGATTGGATA
+TCAGTTATAAATCAGGAATAGATCTGGAATGI
GGCAGTCAGTCGCTGTTGAACCAAGCTAAAGG

AACCTCCGAAGAGATAAG'

CGTGTGAAGACGTTTTTAI

AATGGACGTGCCAAATAGi

TTGCGCTCGATGTGACAGi

SAACGTTAATCAATAAACP

rCTTGTGTCGAAATAAACC

-TCTGTAGACGTTGAGCGC

AGAGGAGAACGCCAAGCGC

AACGGATGCCGGAGCGGGC

jockey AATCATTCACATGGGA

I CATTACCACTTCA

F CATTTCGATCGCCGAC

Antp + GTTCAGTTGTGAATGA
IF + VT

en CAACTAATTCAGTCGI

17.6 TCAGTCTTAAGCTG
if

gypsy TACTCAGTTCAAAT
V Iv

412 AAAATCAGAGAGAC

DdcDm CAGCGCTCAGTTAA

DdcDv GACTCAGTTGGCTA

w ATGTCCGCCTTCAGTT

z TTTACCAGCTCTGATA

Dfd AGCATAACAAAAAATC

F CATTTCGATCGCCGAC

G ACAGTCGCGATCGA

Doc GACATTCGGCATTCC

R 1 Bm TGACTTCGCCGTCC

copia TTTCCTTCTTGTACGI

297 TTTTAGTCTTAAGCTC
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e orientation,
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several RNA
Figure 1).
ranscriptional
is thought to

signals and polyadenylation sites (Figure 1). The first 35 bp,
therefore, are the most likely candidates to be responsible
for the promoter activity. Then we used the RsaI site at
position +27 to create the 3'-deletion, and removal of the
sequences downstream from +27 resulted in loss of CAT
expression and of correctly initiated RNA synthesis
(Figure 2). Therefore, an important promoter element must
be removed by this deletion.

Discussion). Nucleotide sequence comparisons
mdgl LTR It was of interest to compare the first 50 bp after the

nstream from transcriptional start between different genes proven and
ribed region, thought to have downstream promoter sequences. We have
very AT-rich analysed retrotransposons for which the positions of RNA
lyadenylation start sites have been determined (mdgl, mdg3, gypsy, 412,

copia, 17.6, 297), several LINE elements from Drosophila
%GCTAGACTG A and other species with confirmed (jockey) or possible (I, F,
rCGCAAATTT G, Doc, RIBm) RNA polIl internal promoters, and several
_G'CGCGCTT Drosophila and mammalian non-TATA genes which are
rCGCTTAATA expressed in a regulated fashion and known to have tran-
NTCAAAAATA scriptionally important downstream elements [Ultrabithorax

(Ubx), engrailed (en), Antennapedia (Antp), ecdysone-
TCACAGAAG responsive E74 gene, lymphocyte-specific terminal
CTCTCAGTG deoxynucleotidyltransferase (TdT)] and some other

'C.GCCGC developmentally regulated non-TATA Drosophila genes
GTGTCGGAA [white (w), zeste (z), Deformed (Dfd), and D. melanogaster

and D. virilis dopa decarboxylase (Ddc) genes which have
a TATA sequence which is not important for correct
initiation of transcription] (for references, see the legend to

%ATCGATACC B Figure 6). The sequence similarities between LINEs, Antp
:TTGCTCCGG and en have already been noticed (C.McLean and D.Fin-
%ACCATTTCT negan, personal communication). A small conserved core
AATCAGCAC sequence can easily be distinguished in all these genes in
2TTGACTAAA the region 30-40 bp downstream from the RNA start site

(Figure 5). Panel A represents the promoter sequences forCGAAGCTCC which functional analysis has been carried out. Panel B
~AAGCGATTT
TTCGCAGCGC

TCCGCACAA

CTACGGACC

TTCTTTCAA

GTTCCGTTA

TGCTGGTGT

AACTATTTC

Fig. 5. Nucleotide sequence of the transcribed downstream region of
D.melanogaster retrotransposons mdgl, mdg3, gypsy (mdg4)
(Arkhipova et al., 1986), 412 (Yuki et al., 1986), 17.6 (Inouye et al.,
1986), 297 (Matsuo et al., 1986), copia (Emori et al., 1985); LINE
elements of D.melanogaster jockey (JI, Mizrokhi et al., 1988), I
factor (IRI, Fawcett et al., 1986), F element (lOIF, DiNocera et al.,
1983), G element (DiNocera, 1988), Doc (Driver et al., 1989); of
Bombyx mori R1Bm (Xiong and Eickbush, 1988), D.melanogaster
developmentally regulated genes Ubx (Biggin and Tjian, 1988), en

(Soeller et al., 1988), Antp (P2, Perkins et al., 1988), Dfd (Regulski
et al., 1987), z (Pirrotta et al., 1987), w (O'Hare et al., 1984), E74
(Thummel, 1989), D.melanogaster and D. virilis Ddc (Bray and Hirsh,
1986; Hirsh et al., 1986); and mammalian lymphocyte-specific TdT
(Smale and Baltimore, 1989). The sites of initiation of RNA synthesis
(where known) are indicated by vertical arrows, the sequences
TCAGTY or similar are underlined. Core regions of homology for
two groups are boxed. (In principle, the en sequence can also be
ascribed to the first group since both types of cores are adjacent and
conserved between D. melanogaster and D. virilis and there are two
neighbouring clusters of RNA start sites.) Square brackets denote the
footprinted regions of Ubx and Antp (see references above). Pluses and
minuses in the 3' part of the sequences designate 3-deletion mutants
which are either transcribed or not; those in the 5' part designate
respective 5'-deletion mutants.
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Fig. 6. (A) CAT activity of the transfected plasmids -8/+34 (1),
-8/+112 (2), -8/+34M (3), -8/+112M (4) and pUSVL-cat (5).
The volume of the extracts used for CAT assays was normalized
according to f-galactosidase activity of the cotransfected D88 plasmid
containing the lacZ gene (see Materials and methods). (B) Northern
blot analysis of poly(A)+ RNA extracted from Schneider 2 tissue
culture cells transfected with pUSVL-cat (1), -8/+34M (2), -8/+34
(3), -8/+112 (4) and -8/+112M (5). The hybridization probe was

the same as in Figure 3. The arrow again indicates contaminating
transfected plasmid DNA; the additional 1.6 kb transcript coming from
the vector in Figure 3 is not observed in this particular Schneider 2
cell line.

TdT

E74

Ubx

mdg 1

mdg 3
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represents alignment of corresponding sequences of several
Drosophila genes which may be expected to have
downstream promoter elements, being LINE-like elements,
or non-TATA retrotransposons, or developmentally
regulated non-TATA genes. Interestingly, two types of the
core consensus can be distinguished, either ACAG/C or
CGTG. It is of particular interest that retrotransposons 17.6
and 297, which are highly homologous and considered to
have a common origin, fall into different groups. It is also
worth mentioning that comparison of corresponding regions
in different Drosophila species [Ddc (Bray and Hirsh, 1986)
and en (Kassis et al., 1989) from D. melanogaster and
D. virilis, as well as Ubx from D. melanogaster and
D.fiunebris (Wilde and Akam, 1987)], an approach which
usually reveals islands of homologous sequences having
functional significance in the non-coding region of the genes,
shows that the sequences in the region in question represent
blocks of conservation.

In all the cases where functional studies involving 5'- and
3'-deletions were performed (mdgl, Ubx, en, Antp, E74;
present work and the references in the legend to Figure 6),
precise removal of the core sequence by 3'-deletion (deletion
endpoints are indicated in Figure 6) abolished correct
transcription initiation, and the same was true for 5'-deletions
removing the RNA start-site sequence. Note that for TdT
gene the correct RNA start at low levels was preserved in
the +11 3'-deletion; note also that the sequence upstream
of +11 has the element RRAGACA which is present in the
downstream core; point mutation in the first T of the start-site
sequence TCATT drastically reduced transcription (Smale
and Baltimore, 1989). In two cases (Ubx, Antp) protein-
binding sites have been observed as DNase I footprints of
downstream regions. Thus, the identified core sequences are
very likely to be functionally significant, and at least two
important elements (RNA start-site sequence and the
downstream element) appear to constitute a minimal
promoter.

mdg 1 transcription is dependent on the + 30 core
To investigate further the functional significance of the
identified +30 core, several other constructs were created
by cloning of the synthetic oligonucleotides containing
wild-type and mutant mdgl promoter sequences into the
same vector. The first construct (-8/+34) represented the
wild-type mdgl promoter, the second (- 8/ + 34M) carried
a 5 bp mutation in the +30 core (TACACT - GGATCC),
and the third (-8/+ 112M) was derived from -8/ + 112 but
had the 21mer carrying the mutant sequence inserted between
the RNA start site and the wild-type + 30 core at position
+ 15 in the same orientation (for details see Materials and
methods and Figure 1). Transcriptional activity of these
promoter fragments is represented in Figure 6. CAT assays
(Figure 6A) demonstrate that the activity of the construct
- 8/ + 34 is approximately equal to that of the previously
investigated - 8/+112 construct (lanes 1 and 2), while the
activity of the mutant clone - 8/ + 34M and of the clone
- 8/+112M (in which the wild-type + 30 core is removed
further 21 bp downstream from the RNA start site upon
insertion of the mutant oligonucleotide) is comparable to that
of the vector plasmid (lanes 3-5). Thus, all the sequences
necessary for basal level of mdg 1 transcription are located
in the -8/+34 region.

Analysis of RNA extracted from transfected Schneider 2

tissue culture cells (Figure 6B) shows that, in agreement with
the data on CAT activity, detectable transcripts of appropriate
length can be seen only for the wild-type (lanes 3 and 4),
but not the mutant, -8 +34 and - 8/ + 112 constructs. One
can conclude from these experiments that the +30 core
ACAC does play an important role in mdgl expression at
the transcriptional level and that the change in spacing (in-
sertion of 21 bp) between the RNA start site and the +30
core also produces dramatic effects on the transcriptional
activity in the in vivo assays.

A protein factor binds sequence-specifically to the
+ 30 core
The above studies suggested the existence of a protein factor,
binding of which to the downstream +30 core is required
for transcription initiation by poll. To study DNA -protein
interactions in the promoter region, nuclear extracts from
Schneider 2 cells were tested for the presence of a sequence-
specific DNA binding activity dependent on the + 30 core.
As probes for gel mobility shift experiments, 32P-end-
labelled promoter-containing mdgl fragments of convenient
length (-200 bp) were used. Figure 7A shows that a
sequence-specific retarded band is observed with the probe
derived from the minimal promoter (-8/+34) construct
(lane 4): this band can be competed by the wild-type (lane
5), but not the mutant (lane 6) oligonucleotide. The fastest
migrating complex (NS) in Figure 7 never exhibited a clear-
cut sequence specificity in DNA binding and was further

2 :4 5

Fig. 7. Gel mobility shift assays of the nuclear extracts isolated from
Schneider 2 cultured cells. As probes, the following 32P-end-labelled
mdgl promoter fragments were used: (A) 200 bp HindIl-PvuII
fragment of -8/+34M (lanes 1-3) and -8/+34 (lanes 4-6); (B)
150 bp HindIII-EcoRI fragments of -8/+112 (lanes 1-3) and
-8/+112M (lanes 4-6). The wild-type and mutant mdgl
oligonucleotides (see Materials and methods) were used as competitors
in lanes 2, 5 (wild-type) and 3, 6 (mutant). R denotes the sequence-
specific retarded band; NS, nonspecific complex; F, free probe.
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regarded as a non-specific DNA -protein complex. The
probe derived from the mutant - 8/ +34M construct (lanes
1-3) exhibits essentially the same gel retardation pattern
and analogous competition properties (i.e. the retarded band
can be competed by the wild-type but not by the mutant
oligonucleotide), but its intensity is reduced dramatically
(- 100-fold). These data can be interpreted in terms of
protein binding with little or no sequence specificity to
the mutant promoter probe, which can be greatly enhanced
by the presence of the wild-type +30 core sequence
representing an efficient binding site. The efficient binding
of this factor correlates with the transcriptional activity of
the construct (see previous section).
The probe representing mdgl promoter sequence including

more downstream regions - 8/+ 112 (Figure 7B) reveals a
more complex picture of retarded bands; however, a
sequence-specific component depending on the +30 core can
easily be distinguished with the help of the mutant and
wild-type competitor oligonucleotides (lanes 1-3). The
probe - 8/+112M (with 21 bp insertion at + 15) behaves
very similarly to the probe -8/+34M in that it exhibits
binding and competition properties analogous to those of the
wild-type -8/+112 probe, but again the intensity of the
bands is decreased many-fold (lanes 4-6).
The DNA probes used reveal not only retarded bands with

intermediate mobility, but usually tend to form a series of
slowly migrating retarded bands as well, the whole picture
being reminiscent of the assembly of polII transcriptional
machinery on the promoter (Buratowski et al., 1989).
These series of bands presumably reflect the formation of
multiprotein complexes on the promoter fragments, where
not all of the bands exhibit sequence-specificity in binding.
Most probably it is the identified protein that confers
sequence-specificity to the entire transcriptional machinery
in the case of the mdgl promoter. Identification of every
band in the complex pattern requires purification of separate
components and using them in reconstituted reactions.
The binding of the +30 protein is not dependent on the

RNA start-site sequence, since the efficiently competing
oligonucleotide does not contain it. In addition, the
+15/+112 fragment was very similar to the -8/+112
probe in its binding properties, i.e. it yielded an analogous
pattern of bands when used as a probe and behaved
identically when used as a competitor (data not shown).
However, the difference in their transcriptional activity
(Figures 2-4) indicates that, to enable efficient initiation
ofRNA synthesis, the +30 core and the start-site sequence
must act in combination. The most likely possibility is that
the RNA start site is recognized by pollI itself to initiate
transcription at the appropriate distance from the binding
site of the sequence-specific factor which directs efficient
assembly of the transcription complex.

Discussion
This study represents a detailed analysis of the promoter
region of D.melanogaster mdgl retrotransposon, tran-
scription of which is initiated precisely in the absence of
TATA-box-like sequences in the appropriate position. The
experiments presented here demonstrate that correct and
precise initiation of mdgl RNA synthesis at basal levels is
not dependent on the upstream non-transcribed sequences,

but can be provided only by the sequences extending from
the transcriptional start site to the downstream +35 region.
The + 30 region is shown to be an efficient binding site for
a sequence-specific protein factor, and mutation of the +30
core sequences results in the absence of transcriptional
activity in the in vivo assays.
To date, there are several known cases of localization of

poIl promoter sequences within the transcribed region near
the RNA start site. The first is the Drosophila LINE element
jockey (Mizrokhi et al., 1988); transcription ofjockey and
several mdg elements is sensitive to at-amanitin (Mizrokhi
et al., 1988). Two other Drosophila LINE elements, I and
F (Fawcett et al., 1986; DiNocera, 1988) were also inferred
to possess internal promoters, because LINEs cannot
otherwise preserve their promoters after retroposition. The
yeast Ty-D15 retrotransposon was reported to require an
internal promoter element located 140 bp downstream of the
LTR for its transcription (Yu and Elder, 1989).
Not only mobile elements but also some other Drosophila

developmentally regulated cellular genes were shown to
possess a similar promoter organization, i.e. correct initiation
of their RNA synthesis at basal levels required not upstream,
but downstream sequence elements (Ubx, en, Antp, E74;
see above). It is of interest that nucleotide sequence
comparisons allowed us to identify some similarities
between them in the downstream region, and the identified
core sequence was shown to be essential for mdgl tran-
scription and for protein binding. Footprints observed for
Ubx and Antp suggested the existence of the downstream
protein factor(s); however, it was not investigated further
with respect to its transcriptional importance and sequence-
specificity of binding. Thus, the present work demonstrates
for the first time the existence of a D. melanogaster
sequence-specific DNA binding protein which is crucial for
transcription initiation (we called it DIF, for downstream
initiation factor). It remains to be seen what its relationship
is to the other components of pollI general transcriptional
machinery and whether it represents a novel protein or an
already known one but with an unknown function. The fact
that the +30 core bears no resemblance to the TATA box
allows one to suggest that transcription of this type of
promoter may not involve the only known sequence-specific
general transcription factor TFIID, although it is possible
that it may bind to non-TATA-like sequences. The exact
sequence specificity of DIF binding has yet to be determined,
as has its relationship to the other type of the + 30 elements.
As for mammalian and viral systems, two non-TATA and

non-housekeeping GC-rich promoters have been examined
in most detail: the lymphocyte-specific murine TdT (Smale
and Baltimore, 1989; Smale et al., 1990) and the SV40 major
late promoter (Ayer and Dynan, 1988, 1990). The first one
was shown to depend only on the RNA start-site sequence
(called the Initiator or Inr), which in mammals looks quite
similar to the previously known common Drosophila (and
other insect) RNA start site TCAGTc (Arkhipova et al.,
1986; Cherbas et al., 1986; Hultmark et al., 1986).
However, one still cannot exclude the possibility of occa-
sional occurrence of some sequence-specific protein-binding
sites in the vicinity of Inr, since the Inr sequence does not
seem to be the site of interaction for a sequence-specific
general transcription factor. The TCAGTT sequence per se
is necessary but not sufficient to promote accurate tran-
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scription initiation, since the 3' promoter deletions of the
+30 region for Ubx, Antp, en, E74 and mdgl and mutation
of the +30 core for mdgl, all of which retain the RNA start
site and impair only the +30 region, demonstrate trans-
criptional inactivation of the previously active constructs.
On the other hand, the requirement of the RNA start-site

sequence suggests a bipartite structure of a minimal promoter
of this type, in which the two necessary elements carrying
out the basal promoter function are the RNA start-site
sequence, or Inr, and a downstream element at a proper
distance. It may be that the initial event in transcription of
such a promoter is binding of a sequence-specific component
to the +30 core, followed by recognition of the TCAGT
motif (maybe by polII itself), which is necessary for accurate
initiation of RNA synthesis.
The SV40 major late promoter represents a somewhat

more complicated tripartite structure in which the RNA start
site as well as both regions around -30 and +30 are
important for transcription, the start-site sequence directing
precise initiation and the two others influencing its level
(Ayer and Dynan, 1988). The +30 sequence is shown to
be a site for interaction of a sequence-specific protein
factor which facilitates formation of transcriptionally active
preinitiation complexes (Ayer and Dynan, 1990). It is not
yet clear whether transcription of this promoter is TFHD-
dependent.
The mouse ribosomal protein L32 gene required an

element - 30 bp downstream of the cap site for its
transcription initiation, and a protein factor was shown to
bind to it; however, the upstream sequences were required
for accurate initiation of basal transcription as well (Moura-
Neto et al., 1989). TFIID was reported to provide efficient
transcription from the adenovirus IVa2 promoter by binding
to the TATA box in a downstream position (+20), and the
Inr sequence was thought to fix the direction of transcription,
since this downstream TATA box was present in an inverted
orientation (Carcamo et al., 1990). It was not clear whether
TFIID was required for basal transcription from TdT
promoter, although its regulated transcription was TFHD-
dependent (Smale et al., 1990).

In general, with respect to localization of sequences
determining the transcription initiation, polIl promoters
may be divided into upstream promoters and downstream
promoters. Upstream promoters may be defined as those
which cannot be transcribed at all in the absence of
upstream sequences; downstream ones are transcribed by
the combination of sequences lying in close proximity to the
RNA initiation site together with downstream elements, with
upstream elements being needed only to regulate the level
of transcription. The location of the RNA start site is likely
to depend on the interaction of the start-site and downstream
elements; it may be that both elements will reside in the
transcribed region and then the promoter will be completely
internal as for LINE elements.

It may turn out that the downstream promoter class is
wider than initially apparent, because the regions responsible
for initiation of RNA synthesis have not been mapped
for many non-TATA promoters; furthermore, TATA box
homologies are often ascribed in an arbitrary manner.
A brief look at the sequences of many other Drosophila

genes (data not shown) which have a characteristic RNA
start-site sequence, but in most cases do not have good

matches to the TATA box consensus, reveals the occurrence
of the core sequence (CGTG or ACAG/C, or its reverse
complement) at a distance of -30-35 bp downstream of
the transcriptional start site with a high degree of probability
(much higher than the occurrence of any other four
nucleotides) with a great variety of nucleotide sequences in
between the two conserved areas. Of course, its significance
should be investigated functionally in every particular case,
since its occurrence may be occasional, and it will be of
interest to find out whether the genes presented in Figure
SB do belong to the same promoter class as those
demonstrated experimentally.

Identification of an internal polH promoter in LINE
elements was predicted for a LINE-like I factor retro-
transposon (Fawcett et al., 1986), which does not generate
terminal redundancy and needs another way to preserve
its promoter after a retrotransposition cycle. The discovery
of such a promoter organization for a retrovirus-like
retrotransposon is rather intriguing, because Drosophila
retrotransposons have been demonstrated to follow all the
stages of retroviral reverse transcription leading to the
formation of the LTR structure (Arkhipova et al., 1986),
and the LTRs are used for regeneration of the 5'-non-
transcribed promoter regions during retrotransposition. In
principle, it seems quite possible that such a promoter
organization in some cases may result in a conversion of
a retrovirus-like element into a LINE-like one with no need
to regenerate promoter sequences for expression in an
integrated site.
Thus, in addition to their evolutionary origin, the so-called

viral and non-viral retrotransposons (Weiner et al., 1986)
may have much more in common than has been suggested,
taking into consideration the possibility of interconversion
between the two classes (it may theoretically occur in both
directions as LINE-like elements may somehow acquire
LTRs). Their relationship is strengthened by the existence
of gag-like proteins in both classes (see Doolittle et al.,
1989 for references) and the presence of tRNA homologies
and oligopurine stretches in the coding strands of several
LINE elements (Murphy et al., 1987; Furano et al., 1988;
Hutchison et al., 1989). The possible significance and
consequences of the existence of such promoters in regulated
cellular and viral genes remain worthy of discussion and
further investigation.

Materials and methods
Plasmid DNAs
The majority of the CAT constructs are based on the promoterless
vector plasmid pUSVL-cat, which was created by insertion of a 1.6 kb
XnaI-BamHI fragment from the plasmid pSVO-cat (Gorman et al., 1982),
which contained the coding sequences of the bacterial chloramphenicol
acetyltransferase gene (with the ATG codon) followed by the SV40 intron/po-
ly(A) site, into the XmaI and EcoRI sites of the pUC19 polylinker. This
allowed further inserts to be cloned into the seven restriction sites from
HindIII to SmaI.
mdgl fragments were usually excised from the plasmid p14 in which a

0.25 kb EcoRI LTR fragment (clone Dm58, Arkhipova et al., 1986) is clon-
ed into the EcoRI site of pUC19 so that the polylinker sites are adjacent
to the 3' EcoRI LTR site in the transcribed region of mdgl. The promoter
inserts of the 5'-deletion series -110/+112, -20/+112, -8/+112,
+ 15/ +112 were excised from p14 (by Hinfl, AccI, Sau3A partial digest,
and BglII respectively at the 5' LTR end and by XnaI in the polylinker
at the 3' end) and inserted into pUSVL-cat digested by XnaI and by SalGI,
AccI, BamHI and BamHI respectively. In the clone -95, the TaqI-EcoRI
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fragment of p14 was inserted into the AccI and SnaI sites of pUSVL-cat;
in the clone -31/+27, the BglII-Rsal fragment was inserted into the
BamHI and SmaI sites. The insert of the entire LTR clone (catX) contain-
ed an extra 75 bp from the mdgl sequences adjacent to the 3' LTR at the
5' end and 50 bp of the adjacent D.melanogaster genomic DNA sequences
at the 3' end and was excised from the clone Dm58 by DraI and XbaI and
inserted into the SalGI and XbaI sites of pUSVL-cat. The BglII fragment
itself was also inserted into the BarnHI site of pUSVL-cat in both orienta-
tions to obtain the constructs GD and GR. The construct - 146 was obtain-
ed in a different way: the 1.6 kb SmaI -BamHI fragment of pSVO-cat was
inserted into the plasmid p14 cut by these enzymes. It was further used
to obtain the construct +27 by replacement of the EcoRI-KpnI fragment
by the RsaI-KpnI fragment of p14.
To obtain the clones -8/+34 and -8/+34M, synthetic 21mers of the

sequences GATCTGGAATGTACACTCGCA (wild-type) and GATCTG-
GAATGGGATCCCGCA (mutant), respectively, were annealed to the
complementary ones to produce a GATC overhang, phosphorylated and
cloned into the plasmid -8/+ 112 cut by BglII and SnaI to replace the
mdgl sequence from +15 to +112 by the oligonucleotide. The clone
-8/+ 112M was obtained by insertion of the mutant 21mer into the + 15
Bglll site of the same plasmid -8/ + 112. All the constructs were checked
by dideoxy sequencing. Note that the BglII site at + 15 is not present in
a previously published mdgl LTR sequence (Kulguskin et al., 1982) due
to a base error.

Transfection and CAT assay
Cell culture transfection by the standard calcium phosphate procedure and
CAT assays with parallel ,B-galactosidase assays for normalization of CAT
activity were performed as described by Mazo et al. (1989). The figures
for CAT activity were usually calculated from three independent transfection
experiments.

RNA extraction and analysis
Poly(A)+ RNA was isolated from transfected cells and used for Northern
blot hybridization and primer extension analysis according to Maniatis et
al. (1982). In parallel with RNA extraction and analysis, CAT and
,3-galactosidase assays were performed on aliquots to control the RNA level
and transfection efficiency. The 32P-labelled (Multiprime DNA labelling
system, Amersham) probe used for Northern experiments was the Hinfl
fragment of pUSVL-cat which contains the last 0.5 kb of the SV40 sequence,
so only the transfected nucleic acids could be seen. The probe used for primer
extension was synthesized on the M13cat single-stranded template described
by Mazo et al. (1989).

DNA -protein interactions
Nuclear extracts were prepared from Schneider 2 tissue culture cells and
assayed in gel retardation experiments essentially as described by Soeller
et al. (1988). The binding reactions were performed on ice in 25 mM HEPES
(pH 7.6), 40 mM KCl, 2 mM MgCl2, 0.1 mM EDTA, 1 mM DTT, 10%
glycerol and 100 1g/m1 poly[dG-dC]-poly[dG-dC] for 20 min. In
competition experiments, a 100-fold molar excess of cold DNA fragments
isolated from polyacrylamide gels was added 10 min prior to addition of
the labelled probe; oligonucleotides used for competition were phos-
phorylated, annealed, and ligated as described by Kadonaga and Tjian (1986).
DNA-protein complexes were resolved in 4% (60: 1) polyacrylamide gels
in 0.25 x TBE at 20 V/cm.
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