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ABSTRACT
We have analysed the sequence elements that control expression of the copia retrotransposon.
Expression of copia fusion constructs containing DNA sequence deletions and rearrangements was
assayed by transient expression analysis. Progressive deletion and linker substitution identifies two
regions on either side of the major transcriptional start sites in the copia long terminal repeat These
regions are both required for high level expression in a cultured Drosophila melanogaster cell line
but only the upstream region is required for copia expression in a Drosophila hydei cell line. A
third control region lies downstream of the long terminal repeat in a region previously believed to
contain no cis-acting regulatory sequences. We show by displacement and inversion of this region
that it contains a transcriptional enhancer.

INTRODUCTION
The Drosophila transposable element copia is a member of the widespread family of
retrotransposons which inhabits many, and perhaps all eukaryotic phyla. Close relatives
to copia, as judged by structural features such as the relative gene order in the transposon,
are found in Drosophila (1), yeast (2) and plants (3,4). More distant relatives include the
vertebrate retroviruses and many other retrotransposons in both Drosophila and other
organisms (5,6). All of these related transposable elements almost certainly transpose via
RNA intermediates which are copied into DNA by reverse transcriptases encoded by the
mobile genetic elements (5,7-9). copia RNA is therefore both an intermediate in
transposition as well as the message for the proteins catalysing this process.

copia RNAs are probably the single most abundant mRNAs in cultured Drosophila cells
(10). In the Drosophila organism copia RNAs, though less prevalent, are still major RNA
species (11,12). copia expression is regulated in a temporal manner during the development
of the insect (11 -13) but knowledge of the particular tissues in which it is expressed is
incomplete (14,15). The major copia RNAs share a staggered set of 5' termini, the majority
of which lie in the centre of one of the long terminal repeats (LTRs) which flank the mobile
element (16). As a prelude to the determination of the regions of copia mobile element
which control its developmental specificity, we have identified in detail the sequences which
are required for copia expression in two Drosophila cell lines which support high levels
of its gene expression.

Previous studies of the control regions which regulate copia gene expression have
reached ambiguous conclusions (17-19). Sequence analysis of copia predicted the existence
of a transcriptional enhancer in the 5' untranslated region between the left long terminal
repeat and the single long open reading frame of the retrotransposon (17). Transient
expression analysis, however, has suggested that this region is inessential for high level
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expression in cultured cells (18). Putative cis-acting control regions in the 5' LTR have
been localized by the latter technique to a region downstream from the transcriptional start
sites and, surprisingly, no control regions were identified upstream of the transcribed region
(19). However, these functional studies have been confused by the choice of a circularly-
permuted copia based upon an extrachromosomal copia circular DNA (18-20) and the
use of a cell line (21) derived from a Drosophila species which lacks copias (A. Flavell,
unpublished).
We have created a comprehensive and systematic series of deletions and sequence

replacements in the 5' LTR of a genomic copia element to define accurately the regions
which are necessary for its expression in two different Drosophila cell lines. Our data
show here that three major regions are necessary for high levels of copia gene expression.
One of these lies upstream of the major transcriptional start sites in the copia LTR. Another
lies downstream of the start sites, but still inside the LTR. This latter region is only required
for copia expression in a cultured Drosophila melanogaster cell line but is dispensible
in a Drosophila hydei line. Lastly, we demonstrate that a third element lies downstream
of the 5' LTR and is a transcriptional enhancer.

MATERIALS AND METHODS
Construction of Recombinants
Recombinant DNA techniques were from Maniatis et al (22), except where indicated. The
general structures of the recombinants are shown in Figure 1. Upstream deletions in the
5' LTR (pKSCopCATA5' series) were made as follows. Bal 31 exonuclease deletions (New
England Biolabs) were made from an Msp 1 site (converted into a Sma 1 site beforehand)
approximately 100bp upstream of the 5' LTR of the copia element from the copia insertion
in the white locus (17). The deletion endpoints were converted into Sma 1 sites and the
resultant clones were grown up and the approximate extent of deletion determined by
restriction digests. The truncated 5' LTRs of selected deletants were excised as Sma 1-Apa
1 fragments and used to replace the undeleted corresponding Sma 1-Apa 1 5' LTR fragment
of pKSCopCAT (the unique Apa 1 site of copia is at position 283; reference 17).
pKSCopCAT contains the CAT gene from pSVO-CAT (23) fused to a Pvu 11 site at position
820 of copia (structure shown in Figure 1) This replacement reconstructs genomic copias
with progressive deletions into the 5' LTR, followed by the normal copia sequence until
the CAT gene at position 820. The sequence upstream of the 5' LTR is the same for all
these clones. A further set of Bal 31 deletions was made from the Sma 1 site of
pKSCopCAT. All deletion breakpoints were identified by dideoxy DNA sequencing (23)
using SequenaseTM (United States Biochemical, Cleveland).

Deletions from the 3' side of the 5' LTR (pKSCopCATA3' series) were by Bal 31
digestion from the Apa 1 site of the white-apricot copia element from p3922a'5 (17). The
deletion endpoints were converted into Sma 1 sites by linker addition, random deletants
were cloned and the approximate extent of deletion determined by restriction mapping.
Selected deleted 5' LTRs were used (as Xba 1-SmaI fragments) to replace the corresponding
region of pKSCopCAT (whose Apa 1 site was converted into a Sma 1 site to accept the
replacement). This resulted in a unidirectional deletion series into the 5' LTR initiating
from position 283, followed by the same copia-CAT fusion as was used in the upstream
deletion series.
The linker scanning mutants were derived by combining appropriate pKSCopCATAS'

and pKSCopCATA3' deletants by ligation of Sma 1-digested recombinants using the strategy
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FIGURE 1. Restriction maps of constructs used in this study.
The nucletide positions of the relevant sites on copia are shown. The enhancer-containing region is marked by
a thick bar. The start points for the deletion series are arrowed. The translated region of the CAT gene (stippled
box) and the polyadenylation region are not to scale

of McKnight (24). To ensure that the pLS42 -66 mutant did not suffer an overall loss
of nucleotides at the mutation site, a Sma 1-Hind 11 1-Sma 1 linker was used. The (36-71)
duplication (pKSCopCATdl) was a fortuitous clone picked up during the screening for
the pLS mutants. The (1-276) duplication is pCV2-CAT (a gift of John Sinclair). This
construct is basically pCV2-gpt (18) with the CAT gene replacing the gpt gene. This
construct is based upon a different vector (pAT 153) from our constructs and carries the
3' region of copia upstream of the LTRs.
The translocated enhancer region constructs (pKSCopCAT-lE+ pKSCopCAT-lE- were

derived from pKScopCAT-1 (Figure 1). This is basically a derivative of pKSCopCAT
which lacks the region between the copia Apa 1 site (previously converted into a Sma
1 site, see above) and the Pvu 11 site at 820, where the CAT gene is joined to copia.
The enhancer-containing fragment is a Sma 1-Pvu 11 fragment of pKSCopCAT spanning
nucleotides 283-820 of copia plus 134 bp of the leader region to the CAT gene (25),
inserted in either orientation into an Xba 1 site approximately 400bp upstream of the copia
element of pKScopCAT-1.
Cell Transfection and Expression Analysis
DH 33 cells for transfection studies (21) were cultured in M3 medium (26), supplemented
with 10% heat-inactivated foetal calf serum (Gibco-BRL). Kc cells (27) were grown in
D20 medium (27) plus 2% heat-inactivated serum. CAT assays were as described by
Gorman et al, (25). Transfections contained 10lg CAT fusion plasmid and 5jtg pC,B3P2
as an internal control for transfection efficiency (these quantities being previously determined
as non-saturating, data not shown). The latter plasmid contains a copia-(3 galactosidase
fusion construct (Brierley and Flavell, in preparation). Quantitation of results was by
scintillation counting of eluted 14C spots for CAT assays and by spectrophotometric
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TABLE 1. Deletion analysis of the copia long terminal repeat

5' Deletions (pKSCopCATA5' series)
Deletion CAT activity
endpoint Kc cells DH 33 cells

0 100 - - 100 -
15 nd - - 96 (2) [1]
36 97 (2) [3] 95 (2) [2]
53 46 (4) [1] 55 (3) [2]
67 18 (3) [2] 32 (3) [1]
73 11 (3) [1] 32 (3) [1]
112 6 (2) [3] 13 (2) [1]
163 6 (3) [1] nd -

283 11 (2) [2] 8 (2) [1]

3' Deletions (pKSCopCATA3' series)
283 100 - - 100 -
230 66 (2) [18] 135 (2) [5]
219 34 (2) [9] 80 (2) [7]
198 38 (7) [9] 86 (4) [3]
180 18 (2) [3] 91 (2) [6]
169 21 (2) [1] 75 (2) [18]
152 21 (4) [4] 89 (2) [7]
117 16 (3) [4] 82 (4) [1]
41 10 (2) [1] 19 (2) [6]
0 13 (2) [1] 8 (2) [4]

Replacement Mutants
Substituted region
42-52 49 (3) [4] 67 (3) [8]
42-66 22 (6) [1] 34 (4) [2]

Duplication Mutants
Duplicated region
2x(36-71) 90 (2) [6] 109 (2) [4]
2 x (1 -276) 102 (5) [3] 84 (2) [3]

Descriptions of the constructs are in Figure 1 and Materials and Methods. The nucleotide positions on the copia
LTR are shown in the first column. The undeleted pKSCopCAT construct was used for the 100% reference
in all cases. nd means the experimrnt was not done. The numbers in round brackets refer to the number of individual
experiments which were performed with each construct and numbers in square brackets are the standard errors
of each mean value.

absorbance at 420nm for i3 galactosidase assays (28). The results from each experiment
were corrected for the individual transfection efficiencies, as determined by , galactosidase
expression, then normalized between experiments to the CAT expression ofpKSCopCAT.
Each quoted CAT value is an average of at least two individual dishes, the actual numbers
of experiments are shown in Table 1.

RNAs were prepared from transfected cells by the method of Savakis (29). DNA was
removed from the RNA samples by digestion with RNAase-free DNAase (Boehringer)
prior to electrophoresis in formaldehyde gels (22), blotting to Biodyne membranes (Pall
corporation,) using the manufacturers protocol and probing with oligo-primed 32p probe
DNA (30). To ensure that contminating DNA was not responsible for any of the observed
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bands, the Northern blots were stripped of RNA in 0.2M NaOH, 200, 30min then reprobed.
Only parallel lanes containing control DNA gave any signal and these bands were of
comparable intensity to those on the original probing, showing that the membrane was
not harmed by this procedure (data not shown).

RESULTS
Mutation Analysis of the copia 5' Long Terminal Repeat
We have mapped the control regions in the 5' LTR of the copia element by generating
two deletion series, beginning from each end of the LTR. This approach has two advantages.
First, it circumvents the limitation to deletion analysis which arises when more than one
important control region is present, namely that deletion of the first control region
encountered in the series results in such a large drop in expression that the effect of removing
any downstream regions is masked. Second, it enables the easy creation of small substitution
mutations (or 'linker scanning mutations') which accurately pinpoint control regions (24).
To assay the expression of the copia mutant series, we fused each construct to the

chloramphenicol acetyl transferase (CAT) gene (25) and the resulting fusion constructs
were introduced into cultured Drosophila cells by calcium phosphate-mediated transfection.
To relate our results to previous studies, we employed the DH 33 line of cultured Drosophila
hydei cells as a recipient for our constructs (18-21). These cells support high level
expression of transfected copias. However, Drosophila hydei does not contain any copias,
so results obtained exclusively with this cell line are open to question. We therefore also
introduced our constructs into the Kc line of Drosophila melanogaster cells (27). This
line contains approximately 100-200 copies of endogenous copias (31) and supports high
level expression of both these (16), and introduced copia elements.
The results of this analysis are shown in Tablel. Deletion of up to 36 base pairs (bp)

from the left (or 5') end of the LTR has no effect upon expression in either cell type.
Removal of the next 17bp results in a two-fold drop in copia expression and loss of 14
bp more (a total deletion of 66bp) yields a further drop of approximately two-fold to a

level of 18% and 32% of the normal levels for D. melanogaster and D. hydei cells
respectively. Substitution of the sequence between nucleotides 42 and 52 with an

oligonucleotide linker removes roughly one half of the CAT expression, an equivalent
drop to that caused by the 1 to 52 deletion suggesting that the nucleotides between 1 and
41 are dispensible. Further replacement of bases 53 to 66 drops the level of expression
by another factor of two-fold. Taken together, these data identify 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 sites (16) in a region previously believed to contain no transcriptional regulatory
sequences (19). Furthermore, it probably extends further in the 3' direction because removal
of six more bp (to position 73) drops the activity of copia constructs in Kc cells by about
40% further and an extra 45bp deletion (up to nucleotide 112) results in a drop of CAT
expression in DH 33 cells to a level roughly ten-fold below an unmutated copia.

Further deletion from the 5' end of the copia 5' LTR has little or no effect on the
residual level of copia gene expression, indeed the removal of the entire 5' LTR still leaves
roughly 10% of the normal copia activity in both cell types. This residual level of expression
is dependent upon the presence of nucleotides 283 -820 of copia (the region downstream
of the 5' LTR) because removal of these bases yields no CAT activity above the

untransfected cell background (2% or less for pSVO-CAT, see Table 2).
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TABLE 2. Copia contains a transcriptional enhancer

Constnrct CAT Activity
Kc Cells DH 33 cells

pKSCopCAT 100 - - 100 - -
pKSCopCAT-1 24 (3) [2] 4 (9) [1]
pKSCopCAT-lE+ nd - - 86 (2) [3]
pKSCopCAT-lE- nd - - 111 (3) [2]
pSVO-CAT 2 (2) [0] 0 (4) [0]

Descriptions of the constructs are in Figure 1 and Materials and Methods. nd means the experiment was not
done. The numbers in round brackets refer to the number of individual experiments which were performed with
each construct and numbers in square brackets are the standard errors of each mean value.

Deletion from the 3' end of the LTR reveals a major difference in the regions which
are important for D. melanogaster and D. hydei expression (Table 1). Removal of sequences
between nucleotides 180 and 283 has no significant effect upon the levels of CAT activity
in D. hydei cells yet the same deletion abolishes approximately 80% of activity in D.
melanogaster cells. Further deletion to nucleotide 117 has little effect, demonstrating the
lack of control regions in this area. Deletions which extend further 5' are consistent with
the results of the 5' deletion series but generate no extra information.
We also assayed two mutants which contain duplications of LTR sequence (Table 1).

pKSCopCATdl contain two tandem copies of nucleotides 36-71 and pCV2-CAT contains
a tandem duplication of the complete LTR (with a single base between). Neither duplication
gave significantly elevated copia-CAT expression.
The broad conclusions from these data are shown in Figure 2. There are two major

areas which affect the efficiency of copia gene expression in D. melanogaster cells. These
straddle the major transcriptional start sites (16), which themselves are dispensible. The
only other portion of the LTR which is not required for high levels of copia expression
is the first 36 bp. This region is presumably required as a target site for the integrase
enzyme responsible for the insertion of extrachromosomal copia DNA into the Drosophila
chromosome (17). In all these studies it is impossible to estimate from such data the exact
extent of the control regions unless incremental steps of one base are removed.

In D. hydei cells the transcriptional control regions are significantly different. The region
upstream of the transcriptional start site is the only important sequence for copia expression
in these cells. It extends further 3' than is the case for D. melanogaster and is comprised
of at least two elements. Thus copia requires markedly different regulatory regions for
optimal gene expression. These effects are presumably mediated by transcriptional rguatory
factors which recognise specific nucleotide sequences and are present in differing amounts
in the two cell types.
Copia Contains a Transcriptional Enhancer
The deletion studies described above show that both D. melanogaster and D. hydei cells
support a significant level of copia expression even in the absence of the entire 5' LTR.
The region responsible for this residual activity lies in copia, because removal of all of
the copia sequences from the CAT fusion construct (pSVO-CAT) yields no measurable
CAT activity in both cell types (Table 2). To further demonstrate the importance of this
region, we specifically removed it from pKSCopCAT. This resulted in a five-fold drop
in expression in Kc D. melanogaster cells and a twenty five-fold drop in D. hydei cells
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FIGURE 2. 7he Locations of Control Regions in the copia LTR
The nucleotide positions of breakpoints mentioned in the text on the copia LTR are shown by numbers and
light underlining. Boxed parts of the sequence contain control regions mentioned in the text. The position of
the multiple transcriptional start sites (16) on the sequence is shown by heavy underlining. The approximate locations
of the control regions for the two cell types used in this study are shown schematically below the sequence.
The estimated importance of each boxed region to copia expression is indicated by the density of shading, deletion
of a lightly shaded region results in an approximate twofold drop in expression and deletion of the most densely
shaded region yields roughly a fourfold reduction in copia-CAT expression.

(Table 2). This region contains a sequence repeat which resembles a sequence found in
the mammalian SV40 viral enhancer (17,32). We therefore tested the possibility that this
region contains a transcriptional enhancer by removing it from its normal position and
replacing it in either orientation 5' to the copia LTR (pKSCopCAT-1E+ and
pKSCopCAT-lE-). These alterations gave high levels of CAT activity in DH 33 cells (Table
2), demonstrating that the region between nucleotides 283 and 820 does indeed contain
a transcriptional enhancer.
We next measured the RNA levels in these cells to determine whether the CAT activities

accurately reflect the RNA concentrations and eliminate the possibility that translational
effects are causing the reductions in gene expression when the deleted regions lie in the
transcribed parts of copia. We chose recombinants which each lack one of the three control
regions identified by these studies and assayed cell cultures transfected with these, plus
control pKSCopCAT, for RNA levels (Figure 3). The levels of copia-CAT RNAs (Figure
3B) are approximately equivalent to the respective CAT activities (Figure 3A) for these
constructs. Probing the stripped blot for j3 galactosidase-specific RNA demonstrates that
equivalent expression levels of this control sequence were obtained with each of the
transfected samples (Figure 3C).

DISCUSSION
The data presented here support three major conclusions. First, copia contains a region
upstream of the transcriptional start site in the 5' LTR which is required for high level
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FIGURE 3. CATactivities are approximately proporional
to RNA levels
Lane I pKSCopCAT-IE-; Lane 2 pKSCopCAT; Lane 3
pKSCopCATLS(42-66); Lane 4 pKSCopCATA3'-180;
Lane 5 pKSCopCAT-1. DH33 cells were transfected with
the above plasmids plus pCO33P2 internal control. Each
cell sample was split into three portions for CAT and
galactosidase activity determinations and RNA preparation
respectively. CAT and Northern blot assays were
performed using quantities normalized for the relative
galactosidase activities of the sample preparations. A, CAT
activities-monoacetylated chloramphenicol is arrowed. B,
Northern blot analysis with CAT probe. RNAs from
pKSCopCAT-IE- and pKSCopCAT-1 (Lanes I and 5
respectively) are 540bp shorter than the others and their
mobility is somewhat distorted by rRNA. The mobilities
of marker DNAs are shown in kb. C, The filter was
stripped and reprobed with galactosidase probe. The
mobility of a marker 5.Okb DNA is shown.

expression in cultured Drosophila cells. Second, a further region downstream of the RNA
start sites in the 5' LTR is needed for optimal activity in D. melanogaster cells but is
unnecessary in D. hydei cells. Third, another control region lies 3' to the copia LTR and
this is a transcriptional enhancer.

This arrangement of regulatory regions is reminiscent of other retrotransposons. The
Ty element of yeast is a structural relative of copia (2), sharing the same gene order and
a similar primer tRNA for initiation of reverse transcription (although there is little DNA
sequence homology between the two retrotransposons). Ty contains regions internal to
its LTRs 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 (33 -34). Ty also possesses control sequences, in addition to the enhancer-
like element, both upstream and downstream of its transcriptional start site (see above
references). The gypsy retrotransposon of Drosophila also contains enhancer-like elements
in its 5' untranslated leader region (35). These are required for the mutagenic effect of
the mobile element on adjacent genes (36-38; Flavell et al, unpublished). The presence
of enhancers therefore appears to be a common property of retrotransposons and the
resulting interference with adjacent gene expression, with its consequent deleterious effects
on the host, may be the price paid by the mobile elements for high transcription levels.
There is as yet no definite example of copia altering the expression of an adjacent gene
by the action of its enhancer element, although the effects on the white locus of this element
in the white-apricot allele could be explained at least partly in this way (39).
The actual nature of the control sequences is at present obscure but can be guessed at

from their sequences. The upstream region contains two adjoining motifs (between bases
68 and 86) reminiscent of the MLTF/USF and CREB/ATF binding sites
(GGCCACACCTTT; TATGCCA for copia and GGCCACGTGACC; [T/G][T/A]CGTCA
for MLTF/USF and CREB/ATF respectively (40-42). The enhancer has not been
accurately mapped by us but a repeat, which was postulated by Mount and Rubin to be

4032

Oiso-O



Nucleic Acids Research

a transcriptional regulatory element, lies in the fragment which we have shown to contain
the enhancer (17). This repeat contains a region displaying dyad symmetry
(ttTTTCACAttctTGTGAAAt[a/t]) and a part of this is similar to the GTII-IB motif
(CTGTGGAATG) which is recognised by the AP5 transcription factor (43) and found
originally in the SV40 enhancer (32).
The nature of the downstream D. melanogaster-specific control sequence is difficult to

assess because we have not localized it accurately, indeed, our data do not distinguish
whether this element exerts its effects at the transcriptional level at all. Rather, this region
may be required for the stability of copia RNAs. However, we think that this latter
possibility is less likely because tissue-specific transcriptional effects are well known but
cell line specific destabilization of mRNAs has not been as well established.
The results described here have revealed major differences in the regions which are

necessary for high copia activity in different Drosophila cells. The transcribed region of
the LTR is inessential in D. hydei cells, yet its removal results in an 80% loss of activity
in D. melanogaster cells. Conversely, the absence of the enhancer is five-fold more
deleterious in a D. hydei cell than a D. melanogaster cell. Similar cell line-specific,
differential effects of mutations upon gene expression have been observed in studies of
the transcriptional regulatory regions of the mammalian tumour virus SV40 (44). These
differences correlate with the differences in abundance in these cell types of the protein
factors which interact with these control regions. We think it likely that copia, like SV40
has evolved a complex set of regulatory regions in order to support its expression in a
variety of different cell types. Both Drosophila lines are derived from embryonic tissue
but it is unclear which cell lineages eventually formed the immortal culture, as during
the several months required for the establishment of Drosophila cell lines many different
cell types, including those obviously adult-specific, emerge then perish. copia RNA is
found throughout development of the organism (11- 13) and while little is known of the
tissues in which it is expressed, it is apparent that its transcription extends beyond those
tissues required simply for its inheritance, that is the germ cells (14-15). We predict that
the deletions affecting specific control sequences described here will lead to tissue-specific
alterations in the expression pattern of copia. Reintroduction of such mutagenized constructs
into the fly should therefore prove useful in probing the tissue specificity of the trans-
acting factors which recognise these regions in both copia and other Drosophila genes.

Our conclusions of both the number and locations of copia control sequences are in
contrast to those obtained previously (18-19). Sinclair et al concluded that the major
regulatory region for copia gene expression in D. hydei cells lies in the LTR downstream
of the transcriptional initiation site with no control element present in the region downstream
of this. These former studies were based upon a circularly-permuted extrachromosomal
copia circle which juxtaposed the 3' LTR with the 5' LTR (20). The 3' LTR is identical
to the 5' LTR and these constructs therefore carried two sets of the upstream transcriptional
regulatory regions. Under such circumstances the deletion of the copia enhancer might
have no measurable effect. Studies on the SV40 transcriptional enhancer have shown that
defects resulting from deletion of part of a transcriptional regulatory region can be
compensated for by duplication of other control regions (45). We therefore suggest that
the failure to detect the presence of the copia enhancer in these former studies was due
to extra positive control regions in the 3' LTR of the copia circular molecule compensating
for the loss of the enhancer. Another discrepancy between our two studies can be resolved
if this explanation is correct. Our two groups support different conclusions concerning
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the importance of the transcribed region of the 5' LTR to copia. gene expression. The
studies of Sinclair et al suggested that deletion of the last 73bp of the LTR leads to a ten-
fold decrease in activity in D. hydei cells. However, our data show that this region can
be deleted with almost no effect upon expression in such cells. However, the deletant in
the previous study had lost not only the last 73bp of one LTR but also lacked the extra
LTR and the enhancer. We propose that it was the loss of both of these two control elements,
not the 73bp of the 5' LTR, that led to the decrease in expression.

Put together, our two sets of data are consistent and support a model that optimal
expression of copia in D. hydei cells can be achieved if the enhancer and the upstream
region of an LTR are present and that the enhancer is dispensible only if an extra copy
of the LTR upstream control region is provided in the special case of an extrachromosomal
2 LTR copia circle. It is important to note that addition of an extra LTR can only compensate
for loss of the enhancer; it is unable to boost expression above the levels of an unmutated
copia (compare pCV2-CAT with pKSCopCAT in Table 1 and pCVlgpt with pCV2gpt
in reference 19).
Another difference between our results and those of Sinclair et al cannot be due to the

presence of an extraneous LTR. Their studies indicated that deletion of the first 69 bp
of the copia 5' LTR had negligible effect upon expression of a copia-gpt (xanthine guanine
phosphoribosyl transferase) fusion construct which contained the same copia regions as
our constructs. However, the 69 bp deletion did result in a two-fold drop in copia expression
when combined with an enhancer deletion. Our results show that a smaller deletion (bases 1
to 67) results in a threefold drop in CAT expression in the same cell type, even when
the enhancer is present. We do not know the source of this discrepancy but it may be
due to the differences in the assay methods or the sequences of the particular copia elements
employed by our two laboratories.
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