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ABSTRACT

CLONING A PUTATIVE DNA-BINDING PROTEIN CONTROLLING THE 5’'LTR

OF THE COPIA ELEMENT IN DROSOPHILA

Horng-Yuan Kan

0l1d Dominion University
and
Eastern Virginia Medical School
1993
Director: Chris. J. Osgood Ph.D.

Copia, a Drosophila retrotransposon, is constitutively
expressed in all developmental stages, except the embryo in
Drosophila melanogaster. The effect of random integration of
the copia element results in phenotypic change in Drosophila.
The regulatory sequences, controlling copia expression, are
located within the 5'LTR. The DNA sequence in the 5’'LTR and
in the location between downstream of entire the 5'LTR and the
initial translation site have been identified by mobility-
shift binding assays and DNase I footprinting assays. The
data reveals three protected regions: a TATA-binding site, the
AT-1, and AT-2 binding sites. The TATA-binding site and AT-1
site are located within the S5/LTR, while the AT-2 sites is
located within the 5'UTR of copia element. The sequence
protected by the AT-1 protein is ACTATTTATTTATTTATTAGAAAGG,

(25'bp), located between nucleotides 227 and 252. The

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



sequence-specific DNA-binding protein, AT-1 protein, has been
cloned. A cDNA library derived from 0-20 hour embryonic cells
of Drosophila was directly screened. Six positive and
identical cDNA sequences, verified by restriction enzyme
digestion, were selected from 3.5 X 10 ° plaques of the lambda
gtll expression vector by using concatenated target sequence
as probe. Southwestern and Western blots have verified the
DNA-binding activity as sequence specific binding derived from
the f-gal-cDNA fusion protein. The cDNA sequence of AT-1 was
determined by the dideoxy chemical method. AT-1 contains 3302
bp in total, of which the 5'UTR is at least 255 nucleotides.
The secondary structure of 5'UTR was also predicted by
computer calculation, no significant hairpin loop structure
within thig region was found suggesting steric hindrance is
not involved in regulating initiation of translation. In
contrast, the 3’'UTR, containing 1083 nucleotides of AT-rich
sequence, is much longer than the 5'UTR. One open reading
frame was found in the AT-1 sequence, spanning 2064
nucleotides and encoding 688 amino acids. The calculated

molecular weight of the AT-1 protein is 74.4 KD.

The AT-1 protein has a candidate region possessing a
transactivation domain. No strong similarity in DNA sequence
to known DNA-binding motifs was found in the AT-1 sequence.
The amino acid sequence of the AT-1 protein, however, carries
a high percentage of positively charged aminc acids,

consistent with a DNA-binding function for the AT-1 protein.
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The data suggest also that the AT-1 DNA-binding protein
probably utilizes either a helix-turn-helix or helix-loop-
helix structure motif to associate with the target DNA
sequence. In summary, this study has identified a sequence-
specific DNA binding protein, AT-1, that may control the

expression of copia transcription in the 5’'LTR region.
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I. Introduction

A. Introduction to transposons

Transposable elements are unique DNA segments which can
self-replicate and move from one site to another within the
same chromosome or even move to a different chromosome. In
general, the structural features of transposon include:
encoding a gene or genes for transposition, and the presence
of inverted DNA sequences at both ends. Presently, three
general types of transposition event are well known. In the
first, the transposon is removed or cut out of donor DNA and
"pasted" into the target DNA molecule. In the second, the
transposon DNA is duplicated, leaving a copy of itself in the
original site while inserting itself into a new location via
cointegrate formation. Third, the transposon’s movement is
through an RNA intermediate followed by reverse transcription
and insertion of the cDNA into a new chromosomal location.
Transposable elements were discovered in maize by Barbara
McClintock (1); she named these "controlling elements" since
insertion of a transposon may affect the activity of adjacent
genes. Deletion, duplication, inversion and translocation all
may occur at the sites where controlling elements are

integrated. Those events may be caused by the transposition

1
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of transposable elements that excise perfectly or imperfectly.
Before McClintock’s observations, the genome was thought to be
very static with regard to gene location. However, in recent
years, a number of transposons have been identified in corn,
fungi, and plants. More recently, transposable elements have
been identified in many eukaryotes, and they have been studied
intensively in yeast, Drosophila and humans. Eukaryotic and
prokarytic transposable elements are structurally similar and
induce similar genetic effects in their hosts. Both are able
to affect the function of virtually any gene, turning it on or

off, depending on the element involved and how it integrates

into or nearby the gene.

1. Transposons in Prokaryotic cells

The prokaryotic transposons carry gene(s) that code for
the enzyme activities required for their own transposition,
such as DNA polymerase or DNA gyrase. Compared to the
prokaryotes, the enzymatic functions of transposons involved

in transposition in eukaryotes are less well characterized.

Transposable elements are ubiquitous in bacteria. The
major categories are IS elements, antibiotic-resistance
transposons and transposing bacteriophages. The insertion
sequences, or IS elements, are the simplest form of prokarytic
transposable elements. They range in length from 800 to 2,500

base pairs (bp) and can be found in the genomes of many
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different bacteria at multiplicities between a few to several
hundred copies per genome. Their presence 1is recognized
either as the result of 1) mutations generated by their
insertion, 2) genes mobilized under their influence, or 3) DNA
rearrangements promoted in their vicinity, such as deletion

and inversion of adjacent genes(2).

The Jjumping sequence Tn carries an antibiotic-
resistance gene. It is a close kin of the IS sequences
identified earlier, but with a significant difference.
Heffron (3) showed that unrelated plasmids conferring
penicillin resistance, isolated from many different bacteria,
all contained the same transposable element sequence call Tn3.
Other members of the Tn3 family were identified by similarity
to Tn3 of their inverted termini, which are 35 to 48 bp in
length; by their similar mode of transposition (co-integrate
formation); by the 5-bp direct duplication of a sequence
adjacent to the insertion site; and by the similarity of their
transposition proteins. The Tn3 family as well as other
transposons are usually found on plasmids from antibiotic-
resistant bacteria, but they may transpose to bacteriophage

and to the chromosome of E coli and many other bacteria.
The temperate and mutator phage Mu was the first

prokaryotic transposable element to be described (4). Mu can

be considered as both a phage and as a transposable element.
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Experimentally, the separation between the phage behavior and
the transposable element behavior of Mu has been achieved by
the isolation of the so-called mini-Mus. These derivatives
carry large internal deletions but retain intact ends of Mu
and sometimes one of several early genes. Mu inserts into the
bacterial chromosome by a random distribution. Mu can mediate
the formation of chromosomal rearrangements such as deletions,
inversions, duplications, and transpositions of host DNA as

well as replicon fusions.

2. Transposons in eukaryotic cells

It is known that most transposable elements in a
eukaryotic genome are internally deleted, and have lost the
ability to transpose independently. In general, the
transposons exist in several different kinds of eukaryotic
cells including yeast, Drosophila and primates. A family of
dispersed repetitive transposons in the yeast is called Ty.
Ty is an abbreviation for transposon yeast. Ty elements have
short direct repeats at their termini and encode two
overlapping RNAs (Ty A and Ty B) transcripts. They have two
open reading frames which sequence analysis relates to the
retroviral gag and pol genes. Most Ty elements fall into one
of the two major classes, called Ty 1 and Ty 917. Each
element is 6.3 kb long; the last 330 bp at each end constitute
direct repeats, called delta. All elements share the presence

of the delta repeats, a long region at the left end, another
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region at the center, and a short region adjacent to the right
delta. Ty 1 follows the retroviral pattern and transposes by
a reverse transcription of its RNA chain to vyield a
complementary DNA. After conversion of this DNA chain to a

double helix, it then inserts into new chromosome locations.

Presently, Drosophila has the largest number and
greatest variety of transposable elements in eukaryotes (5).
Altogether, transposons might account for as much as 10% of

its total nuclear DNA.

There 1is 1little evidence of active transposable
elements in the genomes of animals, but cloning and sequencing
of animal genes have turned up compelling evidence for
transposition events in the genome. Animal genomes contain
repeated sequence elements dispersed to thousands of
locations. Best characterized of these are LINES, SINES and
Alu family. The LINES comprise long interspersed sequence and
the SINES comprise short interspersed sequences. The typical
LINES member is about 6500bp long and terminates in an A-rich
tract. Open reading frames may be present. The LINES
families show variation in 1location and number among
individual members. However, the members of the family within
a species are relatively homogeneous compared to the variation
between species. LINES are derived from transcripts of RNA

polymerase II, while SINES are derived from transcripts of RNA
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polymerase III. The Alu sequence is closely related to a
small RNA molecule called 7 SL. Similar DNA copies of other
small RNAs such as tRNAs are found scattered throughout the
genome. Alu elements are about 300 base pairs long and are
recognizably related but not precisely conserved in sequence.
Almost a million Alu sequences are present in the human

genome, equaling 3 to 6 percent of the total DNA.

B. Transposable elements in D. melanogaster

The presence of transposable elements in D.
melanogaster was found by molecular genetic analysis of
unstable mutations that revert to wild type, or generate
deletions of the flanking material with an endpoint at the
original site of the mutation. It has been shown that many
different mechanisms may be involved in causing mutant
phenotype by transposable elements in Drosophila. The nature
of mutational phenotype will depend upon the location of the
insertion site with respect to the structural and functional

domains of the affected gene.

1. The classification of transposons in Drosophila
Transposable elements in D. melanogaster can be grouped
into at least five classes: retrotransposons, FB, hobo,
mariner, and P elements. The classification of transposable
elements in Drosophila can be further grouped into

retrotransposon-like and non-retrotransposon-like elements,
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based on their DNA sequence features. Each group of
transposon has characteristic consensus structural genes
ranging in size from several hundred base pairs to several
kilobases. Some 15 different transposcn families have been
identified, each of them being represented by 10-100 copies
and dispersed throughout the genome. The transposable
elements in Drosophila can exist in many different species of

Drosophila or be present in only a few species.

2. Retrotransposons in Drosophila

Retrotransposon is a transposon that mobilizes via an
RNA form; the DNA element is transcribed into RNA, and then
reverse-transcribed into DNA, which is inserted at a new site
in the genome. There are two major groups of
retrotransposons. The first is retrovirus-like, or LTR-
containing retrotransposons with LTRs (long terminal repeats)
at their ends. The second is long interspersed nucleotide
elements-1like (LINES), or non-LTR retrotransposons, which lack
any terminal repeats and have a poly (A)-type sequence at
their extreme 3’ends. Even though the two types of
retrotransposon are structurally different, they share reverse
transcription in their transposition cycle. Both types of
retrotransposons encode only those enzymatic functions that
are necessary for their own transpositions and cannot be

provided by the host cell.
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All of the retrotransposon-like elements display a
characteristic structure which resembles strikingly that of
the integrated form ( provirus ) of vertebrate retroviruses,
suggesting that there 1s a strong suggestion of some
evolutionary relationship (6,7). According to the
transposition of most transposable elements in Drosophila
occurs via an RNA intermediate defining the so-called
retrotransposons. These elements have a coding capacity for
reverse transcriptase and may well transpose through an RNA
intermediate, in contrast to classical transposons which use

the DNA-~DNA transposition pathway.

The poly(A) type elements are characterized by a
poly(adenylate) sequence of variable length at the 3’ end. All
of them lack an LTR sequence. The duplications of target site
is variable in size. They occur in multiple copies per genome
and differ in sequence by truncation of their 5/ termini (8).
The F,G,I, and jockey elements of D. melanogaster constitute
a family of poly(A)-type retrotransposons. The ORFs (open
reading frames) of poly(A)-type elements are quite similar to
certain regions of the gag and pol genes of integrated
retroviruses. The product of the pol gene in poly(A)-type
retrotransposons typically show homology to RNA-dependent DNA

polymerase (RT) and RNase H(RH), but lack protease(PR) and

Integrase(IN).
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LTR-containing retrotransposons have similar structures
and functions to the retroviral proviruses of vertebrates (9).
Each LTR is made up of the fusion of three successive
sequences, in the order 5/-U3-R-U5-3‘. The full-length
transcript initiates at the U3-R boundary and terminates at
the R-U5 boundary. The full-length RNA, R-U5~internal domain-
U3-R, is terminally repetitious; thus, the retrotransposon
full-length transcript is analogous to that of the retroviral

provirus.

Two processes of reverse transcription often occur,

that is, minus-strand and plus~strand reverse transcription.
Reverse transcription in the retrotransposons always uses the
minus strand and initiates just 3’/ to the 5’/ LTR. The primer
is always a tRNA. The product of this priming event is a
runoff molecule terminating at the 5’ end of its template RNA.
This product of tRNA priming, called minus strand-stop DNA,
consists of about 75 nucleotides of RNA at the 5’ end followed
by a few hundred nucleotides of DNA at the 3/ end. The 3’ end
of strong-stop DNA 1is initially hybridized to its RNA
template; this RNA/DNA hybrid is a substrate for RNase H. 1In
general, tRNA primers for retrotransposons differ slightly
from those used by retroviruses. The species of tRNA used is
often different, and the homology to the 3/ end of the priming
tRNA tends to be shorter. Retrotransposons also show more

variability than retroviruses in the distance from the end of
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the LTR sequence to the first base of the primer binding site.
Retrotransposons have other similarities to retroviral
sequences such as characteristic reverse transcription priming
sites located just adjacent to the LTR sequences, enhance
sequences that can respond to host regulatory systems, and
regions of open reading frame that correspond to the well-
known retroviral genes gag, pol, but not env. The pol gene in
retrotransposons encodes the PR, RT, RH, and IN proteins, and
all products have similar structures to those of retroviruses
(10,11). The gag-like gene in retrotransposons may encode the

structure of virus-like particles (VLP).

One of most abundant groups of retrotransposons is the
copia~like element. Copia in latin means abundant, and the
copia MRNA is highly abundant in larvae, adult and cultured
cells in Drosophila. The copia family is taken as a paradigm
for several other types of elements whose sequences are not
closely related, but whose structure and general behavior
appear to be similar. The copia element specifies the
production of virus-like particles consisting of element-
encoded reverse transcriptase, coat proteins, and full-length

transcript (12).

A second major group of retrotransposon is the gypsy-
like families. These elements have the retrovirus-like order

of functional domains in the pol gene and exhibit more target

10
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site specificity than do the members of the copia group.

Gypsy has one very important property; second-site suppression
of insertional mutations. A suppressor 1is a dgene whose
mutations reverse the mutant phenotype because of another
mutation at a quite different locus. It has been shown that
most suppressible mutations in Drosophila are caused by the
insertion of a mobile element. The gypsy retrotransposon was
the first to attract attention as a genetic element involved
in suppression by second-site mutation in Drosophila (13) when
the mutant alleles suppressible by the su(Hw) gene were found
to be associated with insertion of this particular mobile
element. The gypsy retrotransposons provide a good example of
trans-acting regulation in controlling gene expression of
transposable element. Although su(Hw) protein does not bind
directly in LTR of gypsy but bind in between the downstream of
entire LTR and the first ORF, it is an good example for
repressing the transcriptional process by binding a DNA-
binding protein in 5/UTR region of retrotransposon. This
effect of transcriptional repression will prevent the

mutation of transposon insertion.

3. Nonretrotransposons in Drosophila

The best known nonretrotransposon~-like element in
Drosophila is the P element. They transpose via DNA-DNA
transposition, and have been shown to be the cause of

mutations resulting from a dysgenic cross. There are two

11
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types of P elements: autonomous (or complete) P elements, also
known as P factors, and nonautonomous (or defective) elements.
Autonomous P elements contain two 31-bp inverse terminal
repeats and four open reading frames (ORF0-ORF3), which are
required for the production of functional transposase (14).
Defective P elements, which range in size from 0.5 to 2.5 kb,
are generated via deletions of internal sequences from
autonomous P elements in which approximately 150 bp are
conserved at each end. Approximately 30-50 copies of P
elements are scattered throughout the genome; one-third of
these copies are 2.9 kb and highly conserved. The remaining
copies are heterogeneous and vary in size but contain shorter
versions of the P element (14,15,16). Drosophila strains can
be classified into two types: P strains containing autonomous
and nonautonomous P elements, while M strains do not contain
any autonomous P elements (17). Only progeny from crosses
between P males and M females exhibit dysgenic traits. This
phenomenon is referred to as the reciprocal cross effect and
led to the theory that there are two regulatory states, P and
M cytotypes, which govern P element movement. In P cytotype,
P element transposition and excision are suppressed both in
the germ line and in somatic cells. The cytotype of an
individual is determined by the individual’s genotype and the
cytotype of the mother. O’Hare and Rubin (18) first proposed
that a complete or autonomous P element encodes both a

transposase, necessary for the transposition and excision of

12
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P elements, and a repressor, which suppresses P element
movement. The ability of cloned P elements to provide
transposase for the transposition of nonautonomous P elements
led to the development of a germ-line transformation system in
Drosophila melanogaster. Sequence analyses of defective P
elements and germ-line transformation studies indicate that

the terminal inverted repeats are required for transposition

(14,16,18).

In the transcription and translation control of the P
element, transposase protein translated from mRNA that lacks
the third intron encodes an 87 KD protein (19). DNase I
footprinting experiments with the purified 87 KD transposase
protein showed that it is a site-specific DNA-binding protein
that binds to a 10 bp AT-rich consensus sequence approximately
16 bp from the 5/ inverted repeat and 4 bp from the 3’/ invert
repeat. Additionally, the 5’ transposase binding site
overlaps the P element promoter, prompting the suggestion that
perhaps the 87 KD transposase protein 1is involved in

regulation of P element transcription (20).

Drosophila FB (an abbreviation for  foldback)
transposons constitute a single, heterogenous family. When
such sequences are denatured, they readily fold back to form
hairpin structures. The termini of FB transposons are large

inverse repeats. The inversely repeated terminal sequences
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are presumably involved in transposition. The size of
terminal repeats varies from several hundred base pairs to
several thousand base pairs. The inverted repeats of all
members of the FB family are homologous. The central portion
of FB elements are heterogeneous, and code for one or more

polypeptide products necessary to allow or regulate FB

transposition.

C. Structure of Copia

Copia is a moderately repeated retrotransposon that is
primarily, if not exclusively, inherited through germ-line
transmission from parent to offspring. The Rous sarcoma virus
(RSV) and human immunodeficiency virus (HIV) are examples of
vertebrate retroviruses (21). In contrast to copia-like
transposable elements, true retroviruses are typically
chromosomally integrated only in infected somatic cells; thus,

retroviruses are not usually inherited in a Mendelian fashion.

Hybridization in situ with polytene chromosomes shows
that copia sequences are present at different (and
overlapping) sites in different strains of Drosophila (22).
The copia element is widely scattered and highly polymorphic
in location in the chromosome arms of D. melanogaster, as well
as in the centric heterochromatin (23). Close relatives to
copia, as judged by structural features such as the relative

gene order in the transpoable element, are found in Drosophila

14

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(25), yeast (26), and plants (27). Many Drosophila mutations
are indeed the result of copia DNA insertions. Some, but not

all, of these insertion mutations are highly unstable.

The copia-like elements carry long terminal repeats.
Each repeat makes up about 5% of the length of the element.
These repeats present short, imperfect inverted repeated
sequences at the ends of each long direct repeat, and a few
base pairs of duplicated target sequence flanking the elenment
that was present in one copy before insertion. The different
genomic copies of the elements of one family are very similar

in structure to one another.

Copia is structurally similar to retroviral proviruses
(27). It is ~5kb long with long terminal repeat (LTRs) of 276
bp. Major transcripts of copia are 5 kb and 2kb in length in
cultured cells, whereas in flies, the 5 kb RNA is far more
abundant than the 2 kb species (28). Transcripts start in the
5/LTR (29) and the larger one probably extends to the 3/LTR

without splicing (30), analogous to retroviral genomic RNA.

Copia DNA exists in two forms: as linear molecules
integrated into the genome flanked by the two long terminal
repeats (LTRs); and as extrachromosomal molecules containing
1 or 2 copies of the LTR, similar in structure to the DNA

integration intermediate of vertebrate retroviruses (31).
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The similarity between copia-like elements and
retroviruses is far greater than simply the presence of LTRs.
All copia-like elements for which there is sequence
information (except mdg3), have purine-rich sequences adjacent
to their right-hand LTRs. The LTRs themselves contain likely
promoter and polyadenylation signals, and in many cases start
with the sequence TG and end with CA as do all known
retroviral LTRs (32). Mount and Rubin (27) have determined
the complete nucleotide sequence of the copia element present
at the white-apricot allele of the white 1locus in D.
melanogaster. This transposable element is 5,146 nucleotides
long and contains a single long open reading frame of 4,227
nucleotides which encodes a 1409 amino acid polyprotein (27).
Analysis of the coding potential of the large open reading
frame revealed weak homology to a number of retroviral
proteins, including: protease; nucleic acid-binding protein;
intergrase; and reverse transcriptase (27), but no env
homolog. The absence from copia of any env-like protein
therefore strongly supports the view that copia is not a true
virus, but rather a transposable element whose mechanism of
transposition is very similar to the mechanism of replication

of a retrovirus.

Yoshioka, et al (33) have shown that Drosophila copia
protease is likely to be encoded in the gag gene, and they

expressed the copia gag polypeptide precursor in E. coli. The
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protease is involved in cleaving the gag precursor itself.
Also, the assembly of copia gag protein may be correlated with

the autoprocessing of copia gag polyprotein precursor.

D. Mutagenesis by the Copia Element

The copia element can cause a mutant white-eye
phenotype by insertion of the copia retrotransposon into the
second intron of the white gene with the same transcriptional
orientation, causing the white~-apricot (w*) mutation. Due to
the presence of the copia element in the intron of the white
gene, the level of normally spliced white mRNA is greatly
reduced, and the majority of white-apricot (w*) primary
transcripts are polyadenylated in the 3’copia LTR and are
therefore truncated. Four different mRNAs from this copia
insertion have been identified: 2.6, 5.8, 1.2, and 0.9kb. The
2.6kb mMRNA is expressed at a low rate relative to other
transcripts. Analysis of the 5.8kb mRNA showed that
transcription initiated at the white promoter and terminated
primarily in the 3’ copia LTR. The 1.2kb mRNA initiated in
the normal white promoter and terminates in the 5’copia LTR.
The 0.9kb mRNA is derived from the first intron of wild-type
gene. The eye-color phenotype of these flies is thus caused
by molecular events that lead to the production of these

aberrant RNAs at the expense of wild-type white transcripts.
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Not only was eye color changed but also the function of
dosage compensation was influenced by the copia insertion in
Drosophila. To determine whether the multicopy copia
transposable elements can dosage compensate, Heibert and
Birchler (42) used the linked white-apricot (w') mutation in
which a copia element is present. The extent of dosage
compensation was determined for the white and copia promoters
in larvae and adults for two different genomic locations of
the w* allele. They concluded that copia transcription was
dosage compensated higher on the X chromosome in males than on

autosomes.

E. Transcription and Translation of Copia

Copia transcripts are present in relatively low amounts
in embryos and increase in the 1larval stages to reach a
maximum in second-third instar larvae, then decrease slightly
and are maintained at approximately constant levels through
the adult stage (35,36). The 5’/ termini of copia-specific
mRNAs in D. melanogaster tissue culture cells were determined
by S1 nuclease mapping and cap analysis (45). Termini, as
judged by S1 nuclease mapping, were located either in a
pyrimidine-rich part of the terminal direct repeat or
apparently outside of the copia element, suggesting that a
fraction of copia transcripts derive from promoters external
to the genetic element. Copia is actively transcribed in the

larval Malpighian tubules, in which most of the larval
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transcription of the white gene takes place. In the white-
apricot mutant of Drosophila, the copia element is expressed
by using the white promoter located in the white gene(the gene
expressing the pigment of eye color)in the w* allele. This
effect to the mutant phenotype of the w* allele is probably
not significant. When one of the copia LTRs is still present
at the copia insertion site, the mutant phenotype on the
pattern of developmental expression of the white gene is also
observed. It is suggested that regulatory signals necessary

for developmental expression of copia are located in the 5/LTR

(38) .

Transposable elements integrated into host genomes
typically result in the duplication of small sequences at the
insertion sites, generating short direct repeats adjacent to
both sides of the inserted elements. Drosophila
retrotransposons share this property (39). The 5-bp direct
repeat adjacent to both sides of a copia element is found as
a single, unique sequence at the corresponding unoccupied

insertion site.

Several regulatory signals in both LTRs of
retrotransposons play important roles in positive or negative
transcriptional interference with surrounding genes: 1)
homologous and putative promoter sequences, as well as TATA

and CAAT boxes are present within the LTR. The sequence
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TATAAAT occurs three times within the direct repeat of copia,
oriented in the same direction as that of the major
transcript. Retrotransposons, however, do not contain
sequences similar to the degenerate TATA boxes found in some
mammalian retroviruses (39). The functional significance of
these sequences has not been determined experimentally. A
sequence that is homologous to a CAAT box can be found 20-30
nucleotides upstream from TATA box in many retrotransposons,
including copia. 2) Polyadenylation signals are also found:
LTR~containing retrotransposons contain sequences homologous
to the AATAAA polyadenylation and TTGT or TTTT mRNA
termination signals in their LTRs. It has been suggested that
the sequence AAATATAAAATC, 1located some 20 nucleotides
upstream from the poly(A) attachment site of the copia 5-kb
RNA (but also in the region expected for the 3’ terminus of
the minor 2-kb RNA), may function as a polyadenylation signal
(18) . Kurkulos, et al. (40) suggested that an unexpectedly
distant upstream sequence (312 bp upstream of the copia
polyadenylation site) appears to be required for copia
polyadenylation. The copia element in w* allows
polyadenylation to compete with splicing of the second white
intron resulting in higher steady state levels of both a
processing intermediate and the mature mRNA. This observation
may indicate an important role for splicing in regulating the
translational efficiency of copia while it is integrated into

the host genome. 3) Other regulatory sequences: A sequence
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between the copia 5/LTR and the beginning of the large open
reading frame includes five repeats of TGTGAA and two repeats
of TTCACA, and may play a very important role as an enhancer-

like function (27).

Transcripts of copia are found in the form of abundant
poly (A)+ mRNAs, representing both full-length and partial-
length transcripts (37). The full size hybrid RNA~DNA molecule
of copia has been discovered in cultured cells of Drosophila
(38). These hybrid molecules are found both in the nuclei and
cytoplasm, the latter comprising the major portion of
molecules. Copia mRNAs are probably the single most abundant
mMRNAs in cultured Drosophila cells (45). The mRNAs have a
common 5/ terminus, resulting from initiation in the middle of
the 5’ LTR. The smaller 2 kb species has template activity
for a 51,000-dalton protein of unknown function. Brierley and
Flavell (39) have shown by the use of gene fusion constructs
that the subgenomic 2 kb copia RNA, encoding gag products, is
expressed as protein in cultured cells at least ten-fold more
efficiently than full genome~length mRNA, which additionally

contains the pol and int open reading frames.

Although the LTR of the copia element is a strong
promoter, still little is known about particular sequences
that control expression from this promoter. Mutational

analysis of the copia 5’ long terminal repeat has been done
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(40). The data identified a region lying between nucleotides
42 and 66 which stimulates copia gene expression by a factor
of three~ to five~-fold, depending upon the cell type. This
region lies upstream of the copia transcriptional start site
(37) in a region previously believed to contain no
transcriptional regulatory sequences (41). Thus, the region
downstream of the RNA start sites in the 5’/LTR is needed for

optimal activity in Drosophila cells.

The sequence between 283-420 of the copia LTR shows a
transcriptional enhancer property. This region contains a
sequence repeat which resembles one found in the mammalian
SV40 virus enhancer. The Ty element of yeast is a structural
relative of copia (25), sharing the same gene order and a
similar primer tRNA for initiation of reverse transcription.
Ty also contains regions internal to its LTR which can
stimulate the transcription of adjacent genes and analysis of
revertants has localized an element resembling the SV40
enhancer core sequence, which is required for this effect
(42) . The gypsy retrotranspson of Drosophila also contains
enhancer-like elements in its 5’ untranslated leader region
(43). Therefore, the presence of enhancers seems to be a
common feature of retrotransposons and may explain the

observed interference with adjacent gene expression.
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The 5’ ends of copia-specific RNAs in Drosophila
melanogaster tissue culture cells were determined by S1
nuclease mapping and cap analysis (37). The result showed the
DNA sequence between nucleotide 127 and 147
(CTTTCCTTCTTGTACGTTTTT) represents the location of the

heterogeneous major capped 5’ end of copia.

The first potential initiation codon in both major RNAs
was the ATG at nucleotide 294. The second ATG (nucleotide
432), which did conform to the consensus for efficiently used
initiation codons, was the second codon of an ORF extending
from nucleotide 429 to 4658. Translation of this ORF would
give rise to a 1409 amino acid translation product of 163,000
daltons. Translation of copia RNA in vitro in a rabbit
reticulocyte lysate leads to the synthesis of proteins ranging
in molecular weight from 18,000 to 51,000 (35,36). Production
of a 2 kb RNA which encoded only the 5/ portion of the large
ORF would be a mechanism for producing gag products in excess
over pol preoducts, whereas translation of the 1409 amino acid
ORF on the 5 kb RNA produces a large protein corresponding to

the gag-pol fusion protein.

The copia 5’ LTR fused to the bacterial CAT gene is
transcriptionally activated when transfected into rat cells
subjected to heat shock (44). Copia’s ability to be induced by

stress is correlated with the presence of sequences homologous
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to the heat shock promoter consensus sequence which appears to
be appropriately positioned within the element’s LTR (45).
Studies of retrotransposon expression in yeast (46) and
Drosophila (32) have demonstrated that host genes may exert
regulatory effects at the transcriptional level. For example,
an analysis of copia regulation in D. melanogaster suggests
that at least one host gene, suppressor-of-white-apricot, may
modulate copia expression at the level of RNA processing
(47,48). Since the direct repeats are identical, it is
possible that both function as promoters, as in retroviral
LTRs. One transcript reads into the element to produce the
copia RNAs, while the other reads into the adjacent DNA and

may initiate transcription of genes downstream of the site of

insertion.

The functional analysis of the transcriptional control
regions of copia suggests that the essential sequences reside
within the long terminal repeat (49). Flavell et. al. (50)
used progressive deletions and linker substitution mutations
to identify two regions on either site of the major
transcriptional start sites in the copia long terminal repeat.
In contrast, deletion of the consensus enhancer-like sequences
which lie downstream of the 5/ long terminal repeat appears to
have no effect on expression in vitro (49). Recently, they
observed that copia negatively regulates expression from its

own promoter. A copia-containing plasmid, pill.4, a full
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genomic copia element, was transfected with a copia-CAT
reporter gene into copia-free DH33 cell. The results showed
a major decrease in CAT expression from copia-CAT. This
repression is specific for the copia LTR as shown by the
expression of pIEPlcat. The human cytomegalovirus (HCMV) major
immediate early (IE) promoter CAT construct which functions in
Drosophila cells (14), is not altered by pll.4. The minimal
deletion from Stu I to Apa I of pll.4, removing the whole 5’
LTR of copia, no longer expresses copia-CAT in DH33 cells.
The copia containing plasmid, pll.4, strongly activates
expression of the larval serum protein 1 (LSPI) promoter cat
construct (15) in Drosophila melanogaster SL2 cells.
Similarly, co-transfection experiments with deletions of pl1l.4
and with pCB13’/LTR, containing 5’/LTR only, clearly show that
pll.4 sequences necessary for copia autoregulation are also
responsible for the positive regulation of the LSP1 promoter.
As with CAT activity, the level of CAT RNA decreased when
cells were co-transfected with copia-CAT in the presence of
pll.4. This is consistent with trans-repression occurring at

the level of transcription.

Presently, a second retrotranspson, gypsy (mdg4), has
been shown to be transcriptionally regulated in Drosophila.
One of the proteins coded by the su(Hw) gene is important in
controlling the expression of gypsy. The su(Hw) gene encodes

a 110 kD protein that is present at all stages of development
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and in most tissues of the fly. The su(Hw) gene product was
found to bind to a specific sequence in the untranslated
leader region of gypsy (51). The cloned su(Hw) protein
reveals structural similarity to a eukaryotic transcriptional
activator, having 12 Zn-finger domains, acidic regions and
leucine zipper motifs. The su(Hw) protein, employed by gypsy
to modulate its transcription from a downstream position, can
prevent upstream regulatory elements of other promoters (ie,
yellow, hsp 70) from interaction with the promoter itself.

When su(Hw) protein binds to the position between the 5’/LTR
and ORF sequence of gypsy, it may utilize its protein-binding
potential to block the upstream DNA-binding factors and/or to
change the local chromatin structure and DNA flexibility. It
may also potentiate polyadenylation of transcripts in the
upstream LTR, perhaps by creating a pause site for RNA

polymerase II and thus facilitating efficient termination.

Administration of pharmacological agents to normal
flies to increase cAMP levels leads to an increased steady
state level of copia mRNA. Thus, copia RNA metabolism appears
to be influenced by cAMP levels (52). Cultured D.
melanogaster cells are responsive to the steroid hormone 20-
hydroxyecdysone (ecdysterone). The transcripts of two copia-
like transposable elements, 412 and 1731, were examined in

cells treated for different lengths of time by the hormone
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(53). The results showed that the transcripts of these two

retrotransposons were rapidly decreased by ecdysterone

treatment.

The structural features of copia and its insertion
sites are closely paralleled by the integrated proviruses of
retroviruses; moreover, cultured Drosophila cells contain
abundant virus-like particles containing copia RNA and reverse
transcriptase (55), but these particles probably are not
infectious. VLPs are spherical in shape, with a diameter of
approximately 50nm, and consist of protein and RNAs ( 4S,
4.58, 58 and 6S RNAs are the major constituents ). Recently,
analyses of transfectants made by introducing mutant copias
into copia-free cells demonstrated that the spliced 2 kb RNA
contains sufficient information to make copia VLPs.
Furthermore, copia VLPs were probably produced through
autocatalytic processing of the precursor polyprotein encoded
by the spliced copia RNA because Yoshioka et. al. (56) have
expressed copia gag polyprotein precursor in E. coli. The gag
precursor was correctly processed to generate a unique
laminate structure in E. coli and this processing was almost
completely blocked by a mutation at the putative active site
of copia protease. Such mutations result in accumulation of
the precursor. These results indicate that the protease is
involved in cleaving the gag precursor itself. Also the

assembly of copia gag protein should correlate to the
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autoprocessing of copia gag polyprotein precursor. Recently,
Yoshioka et. al. (57) have expressed the copia gag polyprotein
precursor in yeast. This expression system should be useful
for analysis of nuclear lncalization of the major copia VLP
protein and the mechanism of copia VLPs formation. However,
the mechanism of copia VLP formation and its possible function

in transposition are currectly unknown.

Signals that modulate retroviral transcription are
located mainly in the U3 region of the LTR. The regulatory
elements are recognized by host transcription factors. For
example, sequences in the MMTV LTR are binding sites for the
glucocorticoid receptor, and the MMTV promoter is stimulated
by the hormone-receptor complex (58). Similarly, the copia
element 276 bp LTR contains has two heat-shock homology
sequences and four TATA boxes (25). The sequence between the
3’ end of the 5/LTR and initial transcription site has two
enhancer-like sequences as in retroviruses. Obviously, these
sequences are most interesting and may bind regulatory
protein(s) or transcription factor(s) which modulate
transcription of the copia element. Cis- or trans-acting
factors involved in regulating those sequences are as yet
unknown. Potential enhancers, promoters and other sequences
may play an important role in controlling the expression and
transposition of copia in vivo. In order to resolve these

questions, I plan to search for putative binding protein(s)
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present in the S/LTR by using several different DNA fragments
from the 5’LTR as probes and perform mobility-shift binding
and DNase I footprinting assays. The results will reveal that
DNA-binding protein(s) exist, and bind and protect sequences
inside the 5’LTR. If significant results are revealed from
this study, it will be very important to clone the cDNA
sequence encoding the putative protein which probably binds to
and controls copia expression. The putative protein(s) can
be identified and isolated by using DNA probes to screen the
cDNA libraries that express lac Z fusion proteins directed by
the Agtll expression vector. The putative protein will be
used in computer program for sequence alignment and structure
analysis. The data from computer analysis will provide
important information: first, the structural and
compositional information present in the protein, such as the
type of DNA-binding motif; second, the similarity to any
previously known protein may reveal any important biologically
active function in this protein; third, the structure can
predict the secondary and tertiary protein structure of the
putative protein. If this assumption is true and proved by
the above studies, it is very important to give the evidence
that expression of retrotransposon can be controlled by
binding a DNA-binding protein within the long terminal repeat
region. After finishing this study, it will be possible to
show the transcriptional control of retrotransposon by the

binding proteins identified here.
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II. Materials and Methods

A.Materials

1. Enzymes

Enzymes used in recombinant DNA procedures were
purchased from New England Biolabs, GIBCO BRL Life
Technologies, Inc., or Promega and used according to the

manufacturer’s instructions.

2. Drosophila cell line and media

Drosophila melanogaster Schneider II cells were
obtained from Dr. Ruth Dussenbery (Wayne State University).
The cell line was dgrown at 25°C in Falcon T-75 flask in
Schneider medium supplemented with L-glutamine (GIBCO-BRL),
containing 1% penicillin/streptomycin solution (GIBCO) and 10%
fetal bovine serum (GIBCO-BRL) heat inactivated at 65°C for 30
minutes. The culture medium was sterilized by filtration.
The Schneider cells used in this work adhere weakly to the
culture plates, grow partly on the surface of the plate and
partly in suspension, and can be harvested by pipetting.
Schneider II cells were cultured in an atmosphere of air. 1In

general, optimal cell growth occurred by changing medium for
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every five days. The cell number in 15 ml medium was

typically 0.5 - 6 x 105 cells/ml.

B. Methods

1. Plasmids and DNA probes

Plasmid DNA, pIBI-5'LTR, which contains the entire
5/LTR region of the copia element, was constructed by ligating
a 712 bp restriction fragment including the 5’/ LTR into pIBI-
30. pIBI-30 contains both the ampicillin resistance marker and
the alpha peptide of the lac 2Z gene to facilitate rapid
recombinant selection and screening (purchased from the IBI
Company). The 712 bp DNA was subdivided into several small

fragments by using Rsal, BalI, and ApaI restriction enzymes.

All the recombinant plasmids were screened by the blue-
gal system. The DNA fragments in agarose gels were isolated
and purified by gene clean kit (BIO 101, Inc.). The M, N and
J fragments were purified from 6% Tris-glycine PAGE gel and

then did electroeluted to isclate each DNA fragments.

2. Preparation of nuclear extracts

The method of collecting larvae was essentially as
described by Gehring et al (59). Larvae were collected from
mass cultures by suspension in 20 % glycerol. The layer of

larvae was collected, washed in a large volume of water, and
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the collected 1larvae weighed. Before doing nuclear

extractions, the larvae were stored at -70 °C.

Nuclear extracts from larvae were performed as
described (60) and can be summarized as follows. All steps
were carried out at 0 to 4 °C. Larvae (20 g to 50 g) were
resuspended in 3 ml/g of buffer I (15 mM Hepes, pH 7.6, 10 mM
KCl, 5 mM MgCl,, 0.1 mM EDTA, 0.35 M sucrose, 1 mM DTT, 10 mM
Na,S,0s;and 1 mM PMSF), and homogenized with several strokes of
a glass pestle. The homogenate was filtered through two
layers of Miracloth pre-wetted with buffer I, and then
centrifuged at 8000 rpm for 15 minutes in a Beckman JA-17
rotor. The nuclear pellet was resuspended in 1 ml/g of
starting material in buffer II (15 mM Hepes{(pH 7.6), 100 mM
KCl, 5 mM MgCl, , 0.1 mM EDTA, 1 mM DTT, 10 mM Na,S,0, and 1 mM
PMSF). Nuclei were lysed by gradually adding 20 % (vol:vol)
of 4M (NH,),SO,, pH 7.8 and slow mixing for 1 hour. The
nuclear lysate was centrifuged at 35,000 rpm for 1 hour in a
Beckman 60 Ti rotor, and the supernatant recovered.
Typically, the process yields 3 mg/ml of protein from 20 g of

wet larvae and about 50 mg total nuclear protein.

3. Heparin-agarose affinity chromatography

In order to remove interfering substances, heparin-
agarose affinity chromatography is used to further purify

binding proteins. Many of the DNA-binding proteins thus far
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examined bind to heparin-agarose (61), while approximately 99
% of the protein in whole-cell extracts flows through this
column. A substantial purification (up to 250~ fold) can be
achieved by eluting the bound protein with 0.4 M KCl. The
nuclear extract was fractionated by heparin-agarose
chromatography (BIORAD). Typically, 20 mg protein were loaded
on to a 1 ml column previously equilibrated with 5x bed
volumns of HEMG(25 mM Hepes pH 7.6, 0.1 mM EDTA, 12.5 nM
MgCl,, 10 % glycerol and 1 mM DTT) containing 0.1 M KC1l (0.1
M KC1/HEMG). The column was washed 0.1 M KC1/HEMG until the
protein concentration in the flow-through was lower than 0.05
mg/ml. The bound protein was then eluted with 0.4 M KC1/HEMG.
The fractions containing the eluate were pooled (protein
concentration was 0.5-1 mg/ml). Aliquots were frozen in -~
70°C. Maintained biological activity for up to two months(
measured by using mobility-shift binding assay). All
processes of column fraction were performed in a 4°C

refrigerator.

Nuclear extracts were also prepared from Drosophila
Schneider cells. Cells were harvested in 50 ml centrifuge
tubes (5 x 10 cells) and the cell pellet washed with 5 volumes
of Drosophila isotonic saline (25 mM PIPES pH 6.8, 100 mM
NaCl, 10 mM KC1l, 1 mM MgCl,, and 1 mM CacCl,). After spinning
(2500 rpm) the cells in an Eppendroff microcentrifuge, the

cell pellet was suspended in 5-fold voclume of buffer A ( 10mM
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HEPES pH7.6, 1.5nM MgCl,, 10mM KC1l, 0.5% NP 40, 0.5mM DTT, 0.5
ug/ml leupeptin, 1 ug/ml pepstain A, 2 ug/ml antipain and
0.1mM PMSF ). The tubes were placed on ice for 10 minutes and
gently pipetted up and down every minute. After a 10 minute
incubation, the nuclei were collected by centrifugation at
6500 rpm for 10 minutes. Extraction of nuclear protein was
done by adding an equal volume of buffer C ( 20 mM Hepes pH
7.6, 20% glycerol, 0.6 M KC1l, 15 mM MgCl,, 0.2 mM EDTA, 0.1 mM
PMSF, 0.5 ug/ml leupeptin, 1 pg/ml pepstain A, 2ug/ml antipain
and 0.5mM DTT ) and dentle mixing. After incubating 30
minutes, a nuclear pellet was spun down at 14,000 rpm for 30
minutes. The supernatant, which contains crude nuclear
protein, was dialyzed against buffer D ( 20 mM Hepes pH 7.6,
20% glycerol, 100 mM KC1l, 0.2 mM EDTA, 0.5 mM PMSF,and 0.5 mM
DTT ) for 3-5 hours. After removing the insoluble material by
spinning at 14,000 rpm for 2 minutes, the clear nuclear
protein was stored at -70 °C. In general, this protocol
yielded 10-15 mg/ml crude nuclear protein. The total amount
of nuclear protein from Schneider cells was around 1 mg/5 x

10% cells.

4. Gel mobility shift assay

Gel mobility shift assays were performed in 15 or 40 ul
reaction mixtures consisting of 20 mM HEPES (pH 7.6), 100 mM
KCl, 0.3 mM EDTA, 1 mM DTT, 20 % glycerol, 3 ug of poly (dI-

dC), 1 to 10 ug of larva or cultured cell nuclear protein, and
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5,000 -~ 10,000 cpm ( 0.1 - 0.5 ng) of *P-labeled DNA fragment
( DNA fragments labeled by Klenow fill-in (62)). The reaction
mixture was preincubated for 10 minutes. on ice before
radioactive probe was added; then incubated for an additional
20 minutes. on ice. Samples were loaded onto a high~ionic-
strength, 4 % polyacrylamide gel (29:1 cross linking ratio)
containing 25 mM Tris~HCl (pH 8.5), 190 mM glycine and 1 mM
EDTA and subjected to electrophoresis at 150 V for 1.5 to 4
hours at room temperature, depending on the Xkind of
electrophoresis apparatus used. The gel was then dried and

autoradiographed for 8 to 24 hours exposure.

In order to confirm that the DNA-binding protein(s)
binds specifically in the LTR region, a binding specificity
assay was done. The use of a simple alternating copolymer
duplex such as poly(dI-dC).poly(dI-dC) minimized the binding
of the nonspecific proteins to the DNA probe. The competition
assay used unlabeled DNA fragment to decrease the relative
contribution of specific protein binding to the labeled DNA

probe in the binding reaction mixture.

5. DNase I Footprinting assay

To carry out DNA footprinting, a DNA fragment incubated
with nuclear protein 1is partially digested with the
endonuclease DNase I. Only if a bound protein blocks access

of the nuclease to the DNA will it be protected. For every
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position protected against cleavage by DNA-binding protein, a
band is missing on a denaturing sequencing gel. But if a
position doesn’t bind any DNA-binding protein, it will not be

protected and several digestion bands will be visible.

The footprinting reactions consisted of the.following
components in a final volume of 50 pl: 20mM Tris-HC1l pH 7.6,
100 mM KC1, 6.25 mM MgCl, , 0.5 mM EDTA, 0.5 mM DTT, 10 %
glycerol, 3-5 ug of poly (dI-dC), 2% polyvinyl alcohol, 1 -
5ng of *’P-labeled 5’LTR subfragments and 1 to 50 pug of
nuclear protein. The extract was preincubated at 0°C for 10
minutes. Then the end-labeled fragment was added and
incubated on 25°C for 20 minutes in a 1.5 ml microcentrifuge

tube.

After the binding reaction was complete, 50 ul of
buffer containing 5mM CaCl, and 10mM MgCl, was added, mixed by
flicking the tube and equilibrated at room temperature for 1
minute. Then 2 ul of DNase I (10 ug/ml) was added, and mixed
gquickly by flicking. The tubes were incubated at room
temperature for 1 minute. Digestion was terminated by
addition of 90 ul stop solution ( 20 mM EDTA pH 8.0, 1 % (w/V)
SDS, 0.2 M NaCl and 250 pg/ml tRNA ). Finally, the samples
were extracted with phenol-chloroform (1:1), and precipitated
with ethanol. The pellet was resuspended in 10 ul of

formamide loading buffer, boiled for 3 minutes, then chilled
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on ice. 5 ul were loaded on an 6-8 % polyacrylamide- 8M urea
sequencing gel. Unbound DNA was also subjected to partial
cleavage at G and A residues by the procedure of Maxam and

Gilbert (63).

6. Protein Determination:

Protein concentration was determined by the method of

Bradford (64) and used bovine serum albumin (BioRad) as a

standard.

7. Southwestern Blot:

The nuclear extract (10 pug - 100 pg of protein) or 1.25
ml induced 1lysogen cultures were rapidly pelleted, and
resuspended with 100 pl aliquots of SDS-PAGE loading buffer.
After heating at 100°C for 5 minutes, proteins in each sample
(25 pl - 100 ul) were resolved by 8% -~ 10% SDS-PAGE at 4°C.
SDS-PAGE was carried out according to the method of Laemmli

(65) .

Protein blotting was performed in transfer buffer (25
mM Tris pH 8.3, 192 mM glycine, 0.1% SDS and 20% methanol).
The gel was placed on the cathodic side of the filter. Prior
to protein transfer, the SDS-PAGE gel, nitrocellulose membrane
and 3 MM filter paper were presoaked in 100 ml transfer buffer

for 15 minutes. The proteins were electrophoretically
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transferred onto a nitrocellulose sheet (BioRad). Transfer

was carried out at 144 mA overnight at 4°C.

After transfer, the nitrocellulose filters were
incubated for 3 hours at room temperature in a block solution
(20 mM Hepes pH 7.6, 100 mM KC1l, 100 mM DTT, 0.05% NP-40, 5%

non-fat dry milk and 10% glycerol) with fresh blocking

solution every hour.

The filters were briefly washed by 20 ml binding buffer
(20 mM Hepes pH 7.6, 100 mM KCl, 1 mM DTT, 0.2 mM EDTA, 4 mM
MgCl,, 8% Glycerol, 0.125% non-fat dry milk, and 60 ug poly
(dI-dC)), by placing the filter in a heat-sealable pouch in 50
ml binding buffer plus 5 x 10° cpm/ml DNA probe. The filters

were incubate for 6 hours to overnight at room temperature.

After incubation, the filters were rinsed in wash
solution (20 mM Hepes pH 7.6, 100 mM KC1l, 0.125 % non-fat dry
milk and 1 mM DTT) four times, and changing wash solution
every 30 minutes. The filters were air dried and
autoradiographed. In general, autoradiography took overnight

to 24 hours depending on the intensity of band.

8. Staining Nitrocellulose Membranes:

Anido black solution (200 ml) was prepared as 0.2 ml

amido black (10%), 90 ml methanol, 20 ml acetic acid and 89.8
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ml dH,0. Wash solution (300 ml) was prepared as 180 ml
methanol, 40 ml acetic acid and 180 ml dH,0. The
nitrocellulose membranes were stained in 200 ml stain solution
for 3 to 5 minutes with gentle shaking. After bands were
visible, the filters were washed with 150 ml wash solution for
5 to 10 minutes changing wash solution once, and washed a

second time for 5 minutes. The filters then were dried in

air.

9. Binding Site Probe for Screening cDNA Library:

The sequences for binding site probes were obtained
from DNase I footprinting assays. These probes were generated
by synthesizing oligonucleotides with the two complementary

sequences shown below:
5/ TCGAGCGACTATTTATTTATTTATTAAGAAAGC 3/

3’ CGCTGATAAATAAATAAATAATTCTTTCGAGCT 57

The protocol for preparing radiolabeled concatenated
probe was modified from Maniatis (62). Two to five micrograms
of each oligonucleotide were phosphorylated with unlabeled ATP
and 10 units of T, polynucleotide kinase (Promega). Two equal
amounts of oligonucleotides were then mixed together and
heated successively for 2 minutes at 85°C, 15 minutes at 65°C,
15 minutes at 37°C, 15 minutes at room temperature and 15
minutes in ice. The concatenate was formed by 4 Weiss units

of T, DNA ligase (Promaga) and 1 pl of 50 mM ATP and incubated
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for 12 hours at 15°C. The concatenated DNA was purified from
contaminating proteins by phenol/chloroform extraction and
concentrated by ethanol precipitation. Radiolabelling of 0.5
to 1 pug of the final DNA was done using a nick translation
system (Promega) and [a®?-P] dAATP. Typical labelling reactions

yielded probe with a specific activity of 1.0 x 10’ cpm/ug.

10. Western Blot:

Y1089 lysogens harboring 1lambda gtll phage were
isolated (62) and induced to express high levels of their
respective beta-galactosidase fusion proteins. Cells from
1.25 ml aliquots of induced lysogen cultures were rapidly
pelleted and resuspended with 100 pl of SDS-PAGE 1loading
buffer (5% SDS, 5 mM Tris pH 6.8, 10% beta-mercaptoethanol,
20% Glycerol and 0.01% Bromophenol Blue). After heating at
100°C for 5 minutes, proteins in each sample (20 ul to 100 ul)
were resolved by 8 % SDS-PAGE. The procedure for protein
transfer was the same as with Southwestern blots (65). After
transfer, the filters were blocked with blocking solution (10
mM Tris pH 8.0, 150 mM NaCl, 0.05% Tween-20 and 5% non-fat dry
milk) for 30 minutes and then with TBST buffer (10 mM Tris pH
8.0, 150 mM NaCl, 0.05% Tween-20) containing a 1:1000 dilution
of anti-beta-galactosidase monoclonal antibody (Promega).
After 30 minutes incubation, the nitrocellulose membrane was
washed with TBST buffer three times for 5 minutes each to

remove unbound antibody. The membranes were incubated 30
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minutes at room temperature with TBST buffer containing 1:7500
dilution of anti-IgG alkaline phosphatase conjugate. The
membrane was washed with TBST three times for 5 - 10 minutes
each to remove unbound second antibody. The immune complexes

were visualized with nitroblue tetrazolium.

11. cDNA Library Screening:

A Drosophila embryonic cell cDNA library was a gift
from Drs. Max Lee and Tao Hsieh (Duke University). The cDNA
library was synthesized from mRNA isolated from 0 - 20 hour
embryos and constructed in the lambda gtll vector. The lambda
gtll library was screened by the method of Singh (65) with
modifications. Bacteriophage infected E. coli (Y1090) were
plated at 5000 pfu/plate. Culture plates were grown for
between 3 to 4 hours at 42°C, overlayed with IPTG-impregnated
nitrocellulose filters and incubated for an additional 6 hours
at 37°C. The nitrocellulose filter was presoaked in 10 mM
IPTG for 25 minutes before being used. Plates were cooled at
4°C for 5 - 10 minutes before 1lifting the filters. After
marking the positions of filters on plates, the filters were
lifted and immediately immersed in aliquots (20 ml in 82 mm
plate) of Blotto solution (20 mM Hepes pH 7.6, 100 mM KC1l, 10
mM DTT, 0.05% NP-40, 5% non-fat dry milk and 8% glycerol). 1In
this and all subsequent steps, each filter was incubated in a
separate petri plate with the protein surface turned up.

Filters were rapidly transferred from one solution to another
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to prevent drying. Filters were incubated in Blotto for 60
minutes at room temperature with gentle shaking, and washed
twice, 1 minute for each wash, with binding buffer alone.
After these washes, the filters were either screened or stored
immersed in binding solution (20 mM Hepes pH 7.6, 100 mM KC1,
1 mM DTT, 0.2 mM EDTA, 4 mM MgCl,, 8% glycerol and 0.25% non-

fat dry milk at room temperature).

For the screening step, the filters were incubated in
15 ml binding solution containing *P DNA binding site probe
(around 1 x 10° cpm/ml) and 3 - 5 mg/ml of salmon DNA. After
60 minutes at room temperature with gentle agitation, the
filters were washed three times with binding buffer alone.
Filters were dried slowly on tissue paper at room temperature.
After drying, filters were exposed to Kodak X-omat AR film for
8 to 24 hours with an intensifying screen at -70°C. In
general, the DNA probe used for screening could be reused with

up to five filters on the same day.

12. Preparation of lambda Fusion Protein:

Wild-type and recombinant lambda lysogens were prepared
from E. coli Y1089 cells as described by Snyder et al (66).
Lysogens were grown at 32°C to an OD less than 0.5 and then
heat-shocked at 44°C for 20 minutes, then adjusted to 10 mM
IPTG to induce the expression of the beta-galactosidase fusion

protein. After adding IPTG, the cells were incubated at 37°C
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for one hour. The bacterial pellet can be used in a Western
blot directly. Bacteria extracts were prepared according to
Maniatis (62) except that final supernatants were not

dialyzed.

13. DNA_Seguencing:

Bacteriophage DNA with cDNA inserts were cut by EcoRI
and cloned into individual pGEM4 vectors (gift from Dr. Bos),
PGEM4~-L and PGEM4-S. Unidirectional deletion of inserts was
performed by exonuclease III digestion followed by Mung bean
nuclease. The nested deletions of the cDNA clones were
confirmed by ©restriction digestion. Alternatively,
restriction fragments of cDNA clones were blunt ended by using
Klenow fragment and then self-ligated. Double-stranded
sequencing templates were prepared from plasmid mini-prep DNA
described previously (62). Sequence analysis was performed by
the chain termination method with modified T, polymerase and
[¢¥P]ATP (United States Biochemical Corp., Cleveland, ©Ohio)

(67) .

T7 and SP6 promoter primers for sequencing were
purchased from Promega and USB. In the large fragment , L, of
cDNA sequence which was digested by EcoRI has a region which
is refractory to unidirectional deletion. This region covers
about 400 base pairs from the 3’ end of large fragment , L.

Nineteen and twenty base pairs of DNA sequence of primer from
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both termini of this 400 base pair fragment were obtained from
oligos Etc. Inc. Those DNA primers are named as primer #1 and
primer #2:

Primer #1 5’ CCGGCCAACTGCAGACGCA 37

Primer #2 5’ AGTTGTGTACTCACAATCCT 3’

Primer #1 was a complementary sequence of left hand
terminal of 400 base pair unresolved sequence(from 5’end of L
fragment). Primer #2 was a complementary sequence of right
hand terminal of 400 base pair unresolved sequence(from 5’end
of L fragment). Those primers which were purchased from oligos

Etc. Inc. were already phosphorylated.

14, In Vitro Transcription and Translation:

Template DNA was cut from lambda-cDNA by using the
unique Kpnl and Sstl sites, yielding a DNA of 5.28 kb. This
DNA fragment contains the intact cDNA sequence and was cloned
in pGEM72f (-) plasmid ( gift from Dr. Bos). Before doing the
transcription study, this template DNA was linearized by XbalI.
About 2 pug of linear template DNA was incubated in 20 pul
transcription reaction solution (200 mM Tris-HCl pH 7.5, 30 mM
MgCl,, 10mM spermidine, 50mM NaCl, 10 mM DTT, 20 U RNase
ribonuclease inhibitor, 2.5 mM each NTP, 0.5 mM GpppG and 15 -

20 U/ul of SP6 polymerase) for 30 minutes at 37°C. After 30
minutes incubation, 4 ul 2.5 mM NTP was added and incubated

another 30 minutes at 37°C. For small amounts of in vitro
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translation product, we used a 25 pl reaction volume which
contained 17.5 pl nuclease-treated lysate (Promega), 3.5 ul
H,0 (DEPC treated), amino acid mixture without methionine, 1
pl RNA substrate from the transcription step and [¥S]-Met. 1In
vitro translation was completed after one hour at 30°C. The
translational product was fractionated by running 6 to 8 %
polyacrylamide gel. After fixation, the gel was exposed to
autoradiography overnight at =70°C. Molecular weight protein
standards were a gift from Dr. Bos. RNA for in vitro
translation was not purified, but was used directly from the

in vitro transcription reaction.

15, Extraction of Bacteriophage lambda DNA:

The bacteriophage lambda DNA was also collected by the
plate 1lysate method (62). In general, ten plates of
bacteriophage (5,000 pfu/plate) were collected for a large-

scale DNA preparation.
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III. Results:

1. Preparation of DNA probes

The 5’LTR of the copia element was obtained by
digesting with Hha I the pCO plasmid which contains full
length copia DNA in the pIBI-30 vector (Kodak). The length of
5’LTR-containing sequence is 662 bp. Modification of this
fragment occurred by removing sticky ends and ligation to
EcoRI linkers. The modified 5/LTR fragment was cloned into the
unique EcoRI site in pIBI-30 and was named pIBI-5/LTR (3.65
kb) (Fig.1). The pIBI-5'LTR contained 276 base pairs of 5’LTR

and 498 nucleotides downstream of the 5/LTR.

In order to obtain sufficient amounts of DNA for doing
gel shift assays, the 5’/LTR was subcloned into two major
fragments, D and J (Fig.2). These fragments were obtained by
Rsal digestion and cloned into pIBI-30 also. Furthermore, the
J fragment was subdivided into two fragments by Apal, named J1
(147 bp) and J2 (190 bp). The D fragment was also cut into
two fragments by using Ball, designated M and N. The M and

N fragments are 148 and 70 bp, respectively.
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FIG. 1. Construction of PIBI-5’'LTR. This insertional
sequence contained the whole 5’LTR, 276 bp, and sequences
downstream of the 5’'LTR. This insertional sequence came
from the pCO plasmid which contained the entire 5.2 kb of
copia sequence. After modifying by EcoRI linker, the
insertional sequence was cloned into the unique EcoRI
site in PIBI-30 vector(Kodak). The total length of thé&
plasmid was 3.65 kb.
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FIG. 2. The location of DNA probes. These probes were
used to run mobility-shift binding assays. The 5'LTR-
containing sequence was obtained by EcoRI digestion.
These probes were obtained by further digestion with
BalI, Apal and Rsal restriction enzymes. There were a
total of six fragments within this 5’'LTR containing
region. The fragments D, M, N, Jl1, J2 and J contained
210, 148, 62, 147, 190 and 337 base pairs, respectively.
The region between the 5’ terminal end, EcoRI site, and
BalIl restriction site came from pCO plasmid sequence. It
contained about 70 bp nucleotides.
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The N fragment contains the first 62 base pair of the
5/LTR, including heat shock homologous consensus sequence.
The M fragment contains 148 bp, spanning nucleotides 78 to 140
within 5/LTR. The D fragment contains 210 bp of the first 140
nucleotides of the 5/LTR and 70 base pair of vector sequence
DNA. The J fragment contains 337 bp DNA which spans
nucleotides 140 to 477 of the 5/LTR. This sequence involved
147 base pair of 5’LTR and 190 base pair of SV40 enhancer
containing sequence which contains five repetitions of a
typical nucleotide sequence (TGTGAAA).The repeat sequence of
SV40 enhancer is GGTGTGGAAAG which approaches 63 % homolog to

this TGTGAAA in copia DNA sequence.

2. Gel mobility shift binding assay

In crude extracts of nuclear protein, nuclease activity
always coeluted with the final protein solution from the
nuclear extract; increasing the total amount of poly(dI-dC) to
5 ug/ul of binding solution did not correct this. The DNA
probes were partially digested after adding nuclear protein
from whole reaction mixture, as shown in lanes 3,4 in Fig.3.
This problem was overcome by using heparin-agarose affinity
chromatography to purify "clean" DNA-binding proteins from
crude nuclear extract. Mobility shift binding assays were run
using the D fragment as a probe, using increased poly(dI-dC)
(from 1 pg to 3 pug); the free probe was protected from

nuclease digestion (see the lane 3 and 4 in Fig. 3). After
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FIG. 3. Poly(dI-dC) decreased nuclease activity in
nuclear extract. The reaction condition of mobility-shift
binding are described in Materials and Methods.
Increasing the total amount of heparin-agarose purified
nuclear protein from 1 to 4 ug, lane 2 to lane 5, would
cause the digestion of DNA probe when using less than 1
pg of poly(dI-dc) in whole reaction mixture. Lane 5, 6
and 7 used the same amount of nuclear protein as lanes 2,
3 and 4, respectively, but contained 3 ug of poly(dI-dcC)
in final reaction mixture. The retarded band, A, was
recovered again. Lane 1 was free probe without nuclear
protein. Arrow F, free probe; A, B respectively retarded
bands A and B.
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the total amount of poly(dI-dC) increased to 3 ug, the band
offree probe was not degraded by endogenous nuclease, even
though the total amount of nuclear protein was increased to 4
pg. This result established the condition for using a final

concentration of poly(dI-dcC) of 150 ng/ul final concentration

in DNA-binding reactions.

In order to get the optimal reaction conditions for
added salt concentration, the different concentrations of
potassium chloride were added to DNA-protein binding buffer.
As figure 4 shows, the final concentration of potassium
chloride was increased from 5 through 200 mM (lanes 2 through
7). The intensity of retarded bands increased gradually until
66 mM KCl and remained roughly constant at higher salt
concentrations. This result showed that the optimal
concentration of KCl for the mobility-shift binding assay was

between 66 mM and 100 mM.

The concentration of NP-40 detergent may also affect
DNA-protein interactions in mobility-shift binding assays. In
Figure 5, the J1 fragment showed two retarded bands, A and B,
in lanes 2 and 3 which contained 1.08 pg and 5.4 pg nuclear
protein in the absence of NP-40. Lanes 4 through 6 in Fig. 5
contained the same composition of binding buffer as in lanes
1 through 3, but contained 0.05% NP-40. Lanes 7 through 9 in

Fig. 5 contained 0.15% NP-40. The results showed that the
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FIG. 4. Optimal concentration of potassium chloride in
DNA-binding reaction. Lane 1 was free D probe. The final
concentrations of potassium chloride in lanes 2, 3, 4, 5,
6 and 7 were 0, 5, 20, 66, 100, 150 and 200 mM,
respectively. Each reaction contained 2 ug of heparin-
agarose purified nuclear protein except lane 1. After
adding DNA probe, D, and purified nuclear protein in each
lane, the mixture was run on a 5% PAGE (29:1,
acrylamide:Bis) gel.
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FIG. 5. Optimal concentration of NP-40 in DNA binding
reaction. The procedure of mobility-shift binding assay
was described in Materials and Methods except modified by
addition of NP-40. The final concentration of binding
buffer in lanes 1 through 3 were 20 mM Hepes, pH 7.6, 4mM
MgCl,, 0.2 mM EDTA, 1mM DTT, 0.05% NP-40 and 20%
glycerol. Lane 4 through 6 used the same composition as
lanes 1 through 3 except 0.1% NP-40 was added. Lanes 1
though 9 used 0.15 % NP-40 instead of 0.05% in lanes 1
though 3. Lanes 2, 5 and 8 contained 1.08 ug of nuclear
protein; lanes 3, 6 and 9 contained 5.4 ug of nuclear
protein. Lanes 1, 4 and 7 were control lanes.
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binding patterns were essentially similar in the presence or
absence NP-40 in the binding buffer. Even 0.15% NP-40 had
little effect on the intensity of retarded bands A and B.
While, the concentration of NP-40 had little effect on the
resolution of the mobility shift binding assay, 0.05% NP-40

was added to the DNA-binding buffer.

After optimizing conditions for the gel shift assay,
several different DNA probes were used in seeking any putative
proteins which bind in the 5’LTR region. Such DNA-binding
proteins might play a very important role in regulating the

transcription of the copia element in Drosophila.

Fragment D formed two retarded bands in the mobility
shift binding assay (Figure 6). A dose-dependent increase in
the amount of DNA-binding activities was observed. The
intensity of two major bands, B and C increased clearly, but
the third band, A, was observed only after adding 2.16 ug or
higher of nuclear protein in the reaction mixture. The
specificity of those bands was proved by adding 20 and 50 fold
excess of non-*P labeled D fragment. Lanes 7 and 8 in Fig. 6
showed that those three bands were decreased or disappeared in
the presence of specific competitor. These results showed the
presence of binding sites for one or more putative sequence

specific DNA-binding protein(s) in the D fragment.
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FIG. 6. Mobility-shift binding assay of D fragment. The
experiment was carried out as described in Materials and
Methods. Lane 1, free DNA probe. The total amounts of
nuclear protein in lanes 2, 3, 4, 5 and 6 were 0.27,
0.81, 1.08, 2.16 and 3.32 ug, respectively. There were
three major retarded bands in this assay named A, B and
C. Arrow F, free probe.
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Fragment J1 also showed two bands in mobility shift binding
assays (Figure 7). When the concentration of nuclear protein
increased from 1.1 ug through 8.9 ug, the lower band, B, was
formed first and has higher intensity than the upper band. 1In
lane 5, the total amount of nuclear protein was 8-fold excess
than in lane 3, but still exhibited two major bands. Two
lighter retarded bands showed under band B; however, this
result was not reproducible in other preparations of nuclear
protein extract. These 1lighter bands were due to either
degradation products of a putative DNA binding protein, or a
nonspecific DNA-binding protein. In lane 5 through 8 in
Figure 8, competition assays showed that 20~ and 50- fold
excess of nonlabeled J1 fragment will compete with the binding

activity of J1 probe.

Fragment J2 showed two retarded bands in the mobility
shift binding assay (Figure 8). The intensity of the retarded
bands increased with increased amount of nuclear protein. The
competition assay of J2 fragment was also performed (see lane
9 through 12 in Figure 9). The bands represented specific DNA
binding activity as shown after using 20- and 50- fold excess

nonlabeled J2 probe.

3. DNase I footprinting assay

To analyze cellular proteins which bind to the

different fragments of the 5/LTR in the copia element, and
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FIG. 7. Mobility-shift binding assay of J1 fragment. The
experiment was carried out as described in Materials and
Methods. Lane 1, free DNA probe. The total amounts of
nuclear protein in lanes 3, 4 and 5 were 1.1, 4.2 and 8.9
pg, respectively. Two major retarded bands were detected,
bands A and B. Under band B, there are two light bands in
lane 3 and lane 4. Arrow F, free probe. The reaction
mixture of DNA-binding reaction was resolved on a 6%
polyacrylamide gel.
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FIG. 8. Mobility-shift binding assay of J2 fragment. Lane
1, free DNA probe (F). The experiment was carried out as
described in Material and Methods. The total amounts of
nuclear protein in lane 2, 3, 4, 5 and 6 were 0.27, 0.54,
0.81 and 1.08 ug, respectively. There are two retarded
bands in this assay, named A and B. The competition
assay in lanes 6, 7 and 8 included respectively 10, 20
and 50-fold higher amounts of cold J2 fragment. Result
from competition assay showed those two bands were DNA-
sequence specific binding in J2 fragment. The DNA-binding
mixture was resolved in a 6% polyacrylamide gel.
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FIG. 9. Competition assay of three different DNA probes.
All reactions in each lane contained 1 pug purified
nuclear protein. The DNA probe in lanes 1 to 4 were D
fragment (210 bp), lanes 5 to 8 were Jl1 fragment (140
bp), lanes 9 to 12 were J2 fragment (190 bp). Lanes 1, 5,
S are free probe. Lanes 3 and 4 contain 20- and 50-fold
higher amounts of cold probe D. Lanes 7 and 8 contained
20- and 50- fold excess amount of cold probe J1. Lanes 11
and 12 contained 20- and 50- fold higher amounts of cold
probe J2. All the samples were run on a 6% polyacrylamide
gel at same time.
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determine the exact location of those binding sites in the
5/LTR, DNase I footprinting assays were done with nuclear
protein purified by heparin-agarose affinity column (see Fig.
10). The fragment D revealed that a TATA box was protected.
The protected region extended from nucleotides 53 to 59 in the
5’end of 5/LTR. The protected sequence was TATAAAA. Thus, it
appears that a TATA box binding protein binds within this
location. The total amount of nuclear protein increased from
1.94 pg through 17.4 pg from lanes 3 through 8. The protected
region was revealed after adding more than 5.8ug nuclear
protein. However, the protected region extended over two more
nucleotides and became TATAAAACT. Figure 10 showed the full
length of D fragment in this DNase I footprinting assay; only
the TATA box had significant protection region. These results
are consistent with the idea that TATA box binding protein
(TBP) which is probably transcription factor IID binding with

this TATA box in vitro.

In Figure 11, the full length of the J1 fragment DNase
I footprint is shown. The J1 fragment is 147 bp in length and
was labeled with *P-ATP at the 3/ terminal EcoRI site. The
unique protected region obtained was located between
nucleotides 226 through 252. This protected region was very
close to the end of the 5’LTR. The sequence in this
protecting region was ACTATTTATTTATTTATTAGAAAGG. The

composition of the nucleotide sequence reveals that the
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FIG. 10. DNase I protection of the D probe by nuclear
extract from Drosophila cultured cells. The procedure of
the DNase I footprint assay was performed as described in
Materials and Methods. The positions of binding site were
determined by Maxam and Gilbert sequencing for G + A.
Numbers above each 1lane indicated the amount (in
micrograms) of nuclear protein. Lanes 1, 2 and 9 were
incubated the absence nuclear extract. The £final
radioactivity in each lane before loading into a 6%
denatured gel was adjusted to about 13,500 cpm. The gel
was exposed to autoradiography film for 48 hours without
drying.
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FIG. 11. DNase I footprint assay of nuclear protein
interaction with the probe Ji1. The procedure for the
DNase I footprint assay was performed as described in
Materials and Methods. Numbers above each lane indicate
the amount (in micrograms) of nuclear protein. This DNA
probe was labeled at the 3’ end EcoRI site. Lanes 1 and
11, G + A chemical sequencing digestion products which
were used as markers. Lanes 2 and 4 with no nuclear
protein as a control lane. Lanes 4 through 9, DNase I
digestion pattern in the presence of 1.9 to 17.4 ug. The
final radioactivity in each lane before loading onto a 6%
denatured gel was adjusted to about 10,000 cpm. The gel
was exposed to autoradiography f£ilm for 84 hours without
drying.
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sequence was an AT rich sequence and contained tertiary repeat
sequence TATT. I named this protected sequence the AT-1 site,
and the putative DNA-binding protein which binds this region
was called AT-1 binding protein. The AT-1 site is located 79
nucleotides downstream from the initial transcription site

which is located between nucleotides 126 and 147.

In order to verify the specificity of the DNA-binding
activity, a competition assay was used in DNase I footprinting
assay. The results are shown in lanes 8 though 10 in Figure
12. Lane 8, 9 and 10 contained 100, 200 and 300 fold excess
amount of synthetic AT-1 oligonucleotides which were 31
nucleotides in 1length. Figure 12 shows that the region
between nucleotides 226 and 269 was protected (lanes 3
through 7). The protected region was eliminated after adding
competitor into the reaction mixture. Lanes 8 through 10 show
that AT-1 site was competed by excess nonradiolabeled
oligonucleotide; the protected site between 226 and 269 was
accessed and digested by DNase I. These data shows that the
AT-1 binding protein was a sequence-specific DNA-binding

protein.

The J2 fragment is located downstream of the 5/LTR. It
starts from 11 nucleotides downstream of the entire 5’/LTR and
terminated 46 nucleotides upstream of initial translation

site. The DNase I footprinting assay showed that one region
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FIG. 12. DNase I footprinting of J1 fragment competed
with 33 bp of oligonucleotides. The procedure of DNase I
footprint assay was performed as described in Materials
and Methods. Number above each lane indicates the amounts
(in micrograms) of nuclear protein. Lanes 8, 9 and 10
included about 100-, 200- and 300- fold higher amounts of
oligonucleotide to compete with the 32 bp labeled J1
fragment. The 43 bp of protected site located between
nucleotide 226 and 269. The final radioactivity in each
lane before loading onto a 6% denatured gel was adjusted

to 31,000 cpm. The gel was exposed to autoradiography
film for 36 hours without drying.
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between nucleotide 402 through 410 was protected (see Fig.
13). The protected sequence was TTATTTTCC. As the sequence
shows, this is an AT rich sequence. This sequence contains
TATT which was a repeat unit in the AT-1 site. I named this
protected sequence the AT-2 site. The other regions of J2 did
not show any other protected sites. So, the retarded band
that appeared in mobility shift binding assays reflects

binding of this TTATTTTCC region.

In summary, there are three DNA-binding, protein-
containing fragments identified that are D, J1 and J2
fragments. The sequence of the 5/LTR of copia contained one
TATA box binding site located between nucleotides 53 and 59
(see Fig. 14), while the second binding site was located
between nucleotides 226 through 252 was named as the AT-1
protein binding site. The third protein binding site was
located downstream of the 5’LTR and extends from nucleotide
402 through 410. BAll three protected sites are shown in Fig.

14.

4. Characterization of the specific AT-1 binding site by

competition assay

In order to correlate the results from the DNase I
footprinting assay and the identification of the AT-1 site as

the only protected site within the J1 fragment, a 31
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FIG. 13. DNase I footprinting assay of the J2 fragment.
The procedure for DNase I footprint assay was performed
as described in Materials and Methods. The amount of
protein extract used is indicated on top. The protected
region showed between +402 to +410 and named as AT-2
site. This J2 fragment was labeled at the 3’ end EcoRI
site. Lanes 1 and 9 were G + A chemical sequencing
digestion products. The final radioactivity in each lane
before loading onto a 6% denatured gel was adjusted to
16,000 cpm. The gel was exposed to autoradiography film
for 40 hours without drying.
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FIG. 14. The 1location of three DNA-binding proteins
protected in 5’ end of copia element. The TATA box
binding protein extended from nucleotide 53 to 59. The
AT-1 binding protein extended from nucleotide 252 to 266.

The AT-2 binding protein extended from nucleotide 402 to
410.
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nucleotides sequence was synthesized containing 26 bp of the
AT-1 site and flanking sequences was synthesized. The
mobility shift binding assay was performed by using the 31 bp
oligonucleotide as a probe. As Figure 15 shows, two retarded
bands are found in this gel, designated bands A and band B.
Band B has higher signal intensity than band A. Lanes 3, 4,
and 5 contained 0.25, 1, and 2 pug of purified nuclear protein,
respectively. Even in lane 5, which contained 4-fold excess
amount of nuclear protein than lane 3, the intensity of the
retarded band did not change too much. The data suggested
that the binding site of the AT-1 site has already approached
saturation with DNA probe. The sequence-specific competition
assays were performed by adding excess amounts of
nonradioactive labeled DNA probe as lanes 6 and 7 in Figure
15. Band A and B disappeared together after being presented
with 100- and 200-fold excess of nonradioactive 1labeled
oligonucleotide probe. These data showed that both bands

were AT-l-specific retarded bands.

The J1 fragment contained the AT-1 site and an
additional 110 nucleotides of 5’/LTR. The AT-1 site was used
to compete with the J1 fragment in performing a mobility-shift
binding assay. The results should be the same as lanes 6 and
7 in Figure 15 that completely replaced the radiolabeled DNA
probe with nonradiolabeled probe. Those expectations derived

from the DNase I footprinting assay showed no other protected
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FIG. 15. Mobility-shift binding assay of synthetic
oligonucleotide. Lane 1 was 1 kb DNA standard markers.
Lane 2 was free DNA probe composed of synthetic
oligonucleotides, 33 olig<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>