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A cis-acting regulatory element within the gag gene of avian retroviruses has been localized by deletion
analysis, and sites of protein interaction have been studied by DNase I footprinting. Unidirectional deletions
were made from both the 5' and 3' ends of a 656-base-pair fragment of the gag gene of Fujinami sarcoma virus.

These deletion mutants were tested for enhancer activity in a chloramphenicol acetyltransferase transient
expression assay. A sharp 5' boundary for enhancer activity was observed between 776 and 786 nucleotides
downstream from the transcription initiation site. In contrast, deletion from the 3' side resulted in a gradual
loss of enhancer activity, reaching a near basal level of activity by nucleotide 868. Internal deletion of 76
nucleotides just downstream of the 5' boundary abolished enhancement. Mutagenesis of a consensus enhancer
core sequence (GTGGTTTG) showed that this sequence was not necessary for enhancer activity in our
transient assays. DNase I footprinting with both a highly purified enhancer-binding protein from rat liver
(EBP20) and a partially purified chicken liver nuclear extract showed specific protection of nucleotides 813 to
872 within the localized enhancer region. Footprinting of unidirectional deletion mutants that had lost activity
indicated that this binding was not sufficient to confer enhancement.

Transcription of the retroviral genome is regulated by
enhancer, promoter, and polyadenylation sequences in the
long terminal repeats (LTRs) (40). Retroviral LTR enhancers
have been identified by their ability to increase the transcrip-
tion rate of linked heterologous genes independent of their
orientation or position (7, 16, 20, 25) and have been localized
within the U3 region of Rous sarcoma virus (RSV) LTRs by
mutational analysis (2, 17). There is also evidence that viral
sequences outside the LTR may help to regulate retroviral
gene expression (17, 18, 20, 26, 38).

Arrigo et al. (1) have previously shown that sequences
within the highly conserved gag genes of several avian
retroviruses are capable of enhancing expression of a linked
chloramphenicol acetyltransferase (CAT) gene (cat) in a
transient assay. Insertion of a 656-base-pair (bp) fragment
(containing nucleotides 533 to 1189 from the transcription
initiation site) of the Fujinami sarcoma virus (FSV) gag gene
into the enhancerless plasmid pSVlcat activates cat gene
expression more than 20-fold in chicken embryo fibroblasts
(CEFs). Similar results were obtained with the correspond-
ing gag fragment from RSV and Rous-associated virus-0.
The increase in CAT activity is due to increased steady-state
levels of cat mRNA (1). A smaller FSV gag fragment,
extending from the BamHI site at nucleotide 533 to the NaeI
site at nucleotide 1017, retained approximately 60% of the
maximum enhancer activity. However, deletion of a central
330-bp AvaI fragment (nucleotides 631 to 961) abolished
enhancer activity (1).
Although we have not yet established gag enhancer activ-

ity in the intact viral genome, there is some evidence from
viral mutants that the gag region contributes to regulation of
viral expression (18, 38). Experiments with the virus are
complicated by the fact that the enhancing sequences lie
within coding sequences of a viral gene. Extensive viral
deletions may also affect the stability or splicing of viral
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RNA. Before minimal enhancer mutations could be con-
structed in the viral genome, it was necessary to localize the
enhancer sequences more precisely. In this study, we de-
fined the boundaries of the gag enhancer activity and ob-
tained data on protein-DNA interactions in this region.

Unidirectional deletion mutants were constructed from
both the 5' and 3' ends of the 656-bp FSV gag fragment and
tested in a transient expression assay. The 5' deletion series
showed a discrete border with a precipitous drop in activity
between nucleotides 776 and 786, whereas the 3' set showed
a gradual decline. Internal deletions and site-specific muta-
tions were made to investigate the role of specific sequence
elements within the enhancer region. DNase I footprinting
and dimethyl sulfate (DMS) alkylation of the gag gene
fragment localized sites of protein interactions. A highly
purified enhancer-binding protein from rat liver, previously
identified as EBP20 (13), and a partially purified chicken
liver nuclear extract (CLNE) protected a region near the 5'
boundary of the defined enhancer sequence.

MATERIALS AND METHODS
Plasmid construction. plgagS was constructed by inserting

a BamHI-to-PvuI gag fragment from a subclone of FSV,
pBR-F26 (provided by M. Shibuya and H. Hanufusa [35]),
extending from nucleotide 533 to 1189, into a BamHI-AatII-
cut pSVlcat vector (obtained from B. Howard [8]). After an
initial ligation between BamHI-cohesive ends, blunt ends
were generated, Sall linkers were added, and the molecules
were religated. The resulting insert was downstream and in
the positive (sense) orientation relative to the simian virus 40
(SV40) early promoter and the cat gene (Fig. 1A).
The plgagS plasmid was used to construct a progressive

series of unidirectional 5' and 3' deletion mutants, essen-
tially as described previously (23, 29). For the 5' series, 50
,ug of plgagS DNA was linearized with BamHI and incu-
bated with 4.5 U of exonuclease III (New England BioLabs,
Inc.) at 23°C in a 150-,1 reaction. Samples (7.5 ,ul) were
removed at 30-s intervals and pooled on ice. S1 nuclease (75
U; P-L Biochemicals, Inc.) was added, and the mixture was
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FIG. 1. (A) Structure of plgagS, which was used to make the 5'
and 3' deletion mutants, as described in Materials and Methods. (B)
Structure of plBam(-), which was used to make the internal gag
gene deletions. Nucleotide endpoints shown for the inserts are from
the sequenced genomes of FSV (34) (A) and RSV (33) (B). S, SaIl;
B, BamHI.

incubated for 15 min at 23°C and then for 15 min on ice.
Samples were extracted with phenol-chloroform (1:1), pre-
cipitated with ethanol, and ligated to BamHI linkers. After
digestion with BamHI and Sall, the gag fragments were
roughly sized on a 2% agarose minigel, isolated, and ligated
to a BamHI-SalI-cut plgagS vector.
The 3' deletion mutants were constructed similarly, ex-

cept that plgagS was. first linearized with Sall and Sall
linkers were added to the deleted ends. Deletion endpoints
of the inserts were determined to ±10 bp on a 20-cm 2.5%
agarose gel. Endpoints near the activity borders of the
enhancer were sequenced by the method of Sanger et al.
(30), as modified by Wallace et al. (41), with synthetic
oligonucleotide primers complementary to vector sequences
adjoining the inserts.

Plasmid plBam(-) (a gift from S. Arrigo), containing a

1,384-bp BamHI gag fragment (nucleotides 533 to 1917) from
Prague C RSV in the BamHI site of pSVlcat in the negative
(antisense) 'orientation (Fig. 1B), was used to construct
internal gag gene deletions. plBam(-) was linearized with
NarI (base 798), deleted with exonuclease III, and digested
with S nuclease as described above. After Clal linkers were
ligated to the deleted ends, inserts were excised with CiaI
and BglII, roughly sized by gel electrophoresis, and ligated
to a NarI-BglII-cut plBam(-) vector. Deletion endpoints
were determined by dideoxy sequencing (30, 41).

Site-specific mutagenesis. Site-directed mutations (46) were
made with M13FSV (provided by G. Weinmaster [43]),
which contains a full-length insert of the FSV genome in the
antisense orientation at the Sacl site of M13. The mutagenic

oligonucleotide primer used to generate mutant 1 was a
24-mer (TATGTGGGGAGCCCTTTGTATCCT) in which
the three underlined nucleotides were altered from the
wild-type sequence TGG. Mutant 2 was derived by exten-
sion of another 24-mer (CCTCCTCCTTAT...TTGTATC
CTTCC); the wild-type sequence GTGGGGAGTGGT has
been deleted from the center of this oligonucleotide. The
mutants were sequenced by the dideoxy method with single-
stranded M13 DNA (30). Wild-type and mutant M13FSV
double-stranded replicative-form DNAs were digested with
BamHI and AatII, and the 710-bp gag fragments were
ligated to BamHI-AatII-cut pSVlcat. The resulting plgagA
plasmids contained the wild-type or mutant gag fragments in
the downstream, positive transcriptional orientation.

Cell culture and DNA transfection. CEFs were cultured as
previously described (1). Transfection assays used 5 ,ug of
plasmid DNA per 6-cm plate of CEFs and 200 ,ug of
DEAE-dextran per ml as described by Lopata et al. (19).
Cells were incubated with DNA for 4 to 6 h and then shocked
for 2 min with 10% dimethyl sulfoxide.
CAT assay. Approximately 48 h after DNA addition, CAT

activities were assayed as described by Gorman et al. (8),
with modifications by Arrigo et al. (1). Cells were treated for
10 to 30 min with pancreatic DNase, scraped from the plate,
and lysed by freeze-thawing. After clarification, half (50 pul)
of the lysate from each plate was used for the CAT assay and
the remaining lysate and pellet were used for DNA quanti-
tation.
DNA quantitation. Pellets were suspended in the remain-

ing lysate and digested for 2 h at 37°C in 200 RI of 0.5-mg/ml
pronase (Boehringer Mannheim Biochemicals) and 0.5%
sodium dodecyl sulfate. The samples were extracted twice
with phenol-chloroform (1:1) and once with chloroform and
then were precipitated with ethanol. DNA pellets were
digested with Sall and EcoRI, electrophoresed on a 1%
agarose gel, blotted to nitrocellulose (37), and hybridized to
a HindIII-digested pSVlcat DNA probe. Plasmid DNA was
quantitated by scintillation counting of the radioactive
bands. Plasmid DNA quantitation in some experiments was
from Hirt supernatants as described by Arrigo et al. (1)
rather than from total cellular DNA as described above.

Nuclear extracts. Rat liver nuclear extract (RLNE) and
CLNE were isolated as described by Woll et al. (44), with
modifications by Graves et al. (9). Frozen rat livers were
obtained from Pel-Freez, Rogers, Ark. Livers from freshly
sacrificed chickens (White Rock) were the generous gift of
Dover Poultry, Baltimore, Md. Tissue (330 g) yielded ap-
proximately 3 ml of nuclear extract at a protein concentra-
tion of 3 mg/ml. For heat-treated CLNE, samples were
incubated at 68°C for 10 min, chilled on ice, and clarified by
centrifugation at 16,000 x g for 10 min in a microfuge. The
130-fold-purified enhancer binding protein (EBP20) was the
generous gift of P. Johnson, B. Graves, and S. McKnight
and has been described as the FPLC Mono S fraction (13).
DNase I and DMS footprinting. DNase I footprinting was

performed by the method of Jones et al. (15) as modified by
Graves et al. (10). DMS footprints (36) were prepared as
described by Johnson et al. (13). Reactions used 1 to 2 ng of
DNA, end labeled to a specific activity of >106 cpm/,ug with
T4 polynucleotide kinase and 0 to 20 RI of nuclear extract.
DNA fragments were sequenced by the method of Maxam
and Gilbert (21).

RESULTS
Enhancer activity within avian sarcoma virus gag genes

was identified previously in a fragment containing nucleo-
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AVIAN SARCOMA VIRUS gag ENHANCER 1619

tides 533 to 1189 from the start of transcription (1). To
determine the boundaries of the gag enhancer more pre-
cisely, we constructed a 5' and a 3' series of unidirectional
deletion mutants. The parental plasmid plgagS contained a
656-bp FSV gag gene fragment in the BamHI site of pSVlcat
(Fig. 1A). (pSVlcat contains the promoter from SV40, but
the enhancer has been deleted [8].) The gag insert was
downstream and in the sense orientation relative to the
promoter and the cat gene. As with similar constructs tested
previously (1), this 656-bp gag fragment elevated CAT
activity about 20-fold in CEFs (data not shown).

5' Deletion mutants. To find the 5' boundary of the
enhancer element, the gag gene was progressively deleted
from the BamHI site at the 5' end of the insert (FSV
nucleotide 533). Deletion mutants were transfected into
CEFs and assayed 48 h later for CAT activity. Parental
plgagS and the enhancerless pSVlcat were tested in parallel
with the deletion mutants, and CAT activity for each sample
was normalized to intracellular plasmid DNA levels. The
CAT actiVity of the mutants was not significantly reduced
until the gag gene was deleted beyond nucleotide 776 (Fig.
2A). Deletion to nucleotide 786 reduced CAT activity to
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about 20% of that of the undeleted plasmid. Further deletion
to nucleotide 802 resulted in activity barely above that of
pSVlcat.

3' Deletion mutants. A similar series of deletion mutants
was constructed from the 3' end of the gag insert at
nucleotide 1189, transfected into CEFs, and assayed for
CAT activity (Fig. 2C). In contrast to the sharp boundary
observed in the 5' series, the 3' deletion series exhibited a
more gradual decline in enhancer activity. The first signifi-
cant drop in activity occurred between deletion endpoints at
nucleotides 1136 and 1079, reducing CAT activity to approx-
imately 70% of the activity of full-length constructs. Further
deletion to nucleotide 952 reduced activity to about 50%.
CAT activity declined more rapidly as the gag insert was
deleted from nucleotide 952 to nucleotide 868. Deletion
beyond nucleotide 868 resulted in no detectable enhancer
activity. Thus, the gag sequences necessary for full en-
hancement of CAT activity were localized between nucleo-
tides 776 and 1136 in the FSV genome.

Internal gag gene deletions. Unidirectional deletion analy-
sis suggested that sequences in the 5' portion of the enhancer
region might contribute more to enhancer activity than
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FIG. 2. CAT activity of 5' and 3' deletion mutants, shown as the percentage of the activity of p1gagS, which has a full-length (FL) insert.
The value given for each mutant is the average of two experiments, each of which was normalized to the amount of intracellular plasmid DNA.
The enhancerless plasmid pSVlcat had 3% of the activity of p1gagS. (A) 5' Deletion mutants. The 5' endpoints of mutants near the border
of the observed enhancer activity are indicated. (B) Map of the gag gene of FSV. Numbers refer to the FSV nucleotide sequence (34).
Symbols: 0, position of the SV40 consensus enhancer core sequence, GTGGTTTG; _, region of the sense strand protected by EBP20 or
heat-treated CLNE from DNase I digestion. (C) 3' Deletion mutants. The 3' endpoints of sequenced mutants are indicated.
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TABLE 1. Internal gag gene deletion mutants

Relative CAT
activity (%)"

plBam(+), wild type ......................................... 260
plBam(-), wild type .......................................... 100
plBamA76 ......................................... 5
plBam A 189 ......................................... 5
pSVlcat .......................................... 7

a CAT activity is shown as the percentage of the activity of the negative
orientation plasmid plBam(-), which was used for deletion mutagenesis.

sequences in the 3' portion. To examine the enhancer
activity of the 3' sequences alone, we made two internal
deletions within the 5' portion of the enhancer. These were
constructed by using plasmid plBam(-), which contains a
1,384-bp BamHI gag fragment from Prague C RSV in the
downstream negative orientation (Fig. 1B). The enhancer
activities of FSV and RSV gag genes have been shown to be
indistinguishable (1). As with previous constructs assayed in
mouse L cells (1), the enhancer activity was found to depend
on the orientation of the gag insert. When tested for CAT
activity in CEFs, the positive orientation clone, plBam(+),
had a 2.6-fold-higher activity than the negative orientation
clone, plBam(-) (Table 1). The orientation dependence
observed in CEFs was less pronounced than that previously
seen in mouse L cells (1).
The 5' boundary of the gag enhancer in FSV was very

near the NarI site (FSV nucleotide 786). The corresponding
NarI site in the RSV genome is at nucleotide 798 (33).
plBam(-) was progressively deleted from the NarI site in
the 5' to 3' direction as described in Materials and Methods.
Two mutants that had 76 bp (RSV nucleotides 798 to 874)
and 189 bp (RSV nucleotides 798 to 987) deleted were
selected. When tested in CEFs, both mutants showed a
complete loss of enhancer activity (Table 1). Therefore, we
have found sequences essential for enhancer function within
the 76 bp just downstream of the Narl site in gag.

Mutagenesis of consensus enhancer core sequence. Results
with the internal deletion mutants showed that sequences in
the 3' portion of the enhancer region alone were not suffi-
cient for enhancer activity. The gradual loss of activity in the
3' deletion series suggested, however, that additional se-
quence elements might contribute to the enhancer activity.
The enhancer region defined by unidirectional deletion mu-
tagenesis contains several of the sequence motifs commonly
found in transcriptional regulatory elements, including an
SV40 consensus enhancer core sequence GTGGTTTG (nu-
cleotides 900 to 907) (42).
To test the significance of the enhancer core sequence

within the gag enhancer region, this sequence was altered by
site-directed mutagenesis. The DNA template for mutagen-
esis was an M13 clone containing the full-length FSV ge-
nome (43). Two different oligonucleotides complementary to

the antisense FSV insert were synthesized and used for
mutagenesis. The sequences of the two resulting mutants are

shown in Table 2. The three nucleotides altered in FSV gag
mutant 1 were selected because mutation of the correspond-
ing nucleotides in the SV40 enhancer caused a dramatic
reduction in both viral growth and enhancer function (11,
45).
Mutant 2 was designed to have a 12-nucleotide deletion,

including most of the consensus enhancer core sequence and
a related GTGG sequence upstream. However, sequence
analysis showed it had spontaneously deleted an additional
six nucleotides consisting of two of four tandemly repeated
CCT triplets present just upstream of the consensus en-
hancer core sequence (Table 2).
The 710-bp BamHI-AatII gag fragment from each mutant

was inserted into the pSVlcat vector, and the resulting
plasmids, plgagA mut 1 and plgagA mut 2, were transfec-
ted into CEFs and assayed for CAT activity. Neither muta-
tion reduced CAT activity in our transient assays (Table 2).
Thus, the consensus core sequence was not necessary for
gag enhancer activity.

DNA-protein interactions. Enhancer-mediated activation
of transcription appears to require binding of trans-acting
cellular proteins to the enhancer DNA (4, 24, 31, 32). We
have therefore used DNase I footprinting (5) and DMS
alkylation (36) to look for sequence-specific binding of
nuclear proteins to the gag enhancer. When crude RLNE
was used for the initial DNase I footprints, several large
protected regions, extending beyond the functional bound-
aries defined by deletion mutagenesis (data not shown), were
observed. We therefore turned to the use of purified pro-
teins.
Johnson et al. (13) have recently purified from RLNE an

enhancer binding protein (EBP20) which binds to the con-
sensus enhancer core sequences (GTGGTTTG) of SV40,
polyomavirus, and the Moloney murine sarcoma virus LTR.
We were interested in whether EBP20 would also bind to the
consensus enhancer core in the avian sarcoma virus gag
gene. EBP20, purified 130-fold from RLNE, was used for
DNase I footprinting of the gag enhancer; 180 ng of this
extract protected two adjacent domains on the coding strand
which encompassed about 60 nucleotides within the 5' half
of the gag enhancer region. This binding affinity was similar
to that of this extract for the consensus enhancer core
sequence of polyomavirus (Peter Johnson, personal commu-
nication). The tandem footprints extended from nucleotides
813 to 848 and 855 to 872 (Fig. 3A). The protected region
overlapped the enhancer domain, whose importance was
established by an internal 76-bp deletion (Fig. 4). Surpris-
ingly, the consensus enhancer core sequence at nucleotides
900 to 907 was not protected by this extract.
To determine whether a factor analogous to the rat EBP20

exists in the natural host of the retrovirus, we prepared
CLNE. As was the case with crude RLNE, binding of crude

TABLE 2. Sequences and activities of enhancer core mutants

gag enhancer Core sequence" from nucleotide 881 to 910 Relative CAT activity (%)b

Wild type FSV CCTCCTCCTTATGTGGGGAGTGGTTTGTAT 100
Mutant 1 CCTCCTCCTTATGTGGGGAGCCCTTTGTAT 103
Mutant 2 CCT. TAT. TTGTAT 106

a The enhancer core consensus sequence is in boldface, the three nucleotide changes in mutant 1 are underlined and the deleted regions in mutant 2 are indicated
by dots.

b CAT activity of the mutants is shown as a percentage of the activity of the wild-type plasmid. Values are the averages of three experiments, each normalized
to levels of intracellular plasmid DNA.
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FIG. 3. DNase I footprints of the gag enhancer region. (A) Footprint of the coding strand with purified EBP20 from rat liver nuclei. A 5'
deletion mutant (5' endpoint at nucleotide 636) was digested with BamHl and end labeled with polynucleotide kinase. After digestion with
Sall, a 575-bp fragment was gel purified. Footprint reactions used 0, 20, 60, or 180 ng of the EBP20-containing Mono S fraction (13). (B)
DNase I footprinting and DMS methylation studies of the coding strand of the gag enhancer with heat-treated CLNE. The same 5' deletion
mutant used for panel A was used as a DNA probe. The DMS methylation reactions used 0 or 6.0 ,ug of extract. The arrow denotes the
hypersensitive G residue at nucleotide 863. The DNase I footprinting reactions contained 0, 0.3, 0.9, 3.0, 4.5, or 6.0 pg of extract. G and A+G
sequence ladders of the end-labeled DNA fragment were electrophoresed in parallel. (C) DNase I footprinting, with heat-treated CLNE, of
the noncoding strand of the gag enhancer. A 5' deletion mutant (endpoint 776) was digested and labeled at the Aval site (nucleotide 961) and
then incubated with 0, 0.3, 0.9, 3.0, 4.5, or 6.0 jig of heat-treated CLNE. After DNase I digestion, products were run on 8% sequencing gels.
At the right of the footprints are diagrams of the protected regions, with nucleotide numbers for endpoints.

CLNE was observed over a large region of the gag gene.
Since EBP20 is unusually heat stable and can be purified 10-
to 20-fold by heat treatment (13), we subjected the crude
CLNE to a similar heat treatment. The heated CLNE
protected the same region of the coding strand of the gag
enhancer from DNase I digestion as did the highly purified
EBP20 preparation (Fig. 3B). On the noncoding strand, the

heat-treated CLNE protected a region with boundaries at
nucleotides 820 and 868 (Fig. 3C). Therefore, we have
observed proteins derived from both RLNE and CLNE
which are heat stable and which bind to the same sequence
within a discrete region of the gag gene that is essential for
enhancer activity.

Binding of the heat-treated CLNE to the enhancer DNA

776 875l * I

ACGRARGRTGG GCCGGAGGARACGGCCACACCTARRACCGTTGGCACRTCCTGCTATCATTGCGGARCAGCTATTGGCTGTRRTT CGCCACAGCCTCGG
TGCTTCTACC CGGCCTCCTTTGCCGGTGTGGRTTTTGGCRRCCGTGTAGGRCGRTRGTRACGCCTTGTCGRTAACCGACRTTRA GCGGTGTCGGAGCC

FIG. 4. Summary of binding sites within the central region of the gag enhancer. The binding of rat EBP20 and heat-treated CLNE to the
coding strand of FSV DNA is shown by the line above the sequence, while binding of heat-treated CLNE to the noncoding strand is denoted
by the line below the sequence. Arrows designate GCAAT and CCAAT boxes. The hypermethylated G residue at nucleotide 863 is marked
by an asterisk. The sharp drop in enhancer activity in the 5' deletion series occurred at endpoints between nucleotide 776 and 786; 3' deletion
beyond nucleotide 868 also resulted in no enhancement. The location of a 76-bp internal deletion which eliminated enhancer activity is shown
by brackets.

CODING
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was also found to affect the pattern of DMS alkylation of
guanine residues. DNA incubated with heat-treated CLNE
showed hyperalkylation of the G residue at nucleotide 863 on
the coding strand (Fig. 3B, arrow). This change in the DMS
alkylation occurred within the region protected from DNase
I cleavage by EBP20 and by heat-treated CLNE (Fig. 4).
The 5' border of the footprint obtained with heat-treated

CLNE, as with EBP20, was 27 to 37 bp downstream of the
5' functional boundary defined by deletion mutagenesis (Fig.
4). To determine whether binding of these heat-stable pro-
teins correlated with enhancer function, we investigated
protein binding to 5' deletion mutants which either retained
or had deleted essential sequences near the 5' boundary. The
5' deletion mutant plgagS-776 had CAT activity indistin-
guishable from that of full-length constructs, while plgagS-
786 had only about 20% of full activity. These plasmids were
cut and labeled at an AvaI site (nucleotide 961) downstream
of the EBP20 binding site. When footprinted with heat-
treated CLNE, the inactive plasmid plgagS-786 showed the
same pattern of binding as the active plasmid plgagS-776
(data not shown). Therefore, the observed binding of pro-
teins in heat-treated CLNE to sequences between nucleo-
tides 813 and 872 is not sufficient for full enhancer activity.
Further experiments are needed to determine whether this
protein-DNA interaction has a functional role in the en-
hancement of transcription.

DISCUSSION

We have localized enhancer activity within an isolated
fragment of the avian sarcoma virus gag gene by using a
transient CAT assay system. Unidirectional deletion muta-
genesis was used to determine the 5' and 3' boundaries of the
enhancer. The FSV gag enhancer was localized to a 360-bp
region between nucleotides 776 and 1136. There is evidence
that several domains within this region are required for full
enhancer activity. The importance of sequences upstream of
the Narl site at nucleotide 786 was demonstrated by the 5'
deletion series. A CAT plasmid bearing a deletion from the
5' end of the gag insert to nucleotide 776 was fully active,
whereas one deleted to nucleotide 786 showed an 80%
reduction in enhancer activity.
Sequences just downstream of the Narl site were also

shown to be critical for gag enhancer activity. A purified
enhancer binding protein, EBP20, was shown to bind to this
region of the gag gene. An internal deletion of 76 bp just 3'
of the NarI site eliminated all enhancement. It was shown
previously that insertion of linkers at the Narl site does not
reduce enhancer activity (1). This suggests that at least two
domains-one upstream and one downstream of the NarI
site-are required for full enhancement.
A 3' deletion extending to approximately nucleotide 870

also abolished enhancer activity, thus defining a third critical
domain, which is downstream of the EBP20-binding site.
The gradual loss of activity seen with the 3' deletion series
may be evidence of multiple enhancer elements acting in
concert with upstream sequences. Similar gradual reduc-
tions have been seen in the murine sarcoma virus LTR
enhancer (9) and the immunoglobulin K enhancer (27). There
are a number of previously described enhancer and promoter
motifs downstream of the critical 5' sequences, including
Spl-binding sequences (3) and nuclear-factor-i-binding se-
quences (14). Mutagenesis of the SV40 consensus enhancer
core sequence (41) (nucleotides 900 to 907) demonstrated
that it was not necessary for gag enhancer function as
measured in transient CAT assays. The repeated sequence

CCTCCTCCTCCT (FSV nucleotides 878 to 889) is also
present in the upstream regulatory regions of both the human
epidermal growth factor receptor gene (12) and the a2(I)
collagen gene (22). In the latter gene, this sequence occurs at
S1 nuclease-sensitive sites (22). While deletion of two of the
CCT repeats did not reduce enhancer activity in our tran-
sient assays, it is possible that these sequences are important
for transcription of the integrated provirus. Although dele-
tions of the 3' portion of the enhancer region reduced
activity, we cannot yet identify the specific sequences in this
area that contributed to enhancer activity.
The interaction of a previously described enhancer bind-

ing protein, EBP20, with the gag enhancer further suggests
that this sequence may constitute a binding domain for
proteins which regulate viral transcription. EBP20 bound
specifically within a gag enhancer domain whose importance
was demonstrated by a 76-bp deletion. EBP20 was purified
on the basis of its binding to the consensus enhancer core
sequences (GTGGITTG) of SV40, polyomavirus, and the
murine sarcoma virus LTR (13). However, the functional
significance of these interactions is not known. While EBP20
bound to an essential region of the avian sarcoma virus gag
enhancer, it failed to bind to the consensus core sequence in
this region. Thus, binding by EBP20 to this consensus
sequence appears to be influenced by flanking sequences.
EBP20 also binds to CCAAT sequences in the murine
sarcoma virus LTR and herpes simplex virus tk gene pro-
moters (10). Graves et al. have shown that mutation of the
CCAAT pentanucleotide to GCAAT results in increased
binding of EBP20 (10). The region of the gag gene that was
protected by EBP20 contains two GCAAT sequences (nu-
cleotides 833 to 837 and 858 to 862) and a CCAAT sequence
(nucleotides 848 to 852) on the noncoding strand (Fig. 4).
A heat-treated CLNE generated a DNase I footprint that

was identical to that of rat EBP20. However, we have not
yet determined to what extent these two heat-stable proteins
are related. Although one or more heat-stable proteins from
CLNE bound to an essential region of the gag enhancer, this
binding is apparently not sufficient for full enhancer activity.
We found no difference in binding affinity to two constructs
that had either full or diminished enhancement due to 5'
deletions. Since multiple essential domains have been ob-
served in the gag enhancer region, it is likely that transcrip-
tional activation requires binding of additional proteins. We
have observed binding of EBP20 to the RSV and FSV LTR
enhancers as well as to the gag regions of both viruses (T. A.
Ryden and K. Beemon, manuscript in preparation). This
suggests that the gag and LTR enhancers interact with the
same transcriptional factors.
Because these experiments were performed with the gag

fragment outside its natural context, we cannot conclude
that the gag region acts as an enhancer in the intact virus.
However, there are some suggestions from deletion mutants
that the gag region helps to regulate viral expression.
Levantis et al. have shown that transformation of rat cells by
a src gene fragment is increased 20- to 30-fold by adjacent
gag sequences in the absence of an LTR (18). Stoltzfus et al.
showed that retention of the gag enhancer region in deleted
Prague A RSV clones is associated with increased transfor-
mation efficiency in CEF and NIH 3T3 cells (38). In both of
these studies, the viral genome was extensively deleted, so
the gag-induced changes may not reflect normal viral con-
trols. Further, these increases in transformation efficiency
have not yet been shown to be due to increased transcrip-
tion. In most bursal lymphomas, induced by avian leukosis
virus (6, 28) or reticuloendotheliosis virus (39), the gag
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enhancer region has been deleted from the integrated viral
genome. Surprisingly, these deleted proviruses, which have
integrated upstream of c-myc, give rise to stable transcripts
initiated at the 3' LTRs but not at intact 5' LTRs (6, 39). This
suggests that the gag enhancer may function to focus the cell
transcriptional apparatus on the 5' LTR in preference to the
3' LTR. Both the proximity of the gag enhancer to the 5'
LTR and its orientation dependence support this possibility.
Experiments with appropriate viral mutants will be neces-
sary to determine what role the gag enhancer plays in the life
cycle of the virus.
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