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Abstract

Since LTR retrotransposons and retroviruses are especially prone to regional duplications and recombination events,
these viral-like systems may be especially conducive to the evolution of closely spaced combinatorial regulatory
motifs. Using the Drosophila copia LTR retrotransposon as a model, we show that a regulatory rcgion contained
~ within the element’s untranslated leader region (ULR) consists of muitiple copies of an 8 bp motif (TTGTGAAA)
with similarity to the core sequence of the SV40 enhancer. Naturally occurring variation in the number of these
- motifs is correlated with the enhancer strength of the ULR. Our results indicate that inter-element selection may favor
. the evolution of more active enhancers within permissive genetic backgrounds. We propose that LTR retroelements
- and perhaps other retrotransposons constitute drive mechanisms for the evolution of eukaryotic enhancers which
_can be subsequently distributed throughout host genomes to play a role in regulatory evolution.

Introduction

.~ Retrotransposons are the most abundant and widely
distributed class of eukaryotic transposable elements
(Berg & Howe, 1989). These elements are distin-
guished from other transposable elements by the fact
that their replication involves an RNA intermediate
_ and is reverse transcriptase dependent. Retrotranspo-
son insertions adjacent to chromosomal genes fre-
quently result in altered regulatory phenotypes. The
- molecular mechanisms that underlie these retrotrans-
: poson mediated regulatory mutations are varied and
diverse (McDonald, 1995). For example, retrotrans-
poson insertions into a gene’s 5’ flanking region may
affect transcriptional initiation in a temporal-specific or
tissue-specific manner. Such regulatory changes can be
due to the read-through of transcripts initiated in the
retrotransposon promoter or to the presence of positive
or negative regulatory sequences within the element.
- Another way in which retrotransposons may influence
gene expression is through insertion induced changes
in chromatin structure which may, for example, insu-
late a gene’s promoter from enhancer sequences locat-

ed distal to the site of insertion (Gerasimova et al.,
1995).

Although the hypothesis that transposable elements
may have a dramatic effect on regulatory evolution
was first proposed by McClintock over 40 years ago
(e.g., McClintock, 1951, 1956), it is only recently
that experimental evidence has begun to accumulate
which directly supports the hypothesis. Instances of
retrotransposons contributing to the evolution of chro-
mosome gene regulation have recently been described
in vertebrates (e.g., Robins & Samuelson, 1992),
Drosophila (c.g., Miller et al., 1995) and plants (e.g.,
White, Habera & Wessler, 1994). Because it now
seems likely that the regulatory evolution of at least
some chromosomal genes has been influenced by retro-
transposon insertions, the question arises as to what
factors may be influencing the evolution of retrotrans-
poson regulatory sequences in the first place.

For the past several years, our laboratory has been
studying the evolution of enhancer-like regions within
the Drosophila copia LTR retrotransposon. LTR retro-
transposons are closely related to infectious retrovirus-
es and encode genes homologous to the retroviral gag
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a) SV 40 early genes:

.._chCQCQCCTAAC’I’CCGCQCATCCCGCCCCTAACTQCGQCQAGTTCCGCCQATTCTQ,QGCCS;CA. w“

-100

b) rabbit p-globin:

-60

.CCCAGACCT. CACCCTG CAGAGCCAL ‘ACCCTG GTGTTGGCCAATCTACACACGGGGTAGGGA. ..

-100

-60

Fioure 1. Fukaryotic enhancers are characterized by short repeating motifs as exemplified in the SV 40 and rabbit globin gene enhancers. The
(s

umbering of sequences is relative to the CAP site (+1).

and pol genes flanked by long terminal direct repeats
(LTRs). Because of the similarity between retroviruses
and LTR retrotransposons with regard to their struc-
ture and regulatory controls, we will group them in
this paper under the collective heading ‘LTR retroele-
ments’. The cis-regulatory sequences contained within
LTR retroelement LTRs and adjacent untransiated lead-
er regions (ULRs) interact with host encoded regula-
tory proteins to control LTR retroelement expression.
Our results suggest that the molecular propensity of
LTR retroelements to accumulate short regional dupli-
cations within non-coding regulatory regions coupled
with the opportunity for selection on these regulato-
Ty regions within the context of evolving host genomes
may combine to constitute an effective molecular drive
meéhanism for the evolution of eukaryotic enhancers.

TR retroelements contain enhancer-like regions
within their LTRs and ULRs

Enhancers are cis-acting sequences that increase the
utilization of promoters usually in a tissue and/or devel-
opmental specific manner (Atchison, 1988). Enhancers
characteristically consist of a series of short repeated
scquence motifs that are often associated with reg-
ulatory protein binding domains (Serfling, Jasin &
Schaﬂ}nen 1985; Maniatis, Goodbourn & Fisher, 1987;
Tijan & Maniatis, 1994). For example, the well-studied
enhancer of the simian virus-40 (SV-40) early genes
consists of 2 6 bp DNA sequence motif [CCGCCC]
which is repeated six times (Figure 1a). The rab-
bit ;3_globin enhancer consists of two adjacent 14 bp
sequence motifs [TGTG(G)A(A), TCCCCAG, AAG-
TATGCA] (Figure 1b). The repeated motifs within

enhancers are usually binding sites for regulatory pro-
teins and the strength of an enhancer (i.e., the rela-
tive effect the enhancer has on promoter initiation) is
often positively correlated with the number of repeat-
ing motifs it contains (Serfling, Jasin & Schaffner,
1985).

ITR retroelement enhancer regions are usually
located within the element’s LTR and ULR. For exam-
ple, the LTR of the human immunodeficiency virus-1
(HIV-1) contians an enhancer with three distinct 9~
23 bp motifs, each of which is repeated twice. Thus far,
two of these motifs have been identified as binding sites
for the host regulatory proteins NF-xB and SP1 (Koken
etal., 1992) (Figure 2a). An enhancer region within the
mouse VI, 30 LTR retrotransposon contains four dis-
tinct sequence motifs, each of which is repeated two or
three times. In this case, each of the motifs are known
to be binding sites for the host-encoded regulatory pro-
teins AP-1, CREB, JUN, CarG, and NF-1 (Nilsson &
Bohm, 1994) (Figure 2b). An enhancer region con-
tained within the tobacco LTR retrotransposon TNT-1
consists of a single 26 bp motif repeated four times. The
regulatory protein or proteins which may be interacting
with the motifs in the TNT-1 enhancer have yet to be
identified (Casacuberta, Vernhettes & Grandbastien,
1995) (Figure 2c). An enhancer within the ULR of the
Drosophila gypsy endogenous retrovirus confains 12
copies of a 10 bp motif [(C/T WA/GY(T/C)TGCATA]
(Smith & Corces, 1995). This region is a binding site
for the host regulatory protein encoded by the suppres-
sor of hairy wing (su(Hw)) gene (Spana, Harrison &
Corces, 1988) (Figure 2d).
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2) HIV 1
ACTGCTGACCTCGAGCTTTCTACACTGCTGACATCGAGC

A8

TTTCATCAAGGGACTITTCCGCTGGGGACTTITCCAGGGGAG

NF-kB NFAR SP 1

GCOTGGGGAGGCGTGCGTGGGCGE...
SP1 “
b) VL30
e LGA CCTTAG AACGTACGTTCCTITGATAGGACATGAT
LN S CREB/JUN CArG AP
WWACAMTG : G
CREB/UN TATG e
TTACGTAGAATCCTTTGGCAGAACCCCTQICCCTTGCCAGA
CREB/JUN T NF-1
C..
) YNT 1

LT TGGTTTGGTAGCCAACCTTGTIGACTTGGTTTGGTTG

GTAGCCAACCTTGTTGAATTAGTTTGGTTIGGTAGCCAAC

TTGTTTGAATTTCTTTGGTTTGGTAGCCAACTTTGTTGAAT

TGTGAAAG...
-128

d) Gypsy
wCATTGCATATTTTCGGCAAAGTAAATTTTIGTTGCATACCTT

4%

ATCAAAAAATAAGTGCTGCATACTTTTTAGAGAAACCAAATA
ATTTTTTATTGCATACCCGTTITTAATAAAATACATTIGCATAC

CCTCTTTTAATAAAAAATATTGCATACTTTGACGAAACAAAT

TITCGTTGCATACCCAATAAAAGATTATTATATTGCATACCG

TTTTTAATAAAATACATTGCATACCCTCTTTTAATAAAAAATA

TIGCATACGTTGACGAAACAAATTTTCGTTGCATACCCAATA

AAAGATTATTATATTGCATAC...

+748

“Figure 2. Functionally important sequences within LTR retroclement enhancers. Repeating sequence motifs are underlined and those known to
:be binding sites for host regulatory proteins are labeled. a) HIV-1: An enhancer region within the LTR of the human immunodeficiency virus-1
:contains a series of short repealing sequence motifs. Many of these motifs are known to be binding sites for the host regulatory proteins NFxB
and SP 1; b) VL 30: The murine VL 30 LTR retrotransposon enhancer region contains four short repeating motifs that are binding sites for host
tepulatory proteins AP-1, CREB, JUN, CarG and NF-1; ¢) TNT-1: The tobacco TNT-1 LTR retrotransposon enhancer region contains four 26 bp
Tepeats. Although these sequences are believed to be binding sites for regulatory proteins, thesc proteins have not yet been identified; d) Gypsy:
A 320 bp region within the untranslated leader region of the Drosophila gypsy LTR retrovirus is a binding site for the suppressor-of-hairy-wing
{SUHW) protein. This region is an enhancer of gypsy expression and has also been shown to be a chromatin insulator. The region is made up of
a series of four short sequence motifs that have been duplicated as a unit three times.
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The characteristic pattern of repeating motifs present
within LTR retroelement enhancers is a characteristic
by-product of reverse transcriptase mediated
replication

Examination of the LTR retrotransposon enhancers
shown in Figure 2 reveals three characteristic patterns
of repeats. The simplest pattern is a series of short tan-
dem sequence motifs (aa..bb..) as present within the
HIV-1, VL30, TNT-1, and gypsy enhancers. An inter-
mediate pattern of complexity consisting of a series of
short tandem motifs repeated as a unit two or more
times (aa..bb..aa..bb..) is exemplified within the gypsy
enhancer. An example of a more complex pattern in
which two or more adjacent heterologous motifs are
repeated as a group two Or more times (ab..ab..) is
present within the VL.30 enhancer. Each one of these
patterns can be generated during LTR retrotranspeson
replication.

Reverse transcriptase (RT) mediated TR retroele-
ment replication is a highly error prone process with
no proofreading ability (Skalka & Goff, 1993). One
common error in the reverse transcription process is
the generation of short regional duplications of the
‘aa..bb..’ type (Burns & Temin, 1994). In addition,
frequent recombination events are also known to occur
between the two genomic RNA strands packaged with-
in LTR retroelement capsids (Zhang & Ternin, 1994).
Regional mispairing between these two RNA templates
and/or template switching errors during reverse tran-
scription are capable of generating the more complex
patterns found in many retroviral and LTR retrotrans-
poson enhancers. ETR retroelements may also be sub-
ject to unequal ectopic recombination events between
repeating elements within a genome (e.g., Olson &
Temin, 1992). Such uncqual DNA level exchanges
could also contribute to the generation of the complex
motif patterns seen in many retroviral and LTR retro-
transposon enhancers.

The Drosophila copia LTR retroelement is a
medel system for the study of L'TR retroelement
enhancer evolution

Because LTR retroelements may be continually gen-
erating variation within their non-encoding enhancer
regions, continuous opportunities may exist for natural
selection to favor the evolution of adaptive enhancer
configurations. This hypothesis rests upon the assump-
tion that at leat some of the structural variability being

generated within LTR retroclement enhancer regions
provides a reproductive advantage upon which natural
selection can act. We have begun to address this and
related issues concerning the evolution of LTR retroele-
ment enhancers within the context of the Drosophila
copia LTR retroelement.

Copia is a good system in which to study LTR
retroelement evolution for several reasons. Copia is
an abundant and widely distributed Drosophila LTR
retroelement (Berg & Howe, 1989). Copia expres-
sion has recently been shown o positively correlate
with copia copy number and rates of retrotransposition
(Pasyukova et al., 1997). Significant variation in copia
expression exists both within and between Drosophila
species and this variation is known (o be under both cis-
(element) and trans- (host) regulatory controls (Csink
& McDonald, 1995; Matyunina, Jordan & McDonald,
1996). Of particular interest with regard to the issue of
LTR retroelement enhancer evolution is the fact that the
copia ULR contains a series of short sequence motifs
characteristic of LTR retroelement enhancers. In the
following sections, we review recent studies from our
laboratory that indicate that naturally occurring varia-
tion in the number of repeating motifs within the copia
ULR is correlated with the ability of this region to act
as an enhancer. In addition, we find that the repeating
motifs within the copia ULR are binding sites for at
least two Drosophila regulatory proteins.

Copia RNA levels are variable among Drosophila
species

Transcription is a major rate-limiting step in the retro-
transposition process (Berg & Howe, 1989). Thus,
naturally occurring genetic variation that influences
the transcription of retrotransposons may be of evo-
lutionary significance (McDonald, 1993). We previ-
ously reported that steady state levels of copia RNA
in Drosophila adults varies significantly among D.
melanogaster populations (Csink & McDonald, 1990).
In that same study it was reported that no copia tran-
scripts are detectable in D. simulans or D. mauritiana
adults. We recently reported that transcript levels in lar-
vae follow these same trends. Variation in copia tran-
script levels between D. melanogaster populations can
vary ~ 30-fold, whereas no transcripts are detectable
in other melanogaster group species (D. simulans, D.
mauritiana, D. sechillia, D. yakuba, D. erecta) nor in
D. willistoni (Matyunina, Jordan & McDonald, 1996).
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imperfect

CACCTTTTALE!

i imperfect repeat
@_\GAATACCACTCTTTTTATTCCTTCTTTCCTTCTTGTACGTTTT

TACTATTCAACCTACAAAAATAACGTTAAACAACACTACTTTATATTTGATATGAATGGCCA

transcription start

TTGZLNHHL

DmC/EBP and CBF-1
hinding sites

GTTGAAATAACTTAAAATATAAATCATAAAACTCAAAC

“Apal

|
end LTR/begin ULR ‘
YBACAGGTTATGGGCCCA

dvad.

primer site

TATTTCCTTCTCAGAATTTGAGTGAAAAATGG

28 bp segment of ULR missing in
transcriptionally defective gap variants

Figure 4. Binding sites for the Drosophila regulatory proteins DmC/EBP and CBF-1 are present in multiple copies within the copia long
terminal repeat and untransiated leader. A compuier search established that the 9 bp repeating motifs found within the copia ULR are similar to
binding sites for the Drosophila regulatory protein C/EBP. Binding assays established that these sequences are indeed capable of binding Dm

EBP. In addition, a second binding factor isolated from the nuclei of Drosophila cell lines (copia binding factor-1) was also shown to bind to

these same C/EBP binding sites.

Size variation maps to the LTR-ULR of naturaily
occurring copia elements

We recently reported that D. melanogaster copia ele-
ments differ from those of D. simulans and D. mau-
ritiana by size variation mapping to the 5' LTR and
ULR (Csink & McDonald, 1995). Relative to D.
melanogaster copia elements isolated from an lquitos,
Peru population, all of the D. simulans and D. mauri-
tiana elements sequenced in this study were found to
have a 39 bp gap within the 5' LTR located just 5" tothe
transcriptional start site (Figure 3). In addition, all nine
of the D. mauritiana elements and two of three of the
D. simulans copia elements sequenced were found to
have a 28 bp gap within the ULR. This 28 bp ULR gap
was also found in two of nine copia elements isolated
from the Loua D. melanogaster population. The copia
ULR contains seven dispersed copies of a conserved
9-bp motif [(TYTGTGAA(A/T YA/T)], two (inverted

repeat) copies of which are contained within the 28 bp
region missing within the ULR gap variants (Figure 3).

We recently found that these same copia size vari-
ants are present in varying frequencies within the
genomes of other members of the melanogaster sub-
group and D. willistoni (Matyunina, Jordan & McDon-
ald, 1996). More recently, we have isolated a new
class of copia size variant from Zaprionus tubercula-
tus (Zap-gap) (Figure 3) (Jordan & McDonald, 1997).
This variant contains a 67 bp gap at the same ULR
position where the 28 bp gap is located in the ULR-
gap variants described above. In addition, the Zap-gap
variant has the same 39 bp LTR gap as the double-gap
variants described above.
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he copia ULR has evolved by a series of regional
uplications

“omparison of the sequences of the gap and full-length
ariants suggests that the latter originally arose from
e tormer by regional duplications. For example, the
8 bp region within the ULR that contains two inverted
epeats of the 9 bp motif described above is repeated
wice in the full length variants, but only once in the
JLR-gap variant (Figure 3). These repeated motifs are
ordered by runs of T’s that are known to facilitate
gcombination during reverse transcription (Burns &
emin, 1994). Sequences immediately adjacent to the
egion missing in the LTR of the double-gap variant
are repeated within the LTR of the full-length variant,
ndicating that the evolution of full-length variants also
nvolved at least one regional duplication within the
TR (Matyunina, Jordan & McDonald, 1996).

he 9 bp repeating motif within the copia ULR is a
inding site for at least two host-encoded proteins

A’ computer search revealed a significant similarity
eiween the 9 bp motif that is repeated seven times

ants within the full-length copia ULR and the consensus
‘ /EBP (CCAAT/enhancer binding protein) binding
I;Iilﬂ:;nti ite {T(T/G)NNG(C/T)AA(T/G)] (Figure 4). C/EBP is
ing Dm nammalian transcriptional activator (Graves, John-
+bind to on & McKnight, 1986). It has recently been report-
d that C/EBP is a trans-regulator of the human LTR
stroelement, HIV-1 (human immunodeficiency virus-
,28 bp J{(Ruocco et al., 1996).
ure 3). - A homologue of mammalian C/EBP has recently
je vari- een identified in Drosophila and implicated in the reg-
jin the lation of tissue-specific gene expression (Montel! et
o sub- 1., 1992). To determine if the 9 bp repeating motifs
teDon- within the copia ULR are capable of binding Drosophi-
a new a C/EBP (DmC/EBP), we carried out a series of mobil-
erculd- ty shift assays with purified protein (Wilson, Matyun-
1997). na & McDonald, 1997). We utilized three different
o UL? robes in our assays: a sequence encompassing the
. ULR- utire ETR/ULR, a sequence encompassing the ULR
“ap-gap nly, and a short 28-bp oligomer identical in sequence
ble-gap 0:the region mssing in the ULR gap variants. Incu-

jon of the 28-bp oligomer probe with DmC/EBP
gives a single protein-DNA complex, whereas 2—4
omplexes (depending on probe and incubation con-
ons) resulted from incubations with the ULR gap
nd full-length ULR probes.

- In addition, we have recently identified another
liclear protein factor, copia binding factor-1 (CBF-

9

1), which also binds to the 9 bp motifs within the copia
ULR. CBF-1 was first isolated from the Drosophila
Schieider-2 cell (§2) line. S2 cells have been previous-
Iy found not to contain DmC/EBP (P. Rorth, personal
communication). As was the case for DmC/EBP, CBF-
1 bound specifically to each ULR probe. To ensure
that CBF-1 was not DmC/EBP and to verify that our
nuclear extracts did not contain DmC/EBP, which may
be interacting with CBF-1, we competed incubations
of our probes and S2 extract with DmC/EBP antibod-
ies. The antibodies that interfere with the binding of
C/EBP with our probes had no effect on the binding
profiles of our probes with nuclear extracts, indicating
that CBF-1 is indeed distinct from DmC/EBP (Wilson,
Matyunina & McDonald, 1997).

Naturally occurring variation in the number of
repeating motifs within the copia LTR-ULR is of
functional significance

To determine if naturally occurring variation in the
pumber of motifs within the copia LTR-ULR may be
of functional (potentially adaptive) significance, we
conducted a series of transient expression assays to
test the relative ability of the full-length, double-gap,
and ULR-gap variants to drive expression of a bac-
terial CAT reporter gene in Iquitos D. melanogaster
(Matyunina, Jordan & McDonald, 1996). Transient
expression assays arc useful in identifying both cis-
and trans-regulatory effects that influence transcrip-
tional initiation extrachromosomally. The results sum-
marized in Figure 5 indicate that: i) all three of the
naturally occurring variants are expressed at levels sig-
nificantly above negative controls (P < 0.0025); ii) the
full-length variant is expressed at levels significantly
higher than either the ULR-gap (t-test, P < 0.001) or
the double-gap (P < 0.001) variants; iii) the ULR-gap
variant is significantly higher than that associated with
the presumed ancestral double-gap variant. From these
results we conclude that the naturally occurring vari-
ation in number of 9 bp motifs contained within the
copia LTR-ULR is of potential adaptive significance.

Host-regulatory control of copia expression is
variable among Drosophila populations and species

To determine if host encoded trans-regulatory varia-
tion may be contributing to interspecific differences
in levels of copia expression, we tested the ability of
the three I'TR-ULR variants described above to drive
expression of a bacterial CAT reporter gene in mem-

e
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Figure 5. The relative ability of naturally occurring copia LTR/ULRSs to drive transient expression of the CAT reporter gene in Drosophila
larvae. Copia L.TR/ULR’s representing the three major LTR/ULR size variants in Drosophila species were cloned in frame with the bacterial
chloramphenicol acctyl transferase gene (CAT) in pCAT (Promega). The basic pCAT vector, which lacks any promoter, was used as our negative
control plasmid. 4.6 nl of reporter plasmid DNA was injected per embryo. Ten active 1st and 2nd instar larvae representing each species strain
cxamined were harvested 48 h after injection and individually homogenized and the supernatant assayed for CAT inactivity (Matyunina, Jordan

& McDonald, 1996). Shown are mean units of CAT activity (1 unit =
1 min at 37 °C per larvae) per larva. Error variation (SE/X) was < 10%.

bers of the melanogaster species group and the outlier
D. willistoni (Matyunina, Jordan & McDonald, 1996).
Our results, which are summarized in Figure 5, indi-
cate that the ability of both the full-length (ANOVA,
F = 16.56, P < 0.0001) and the ULR-gap (ANOVA,
F = 51.12, P < 0.0001) variants to drive CAT expres-
sion is significantly different among all species strains
tested. The full-length variant is most active in the Iqui-
tos D. melanogaster strain. The activity of this same
construct is reduced by more than 40% in the Lova D.
melanogaster strain and by &2 70% in strains represent-
ing other members of the melanogaster species group.
The D. willistoni strain is able to support expression of
the full-length variant at only 14% of the level at which
it is expressed in the Iquitos D. melanogaster strain.
No significant difference was associated with the near-
ly inactive double-gap variant. The ULR-gap variant

pmole of acetyl groups from acety] coenzyme A to chloramphenicol in

is expressed at highest levels in the Iquitos strain and
significantly lower in all other species strains tested (P
< 0.001).

To further investigate the role of the ULR in copia
expression, we tested the activity of a laboratory-
constructed copia LTR-CAT variant in which the entire
ULR was deleted. The results demonstrate that removal
of the entirc ULR results in nearly the same lev-
els of expression associated with the naturally occur-
ring ULR-gap variant. As a positive control for all
of the above studies, we tested the ability of the D.
melanogaster hsp70 promoter to drive CAT expression
in all of the species strains in which the LTR-ULR-
CAT constructs were tested. No significant difference
in hsp-70-CAT expression was detected between any
of the strains (Matyunina, Jordan & McDonald, 1996).
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igure 6. Effect of the insertion of a copia ULR containing either
ve (ULR-gap) or seven (full-length) copies of the 9 bp motif on
ansient expression of the Asp 70 minimal promoter. The full-length
LR exerts a significant enhancer effect of hsp 70 expression. The
L.R-gap variant had no significant effect on Asp 70 expression. The
ntrol was the Asp-70 minimal promoter fused to CAT. Microin-
ctions at CAT activity readings were carried out as described in
igure 5.

he full-length copia ULR is capable of enhancing
;pression of a heterologous chromosomal gene

he results summarized up to now indicate that natu-
ally occurring copia variants lacking a 28 bp region
ithin their ULR have significantly reduced expres-
ion relative to variants containing the 28 bp region. To
etermine whether the copia ULR with or without the
2 bp gap has properties characteristic of a eukaryotic
nhancer, we conducted transient expression assays to
est if a copia full-length ULR and a ULR lacking the
8 bp region could influence the ability of a heterol-
gous hsp 70 minimal promoter to drive expression
f-a bacterial CAT reporter gene in D. melanogaster.
he results summarized in Figure 6 indicate that when
he full-length ULR is placed upstream of the hsp 70
inimal promoter, it stimulates expression four-fold
¢lative to the control. The ULR lacking the 28 bp
egion, on the other hand, had no significant enhancer
ffect on the Asp 70 minimal reporter relative to the
control.

ummary and perspectives

We propose that LTR retrotransposons may constitute
mechanism by which eukaryotic enhancers evolve
nd are subsequently distributed throughout eukary-
tic genomes over evolutionary time. This model is

11

based on three hypotheses: 1) that reverse transcrip-
tase mediated LTR retroelement replication is prone
to the generation of short regional duplications that
are charactenistic of eukaryotic enhancers; 2) that at
least some of this size variation within LTR/ULRs

- can lead to the emergence of new LTR retroclement

enhancers and/or to an increase in the strength of exist-
ing enhancers thereby providing an opportunity for
selection; 3) that enhancers that cvolve by this mech-
anism within LTR retroelements also have the poten-
tial to exert cis-regulatory effects on the expression of
chromosomal genes when distributed throughout the
genome by retrotransposition.

Frequent slippage and recombination events dur-
ing reverse transcriptase mediated TR retroelement
replication is a well established fact (Parthasarathi
et al., 1995; Preston & Dougherty, 1996). Although
short duplications, deletions, and rearrangements due
to such errors can be generated throughout the LTR
retroelement genome, active TR retroelements would
only be expected to accumulate size variation with-
in their non-encoding LTR and ULRs where read-
ing frames would not be disrupted. Consistent with
this prediction, we have found copia ETR/ULR size
variation segregating within and between Drosophila
species. Moreover, this size variation appears to be the
result of short regional duplications of the type known
to be generated during ETR retroelement replication.

The second hypothesis underlying our model is that
at least some of the size variation within the LTR/ULRs
may have a significant effect on LTR retroelement
expression and thus potentially be subject to natural
selection. To determine if naturally occurring copia
LTR/ULR size variation may be of functional signifi-
cance, we tested the ability of the variant LTR/ULRs
to transienily drive expression of a reporter gene in
Drosophila larvae. Our results demonstrate that full-
length elements are associated with the highest level
of transcriptional activity followed by ULR-gap and
double gap variants, respectively. With regard to the
ULR region, our results indicate that the duplication
event that increased the number of 9 bp motifs from
five (ULR-gap variant) to seven (full-length variants)
resulted in a significant elevation in the ULR’s abil-
ity to enhance copia driven expression. Since copia
transcription correlates with copia retrotransposition
{(Pasyukova et al., 1997), our results predict that full-
length elements may be selectively favored in genet-
ic contexts which support copia expression. Further
studies are required to test this hypothesis rigorously.
However, our preliminary findings, that the Iguitos,
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Peru genome strengly supports copia expression and
is fixed for full-length copia elements, are consistent
with the predictions of the model.

The third hypothesis upon which our model rests
is that those changes within a LTR/ULR that enhance
LIR retroelement expression will also have the poten-
tial to enhance expression of chromosomal genes. As 2
preliminary test of this hypothesis, we again employed
transient expression assays to monitor the ability of
copia ULRs from the ULR-gap and full-length variants
to enhance expression of a heterologous gene promot-
er. We found that only the full-length ULR was able
o significantly enhance expression of the minimal Asp
70 promoter. Thus, the same ULR regional duplication
that increased copia-driven transient expression also
resulted in enhanced expression of an adjacent chro-
mosomal promoter.

Recent findings indicate that eukaryotic enhancers
act by facilitating the formation of stable domains with-
in which promoter activity is permitted (e.g., Moon &
Ley, 1990; Walters et al., 1995, 1996). Although the
effect of enhancers on the expression ‘of extrachro-
mosomal gene constructs, as monitored in transient
assays, is considered to be the same as for constructs
stably integrated within chromosomes, the later situa-
tion is clearly more complex. Stably integrated genetic
constructs have been shown to be relatively more effi-
cient at creating a transcriptionally active state within
regions of inactive chromatin when they contain an
enhancer (Walters et al., 1996). By implication, we
envision that LTR retrotransposons with the strongest
enhancers may have the highest probability of being
expressed in any chromosomal context.

The view that LTR retrotransposons and other
classes of transposable elements located within het-
erochromatin are ipso facto biologically inactive is no
longer tenable. Recent studies have shown that hete-
rochromatin is far more complex than once envisioned
(Lohe & Hilliker, 1995). In particular, heterochro-
matin in Drosophila, which was once thought to be
genetically inert, has recently been shown to consist of
‘islands’ of transcriptional activity that are associated
with middle repetitive sequences (e.g., Devlin, Bing-
ham & Wakimoto, 1990; Mitchelson et al., 1993).
At least some of these middle repetitive sequences
have recently been identified as transposable elements
(Zang & Sprading, 1995). Because copia and many
other LTR retrotransposons are known to reside within
both euchromatic and heterochromatic regions of the
genome, it seems likely that selective pressure may be
placed on these elements to evolve enhancers that can

function in both chromosomal contexts. In this regard,
studies are currently in progress to determine if the
transcriptional superiority associated with full-length
copia elements in our transient assays is maintained
when the copia constructs are stably integrated into a
variety of chromosomal locatious.

Clearly, additional studies on retrotransposon
enhancer evolution in Drosophila and other biological
systemns will be required before general conclusions
can be drawn. However, our preliminary studies on the
evolution of enhancer sequences within the copia ULR
in Drosophila are consistent with the model that LTR
retroelements and perhaps other retrotransposons {Bro-
sius & Tiedge, 1996) constitute drive mechanisms for
the evolution of eukaryotic enhancers. The subsequent
distribution of these enhancers throughout genomes by
retrotransposition may play a significant role in cukary-
otic regulatory evolution.
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