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A strong enhancer element is located within the long terminal repeats (LTRs) of exogenous, oncogenic avian
retroviruses, such as Rous sarcoma virus (RSV) and the avian leukosis viruses. The LTRs of a second class of
avian retroviruses, the endogenous viruses (evs), lack detectable enhancer function, a property that correlates
with major sequence differences between the LTRs of these two virus groups. Despite this lack of independent
enhancer activity, we previously identified sequences in ev LTRs that were able to functionally replace essential
enhancer domains from the RSV enhancer with which they share limited sequence similarity. To identify
candidate enhancer domains in ev LTRs that are functionally equivalent to those in RSV LTRs, we analyzed
and compared ev and RSV LTR-specific DNA-protein interactions. Using this approach, we identified two
candidate enhancer domains and one deficiency in ev LTRs. One of the proposed ev enhancer domains was

identified as a CArG box, a motif also found upstream of several muscle-specific genes, and as the core sequence
of the c-fos serum response element. The RSV LTR contains two CArG motifs, one at a previously identified site
and one identified in this report at the same relative location as the ev CArG motif. A second factor binding site
that interacts with a heat-stable protein was also identified in ev LTRs and, contrary to previous suggestions,
appears to be different from previously described exogenous virus enhancer binding proteins. Finally, a
deficiency in factor binding was found within the one inverted CCAAT box in ev LTRs, affirming the importance
of sequences that flank CCAAT motifs in factor binding and providing a candidate defect in the ev enhancer.

Detailed studies of several eukaryotic transcriptional en-
hancers indicate that these elements share a modular orga-
nization, being composed of multiple interacting domains,
each of which binds specific trans-acting proteins (reviewed
in reference 2). In some cases, disruption of individual
domains can have little effect on the activity of the enhancer,
while mutation of other regions can abrogate enhancer
function. Multimerization of some enhancer domains can
also generate a functional enhancer. Together, these data
suggest that while the function(s) of some enhancer domains
and their cognate proteins is unique and essential, the
function(s) of others may be redundant. We have analyzed
the functional relatedness and interactions of discrete en-
hancer domains by studying sequences within the long
terminal repeats (LTRs) of different types of avian retrovi-
ruses that exhibit either high or low enhancer function.
The avian exogenous viruses, which include Rous sar-

coma virus (RSV) and the avian leukosis viruses (ALVs),
contain a strong enhancer in the U3 portion of the viral LTR
that is required for high-level expression from the viral
promoter and that also is able to augment transcription from
various heterologous promoters (6, 7, 22, 24, 30, 53). In
ALVs, the LTR-associated enhancer is also an important
contributor to cellular transformation, since it is responsible
for the increased transcription of cellular oncogenes adjacent
to sites of provirus integration (19, 32). An understanding of
factors that mediate the activity of this enhancer is therefore
important for elucidating the cellular components required
for efficient retroviral transcription and retrovirus-mediated
oncogenesis.
At least four proposed enhancer domains that interact

with cellular proteins have been identified in exogenous
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virus LTRs. The first two include sequences located be-
tween the 5' end of the viral LTR and an SphI site at -141
from the start site of transcription. Cellular proteins that
bind to sequences within these two domains have been
identified and are called EFII (42), al (35, 36), c/EBP-like
(38) or FIll (14), and a3 (35, 36) or Fl (14). Two additional
domains located downstream of the SphI site at -141
include an inverted CCAAT box that is centered at -131 and
that binds a cellular protein(s) called EFI (11, 17, 31, 42) or
FII (14) and a region that is located between positions -112
and -87 and that binds the EFIII protein (3). The EFIII
binding site includes a CArG box, defined as 5'-CC(A/
T)6GG-3'. CArG motifs are found upstream of several cel-
lular genes, including the cardiac and skeletal actin genes
(46), and are required for their tissue-specific expression (26,
29, 52). A CArG motif is also included in the c-fos serum
response element (SRE; 12, 16, 28, 50), which mediates both
cycloheximide-inducible expression and serum-inducible
expression of c-fos (12, 16, 28, 49, 50) as well as its
subsequent repression (34). Sealy (42a) and coworkers have
found that the EFIII binding site, like other CArG motifs (48,
52), can mediate a modest transcriptional stimulation of
linked promoters in response to serum. It has been proposed
(3) that EFIII may be the avian homolog of the serum
response factor (SRF), a positive regulatory protein that
interacts with the c-fos SRE (12, 16, 33, 40, 50, 51). Promot-
er-proximal transcriptional control sequences also present in
exogenous retroviral LTRs (13, 25, 54) include a second
inverted CCAAT box that is centered at position -67 and
that is a weak binding site for EFI (11, 17) and a TATA box
that is located at position -24. At least some of the proteins
that interact with exogenous virus LTRs show cell-type-
specific differences in abundance and half-life that may be
related to the oncogenic spectrum of virus isolates (35, 36).
The LTRs of the second class of avian retroviruses, the
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avian endogenous viruses (evs), are distinct from those of
the exogenous viruses in that they lack a detectable associ-
ated enhancer (6-8, 30, 53). The absence of a strong en-
hancer in ev LTRs has been correlated with the low growth
rate and low oncogenic potential of evs relative to exogenous
viruses (53) as well 'as with major sequence differences
between the U3 regions of these two virus groups (20, 21, 39,
41). In particular, the ev U3 region is shorter than that of
exogenous viruses, containing gaps in sequence as well as
regions of sequence divergence that include sequences that
correspond to the two 5'-most exogenous virus enhancer
domains (the EFII, FIII, or al site and the Fl or a3 binding
site) and to the RSV EFIII binding site. Although a detailed
characterization of proteins that interact with ev LTRs has
not been conducted, Ryden and Beemon (38) have demon-
strated that ev LTRs do contain one protein binding site for
a c/EBP-like, heat-stable protein between positions -57 and
-77 and that this site is not found in exogenous virus LTRs
at the corresponding positions. It has been suggested that
this protein may be related to that which binds to one or both
of the 5'-most proximal enhancer domains of RSV (38).

In a previous study on the function of retroviral LTR-
associated enhancers, ev-RSV hybrid LTRs that contained a
portion of the ev U3 region (from the 5' end of the LTR
through an AccI site at -51) in place of essential enhancer
sequences in the RSV LTR upstream of the SphI site at -141
were constructed (5). Surprisingly, it was found that the ev
U3 fragments, which lack independent enhancer function,
were able to functionally replace essential enhancer se-
quences from RSV in an orientation-independent manner.
The activity of the ev U3 region in these ev-RSV hybrid
LTRs was not explained by differences in the ability of ev
and RSV promoters to respond to enhancers placed in cis. In
agreement with previous data (6-8, 30, 54), it was also found
that the same ev U3 fragment that was able to restore
transcription to the enhancer-deficient RSV LTR was unable
to enhance transcription from an unrelated promoter, that of
the herpesvirus thymidine kinase gene. From these data, it
was concluded that ev LTRs contain a partial or weak
enhancer element that can be complemented by sequences
from the RSV LTR downstream of the SphI site at -141 to
generate an intact, efficient enhancer element.
The data cited above indicate that the 5' portion of the ev

U3 region must contain sequences that are functionally
equivalent to sequences upstream of the SphI site in the RSV
LTR. Because of the limited degree of sequence similarity
between ev and exogenous virus LTRs, it seems unlikely
that the U3 regions of these two virus groups bind the same
trans-acting proteins that mediate enhancer function. How-
ever, there are short (up to 9-bp) regions of similarity
between the ev and exogenous virus LTRs that may contain
sufficient information for binding of the relevant proteins. In
addition, it ispossible that ev and RSV U3 regions contain
related sequences that are organized differently in their
respective LTRs and that are therefore difficult to identify by
simple sequence alignments. Alternatively, the ev U3 region
may recognize a unique protein(s) that is functionally equiv-
alent to those utilized by exogenous virus LTRs. Such a
finding would provide an opportunity to compare functional
domains of distinct, yet functionally related, cellular pro-
teins important in enhancer function.
The experiments described in this report were designed to

identify the relevant sequences from both the ev and the
RSV U3 regions that contribute to the composite enhancer
found in the ev-RSV hybrid LTRs and to compare the

potential enhancer domains identified in ev LTRs with those
previously described in the exogenous virus U3 region.

MATERUILS AND METHODS

Preparation of nuclear extracts. S13, a chicken B-cell line
derived from an ALV-induced B-cell lymphoma (23), and
MSB, a chicken cell line derived from a Marek's disease
virus-induced T-cell lymphoma (1), were grown in Dulbec-
co's modified Eagle's medium (GIBCO) supplemented with
5% defined bovine serum (Hyclone), 1% chicken serum
(GIBCO), and 10% tryptose phosphate broth (Difco). Nu-
clear protein extracts were prepared by a modification of a
previously published procedure (9) as described below.
Approximately 1 x 109 to 2 x 109 exponentially growing
cells were centrifuged in a Beckman GPR centrifuge at 2,500
rpm for 5 min at 40C, the cell pellet was washed one time
with a balanced salt solution and resuspended in five cell
pellet volumes of buffer A (10 mM N-2-hydroxyethylpiper-
azine-N'-2-ethanesulfonic acid [HEPES] [pH 8], 1.5 mM
MgCl2, 10 mM NaCl, 2 mM dithiothreitol [DTT], 10 ,ug of
leupeptin per ml, 10 ,M phenylmethylsulfonyl fluoride
[PMSF], 0.68 pLg of pepstatin per ml), and the suspension
was kept on ice for 5 to 10 min. After centrifugation at 3,500
rpm for 5 min at 4°C in a Beckman GPR centrifuge, the cell
pellet was resuspended in two cell pellet volumes of buffer A
and the suspension was homogenized on ice for 5 to 10
strokes with a Dounce homogenizer and a B pestle. After
microscopic examination for lysis, nuclei were collected by
centrifugation in a Beckman JS13 rotor at 8,000 rpm for 5
min. The nuclear pellet was resuspended in 1.5 ml of a buffer
containing 20 mM HEPES [pH 8.0], 20% [vol/vol] glycerol,
0.4 M NaCl, 1.5mM MgCl2, 0.2 mM EDTA, 2 mM DTT, 10
jig of leupeptin per ml, 10 ,uM PMSF, and 0.68 ,ug of
pepstatin per ml per 109 cells. The suspension was kept on
ice for 30 min, with vortexing every 5 min, and then
centrifuged in a Beckman JS13 rotor at 8,000 rpm and 4°C for
10 min. The supernatant was dialyzed with a SPECTRA/
POR 3 membrane against 200 volumes of a buffer containing
20 mM HEPES [pH 8.0], 20% [vol/vol] glycerol, 0.1 M NaCl,
0.2 mM EDTA, 1 mM DTT, 10,ug of leupeptin per ml, 10,M
PMSF, 0.68,g of pepstatin per ml) for 60 to 90 min at 4°C.
The dialyzed material was centrifuged at 8,000 rpm in a
Beckman JA17 rotor for 10 min at 4°C, and supernatants
were divided into aliquots, frozen in liquid nitrogen, and
stored at -80°C. Aliquots were thawed immediately before
use, and any unused portion was discarded.
DNA fragments and oligonucleotides. DNA fragments used

for electrophoretic mobility shift assays (EMSA) were gen-
erated from plasmid DNA by use of the polymerase chain
reaction (PCR) and a Perkin-Elmer Cetus thermal cycler.
The oligonucleotide primers used in these reactions to de-
limit the DNA fragments are shown in Fig. 1, and the
templates were plasmids that contained either the Rous-
associated virus-0 (RAV-0) LTR (kindly provided by P.
Tsichlis) or the RSV LTR (from pRSVNeo [15]; provided by
C. Gorman). For generation of end-labeled DNA fragments,
one of the oligonucleotide primers (20 pmol) was labeled on
its 5' end with T4 polynucleotide kinase (Bethesda Research
Laboratories) and [_-32P]ATP (NEN). After inactivation of
the kinase, the labeled primer was added to 200 ng of
template plasmid DNA and 20 pmol of the other oligonucle-
otide primer in a 100-,u reaction mixture containing 20 mM
Tris-HCl (pH 8.4); 50 mM KCl; 1.5mM MgCl2; 0.2-mM each
dATP, dCTP, dGTP, and dTTP; and 2.5 U of AmpliTaq
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(Perkin-Elmer Cetus). DNA fragments were amplified for 25
cycles and purified by polyacrylamide gel electrophoresis.

Double-stranded oligonucleotides were generated by incu-
bation of complementary oligonucleotides in 400 mM
NaCl-10 mM Tris-HCl (pH 8.0)-i mM EDTA at 65°C for 2
min and slow cooling to room temperature over 2 to 3 h.

Binding reactions. Nuclear extract (15 ,g) was incubated
in an 18-,I reaction mixture that contained a 1/10 volume of
binding buffer (lOx binding buffer is 50% glycerol, 10 mM
EDTA, 500 mM NaCl, 100 mM Tris-HCl [pH 7.5], and 10
mM DTT) and various amounts of nonspecific competitor
DNA for 10 min at room temperature. Both poly(dI)-
poly(dC) and sonicated salmon sperm DNA were tested as
nonspecific competitors; it was found that the salmon sperm
DNA yielded a clearer banding pattern of DNA-protein
complexes (data not shown). After this preincubation, 2 RI of
labeled probe DNA (5,000 to 15,000 cpm and approximately
0.1 to 0.5 ng) was added, and the reaction mixture was
incubated for a further 20 min at room temperature. Samples
were applied to a 4.5% polyacrylamide gel in Tris-glycine
buffer (40 mM Tris-HCl [pH 8.0], 0.0384 M glycine, 2 mM
EDTA) and subjected to electrophoresis at 50 mA (100 V) for
approximately 3 h. Gels were subsequently dried and ex-
posed to Kodak RP film at -70°C with Dupont Cronex
intensifying screens.

Methylation interference. Probes labeled on one strand
were added to 200 pl of dimethyl sulfate (DMS) reaction
mixture (50 mM sodium cacodylate [pH 8], 1 mM EDTA)
with 10 pug of tRNA, and the mixture was incubated on ice
for 5 min; 1 pl of concentrated DMS (Aldrich) was then
added. Samples were mixed and incubated at room temper-
ature for 5 to 10 min; 50 p,u of DMS stop mixture (1.5 M
sodium acetate [pH 7], 1.0 M ,B-mercaptoethanol, 100 pug of
tRNA per ml) was then added, and DNA was ethanol
precipitated. The resultant pellets were resuspended in 250
pI of 0.3 M sodium acetate, precipitated by the addition of
ethanol, washed at least one time with 80% ethanol, and
resuspended in sterile distilled water. The binding reactions
with methylated probes were conducted in a manner similar
to those with unmethylated probes, except that approxi-
mately 105 counts were added per 15 ,ug of extract. In each
case, four to six individual reactions were conducted for
each sample. After gel electrophoresis, bound and free
fractions were localized by exposing the wet gel to X-ray film
and were purified from the gel slice.
For generation of A/G ladders, probe DNA was mixed

with 10 ,ug of tRNA in a final combined volume of 10 pI; 25
RI of concentrated formic acid was then added, and samples
were incubated at room temperature for 10 to 15 min.
Sodium acetate (0.3 M; 250 ,u) and absolute ethanol (750 pI)
were added, and samples were frozen and centrifuged.
Samples were resuspended in 250 pI of 0.3 M sodium
acetate, ethanol precipitated, and washed as described
above.
The methylated and depurinated DNAs were cleaved by

resuspension of the dried pellets in 100 ,u of 1 M piperidine
and incubation at 90°C for 30 min. The cleavage products
were recovered by ethanol precipitation after the addition of
1 to 10 ,ug of tRNA and 100 RI of 0.3 M sodium acetate. The
dried pellets were washed at least one time with 80%
ethanol, resuspended in 90% formamide-1 x TBE (54 g
Trizma [Sigma], 27.5 g boric acid, 3.7 g disodium EDTA per
liter) dye mixture, and counted, and approximately 2,000 to
5,000 cpm of each sample was applied to 12 to 18% denatur-
ing polyacrylamide gels.

RESULTS

Detection of a protein that binds to the ev U3 region. Figure
1 shows a sequence comparison of the RSV (exogenous
virus) and the ev-2-RAV-0 (endogenous virus) U3 regions
aligned to show maximum homologies. To compare the
protein binding regions in the ev U3 region with those in the
exogenous virus enhancer, we generated DNA fragments
from each LTR by PCR as, described in Materials and
Methods and used them in EMSA. The initial DNA frag-
ments used in these studies were 106 bp (ev U3 fragment)
and 143 bp (RSV U3 fragment) in length and extended from
the 5' end of the LTR to a region which, in exogenous virus
LTRs, defines the 3' boundary of the EFIII binding site
(defined on the 5' end by primers RSV-a and ev-a and on the
3' end by primers RSV-c and ev-c; Fig. 1). The 106-bp
fragment from the ev LTR did not contain the c/EBP-like
protein binding site previously identified in the ev U3 region
(38). Each of these fragments was incubated with avian
nuclear extracts prepared from S13 cells (a chicken B-cell
line generated from an ALV-induced B-cell lymphoma; 23)
and from MSB cells (a Marek's disease virus-transformed
chicken T-cell line; 1), and the resultant DNA-protein com-
plexes were separated on polyacrylamide gels as described
in Materials and Methods. In all cases tested, identical gel
shift patterns were obtained with extracts generated from
each of these cell types (data not shown).
As shown in Fig. 2, lane 1, the exogenous virus-derived

U3 region fragment gave rise to two prominent bands and
one diffuse band that migrated more slowly than the input
probe DNA after incubation with extracts prepared from S13
cells. Methylation interference assays revealed that the
faster-migrating of the DNA-protein complexes corre-
sponded to binding at the upstream inverted CCAAT box
(binding site for EFI [42] or FII [14]), while the slower-
migrating band corresponded to binding at the EFIII binding
site (20; data not shown). The diffuse band above the
EFIII-DNA complex did not generate a consistent methyla-
tion interference pattern, and its origin has therefore not
been determined. No evidence of binding over the two
5'-most RSV enhancer domains was detected in these exper-
iments (corresponding to the EFII [42], FIII [14], or al [35,
36] binding site and the FI [14] or a3 [35, 36] binding site).
This result is in agreement with those of previous studies
that have demonstrated weak binding over the two 5'-most
enhancer domains of exogenous virus LTRs with unfraction-
ated extracts (3, 14, 35, 36, 42).

In contrast to data obtained with the RSV U3 fragment,
the ev U3 fragment gave rise to only one shifted band (Fig.
2, lane 2) that migrated in a manner similar to that of the
RSV-EFIII complex. To determine whether the ev DNA-
protein complex was specific, we incubated the radiolabeled
106-bp ev U3 fragment with nuclear extracts in the presence
of excess unlabeled DNAs. As shown in Fig. 3, the addition
of a 50- to 200-fold molar excess of unlabeled 106-bp
fragment resulted in a substantial decrease in the complex
(compare lane 2 with lanes 9 to 11). In contrasts, the addition
of up to a 200-fold molar excess of a 222-bp fragment from
pUC had no effect on binding (data not shown), indicating
that the ev LTR-protein complex constitutes a sequence-
specific interaction.
An upstream inverted CCAAT box in ev LTRs does not

efficiently bind EFI or FII protein(s). Exogenous virus LTRs
contain two inverted CCAAT box motifs centered at posi-
tions -131 and -67 (Fig. 1). The upstream site includes the
binding site for EFI or FII (11, 14, 17, 31, 42), while the
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-229 oligo a (EFIi/ai/FIIi) -192
EXOGENOUS: IAATGTAGTCTTATGCAATACTCTTGTAGTCTTGCAACATGGTAACGATGAGTTA

111111111 ...... lill ............ i l........
ENDOGENOUS:IAA-GTAGTCA AATAGAGCCAGAG GCAACTuG AATAG

-177 -149

oligo d -155 oligo b (EFi/iI) -121

-175 ofig d A H147 Sph I -131 CCAAT 1

GCAACATGCCTTACAAGGA GAAAAAG CCGTG CAT GCCGATTGGTGGAAGT GGTGGTA
.1.1.1_1.-1 .... 11111111 111. .............

TCTAAAGACCAAATAAGG IAAAAAGCAAGACATTCCATATGCCCATTGGTGGI
-123 -91

-112 Oligo C (EFIII) -87 -67CCAAT EcoR I
CGATCGTGCCTTATTAGGAAGGCAAC GACGGGTCTGACATGGAT TGGACGAACCACTGAATTCC
III .11.1111......... IIIIIII 11 111... 11111.....1.11
iCGACTAGATA AGGAAGG AAITGACG CAAGGACATATGGGCGTAG AC GAAGCT
-90 -72 Nde I

GCATTGCAGAGATATTGTATTTAAG TGCCTAGCTCGATACAATAAAC
...l.l-lll- .... llll ll.lllll.. R U5

A TGTAC GAT TATATAAGCTGTTGCCACC ATCAAATAAAC

FIG. 1. Sequence comparison of exogenous virus and ev U3 regions. The sequences of the exogenous virus (RSV) and ev (ev-2-RAV-0)
U3 regions are from previously published sequences (20, 21, 39, 41) and were independently confirmed. Vertical lines between the sequences
represent regions of identity, while dots represent mismatches. Gaps were introduced to allow maximum alignment. The locations of selected
restriction enzyme sites are shown. Letters above bracketed regions represent the oligonucleotides used in the experiments and correspond
to binding sites as follows: RSV-a (-229 to -192) = EFII (42), Fl (14), and al (35, 36); RSV-b (-155 to -121) = EFI (42), or Fl (14); RSV-c
(-112 to -87) = EFIII (3); and RSV-d (-175 to -145) = upstream CArG motif identified in this report. Brackets and nucleotide numbers
in the ev sequence denote the corresponding ev-a, ev-b, and ev-c oligonucleotides. Identified motifs within the regions defined by the b, c,
and d oligonucleotides are underlined (exogenous) or overlined (endogenous). Not shown is an additional factor binding site in the RSV LTR
between positions -192 and -180 that includes the Fl (14) or a3 (35, 36) binding site.

downstream site serves as a lower-affinity binding site for
EFI (11, 17). Deletion and point mutation analyses have
demonstrated that each of these motifs is important for
high-level transcription from the exogenous virus promoter
(6, 17) and may be important in mediating serum-responsive
transcription from the exogenous virus LTR (10). ev LTRs
lack the promoter-proximal inverted CCAAT box motif but
contain the upstream motif centered in ev LTRs at position
-96 (Fig. 1). In the experiments discussed above, however,
the ev U3 fragment failed to generate a DNA-protein com-
plex similar in size to the RSV-EFI or -FII complex,
suggesting that the upstream inverted CCAAT box motif in
ev LTRs either binds a different protein(s) than does RSV or
is deficient in EFI or FII binding.
To address these questions, we generated two overlapping

DNA fragments that included sequences from the 5' and 3'
portions of the ev 106-bp probe and used them as both
competitor DNAs in binding reactions with the 106-bp probe
and probes in additional EMSA. The 5'-proximal fragment of
87 bp extended from the 5' end of the ev LTR through
position -91 (defined by primers ev-a and ev-b; Fig. 1) and
therefore included the inverted CCAAT box as well as 3 bp
of downstream DNA, while the 3'-proximal fragment of 52
bp extended from position -123 through position -72 (de-
fined by primers ev-b and ev-c; Fig. 1) and therefore in-
cluded 25 and 19 bp of DNA upstream and downstream of
the CCAAT box motif, respectively.

Figure 3 shows data obtained when each of these unla-
beled subfragments was added to binding reactions with the
106-bp ev DNA fragment as a probe. The 5'-proximal, 87-bp
fragment was able to compete efficiently for binding to the
106-bp probe when added at a 50- to 200-fold molar excess,
similar to the results obtained with competitor DNA homol-

ogous to the entire probe (compare lane 2 with lanes 3 to 5
and lanes 9 to 11). In contrast, the 52-bp, 3'-proximal
fragment did not affect complex formation even when added
at up to a 200-fold molar excess (lanes 6 to 8), suggesting that
the intact protein binding region identified in the ev LTR is
located in the 5' portion of U3 and is not contained within the
region that was present in both competitor subfragments and
that included the inverted CCAAT box motif.

This suggestion was tested directly by using both the 87-
and the 52-bp ev U3 subfragments as probes in EMSA,
together with analogous fragments generated from the RSV
U3 region as controls. As shown in Fig. 2, the 5' portion of
the RSV U3 region gave rise to one prominent DNA-protein
complex (lane 4) that corresponded to binding of the EFI or
FIT factor to the upstream inverted CCAAT box (data not
shown). A comparison of this complex with that obtained
when the ev 87-bp fragment was used as a probe (lane 3)
showed that the ev DNA-protein complex migrated signifi-
cantly more slowly than did the RSV-EFI or -FII complex.
When fragments from the 3'-proximal portion of the ev and
RSV U3 regions were tested, it was found that the RSV
probe (lane 5) gave rise to two DNA-protein complexes that
corresponded to binding at the EFI or FII and the EFIII
binding sites. When the corresponding ev U3 fragment was
tested (lane 6), no significant binding was detected. Thus,
while it is possible that the inverted CCAAT box in the ev
LTR does serve as a binding site for a protein(s) not
detectable in our extracts, it is not a high-affinity binding site
for the same protein(s) that interacts with the exogenous
virus LTR as assayed here.

Identification of the ev U3 binding site as a CArG box. The
data discussed above indicate that the binding site for the
ev-DNA binding protein was located in the 5' portion of the
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FIG. 2. Comparison of protein-DNA complexes in RSV and ev

LTRs. The indicated DNA fragments from RSV or ev U3 regions
were end labeled, incubated with 15 ,ug of nuclear protein extracted
from S13 cells and nonspecific competitor salmon sperm DNA, and
subjected to electrophoresis in polyacrylamide gels, which were

subsequently dried and exposed to X-ray film. The CCAAT- and
EFIII-specific complexes generated with RSV-derived DNA are

marked and were identified by methylation interference assays (data
not shown). The origin of, size of, and oligonucleotides used to
generate each fragment by PCR as well as the micrograms of
sonicated salmon sperm DNA added to each binding reaction were

as follows: lane 1, RSV 143-bp fragment, primers RSV-a and RSV-c,
12 jLg of salmon sperm DNA; lane 2, ev 106-bp fragment, primers
ev-a and ev-c, 6 p,g of salmon sperm DNA; lane 3, ev 87-bp
fragment, primers ev-a and ev-b, 6 ,g of salmon sperm DNA; lane
4, RSV 109-bp fragment, primers RSV-a and RSV-b, 6 pug of salmon
sperm DNA; lane 5, RSV 69-bp fragment, primers RSV-b and
RSV-c, 3 p.g of salmon sperm DNA; and lane 6, ev 52-bp fragment,
primers ev-b and ev-c, 1.5 ,ug of salmon sperm DNA.

ev U3 region, upstream of position -123. To verify this
conclusion and to more precisely map the protein binding
site, we conducted methylation interference assays with the
106-bp fragment labeled on either the upper or the lower
strand as described in Materials and Methods. The results of
this experiment are shown in Fig. 4. A comparison of the
cleavage products generated from the free and bound frac-
tions with the 106-bp DNA fragment labeled on the upper
strand revealed depletion of two adjacent guanidine residues
at positions -124 and -125 in the bound fraction, indicating
that methylation of these residues interfered with protein
binding. In support of data obtained with EMSA and dis-
cussed above, there was no evidence of binding over the
inverted CCAAT box which, in exogenous virus LTRs, is
affected by methylation at approximately seven residues
within and flanking the inverted CCAAT box motif (14, 17;
data not shown). Results obtained with the lower strand also
revealed the depletion of two adjacent guanidine residues at
positions -132 and -133 in the bound fraction; these resi-
dues were separated from those identified on the upper
strand by six A-T base pairs. The proximity of affected
guanidine residues identified on the upper and lower strands

N
1 2 3 4 5 6 7 8 9 10 11

FIG. 3. The ev DNA-protein complex represents a sequence-
specific interaction. The end-labeled 106-bp ev U3 fragment (gener-
ated with primers ev-a and ev-c) was incubated with 15 ,ug of protein
extracted from S13 nuclei and 9 ,ug of sonicated salmon sperm DNA
in the absence (lane 2) or presence (lanes 3 to 11) of a 50- to 200-fold
molar excess of the following unlabeled competitor DNAs: 5' 87-BP,
a fragment that was from the 5' end of the ev LTR and that was
generated by PCR with the ev-a and ev-b primers; 3' 52-BP, a
fragment that was from the 3' end of the ev LTR and that was
generated by PCR with the ev-b and ev-c primers; and 106-BP, a
fragment that was identical to the radiolabeled probe DNA used in
this experiment and that was generated by PCR with the ev-a and
ev-c primers. Lane P, input probe DNA that was not incubated with
protein extracts.

suggests that they identify contact points involved in the
same protein binding site and therefore define a minimal
recognition sequence of 10 bp composed of the sequence
5'-CCAAATAAGG-3'. A comparison of this protein binding
site with known protein binding recognition sites revealed
that it matched the consensus of a CArG box which is
defined by the sequence 5'-CC(A/T)6GG-3'. CArG boxes are
required for the tissue-specific expression of cardiac and
skeletal actin genes (26, 29, 52) and are a necessary compo-
nent of the c-fos SRE, which is responsible for the serum-
inducible transcription and subsequent repression of this
gene (12, 16, 28, 34, 49, 50). The methylation interference
pattern seen here for the ev CArG-protein complex identified
the same protein contact points important for binding as
have been identified for binding of the SRF to the CArG
motif within the c-fos SRE (40, 50).
The RSV EFIII binding site competes for factor binding to

the ev CArG box. Exogenous virus LTRs also contain a
CArG box (5'-CCTTATTAGG-3') at positions -95 to -104
within the EFIII binding site (3). The corresponding region
in ev LTRs lacks this motif because of a deletion and base
substitutions (Fig. 1). Published data (3), confirmed by us
(data not shown), demonstrate that the RSV CArG-contain-
ing EFIII binding site generated the same methylation inter-
ference pattern as that seen in Fig. 4 for the ev CArG,
suggesting that the ev and RSV sites, although present at
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FIG. 4. Identification of the ev U3 binding site as a CArG box.
The ev 106-bp fragment (generated with the ev-a and ev-c primers)
was labeled individually on each strand with either radiolabeled
primer ev-a (upper strand) or radiolabeled primer-c (lower strand)
by PCR as described in Materials and Methods. The end-labeled
probes were partially methylated with DMS and incubated with S13
nuclear extracts. After electrophoresis, the free (F) and bound (B)
fractions were excised from the gel, purified, cleaved with piperi-
dine, and subjected to electrophoresis in denaturing acrylamide gels.
The A/G ladders were prepared in parallel as described in Materials
and Methods. The sequence below the gel is the region from -143 to
-114 of the ev LTR. The dots indicate the guanidine residues that
were specifically depleted in the bound fraction.

different locations within their respective LTRs, may inter-
act with the same or a similar protein(s).
To investigate this question, we tested excess unlabeled

RSV- and ev-derived sequences for their ability to compete
for formation of the ev DNA-protein complex. As shown in
Fig. 5, the addition of a 50- to 100-fold molar excess of
unlabeled DNA identical to the input probe efficiently
blocked complex formation (compare lanes 2 and 10 with
lanes 3 and 4), while an equivalent amount of nonspecific
DNA had no effect (lanes 8 and 9). The addition of the RSV
109-bp 5' fragment, which does not contain the CArG box
within the EFIII binding site, had no effect on the ev
DNA-protein complex when added at a 50-fold molar excess
(lane 5). A detectable decrease was seen, however, when
this fragment was added at a 100-fold molar excess (lane 6),
but there was no further decrease when this fragment was
added at a 200-fold molar excess (lane 7). This relatively
weak but detectable competition for binding may indicate
that the 5'-most 109 bp of the RSV LTR contains a protein

1 2 3 4 5 6 7 8 9 10 11 12 314 15 16 17 18

FIG. 5. Sequences within the RSV EFIII binding site can com-
pete for protein binding to the ev CArG motif. The 87-bp ev 5' U3
region probe (defined by primers ev-a and ev-b) was labeled and
used in gel shift assays in either the absence (lanes 2 and 10) or the
presence (lanes 3 to 9 and 11 to 18) of the following unlabeled
competitor DNAs: ev 5', an 87-bp fragment that was identical to the
input probe DNA (lanes 3 and 4); RSV 5', a 109-bp fragment defined
by primers RSV-a and RSV-b (lanes 5 to 7); NON-SPECIFIC, a
222-bp fragment from pUC (lanes 8 and 9); RSV 3', a 69-bp fragment
defined by primers RSV-b and RSV-c (lanes 11 and 12); and ev
OLIGO C (lanes 13 to 15) and RSV OLIGO C (lanes 16 to 18),
double-stranded oligonucleotides (Fig. 1) that correspond to the
EFIII binding site defined in RSV. Lane P, input probe DNA.

binding site partially related to the ev CArG binding site (see
below). The results obtained when the RSV 69-bp fragment
that included the CArG-containing EFIII binding site was
added as a competitor are shown in Fig. 5, lanes 11 and 12.
The addition of a 50- to 100-fold molar excess of this
fragment resulted in a dramatic decrease in complex forma-
tion equivalent to that seen when the unlabeled 87-bp ev
DNA was used as a competitor, suggesting that the CArG
box located in the 3' portion of the RSV LTR could compete
for binding to the ev CArG sequence.
To address this question directly, a double-stranded oli-

gonucleotide corresponding to the RSV EFIII binding site
was used as a competitor (oligonucleotide RSV-c). As a
control, a double-stranded oligonucleotide corresponding to
this same region in the ev LTR, which lacks a CArG motif,
was also synthesized and tested in parallel (oligonucleotide
ev-c). As shown in Fig. 5, the addition of a 50-fold molar
excess of oligonucleotide RSV-c resulted in the virtual
elimination of the ev DNA-protein complex (lanes 16 to 18).
This inhibition was not due to nonspecific competition by the
oligonucleotide, since the same region in the ev LTR, which
lacks a CArG motif, had no effect (lanes 13 to 15). We
therefore conclude that the ev CArG motif binds a protein(s)
that is also efficiently recognized by the RSV EFIII binding
site.
RSV contains a second CArG motif at a position corre-

sponding to that of the ev CArG box. After identification of
the ev CArG box, we noted that RSV contains a similar
motif at the corresponding location when the U3 regions are
aligned as shown in Fig. 1. This motif, 5'-CC'LTACAAGG-
3', which differs from the consensus CArG motif by substi-
tution of the fourth internal A-T base pair with a C-G base
pair, is located between positions -167 and -158 in the RSV
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LTR. A suggestion that this second, upstream CArG box
might be a binding site for a factor at least related to that
which recognized the ev CArG binding site came from the
competition experiments shown in Fig. 5, in which it is
shown that the 5'-proximal, 109-bp fragment from RSV was
able to partially compete for binding to the ev CArG box.
EMSA, however, had failed to reveal binding to this up-
stream CArG motif in RSV when either the 143-bp (defined
by primers RSV-a and RSV-c) or the 109-bp (defined by
primers RSV-a and RSV-b) U3 fragment was tested. As
shown in Fig. 1, the upstream CArG motif in RSV is
separated by only 2 bp from sequences involved in EFI
binding, as determined by DNase I footprinting (42), raising
the possibility that binding to this CArG motif might be
blocked by occupancy of the adjacent site. To test this
possibility, we generated from RSV a DNA fragment that
extended from the 5' end of the LTR through position -147
(defined by primers RSV-a and RSV-d) and that therefore
dissociated sequences required for EFI or FII binding from
the upstream CArG motif. As shown in Fig. 6, this short-
ened, 83-bp fragment (lanes 4 to 6) gave rise to a DNA-
protein complex that was not evident with the RSV 109-bp
fragment, which contained the adjacent EFI or FIT binding
site (lanes 1 to 3). A similarly sized DNA-protein complex
was also seen when a double-stranded oligonucleotide (oli-
gonucleotide RSV-d; Fig. 1) that included the upstream
CArG motif was used (Fig. 6, lanes 7 to 9). As shown in Fig.
7, methylation interference assays conducted with oligonu-
cleotide RSV-d identified as contact points important for
protein binding to this upstream CArG motif the same four
guanidine residues that were seen previously for the ev
CArG binding site (Fig. 4) and the RSV EFIII binding site (3;
data not shown), with the possible involvement of an addi-
tional guanidine residue upstream of the CArG motif
(marked by an asterisk in Fig. 7). Thus, RSV contains two
CArG motifs, a feature seen with other, cellular genes (46).

Characterization of an ev 3'-proximal factor binding site.
Ryden and Beemon (38) identified by DNase I footprinting
one protein binding site in ev LTRs, located between posi-
tions -74 and -58 on the coding strand and positions -77
and -57 on the noncoding strand. The protein(s) that bound
to this region was detectable in avian liver cell-derived
nuclear extracts and was shown to be heat stable. It was
further shown that the rat CCAAT/enhancer binding protein,
c/EBP, bound the same sequence in an in vitro assay system.
Although a binding site for this c/EBP-like protein was not
seen in the exogenous virus LTR at the same position, two
sites with similar characteristics were described at the 5'-
most end of the RSV LTR, suggesting that ev and RSV
LTRs may contain binding sites for the same or a similar
cellular protein(s) at different locations. Since the region
from -77 to -57 of the ev LTR was a potential component
of the composite enhancer in the ev-RSV hybrid LTRs
previously described (5), it was important to further charac-
terize this site and determine its relationship to the 5'-most
RSV enhancer domains. To investigate this question, we
generated from the ev LTR a 34-bp fragment that extended
from position -90 to an NdeI site at position -57 (Fig. 1)
and analyzed it for protein binding activity as described
above. As shown in Fig. 8A, the ev-derived fragment gave
rise to one major DNA-protein complex (lanes 1 and 2) that
was also seen when heat-treated extracts were used in
EMSA (lanes 3 to 5). This treatment abolished binding of the
EFI or FII and EFIII proteins to the RSV LTR (compare
lane 7 with lanes 8 to 10).
To verify that this binding activity recognized sequences

109BP 83 BP RSV
OLIGO-d

P'1 P1 1 2

NSC - _

CCAAT

1 2 3 4 5 6 7 8 9
FIG. 6. Identification of a second CArG motif in the RSV LTR.

The following U3 fragments from RSV were incubated with 15 ,ug of
protein extracted from S13 nuclei, and DNA-protein complexes
were analyzed by EMSA as described in the legend to Fig. 2: lanes
1 to 3, a 109-bp fragment that extended from the 5' end of the RSV
LTR through the EFI or FII binding site (primers RSV-a and
RSV-b); lanes 4 to 6, an 83-bp fragment that extended from the 5'
end of the RSV LTR through position -147 and that lacked
sequences required for EFI or FII binding (primers RSV-a and
RSV-d); and lanes 7 to 9, the RSV-d double-stranded oligonucleo-
tide that included the upstream CArG motif. The band marked with
an asterisk is seen only after removal of the RSV EFI or FII binding
site. Lanes 1, 4, and 7, labeled P, contained probe DNA not
incubated with nuclear extracts. The numbers above each lane
indicate the micrograms of salmon sperm DNA added to each
sample as a nonspecific competitor. The band labeled NS was a
nonspecific DNA-protein complex that was not seen when higher
concentrations of salmon sperm competitor DNA, which do not
affect binding to the inverted CCAAT motif, were added to the
reaction (see the legend to Fig. 2).

within the previously identified c/EBP-like site, we con-
ducted methylation interference assays with DNA labeled on
the upper strand. A comparison of cleavage products gener-
ated from the free and bound fractions showed the depletion
of two guanidine residues at positions -66 and -69 (Fig. 9)
in the bound fraction. One adenine residue at position -71
that was a prominent cleavage product in the free fraction
was depleted in the bound fraction. The identification by
methylation interference assays of adenine residues as con-
tact points for protein binding has been seen in many other
cases and suggests that protein interacts with the minor
groove of the DNA (44). The location of important contact
points for protein binding to this region, as identified here by
methylation interference and as previously defined (38) by
DNase I footprinting, are shown in Fig. 9B. The region
defined by these two techniques maps to the same location,
although only a subset of residues within the DNase I-foot-
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distinct from that which recognizes the 5' enhancer se-
quences in the RSV LTR and may therefore identify an
ev-specific protein binding site involved in enhancer func-
tion.

0

0

* 00O

GCAACATG C C TTACAAGGAGAGAAAAAG C
C GTTGTACCAATGT T TCICT C T T T TTICC

FIG. 7. Methylation interference footprint of the upstream RSV
CArG motif. The upper and lower strands of the oligonucleotide
RSV-d were labeled, and each was annealed with an excess of
unlabeled complementary strand. After gel purification, oligonucle-
otides were methylated and incubated with S13 nuclear extracts,
and the free and bound fractions were analyzed as described in the
legend to Fig. 4, except that samples were run on an 18% urea-
polyacrylamide gel. The sequence below the gel is the region from
-175 to -147 in RSV (oligonucleotide RSV-d). The locations of
guanidine residues whose presence was altered in bound fractions
are marked with dots in the sequence below the gel. The guanidine
residue marked with an asterisk varied in different experiments, and
its involvement in protein binding to this region is therefore uncer-
tain.

printed region were also identified by the methylation inter-
ference assay.
The finding of a heat-stable protein that bound within the

sequence from -77 to -54 in ev LTRs with the extracts
described here suggested that, in contrast to previous sug-
gestions (38), this protein is different from a protein(s) that
binds to the 5'-proximal enhancer domains of the RSV LTR,
which were not detected with our crude extracts. This
conclusion was further supported by the binding competition
experiments shown in Fig. 8B. For this experiment, the ev
U3 fragment from -90 to NdeI was end labeled and used in
EMSA after the addition of various unlabeled competitor
DNAs. The addition of a 100- to 400-fold molar excess of
unlabeled DNA identical to the input probe efficiently
blocked the formation of the ev DNA-protein complex
(compare lane 2 with lanes 3 to 5), while an equivalent
amount of nonspecific competitor DNA had no effect (data
not shown). The addition of an RSV-derived DNA fragment
(lanes 6 to 8) or a double-stranded oligonucleotide (lanes 9 to
11) that contained the 5'-proximal c/EBP-like site previously
described (38) also had no effect on the formation of the ev

DNA-protein complex. Together, these data indicate that
the heat-stable ev DNA binding protein described here is

DISCUSSION

The comparative analysis of factor binding sites in ev and
RSV U3 regions described in this report led to the identifi-
cation of two potential enhancer domains in the portion of
the ev U3 region that is able to functionally replace the
essential enhancer domains from the RSV LTR (5). A
deficiency in ev LTR factor binding which may be of
importance in the low-level transcription from intact ev
LTRs was also found. Finally, a previously unidentified
binding site was identified in the RSV LTR.
One of the protein binding sites identified as a candidate

enhancer domain in the ev LTR is a CArG box located
between positions -133 and -124. EMSA, methylation
interference assays, and binding competition experiments
indicated that this motif binds a factor that is the same as or

similar to EFIII, which recognizes a CArG motif in the RSV
LTR at an alternate location (3). It was also demonstrated
that RSV contains a second CArG motif at the same relative
location as the ev CArG motif and that this motif also binds
a factor related to EFIII and the ev CArG binding factor, as
judged by the size of the DNA-protein complex in EMSA
and methylation interference footprints. This second CArG
motif within the RSV LTR has also recently been detected
by Sealy and colleagues (42a). Interestingly, this second,
upstream CArG motif identified in the RSV LTR bound
protein only when the adjacent CCAAT factor binding site
was removed. It is unclear whether this finding is a result of
the in vitro binding assay used here or reflects a potential
regulatory component within the exogenous virus LTR. The
finding of a second CArG motif in the RSV LTR is interest-
ing, since other genes that include CArG motifs not flanked
by palindromic sequences often contain multiple copies of
this element (45). The presence of only one such sequence in
the ev U3 region may therefore result in a deficiency that
contributes to the low-level expression from intact ev LTRs.
In the case of the ev-RSV hybrid LTRs previously described
(5), the upstream CArG motif in the RSV LTR was included
in that portion of the enhancer that was deleted during vector
construction. The finding of a similar motif in the ev U3
fragment used to replace the upstream RSV enhancer se-
quences suggests that, in this case, there was a simple
exchange of analogous elements to restore a functional
enhancer.

Deletion studies have demonstrated that a region that
includes the EFIII binding site is required for full activity of
the exogenous virus enhancer (7), although the role of CArG
motifs in viral transcriptional regulation is unclear. CArG
boxes upstream of several skeletal and cardiac actin genes
are essential for their cell type-specific expression (26, 29,
52), while the c-fos CArG-containing SRE is necessary and
sufficient for the rapid induction of c-fos transcription fol-
lowing serum stimulation (12, 16, 28, 49, 50) and also for its
subsequent repression (34). Although these elements medi-
ate different patterns of expression of their associated genes
in vivo, both protein binding and functional studies have
demonstrated that these elements are, to some degree,
interchangeable (47, 52). For example, CArG motifs without
palindromic flanking sequences can confer serum inducibil-
ity on heterologous promoters (45, 47, 52), similar to results
obtained with the c-fos SRE. These elements are not iden-
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FIG. 8. Detection of a heat-stable binding activity in the 3' portion of the ev U3 region. (A) Lanes 1 to 5 show the results obtained in EMSA
when a 34-bp ev U3 fragment that was defined on its 5' end by oligonucleotide ev-c and its 3' end by an NdeI site at -57 was incubated with
the following: lane 1, no extract; lane 2, 15 ,ug of S13 nuclear extract; and lanes 3 to 5, increasing amounts of S13 nuclear extract heated at
65°C for 10 min. All binding reaction mixtures contained 2 ,ug of sonicated salmon sperm DNA. The diffuse lower band was seen with this
relatively low concentration of salmon sperm DNA but not with higher concentrations, which do not abolish the more prominent,
slower-migrating complex (data not shown). Lanes 6 to 10 represent data obtained with an RSV 69-bp fragment (defined by primers RSV-b
and RSV-c) that contained the EFI or FII and EFIII binding sites and that was incubated with the same extracts as those described for lanes
1 to 5. -H, no heat; +H, heat. (B) The 34-bp ev U3 fragment was incubated with 2 ,ug of sonicated salmon sperm DNA and 15 ,ug of nuclear
protein extracted from S13 cells in the absence (lane 2) and presence (lanes 3 to 11) of a 100- to 400-fold molar excess of the following
unlabeled competitor DNAs: ev 34 BP, unlabeled DNA identical to the input probe (lanes 3 to 5); RSV 109 BP, a fragment that was from the
5' end of the RSV LTR and that contained the c/EBP-like binding site generated with the RSV-a and RSV-b primers; and RSV oligo a,
double-stranded oligonucleotide RSV-a (Fig. 1). Lane P represents probe DNA not incubated with nuclear extracts.

tical, however. The c-fos SRE is flanked by palindromic
sequences that are also involved in the binding of additional
factors to the SRE (37, 43). In addition, although some CArG
motifs efficiently cross-bind SRF both in vivo and in vitro (4,
27, 47, 52), other CArG motifs interact with distinct cellular
proteins (18, 27, 48, 52). Sealy and colleagues have shown
that the RSV EFIII binding site also confers a modest serum
inducibility on linked promoters, a property shared by the
upstream CArG motif (41a). The RSV EFIII binding site (3),
the second RSV CArG motif, and the ev CArG motif all
share important contact points involved in protein binding,
as revealed by methylation interference assays. As originally
noted (3), the pattern is the same as that seen with SRF
binding to the c-fos SRE. Together, these data suggest that
retroviral CArG motifs may play a role in the reported
serum-inducible transcription of exogenous virus LTRs (10).
Studies conducted with rat cells, however, identified the two
inverted CCAAT motifs that flank the EFIII-CArG binding
site as important determinants of serum-inducible transcrip-
tion, at least for RSV LTRs with deletions of enhancer
sequences upstream of the SphI site at -141. Resolution of
a role for CArG motifs in serum-responsive transcription
from retroviral LTRs therefore awaits further experimenta-
tion.

The second protein binding site in ev LTRs studied here
was localized near the extreme 3' end of the ev U3 fragment
that was included in the ev-RSV hybrid LTRs (5) and is
therefore a second candidate domain of the defective ev
enhancer. Contact points important for protein binding to
this site were identified and found to lie within a larger region
previously identified by DNase I footprinting to bind a

protein(s) from avian liver nuclear extracts (38). Also, in
agreement with previous results (38), it was found that heat
treatment of nuclear extracts had no effect on protein
binding to this site, suggesting that the protein binding
activity seen in this study is the same as that previously
described with nuclear extracts from avian liver (38).
As assayed in an in vitro binding assay, this region of the

ev LTR also binds c/EBP purified from rat liver (38).
Additional sites which showed similar binding properties
with both purified c/EBP and avian liver nuclear extracts
were also identified in other retroviral LTRs, including two
sites which were located between positions -225 and -206
and positions -188 to -205 in the RSV U3 region. On the
basis of these similarities, it was proposed that the RSV and
ev LTRs contained binding sites for the same c/EBP-like
protein but that these sites were present at different locations
(38). A comparison with other c/EBP binding sites identified
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FIG. 9. Methylation interference footprint of the ev heat-stable
binding activity. (A) The 34-bp ev U3 fragment described in the
legend to Fig. 8 was end labeled on the upper strand, and residues
important for DNA-protein interactions were identified by methyl-
ation interference assays as described in the legend to Fig. 4. Dots
beside the sequence indicate residues specifically depleted in the
bound (B) fraction. F, free. (B) Sequence of the region from -77 to
-56 of the ev LTR that was involved in protein binding, as defined
by DNase I footprinting (38) and methylation interference assays
(dots above the sequence).

a consensus motif for this protein: 5'-T(T/G)NNG(C/T)AA
(T/G).

In contrast to the studies cited above, we obtained no
evidence that the factor that binds to the promoter-proximal
site in the ev LTR described here is related to those which bind
to the 5'-most enhancer domains of RSV. First, the unfraction-
ated extracts used in these studies failed to reveal any binding
activities over the 5'-most enhancer domains of RSV, whereas
the protein(s) that bound to the ev 3'-proximal site was readily
detectable. Second, DNA fragments that included sequences
from the 5' end of the RSV LTR were unable to compete for
binding to the ev 3'-proximal site. One explanation for this
discrepancy is that the protein(s) that we have identified here
with avian B- and T-cell-derived extracts is different from that
detected previously with avian liver cell-derived extracts.
Alternatively, these data may indicate that, although the ev and
RSV binding proteins show similarities (such as heat stability),
they are nonetheless different proteins whose binding sites may
each be able to bind c/EBP under in vitro conditions. Resolu-
tion of this point will require further study of the relevant
protein(s) isolated from various cell types. In any case, the
studies described in this report identify a protein factor that is
a candidate transcriptional regulatory protein that is involved
in ev LTR function and that to date appears to be unrelated to
those previously described for exogenous virus LTR functions.

In addition to the identification of two candidate enhancer
domains in the ev U3 region, a deficiency in EFI or FIT
binding to the inverted CCAAT box in ev LTRs was also
found and may be responsible, at least in part, for the

inactivity of the ev enhancer. Since both EMSA and meth-
ylation interference assays with RSV-derived DNA clearly
showed the presence of EFI or FII binding activity, the
absence of such binding activity over the inverted CCAAT
box in ev LTRs could not be explained by the absence of this
protein(s) in the extracts used here. We were also able to
eliminate the possibility that binding of the EFI or FII
protein(s) to the ev inverted CCAAT box might have been
blocked in this in vitro assay because of the proximity of the
ev CArG binding site by testing DNA fragments in which
these two sites were separated. Thus, while the inverted
CCAAT box in ev LTRs may bind a protein(s) not present in
our extracts, it does not efficiently bind the same factor(s)
that interacts with the RSV LTR, as analyzed in this system.

Studies by Faber and Sealy (11) and Ozer et al. (31) of the
RSV inverted CCAAT box binding protein(s) EFI have
demonstrated that this factor binds a diverse group of
CCAAT box-containing oligonucleotides, including those for
the CBF, NF-Y, CP1, CP2, and CTF/NF-1 proteins (11),
suggesting that EFI has a broad range of binding specificity
with regard to sequences that flank the CCAAT motif.
Competition binding experiments have indicated, however,
that different CCAAT box-containing oligonucleotides show
differences in their ability to compete for EFI binding to the
RSV-derived CCAAT box sequence, indicating that se-
quences flanking the CCAAT motif can influence the affinity
of EFI binding. A comparison of flanking sequences of the
high- and low-affinity CCAAT box-containing oligonucleo-
tides has failed to reveal important candidate flanking resi-
dues, so the precise nucleotides required for high-affinity
EFI binding have not been identified. It is possible, there-
fore, that the failure to detect EFI binding over the inverted
CCAAT box in ev LTRs reflects differences in sequences
flanking this motif. In this event, the maintenance of the
conserved CCAAT motif at the same relative location in ev
and RSV LTRs is surprising.
Exogenous virus LTRs contain two inverted CCAAT

motifs within U3, one centered at position -131 and the
other centered at position -67. Deletion and point mutation
analyses have demonstrated that both of these motifs are
required for high-level transcription from the RSV promoter.
Studies by Dutta et al. (10) have shown that these elements
may also be required for serum-induced transcription from
the RSV LTR in rat cells. Sequence comparisons have
shown that ev LTRs lack the promoter-proximal inverted
CCAAT motif because of an insertion and base substitu-
tions. The evidence reported here indicates that, although ev
LTRs contain the upstream inverted CCAAT motif, this site
does not bind the same protein factors as the upstream
inverted CCAAT motif in exogenous virus LTRs and sug-
gests that this site may therefore be nonfunctional. Experi-
ments are ongoing to determine whether this apparent defi-
ciency in ev LTRs is the primary defect in the ev enhancer.
The data presented in this report demonstrate that simple

sequence comparisons are insufficient to accurately predict
the presence of transcriptional control sequences in different
enhancer elements. Such an analysis would have led to the
conclusion that ev LTRs lack a site for EFIII-CArG binding
activity and contain a functional inverted CCAAT box
comparable to that found in RSV. It will therefore be
interesting to extend these analyses to the 5' portion of the
ev LTRs, which exhibits only limited sequence similarity to
the 5'-proximal RSV enhancer domains but has been shown
to be functionally equivalent (5), and to compare the func-
tional and structural properties of the protein(s) thus identi-
fied.
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