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The adenovirus major late promoter (MLP) is active during both the early and late phases of infection.
During the early phase the activity of the MLP is similar to those of the other early viral promoters, but during
the late phase the rate of transcription from the MLP becomes much greater by comparison. We report here
that sequence-specific binding proteins are induced during the late phase which interact with three regions in
the first intron of the MLP transcription unit from positions +37 to +68, +80 to +105, and +105 to +125
relative to the transcription initiation site. To measure the significance of these binding sites for transcription
during the late phase, we constructed MLP-i-globin fusions and substituted them for early region 3 in
adenovirus recombinants. Deletion of the binding sites caused significant reductions in the rate of transcription,
specifically during the late phase of infection. Deletion of all three sites reduced the rate of transcription 25- to
50-fold and the accumulation of cytoplasmic MLP-(-globin RNA 200-fold. These results indicate that the high
rate of transcription from the MLP during the late phase of infection results from the interaction of virus-
induced transcription factors with three binding sites in the first intron of the major late transcription unit.

The adenovirus type 2 (Ad2) major late promoter (MLP) is
an extraordinarily strong promoter during the late phase of
infection. However, the MLP is active during both the early
and late phases of infection (32). During the early phase, the
rate of transcription is similar to that of the other early
promoters (28, 32), and the primary transcript is processed
into a single, promoter-proximal mRNA (10, 21). Following
the onset of viral DNA replication, the rate of transcription
from the MLP increases greatly to a level at least 20 times
higher than those for other early viral promoters (32). During
the late phase, the polymerase elongates further than during
the early phase, and the longer primary transcript is pro-

cessed into 1 of more than 30 possible mRNAs by alternative
cleavage-polyadenylation and alternative RNA splicing (1,
29, 32). These late mRNAs encode most of the viral proteins
required for the assembly of virions.
Two upstream sequences have been identified as impor-

tant elements of the MLP during the early phase of infection.
They were discovered through directed mutagenesis and
analysis of transcription following the transfection of plas-
mid DNAs into uninfected cells (14, 20) and infection with
mutant adenoviruses (6, 22). These same promoter elements
are required for maximal transcription in vitro with extracts
of uninfected cells (9, 11, 15, 25, 37). One of these promoter
elements, the TATA box (positions -31 to -25 relative to
the transcription initiation site) is the binding site for a host
cell transcription factor called TFIID (31) or BTF 1 (26). The
other element, mapping from -63 to -52, is the binding site
for a host cell transcription factor called MLTF (7), USF
(31), or UEF (26).
Recent results indicate that the high rate of transcription

from the MLP during the late phase of infection requires
virus-induced trans-acting factors which interact with se-

quences downstream from the transcription start site, within
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the first intron of the major late mRNAs. Studying a set of
defective adenovirus-simian virus 40 hybrid viruses con-

structed to express high levels of simian virus 40 T antigen,
Mansour et al. (24) found that the insertion of simian virus 40
sequences at position +33 relative to the MLP initiation site
resulted in 5 to 10 times less MLP T-antigen message than
observed when the same sequences were inserted at + 190 or

further downstream. Pulse-labeling studies showed that the
decreased RNA concentration resulted from a decrease in
transcription rate. Further, transfection experiments indi-
cated that the higher rate of transcription dependent on

sequences mapping between +33 and +190 required trans-
acting factors expressed only in adenovirus-infected cells
(24). Jansen-Durr et al. (16) reported that a sequence-specific
DNA-binding protein(s) was expressed during the late phase
of AdS infection which protected the sequence from +76 to
+ 120 downstream from the MLP initiation site in a DNase I
footprinting analysis. Moreover, these investigators found
that whole-cell extracts prepared from HeLa cells during the
late phase of infection with AdS were more active for in vitro
transcription from the MLP than were extracts prepared
from cells infected with mutant d1312, which is blocked in
viral DNA replication. At a low template concentration,
most of the increased transcriptional activity of the whole-
cell extracts prepared from infected cells during the late
phase of infection depended on sequences in the template
mapping between positions +33 and +131 (16).

In this work, we report that there are at least three binding
sites for virus-induced factors expressed during the late
phase of infection which protect DNA sequence in the region
from positions +37 to +125 from DNase I digestion. To
measure the significance of these binding sites for transcrip-
tion during the late phase of infection, we constructed and
analyzed nondefective adenovirus recombinants in which
MLP region sequences were fused to the human P-globin
coding region and substituted for nonessential early region 3

sequences. Our results indicate that each of the three binding
sites is required for maximal rates of transcription from the
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MLP during the late phase of infection. The entire sequence
from +33 to +192 stimulates transcription 25- to 50-fold
during the late phase.

MATERIALS AND METHODS

DNase I footprinting. Whole-cell extracts (23) were pre-
pared from mock-infected and adenovirus-infected HeLa
cells, as described previously (18). Unless indicated other-
wise in the figure legend, 100 ,ug of extract protein was
incubated at 30°C for 60 min with 5 to 8 ng of end-labeled
probe plus 1 ,g of poly(dI-dC) * poly(dI-dC) (Pharmacia) in
20 ,ul of 50 mM KCI-2.5 mM MgCl2-10 mM HEPES (N-
2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid, pH
7.9)-i mM dithiothreitol-50 ,uM EDTA-8.5% glycerol. The
reaction mixture was then diluted with an equal volume of 5
mM CaCl2-10 mM MgCl2-freshly diluted DNase 1 (20 jig/ml;
Organon Teknika) and incubated for 1 min at room temper-
ature, and then the reaction was terminated by the addition
of 150 ,ll of 7 M urea-0.1 M LiCl-0.5% sodium dodecyl
sulfate-10 mM EDTA-10 mM HEPES, pH 7.9, plus 5 p.g of
yeast tRNA. The solution was extracted with phenol-chlo-
roform, ethanol precipitated, and analyzed by electrophore-
sis on an 8% polyacrylamide-8 M urea sequencing gel. The
wild-type (wt) probe was labeled on the 5' end of the top
(noncoding) strand or the 3' end of the bottom (coding)
strand at the HindIII site at position +192 relative to the
MLP transcription start site and extended to the XhoI site at
-260. The probes in Fig. 4 were prepared by labeling the 5'
end of the top strand at the HindIII site at + 192 and then
cleaving at an EcoRI site engineered at position -66. The
competitor DNAs (see Fig. 5) were ligated double-stranded
DNA multimers of the sequences (top strand shown here)
CTCGAGTTGGGTGAGTACTCCCTCTCAAAAG (Ri),
GTCGACTTCTGCGCTAAGATTGTCAGTTTCCA (R2),
and CTCGAGAAAAACGAGGAGGATTTGATATT (R3).

Construction of the MLP-4-globin recombinants. Ad2 se-
quence from the engineered EcoRI site at - 66 to the HindIlI
site at +192 of plasmid pXB210 (15) was cloned into the
equivalent sites of M13mpl8. Regions Ri (positions +37 to
+62), R2 (positions +72 to +98), R3 (positions +98 to
+ 120), and R2+3 (positions +72 to + 120) were deleted from
the M13 clone by using the oligonucleotide-directed in vitro
mutagenesis system (Amersham Corp.) and confirmed by
DNA sequencing. The wt and mutagenized Ad2 sequences
from -66 to +192 were then cloned into pUC18 for further
manipulation. The EcoRI site at position -66 of each of
these plasmids was converted to an XhoI site by filling in the
EcoRI ends and ligating on XhoI linkers (Collaborative
Research, Inc.). The EcoRI site at -66 of plasmid p-66 to
+33 (19) was similarly converted to an XhoI site.
The BamHI fragment from positions -1460 to +477

relative to the transcription start site of the human p-globin
gene (30) was cloned into the BamHI site of M13mpll. A
Hindlll restriction site was introduced at -6 by using the
oligonucleotide-directed in vitro mutagenesis system (Amer-
sham) to change the wt sequence from (-6) TTGCTT (- 1) to
AAGCTT. The mutated P-globin BamHI fragment was then
substituted for the wt fragment in pHpst,, a clone of the
4.4-kilobase (kb) PstI fragment from the human genome
including all of the 3-globin gene. P-Globin sequence from
the engineered HindlIl site at -6 to the PstI site at +2138
was then cloned between these sites in pUC19 to create
pHpgH3.

,-Globin sequence from -4 to +2138 was excised from
pHP3gH3 via the Hindlll and XbaI sites in the polylinker,

mixed with the XhoI to Hindlll fragment (positions -66 to
+ 192) of the wt or mutagenized MLP sequence, and ligated
to the pA5-130 cloning vector (5) between the XhoI and XbaI
sites in a directional three-fragment ligation reaction. The
-66 to +33 MLP sequence was similarly fused to the
P-globin coding sequence in the pA5-130 vector. The no-
promoter construct was obtained by filling in the engineered
HindIII site at -6 in the P-globin sequence, ligating on an
XhoI linker, and cloning between the XhoI and XbaI sites of
pA5-130.
The pA5-130 plasmid DNAs containing these chimeric

MLP-,-globin transcription units were cleaved at the ClaI
site, treated with phosphatase, phenol-chloroform extracted,
and digested with XbaI. After further phenol-chloroform
extraction and ethanol precipitation, this DNA was ligated to
the d1321 viral DNA large XbaI fragment as described
elsewhere (5), and the ligated DNA products were trans-
fected into 293 cells (13). Plaques were picked, viral stocks
were grown on 293 cells, and Hirt DNA was prepared and
analyzed by restriction analysis. Viruses (see genome struc-
tures diagrammed in Fig. 6) were plaque purified three times,
and virus stocks were prepared and assayed by plaque
titration on 293 cells.

Infection and preparation of cytoplasmic RNA. Three con-
fluent 100-mm-diameter plates of 293 cells (_107 cells per
plate) were infected at a multiplicity of infection of 40 PFU
per cell with d1321 (5) or MLP-p-globin recombinant adeno-
viruses. Two plates were harvested at 6 h postinfection (p.i.)
to process cytoplasmic RNA and nuclei. The remaining plate
was harvested at 20 h p.i. Cytoplasmic RNA was isolated as
described previously (3). Nuclei were prepared as described
below for in vitro nuclear run-on analysis.
Primer extension. A 20-mer primer complementary to

nucleotides + 11 to +30 of human ,-globin RNA was used to
analyze the 5' ends of the MLP-p-globin RNAs: AGTGAA
CACAGTTGTGTCAG. A 5-,ig amount of 20-h-p.i. cyto-
plasmic RNA plus 15 pug of yeast tRNA carrier was hybrid-
ized to 1.5 pmol of the 5'-32P-labeled primer in 10 RI of 0.25
M KCl-10 mM Tris (pH 7.0)-i mM EDTA at 37°C for 30 min
after an initial 10-min incubation at 80°C. A 25-,u volume of
0.33 mM dATP, dTTP, dGTP, and dCTP-10 mM MgCl2-5
mM dithiothreitol-50 mM Tris (pH 7.5)-50 p.g of dactinomy-
cin per ml-200 U of murine leukemia virus reverse tran-
scriptase (Bethesda Research Laboratories, Inc.) was
added, and the incubation was continued at 37°C for 1 h. The
reaction products were ethanol precipitated after the addi-
tion of sodium acetate to 0.3 M and centrifuged, and the
pellet was rinsed with chilled 90% ethanol, air dried, dis-
solved in 7 p.l of 98% formamide, incubated at 90°C for S
min, and analyzed by electrophoresis in an 8% polyacryl-
amide-8 M urea sequencing gel followed by autoradiogra-
phy.

S1 nuclease analysis. MLP-p-globin RNA was analyzed
with a 3'-labeled probe extending from the labeled site at
position +1398 to +2138. This probe was prepared from
pH,BgH3 by filling in the EcoRI site at + 1398 in the ,-globin
sequence by using 32P-labeled nucleotide triphosphates fol-
lowed by PstI digestion at +2138. RNAs polyadenylated at
the P-globin poly(A) site, +1607, protect a fragment of 212
nucleotides (8). For analysis of late RNA, 5 p.g of the
20-h-p.i. cytoplasmic RNA plus 15 p.g of tRNA carrier was
hybridized to excess probe at 47°C for 12 to 14 h in 80%
formamide buffer, as described previously (4). For analysis
of early RNA, 50 p.g of 6-h-p.i. cytoplasmic RNA was
similarly hybridized to the same probe. Si digestion was
performed at room temperature for 1 h, using 100 U of Si
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nuclease (Bethesda Research Laboratories), as described
previously (4).
L3 family RNA was analyzed by using a 3'-end-labeled

probe extending from the labeled end at the BamHI site at
59.5 map units on d1321 viral DNA to the XbaI site at 78.5
map units. Hybridization was to 0.1 jig of the 20-h-p.i.
cytoplasmic RNA plus 25 ,ug of carrier tRNA at 50°C for 14
h in 80% formamide hybridization buffer. L3 family RNAs
generate an Si-protected fragment of 837 nucleotides. Early
region 4 RNA was analyzed with a 3'-end-labeled probe
extending from the labeled XmaI site at 91.9 map units to the
XhoI site at 83 map units and was prepared by using plasmid
pA5-130 (5). Hybridization reaction mixtures contained 12
,g of 6-h-p.i. cytoplasmic RNA plus 15 ,g of tRNA carrier
and excess probe and were hybridized at 50°C for 12 to 14 h.
E4 RNAs protect a 284-nucleotide fragment from Si nucle-
ase digestion. Si digestion conditions for L3 and E4 RNA
analyses were as described above for P-globin RNA analy-
sis.

In vitro nuclear run-on analysis. Nuclei isolated from one
100-mm-diameter plate of infected 293 cells following Noni-
det P-40 lysis and low-speed centrifugation (3) were washed
gently in 4 ml of ice-cold isotonic Nonidet P-40 lysis buffer
(3). Nuclei were pelleted by centrifugation at 1,000 rpm for 3
min in a DPR 6000 centrifuge (International Equipment Co.)
at 4°C, suspended in 40 ,ul of nuclei storage buffer (0.5 M
sorbitol, 2.5% Ficoll [Mw 400,000], 10 mM Tris [pH 7.5], 5
mM MgCl2, 0.3 mM spermidine, 1 mM dithiothreitol, 50%
glycerol), and stored at -70°C until use. Nuclei stored at
-70°C were thawed on ice, and in vitro nuclear run-on
reactions were performed and nuclear RNA was isolated as
described elsewhere (36). Each nuclear run-on reaction
incorporated _107 cpm into trichloroacetic acid-precipitable
material.
Nuclear RNA was hybridized to nitrocellulose filters

(Schleicher & Schuell, Inc.) prepared as follows. M13 DNA
clones were incubated at 100°C in 10 mM Tris (pH 7.5)-i
mM EDTA for 2 min, quick-chilled on ice, and added to
ice-cold ammonium acetate to give a final concentration of 1
M. A 4.5-,g sample of DNA in 100 ,ul was applied to a
nitrocellulose filter presoaked in 1 M ammonium acetate
under a gentle vacuum in a slot blotter (Schleicher &
Schuell). The nitrocellulose filter was air dried and baked
under a vacuum at 80°C for 2 h. The nitrocellulose filter was
then prehybridized in5 ml of hybridization buffer containing
0.3 M NaCl, 10 mM Tris (pH 8.0), 20 mM EDTA, 100 pug of
sheared and denatured salmon sperm DNA per ml, 100,ug of
yeast tRNA per ml, lx Denhardt solution (0.2,ug of Ficoll
per ml, 0.2,g of polyvinylpyrrolidone per ml, 0.2 ,ug of
bovine serum albumin per ml), and 50% formamide in a
50-mm-diameter petri dish on a shaker inside a 42°C incuba-
tor for 2 h. Then 106 Cerenkov cpm of in vitro nuclear run-on
RNA was added to the hybridization buffer, and hybridiza-
tion was continued at 42°C for 48 h with shaking. After
removal of the hybridized filter, a duplicate filter to which
similar single-stranded probes had been applied was added
and subjected to a second round of hybridization for 48 h to
ensure that >90% of the labeled cRNA had hybridized to the
first filter. If greater than -10% of the nuclear RNA isolated
from a nuclear run-on analysis using nuclei from a 100-
mm-diameter plate was used, substantial hybridization was
observed on the second filter. Hybridized filters were
washed for 30 min with shaking at room temperature with
500 ml of1 x SET buffer (0.15 M NaCl, 10 mM Tris [pH 8.0],
1 mM EDTA) plus 0.1% sodium dodecyl sulfate and then
with 500 ml of 0.1 x SET plus 0.1% sodium dodecyl sulfate at
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FIG. 1. Binding sites for late-phase-specific factors in the first
intron of the MLP transcription unit. DNase I footprinting was

performed with the indicated amounts (in micrograms) of whole-cell
extract protein prepared from HeLa cells infected with Ad5 pm975
(WCE I) or mock-infected cells (MI) at 20 h p.i. The coding strand
was labeled at the 5' end; the noncoding strand was labeled at the 3'
end. Maxam-Gilbert G+A sequencing reaction products for each
strand are shown as markers.

60°C for 1 h. Next the filters were incubated in 2x SET
containing 5 ,ug of RNase A for 20 min at room temperature.
Finally, the filters were washed two times for 30 min in 500
ml of O.1x SET plus 0.1% sodium dodecyl sulfate at 60°C,
blotted dry, and exposed to a preflashed X-ray film with an

intensifying screen (17).
The M13 clone used to detect P-globin RNA was a clone of

the coding strand from the BamHI fragment from nucleo-
tides -1460 to +477 in M13mpll. The noncoding P-globin
strand was obtained by placing the HindIII-BamHI fragment
from pHPgH3 (nucleotides -6 to +477) between the same

sites in M13mpll. The Li r and 1 single-stranded probes
were constructed by cloning the SstI-HindIII fragment (Ad2
nucleotides 12039 to 13636) from d1321 viral DNA into
M13mpll and M13mplO, respectively.

RESULTS

Three binding sites for late-phase-specific factors in the first
intron of the major late transcription unit. Figure 1 shows the
results of DNase I footprinting analysis of the downstream
region of the MLP, using whole-cell extracts from adenovi-
rus-infected and mock-infected cells. Extracts were pre-
pared at 20 h p.i. with the Ad5 derivative pm975, which is
defective in the expression of the 12S mRNA from ElA but
otherwise exhibits an infectious cycle very similar to that of
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CCAGCTGTTGGGGTGAGTACTCCCTCTCAAAAGCGGGCATGACTTCTGCGCTAAGATTGTCAGTTTCCAAAAACGAGGAGGATTTGATATTCACCTGGCCC
GGTCGACAACCCCACTCATGAGGGAGAGTTTTCGCCCGTACTGAAGACGCGATTCTAACAGTCAAAGGTTTTTGCTCCTCCTAAACTATAAGTGGACCGGG

tt- t t t
FIG. 2. Sequence of the late-phase-specific factor-binding sites. The top and bottom strands are the noncoding and coding strands,

respectively, extending from +30 on the left to +130 on the right, relative to the MLP transcription initiation site. Horizontal lines drawn
above a base indicate complete or partial protection from DNase I digestion at the 5' phosphodiester bond of the indicated base. Vertical
arrows indicate increased (hypersensitive) DNase I digestion at the 5' phosphodiester bond of the indicated base, relative to the extent of
digestion in the absence of added whole-cell extract.

wild-type AdS (27). Protection was clearly observed in the
region downstream from the transcription initiation site from
positions +80 to + 102 and from + 105 to + 122 on the coding
strand and from positions +83 to + 105 and from + 108 to
+ 125 on the noncoding strand (designated regions R2 and R3
in Fig. 1 and 2). This finding is similar to the results of
Jansen-Durr et al. (16). In addition, partial protection from
and hypersensitivity to DNase I digestion was reproducibly
observed in the region from +37 to +68, as diagrammed in
Fig. 2 (also see Fig. 3 and 4).

Protection in regions R2 and R3 was apparent but less
complete when extracts prepared at 12 h p.i. were used. No
significant protection was observed with extracts prepared at
6 h p.i., before the onset of viral DNA replication, or with
extracts prepared in parallel from mock-infected cells (Fig.
3). These sequence-specific binding activities were not ob-
served when viral DNA replication was blocked by the
treatment of Ad2-infected cells with cytosine arabinoside or
by infection with mutant ts125 (12) at the nonpermissive
temperature. Thus, sequence-specific binding proteins inter-
acting with regions Rl, R2, and R3 were observed only in
extracts of cells prepared during the late phase of adenovirus
infection.
To test whether factors bound to these regions indepen-

dently, deletion mutants were constructed in which region
R2 or R3 was deleted, and the footprinting analysis was
repeated on the mutant DNAs (Fig. 4). The deletion of
region R2 did not interfere with the binding of late-phase-
specific factors to regions Rl and R3. Footprints very similar
to those observed for the wt probe were seen over these
regions. In addition, new hypersensitive sites just down-
stream from region Rl were observed when regions Rl and
R3 were juxtaposed in the R2 deletion mutant. Similarly, the
deletion of region R3 did not interfere with the interaction of
sequence-specific binding proteins with regions Rl and R2.
We conclude that there are at least three binding sites for
factors induced during the late phase of infection which bind
to sequences from positions +37 to +68, +80 to +105, and
+ 105 to + 125. It is also possible that more than one
late-phase-specific protein binds in each of these three
regions.
To determine whether the same or different proteins

interact with these binding sites, we performed DNase I
protection analyses in the presence of specific DNA com-
petitors (Fig. 5). When DNase I digestion was performed in
the presence of increasing concentrations of synthetic DNA
composed of multimerized Rl sequence, no alteration of the
R2 or R3 footprints was observed. However, multimers of
either site R2 or site R3 competed for binding to both sites
R2 and R3 similarly (Fig. 5). These results suggest that the
same factor interacts with both sites R2 and R3. The inverted
repeat sequence TGANNNTCA occurs in footprint R3,
while a similar sequence, AGANNNTCA, is found in R2.
This may be the sequence recognized by the late-phase-
specific factor which binds to regions R2 and R3. A second
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FIG. 3. Factors binding downstream from the start site of tran-
scription of the MLP are induced during the late phase of infection.
(Left) DNase I footprinting performed with whole-cell extract
prepared at the indicated times p.i. with pm975 (lanes I) or post-
mock infection (lanes M). (Right) DNase I footprinting was per-
formed with whole-cell extracts prepared at 20 h post-mock infec-
tion at 39°C (lane mock 390), after infection with Ad5 at 39°C (lane wt
390) or with ts125 at 39°C (lane ts125 390), after mock infection in the
presence of 20 ,ug of cytosine arabinoside per ml (lane mock araC),
or after infection with AdS in the presence of 20 ,ug of cytosine
arabinoside per ml (lane wt araC), as indicated. Size markers are
shown (lane m). DNase I digestions in the absence of added
whole-cell extract are shown in both panels (lanes no extract). The
coding strand was labeled at the 5' end.
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FIG. 4. Late-phase-specific binding proteins bind independently
to regions Rl, R2, and R3. DNase I footprinting was performed
without added whole-cell extract (lanes no extract) or with whole-
cell extract from mock-infected cells (lanes mock) or pm975-infected
cells at 20 h p.i. (lanes infected). The left, middle, and right panels
show footprinting on the wt Ad2, AR2 mutant (nucleotides +72 to
+98 deleted), and AR3 mutant (nucleotides +98 to +120 deleted)
sequences, respectively. The probes extend to -66 at the top of the
gel. The protection of the regions at the top of the gel for both
mock-infected and infected cell extracts is due to binding of MLTF
(7). Arrows indicate hypersensitive sites.

late-phase-specific factor may interact with site Rl. Alterna-
tively, the same factor which interacts with sites R2 and R3
may also bind, with low affinity, to site Rl.

Deletion of regions Rl, R2, and R3, individually or in
combination, reduces expression from the MLP during the late
phase specifically. To test the significance of these binding
sites for transcription from the MLP, we constructed aden-
ovirus recombinants which contained sequences from the
MLP region fused to the human ,-globin coding region.
These MLP-0-globin fusions were inserted into the adeno-
virus genome (Fig. 6A) so that we could analyze their
transcription from replicated adenovirus templates during
the late phase of an adenovirus infection.

+ -.7 3 t
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FIG. 5. Binding competition. DNase I footprinting was per-
formed by using whole-cell extract prepared 20 h p.i. with pm975,
except for the outside lanes, which contained no added extract
protein. The indicated numbers of picomoles of synthetic DNA
equal to binding sites Rl (positions +37 to +62), R2 (positions +72
to +98), or R3 (positions +98 to +120) were added as indicated
before the addition of DNase I. Factor binding at site Rl was not
evident in this footprint.

In the construct designated -66 to +192, Ad2 MLP
sequence from positions -66 to + 192 (containing the
MLTF, TATA box, and Rl, R2, and R3 binding sites) was
fused to human ,-globin sequences from -5 base pairs to
+2.1 kb (relative to the ,B-globin transcription initiation site).
Other constructs contained the -66 to +192 region from
which the Rl, R2, R3, or R2+3 regions were deleted (Fig.
6B). Construct -66 to +33 deleted all of the downstream
binding sites. These MLP-,-globin fusions were substituted
between map units 78.5 and 83 in the nonessential E3 region
(Fig. 6A) of the AdS derivative d1321 (5). In a no-promoter
control construct, the ,B-globin coding region alone from -5
to +2.1 kb was substituted for the viral E3 region (Fig. 6).
The resulting recombinants were propagated in 293 cells
(13), which constitutively express ElA and E1B functions,
since d1321 has a deletion of the ElA region. Each of these
recombinants replicated efficiently, since they grew to a high
titer equivalent to that of wt AdS and formed similar-size
plaques on 293 cells.

Insertion into the E3 region keeps the MLP promoter
elements relatively well insulated from other adenovirus
transcription control regions (Fig. 6A). The E3 promoter
region lies 2.7 kb to the left of the inserted MLP, and the E4
promoter region lies 5.8 kb to the right. The MLP-p-globin
transcription unit was oriented so that the direction of
transcription was opposite to that of the endogenous MLP
(Fig. 6A). This allowed analysis of in vitro nuclear run-on
transcription, using strand-specific probes cloned in M13,
since transcription through this region from the endogenous
MLP would transcribe the noncoding ,-globin strand as
opposed to the coding ,-globin strand transcribed from the
inserted MLP region.
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FIG. 6. Diagrams of the MLP-,-globin recombinants. (A) Tran-
scription map of wt AdS. The double line at the center represents the
36-kb genome. Promoters active during both the early and late
phases of infection (0) and promoters active during the late phase
only (0) are shown. Arrowheads indicate the direction of transcrip-
tion. Promoters transcribed to the right and left are indicated above
and below the genome, respectively. The VAI and VAII RNAs are

transcribed by RNA polymerase III. See reference 2 for a review.
(B) Structures of recombinants containing MLP-p-globin fusions
substituted into E3. Numbers at the top refer to map units of d1321
(5). The structures of the inserted sequences are diagrammed below
for each of the constructs named at the left. Ad2 sequences from the
indicated regions of the MLP are shown (=), with arrows indicat-
ing the transcription start site and direction. The P-globin coding
sequence from -5 to the PstI site at +2.1 kb is indicated (_). The
no-promoter construct is an insertion of the P-globin coding region
only. The P-globin exons are diagrammed at the bottom. Also shown
is the map position of the 3'-end-labeled probe used in S1 nuclease
analyses of the MLP-,B-globin RNAs.

These recombinant viruses and the parental virus d1321
were infected into 293 cells, and cytoplasmic RNA was
isolated during the late phase of infection (20 h p.i.). To
confirm that transcription initiated from the expected start
site of the inserted MLP, primer extension analysis was

performed by using a primer complementary to 3-globin
coding sequences from positions +10 to +30. MLP-p-globin
fusion RNAs which are not spliced before this position
should generate primer extension products of 69, 228, 202,
201, 209, and 179 nucleotides for recombinants -66 to +33,
-66 to +192, -66 to +192AR1, -66 to +192AR2, -66 to
+192AR3, and -66 to +192AR2+3, respectively. The ex-

pected primer extension products were observed, indicating

64

57

51

FIG. 7. Primer extension mapping of the transcription start site.
Primer extension was performed as described in Materials and
Methods by using cytoplasmic RNA isolated 20 h p.i. with the
indicated virus constructs. Lane M, Markers, with sizes (in kilo-
bases) indicated at the left; lane tRNA, control primer extension
containing yeast tRNA only. The exposure was for 12 h, except for
lane -66 to +192AR1, which was 1.5 h.

that transcription did initiate at the +1 position from the
inserted MLP in these recombinants (Fig. 7).
These primer extension products gave accurate mapping

of the RNA cap site in the background of viral late mRNAs
with the same 5' sequence. However, they did not accu-
rately measure the total cytoplasmic RNA expressed from
the inserted MLP in these constructs. This result is because
most of the MLP-p-globin RNA expressed from constructs
-66 to + 192, -66 to +192AR2, -66 to +192AR3, and -66
to + 192AR2+3 were spliced from the adenovirus 5' splice
site at position +41 in the MLP sequence to the 3' splice site
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FIG. 8. MLP-3-globin RNA expression during the late phase of
infection. (Top) Si nuclease assays performed with the 3'-end-
labeled ,-globin coding strand diagrammed in Fig. 6, using 5 ,g of
cytoplasmic RNA prepared 20 h p.i.; the exposure was for 15 min.
(Middle) A 3-h exposure of the same gel. (Bottom) Si assay of L3
family RNA, using 0.1 ,ug of 20-h-p.i. cytoplasmic RNA; the
exposure was for 3 h.

following the first intron in the P-globin gene (data not
shown). Consequently, the RNA sequence complementary
to the primer used in the primer extension analysis was

spliced out of most of the cytoplasmic RNA expressed from
these constructs. As a result, the primer extension products
from these mutants greatly underestimate the total cytoplas-
mic RNA expressed. This splice did not occur in constructs
-66 to +33 and -66 to +192AR1 because the adenovirus 5'
splice site at +41 was deleted from these constructs. Figure
7 shows a shorter exposure of the primer extension product
of -66 to +192AR1 RNA so that the intensity of this much
more abundant primer extension product is similar to that of
the neighboring lanes.
To accurately measure the relative expression of MLP-

,3-globin RNAs expressed by the different constructs, we

performed Si nuclease mapping, using a 3'-end-labeled
probe which detects the third exon of the globin RNA
(diagrammed in Fig. 6B). RNA from late region L3 was also
analyzed as an internal control for the efficiency of infection
and recovery of RNA (Fig. 8). All of the recombinants
produced equivalent levels of L3 RNA from their endoge-
nous MLPs. This finding demonstrates that they each ex-

pressed all the viral functions required for normal transcrip-
tion from the wt MLP. Yet the recombinants expressed
different levels of RNA from the MLP sequences inserted
into E3 of the same DNA molecules. There was a profound
difference in the level of P-globin RNA expressed from

TABLE 1. Expression of MLP-0-globin RNA
No. (%)' of Cerenkov cpm in

Construct Sl-protected fragment
Expt 1 Expt 2

d1321 37 37
No-promoter 113 (0) 130 (0)
-66 to +33 260 (0.2) 285 (0.3)
-66 to +192 66,395 (100) 45,325 (100)
-66 to +192AR1 15,134 (22) 10,721 (23)
-66 to +192AR2 16,060 (24) 8,323 (18)
-66 to + 192AR3 48,726 (73) 20,229 (44)
-66 to + 192AR2+3 3,635 (5) 3,407 (7)

a Numbers in parentheses show the percentage of counts per minute
relative to that of the -66 to +192 construct after subtraction of counts per
minute in the no-promoter construct.

construct -66 to +192 compared with that of construct -66
to +33 (Fig. 8). The level ofRNA expressed was sufficiently
high to allow quantitation by cutting and counting the
Sl-resistant bands (Table 1). Although ,B-globin transcript
from the no-promoter control construct was not detected in
the primer extension assay (Fig. 7), a low level of P-globin
RNA was detected in the Si analysis (Fig. 8, middle panel).
It is possible that this RNA was initiated at the E4 promoter.
A small fraction of E2A RNAs have 5' exons from the E4
promoter. These are thought to result from primary tran-
scripts extending leftward from the E4 promoter near the
right end of the genome to 60 map units (10). Similarly,
extended E4 primary transcripts from the no-promoter con-
struct could be processed at the P-globin splicing and cleav-
age-polyadenylation signals to yield low-abundance RNAs
containing the P-globin 3' exon. The -66 to +33 MLP
expressed only about threefold more P-globin RNA than this
background level (Table 1). The -66 to +192 MLP region
expressed about 200 times more ,3-globin RNA. The AR1 and
AR2 deletions each dropped the level of P-globin RNA to
about 20% of the level of the -66 to + 192 MLP. The AR3
deletion had a smaller effect, reducing ,-globin RNA expres-
sion to 45 to 70% of the level of the -66 to + 192 MLP, while
deletion of AR2+3 reduced the level to only 5 to 7%.

Clearly, deletion of the binding sites for the late-phase-
specific DNA-binding proteins greatly diminished expres-
sion from the MLP during the late phase of infection. We
also analyzed 3-globin RNA expressed from these con-
structs at 6 h p.i. of 293 cells, during the early phase of
infection. Using the same S1 probe to detect the third
,-globin exon, we observed that the MLP constructs ex-
pressed only slightly more P-globin RNA than the no-
promoter control construct (Fig. 9). In striking contrast to
the late phase of infection, the -66 to + 192 construct did not
express significantly more P-globin RNA than the -66 to
+33 construct. E4 RNAs which were analyzed served as
controls for infection and recovery of RNA. We conclude
that these MLP constructs had very low promoter activity
during the early phase of infection and that the sequences
between positions +33 and +192 did not significantly in-
crease this low activity during the early phase.

Regions Rl, R2, and R3 stimulate transcription from the
MLP during the late phase. To determine whether regions
Ri, R2, and R3 increase mRNA expression from the MLP
during the late phase of infection by stimulating the rate of
transcription, we performed in vitro nuclear run-on assays.
Labeled RNA synthesized in vitro from infected cell nuclei
isolated 20 h p.i. was hybridized to an M13 clone of the
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FIG. 9. MLP-p-globin RNA expression during the early phase of
infection. (Top) Si nuclease assays, using 50 ,ug of cytoplasmic
RNA prepared 6 h p.i.; the exposure was for 40 h. (Bottom) Si
analyses of E4 RNA, using 12 p.g of cytoplasmic RNA prepared 6 h
p.i.; the exposure time was 2.5 h.

,-globin coding strand (Fig. 10; Table 2). As controls, the
nitrocellulose filters also contained M13 clones of the Li
region r and 1 strands, the P-globin noncoding strand, and the
M13mpll cloning vector.
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FIG. 10. In vitro nuclear run-on analyses of MLP-,-globin tran-
scription rates. Nuclei were prepared from HeLa cells 20 h p.i. with
the indicated adenovirus constructs, [a-32P]GTP was incorporated
in vitro, and RNA was isolated as described in Materials and
Methods. A total of 106 acid-precipitable Cerenkov cpm from each
in vitro nuclear run-on reaction was hybridized to nitrocellulose
filters containing bound M13 clones of the ,B-globin coding (cod.) and
noncoding (n.c.) strands and the r and I strands (coding and
noncoding, respectively) of the Li region of dl321, as well as M13
DNA. An autoradiogram of the washed and RNase A-treated filters
is shown. The complementary region included in the ,-globin M13
clones was 483 bases, while 1,598 bases of the Li region was present
in the Li M13 clones.

TABLE 2. Quantitation of in vitro nuclear run-on

Expt 1 Expt 2
Mutant b Relative Relative

Areaa Area"' MY Area Area' ()

Mock 0 0 0 0
d1321 0 0 0 0
No-promoter 1.4 0 3.9 0
MLP+192 20.1 18.7 100 32.7 28.8 100
MLP+33 2.09 0.69 4 4.36 0.49 2
dlRl 11.3 9.89 52 18.8 14.9 52
dlR2 6.57 5.17 28 16.6 12.7 44
dlR3 15.9 14.5 77 25.1 21.2 74
dlR2+R3 4.51 3.11 17 7.49 3.62 12

a Area under the peak of the densitometric tracing, in arbitrary units.
b Area described in footnote a minus the area for the no-promoter control.
c Value for area' as a percentage of area' for MLP -66 to +192.

Equal amounts of label hybridized to the Li r strand for
RNA synthesized with nuclei from each of the virus-infected
cells, indicating equivalent viral RNA synthesis in each of
the in vitro reactions. No hybridization was observed with
the cloning vector nor with RNA synthesized with nuclei
from mock-infected cells, demonstrating the specificity of
hybridization. A low level of hybridization to the P-globin
coding strand was observed with the no-promoter construct,
probably from transcription initiated at the E4 promoter. A
much higher level of label hybridized to the 3-globin coding
strand with RNA from the -66 to + 192 construct containing
regions Ri, R2, and R3. Less label hybridized to the P-globin
coding strand with RNA from the -66 to +33 construct,
which lacks these regions, and with the -66 to + 192AR2+3
construct RNA. A low level of hybridization to the Li 1
strand was observed for d1321 RNA, as expected, since this
region falls within the leftward E2 early and late transcrip-
tion units which are both active during the late phase. In this
experiment, somewhat more hybridization was observed for
the constructs containing the leftward MLP inserts, perhaps
because of additional leftward transcription from the in-
serted promoters, but this was not observed in all experi-
ments.
The region in which the MLP ,B-globin constructs were

inserted is included in the endogenous major late transcrip-
tion unit (Fig. 6A). Consequently, the P-globin noncoding
strand, fused to the viral r strand, was transcribed in each of
the constructs containing ,-globin sequences. Slightly less
label hybridized to the ,B-globin noncoding strand for the -66
to +192 construct than for the other constructs. This may
have been due to interference between polymerases tran-
scribing this region in opposite directions in the case of the
strong leftward promoter of the -66 to +192 construct.
Alternatively, the decrease may have been due to RNA-
RNA hybridization in solution above the filter of cRNA
transcribed from each strand of the P-globin sequence. For
the -66 to +192 construct, similar amounts of label hybrid-
ized to the P-globin coding strand as hybridized to the
noncoding strand for each of the ,-globin constructs. This
result indicates that the leftward transcription rate from the
inserted -66 to + 192 MLP was similar to the rightward rate
of transcription through this region from the endogenous
MLP.

Quantitation of hybridization to the ,-globin coding strand
for each of the constructs in two experiments is shown in
Table 2. After subtraction for the background transcription
of the no-promoter construct, the -66 to +192 construct
synthesized 25- to 50-fold more 3-globin RNA than did the
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-66 to +33 construct. The AR1, AR2, AR3, and AR2+3
constructs synthesized approximately 0.5, 0.4, 0.7, and 0.2
times as much P-globin RNA as did the -66 to +192
construct, respectively. These results for in vitro nuclear
run-on transcription show somewhat smaller effects for
these deletions than observed for quantitation of the cyto-
plasmic RNA concentrations (Table 1). This discrepancy
may be due to differences in the efficiency of processing,
transport, or stabilities of the different MLP-,-globin fusion
RNAs. We conclude that the Rl, R2, and R3 regions each
stimulate the rate of transcription from the MLP during the
late phase of infection. The entire region from positions +33
to +192 stimulates transcription 25- to 50-fold.

DISCUSSION
Mansour et al. (24) originally provided evidence that a

late-phase-specific, virus-induced factor interacts with se-
quences in the region from positions +33 to +190 down-
stream from the Ad2 MLP to stimulate transcription during
the late phase of infection. Jansen-Durr et al. (16) reported
the binding of a late-phase-specific, virus-induced factor to
the region from +76 to +120 by using DNase I footprinting.
Further, they showed that in in vitro transcription reactions
at a low template concentration, whole-cell extracts pre-
pared from Ad5-infected cells during the late phase had
higher activities on templates extending from -137 to +131
or further downstream than did extracts from EIA mutant-
infected cells. Part of this higher activity appeared to be due
to the effects of ElA expression as reported by us (18, 19),
and part was due to late-phase-specific factors.

In this work, we further characterized the region between
positions +33 and +192 downstream from the MLP which
interacts with late-phase-specific, virus-induced factors and
the influence of these binding sites on late-phase transcrip-
tion from the MLP. We found that three independent regions
mapping from approximately +37 to +68, +80 to + 105, and
+105 to +125, designated Rl, R2, and R3, respectively,
interact with factors which increase in activity between 12
and 20 h p.i. As shown by Jansen-Durr et al. (16), inhibition
of viral DNA replication prevents the induction of these
sequence-specific binding factors. The factors bind indepen-
dently, since the deletion of R2 or R3 does not significantly
affect the binding of factors to the remaining sites. Results of
DNase I footprinting analyses performed in the presence of
synthetic oligomers of sites Rl, R2, and R3 (Fig. 5) suggest
that the same factor binds to sites R2 and R3, despite their
apparent lack of obvious homology. It is not yet clear
whether the same factor binds to site Rl with low affinity or
whether a second factor binds to site Rl.
To characterize the influence of these binding sites on

transcription during the late phase, we constructed adenovi-
rus recombinants in which the wt MLP region including the
downstream binding sites or mutants of these sites were
fused to P-globin coding sequences and substituted into
region E3. These constructs were capable of replicating in
293 cells, allowing us to measure the consequences of
deleting the binding sites on transcription from replicated
templates during the late phase of infection. We found that
deletion of the entire region from positions +33 to +192
resulted in a 200-fold decrease in the accumulation of MLP-
,B-globin RNA in the cytoplasm at 20 h p.i. and a 25- to
50-fold decrease in the rate of transcription, as measured by
in vitro nuclear run-on assays. Deletion of the individual
sites had smaller effects.
These binding factors induced specifically during the late

phase of adenovirus infection are likely to be positively

acting transcription factors which stimulate transcription
from the MLP. Such late-phase-specific transcription factors
could account for the much greater rate of transcription from
the MLP during the late phase of infection compared with
transcription rates from the other early viral promoters. It
seems unlikely that the factors are involved in an antitermi-
nation mechanism, since deletion of the sites decreases
downstream transcription. Also, no terminated transcripts
from the wt template have been observed in in vitro tran-
scription reactions using early- or late-phase extracts (16, 18,
19), even under conditions in which the downstream regions
stimulate transcription (16; K. Leong and A. J. Berk, un-
published results).
Major questions raised by these studies concern the nature

of these late-phase-specific binding factors. Are they in fact
positively acting transcription factors? Are they virus-en-
coded late-phase-specific proteins, or are they host proteins
modified by late viral functions? Another interesting ques-
tion is why do they bind downstream from the transcription
start site as opposed to upstream? Part of the reason may be
that the leftward IVa2 promoter start site maps only 212 base
pairs to the left of the MLP start site. Placing late-phase-
specific factor-binding sites to the right of the MLP might
focus the influence of these factors on the closer MLP. The
next closest polymerase II promoter to the right of these
late-phase factor-binding sites is the E2 late promoter, 20 kb
away. Also, this entire region including the IVa2 promoter
and the MLP and downstream sites all lie within the same
DNA sequence which encodes the viral DNA polymerase,
expressed from leftward transcripts initiated at the E2 early
and E2 late promoters (31-35). This may impose constraints
on the sequence which limit the possible locations of binding
sites for late-phase-specific transcription factors.
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