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Comparisons among sequences predicted to encode the major late promoter (MLP) of adenoviruses from a
wide variety of host species show that an inverted CAAT box is among the most highly conserved transcription
elements found in the putative MLPs. The high degree of conservation suggests that the CAAT box plays an
important role in the function of the MLP in vivo, an idea supported by a previous mutational analysis of the
core CCAAT sequence. To address the importance of the CAAT box, in terms both of quantitative levels of
transcription and of specificity, a further set of mutations was created and examined in the context of the viral
genome. One mutation, CAATS5, contains individual changes at five positions, four of which correspond to
invariant residues in a CAAT box consensus derived either by computer analysis or empirically. The CAATS
mutation had no discernible phenotype by itself but when coupled with the previously described USFO
mutation, which disrupts binding of the upstream stimulating factor (USF) but is otherwise phenotypically
silent, gave rise to virus with a severe replication deficiency. Nuclear run-on assays showed that transcription
initiation at the mutant MLP was significantly reduced compared with that of the wild type or the virus
containing CAATS alone. Replication of the double mutant was lower than that of the previously described
USFO0::CCCAT virus, suggesting that the additional mutations in the CAAT box had further lowered the
binding of transcription factor CP1 (also called CBF, NF-Y). Replacement of the CAAT box by an ATF binding
site or an OCT1 binding site had no phenotypic effect in an otherwise wild-type background, but replacement
in a USF0::CCCAT background led to only partial restoration of the wild-type phenotype. The failure to restore
the functional redundancy normally exhibited by the CAAT box and the proximal upstream activating element
is consistent with the idea that in the adenovirus MLP the CAAT box is preferred over others as the distal

transcriptional element.

The major late promoter (MLP) of human adenoviruses
belonging to subgroup C is one of the most intensively studied
examples of a eukaryotic polymerase II promoter. Early stud-
ies, using in vitro transcription and plasmid-borne transfection
assays, defined the requirements for specific cis-acting se-
quences for quantitative and accurate transcription initiation
(reviewed in reference 2). These studies identified several tran-
scriptional elements and allowed the isolation of two cellular
transcriptional activating factors (7, 8, 31, 39). More recently,
genetic systems were developed to examine the function of the
MLP in the context of the viral genome, either at ectopic sites
(25) or at the normal genomic location (4, 36). Together, the
results strongly support the promoter structure shown in Fig. 1.
The MLP contains two basal elements, namely, a TATA box
and an initiator element (INR) (43), and two upstream acti-
vating elements, namely, the proximal upstream activating el-
ement (UPE) that binds the helix-loop-helix transcription fac-
tor USF (16, 39) and an inverted CAAT box that binds the
heterotrimeric transcription factor CP1 (also called CBF or
NF-Y) (7, 29). Three further activating elements are located
downstream of the transcription start site and within the first
intron of the major late transcription unit, elements DEI,
DE2b, and DE2a, which bind DEF-A and DEF-B (20, 32).
Recently, DEF-A and DEF-B have been shown to consist of a
heterodimer and a homodimer, respectively, of the virus-spec-
ified protein IVa2 (48).

Previous genetic analysis of the UPE showed that it plays an
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important role in the function of the MLP in the course of a
normal viral infection, although this role was evident only
when mutations were created in both the UPE and at least one
other transcriptional element (26, 37). The analysis also sug-
gested that the CAAT box contributes to MLP function, but
the phenotypic effects of mutation in the element were less
marked than those observed with UPE mutations. Neverthe-
less, recent sequence analyses of potential MLPs from adeno-
viruses isolated from diverse mammalian species demonstrated
that the CAAT box was conserved in all viruses examined,
implying its functional significance (44). This implication was
one of the reasons that led us to reconsider the importance of
this more distal upstream element in viral infection, and in
particular the possibilities that the CAAT box plays a specific
role in transcription from the MLP and that the element can-
not be substituted by other common activating sequences.

The inverted CCAAT box is located about 80 nucleotides
(nt) upstream of the transcription start site and binds the
cellular factor CP1 (7, 29). CP1 (CBF) consists of three sub-
units, CBF-A, CBF-B, and CBF-C, all of which are needed for
DNA binding (40). There is a high degree of sequence identity
with segments of the Saccharomyces cerevisiae HAP3, HAP2,
and HAPS polypeptides, respectively, (30, 41, 52), and the
conserved regions of CBF-A and CBF-C have sequence simi-
larities to the histone fold motifs of histones H2B and H2A,
respectively (40). The transcriptional activation properties of
CBF have been demonstrated in vitro by using several promot-
ers, including the MLP (29), but the mechanism by which
activation is achieved is unknown, although it is presumed that
CP1 must interact with one or more proteins in the preinitia-
tion complex.

To investigate the functional significance of the CAAT box
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FIG. 1. Genetic organization of the MLP of human adenovirus. The ele-
ments are shown with their cognate binding factors. The region is located at
~16.8 map units from the left-hand end of the viral genome with the MLP start
site at bp 6030. The divergent promoter IVa2 is also shown. The region lies
within the coding sequences of the essential DNA polymerase gene, which is
encoded on the opposite strand.

in the correct genomic context, several mutations were created
in the CAAT box alone or in combination with mutations in
other transcriptional elements and analyzed for their effects
during the viral life cycle. The mutations were designed with
two questions in mind. First, a multiple mutation was created
in the CAAT box, on the assumption that this might achieve a
greater reduction in the binding of CP1 compared to that of
the single point mutation analyzed previously, so that the im-
portance of the element to quantitative transcription from the
MLP could be more readily assessed. Second, the CAAT box
was replaced by other transcription factor binding sites to de-
termine if the element has a specific role in MLP function. The
results presented in this study show that the CAAT box has an
important role in viral replication and suggest that there is
some degree of specificity to the CAAT box function. They
also confirm the previous observation that there is functional
redundancy between the two upstream activating elements
(36) and support the suggestion (37) that there is a functional
interaction between the CAAT box and the TATA box.

MATERIALS AND METHODS

Creation of mutations in the MLP of human adenovirus. (i) M13 mutagenesis.
The methods of M13-based mutagenesis of the MLP by the techniques of Kunkel
(21) have been described in detail previously (36). Individual M13 virus isolates
arising from the mutagenesis were screened for those containing the mutation by
DNA sequencing using the dideoxy method (38). The oligonucleotides used to
produce nucleotide substitutions within the MLP region were as follow: 9403-
5C2 (to create five point mutations in the CAAT box in the wild-type back-
ground; MLP antisense), 5'-GGC CTA CAC CTA tAA gCC cAT aAC aTT CCT
TGA TGC CG-3'; 9502-5C2U (to create the same five point mutations in the
CAAT box in the USFO background; MLP antisense), 5'-CAC CTA tAA gCC
c¢AT aAC aTT CCT TGA TGC CG-3"; 9207-AT2 (to replace the CAAT box with
an ATF binding site in the wild-type background; MLP antisense), 5'-GGC CTA
CAC CTA CAA cga cgT CAC CTT CCT TGA TGC CG-3'; 9209-AT2U (to
replace the CAAT box with an ATF binding site in the USFO0 background; MLP
antisense), 5'-AGC ATA CAC CTA CAA cga cgT CAC CTT CCT TGA TGC
CG-3'; and 9409-OC2 (to replace the CAAT box with an OCT1 binding site in
both the wild-type and USF0 backgrounds; MLP antisense), 5'-CCT ACA AAC
CcA Ttt gCa TCC TTG ATG CC-3'. The mutated nucleotides are in lowercase.

PCR mutagenesis. Some mutations were created by PCR using Tag DNA
polymerase and a PCR Core kit (Boehringer Mannheim) as described by the
manufacturer. Briefly, two complementary oligonucleotides were designed for
each mutation. First, two separate PCRs were performed with an MLP-contain-
ing plasmid that contains SP6 and T7 RNA polymerase promoters flanking the
MLP. The T7 primer and one of the two complementary oligonucleotides were
used as PCR primers in one reaction, and the SP6 primer and the other oligo-
nucleotide were used in the other reaction. Then the PCR products were used as
templates in the second PCR using the T7 and SP6 primers. The cycling condi-
tion was as follows: 1 min at 94°C; 30 cycles of 1 min at 94°C, 2 min at 55°C, and
3 min at 72°C; and 7 min at 72°C. The PCR products were cloned into a plasmid
vector, and the mutations were confirmed by sequencing performed with dye
terminators on an ABI 373A machine in the Columbia Cancer Center DNA
facility. The oligonucleotides used to produce nucleotide substitutions within the
MLP region were as follow: 9608-27T1 (to mutate the TATA box; MLP sense),
5'-GGG GGG CTA TAg AAG GGG GTG GGG GCG CG-3'; and 9608-27T2

J. VIROL.

(to mutate the TATA box; MLP antisense), 5'-CGC GCC CCC ACC CCC TTc
TAT AGC CCC CC-3'. The mutated nucleotides are shown in lowercase.

Oligonucleotides were purchased from Oligos Etc., Genosys, or the oligonu-
cleotide-synthesizing facility, Comprehensive Cancer Center, Columbia Univer-
sity.

Testing of MLP mutations by overlap recombination. After both types of
mutagenesis, the Xhol-to-HindIII MLP fragment was cloned into pMR2, which
contains adenovirus type 5 (Ad5) DNA sequences extending from the left end to
bp 9523. Overlap recombination with DNA-protein complex (DNA-PC) from
virus LLX1 was done according to published procedures (36, 50). Briefly, the
DNA-PC was cleaved with PaeR7I and Clal, and the unpurified mixed fragments
were cotransfected with the pMR2-derived plasmids into human A549 cells in a
direct plaque assay. Overlap between the large right terminal fragment of LLXI
extending from bp 8254 and the plasmid sequence, which extends through bp
9523 will generate a mutant virus genome. The presence of the mutations in the
resulting viruses was confirmed by cloning the Xhol-to-HindIII MLP fragment
into a plasmid containing SP6 and T7 RNA polymerase promoters, followed by
sequencing with dye terminators. Mutant viruses were plaque purified once
before further analysis. It should be emphasized that the use of mixed fragments
of LLX1 DNA-PC in the overlap reaction allows recovery of virus genomes that
have experienced more than one recombination event, a likely source of the rare
CAATS viruses arising in transfections with the CAATS::TATA27 mutation-
containing plasmids that failed to give rise to the expected virus genotype (see
Results).

Measurement of viral replication cycles. Growth curves were performed on
human A549 cells, derived from a small cell carcinoma of the lung (13). Cells
were grown to confluency in 35-mm-diameter dishes in Dulbecco modified Eagle
medium plus 10% supplemental calf serum (HyClone). Infections were per-
formed by removing the medium and adding 0.2 ml of virus at a multiplicity of
infection (MOI) of 10 PFU per cell and incubating the dishes at 37°C for 1 h, with
periodic shaking. The plates were then overlaid with infecting fluid (22). The
infected cells were harvested at intervals by freezing individual dishes, and virus
was liberated by repeated freezing and thawing. Titration was performed on
A549 cells by fluorescent focus assay (35).

Measurement of DNA replication. Viral DNA was extracted, by a modification
(50) of the Hirt technique (18), from A549 cells infected identically to those used
for the growth curves. The DNA was digested with X#ol, run on an 1% agarose
gel, and transferred to nitrocellulose (Schleicher & Schuell). The filter was
blocked for 2 h in a solution containing 5X Denhardt’s solution, 0.5% sodium
dodecyl sulfate, 6X SSC (1X SSC is 0.15 M NaCl plus 0.015 M sodium citrate),
and 100 pg of carrier DNA (salmon sperm DNA) per ml and then probed with
the MLP fragment, which had been labeled by random priming synthesis (11) by
using [a-*?P]dATP (3,000 Ci/mmol; NEN). The filter was washed first with 2X
SSC-0.5% sodium dodecyl sulfate for 5 min at room temperature, with 2X
SSC-0.1% sodium dodecyl sulfate for 15 min at room temperature, and then with
0.1X SSC-0.5% sodium dodecyl sulfate for 2 h at 65°C, air dried, and exposed to
a Fuji RX film.

Nuclear run-on transcription assay. The techniques for preparation of nuclei,
nuclear transcription, and analysis of labeled nascent RNA by hybridization to
M13 single-stranded probes on nylon membranes have been described in detail
previously (36) and were used with some modifications based on a published
protocol (15). Briefly, A549 cells grown in 175-cm? flasks were prepared 1 day
before infection. The confluent monolayers were infected at an MOI of 10
focus-forming units (FFU) per cell with the various viruses and incubated for
36 h at 37°C. The infected monolayers (approximately 5 X 107 cells) were washed
three times with ice-cold phosphate-buffered saline and resuspended in 4 ml of
Nonidet P-40 (NP-40) lysis buffer (10 mM Tris-HCI [pH 7.4], 10 mM NaCl, 3 mM
MgCl,, 0.5% NP-40). The cells were kept on ice for 5 min and centrifuged for 5
min at 500 rpm in a model CR6000 IEC refrigerated centrifuge, and the nuclear
pellet was resuspended in 4 ml of NP-40 buffer. They were centrifuged again, and
the pellet was resuspended in 200 wl of glycerol storage buffer (50 mM Tris-HCI
[pH 8.3], 5 mM MgCl,, 0.1 mM EDTA, 50% glycerol). Approximately half of
each of the nuclear samples was used immediately for the transcription reaction,
which was essentially as described before (36) except that incubation was at 37°C
for 30 min. Following incorporation of [**PJUTP (100 nCi, 800 Ci/mmol; NEN),
RNA was isolated and samples containing 1.5 X 107 cpm were hybridized by
standard procedures to nylon membranes (Nytran; Schleicher & Schuell). The
membrane was prepared on a slot blot apparatus to which had been added
individual samples of 5 ug of single-stranded DNAs from two M13 clones. The
M13 glyceraldehyde 3-phosphate dehydrogenase (GAPDH) clone used as an
internal control is complementary to the sense orientation of the 1.3-kb PstI
fragment of the rat GAPDH cDNA (12); the M13 L1 clone (36) is complemen-
tary to the Ad5 L1 region between the HindlIII sites at bp 11565 and extending
through bp 13651. Hybridization was at 65°C for 48 h, followed by extensive
washing of the membrane and exposure on Fuji RX film. Radioactivity bound to
the filter was quantitated with a PhosphorImager (Molecular Dynamics).

RESULTS

A five-point mutation in the MLP CAAT box. The sequence
analysis of MLPs from a set of adenoviruses, isolated from a



VoL. 72, 1998

ADENOVIRUS MLP CAAT BOX 3215

TABLE 1. Mutations in the elements of the adenovirus MLP
T
WEIGHT MATRIX cTCGaA [
Sequence® CONSENSUS: ACTAGCCAATCANNN
Virus
name CAAT box? UPE® TAT? ADENOVIRUS MLP ACAAACCAATCACCT
box¢ SEQUENCE: t q c a a
Wild type  AAGGTGATTGGTTTGT GGCCACGTGACC  TATAAAA CP1 BINDING SITE NNNAACCAATCARNCSG
TATA27 TATAgAA CONSENSUS: ce T T
USFO0 aGCtACaTGgCC
CCCAT AAGGTGATgGGTTTGT FIG. 2. Sequence of the CAAT box of the MLP compared with the consen-
vBS4 AAIGTIATgGGCTTaT sus derived either from a weight matrix analysis (5) of eukaryotic promoters or
vBS5 AAIGTIATgGGCTTaT  aGCtACaTGgCC a consensus (7) from promoters shpwn experimentally to bind CP1. The sipglc
BS1 AAGGTGA TTGT bases shown above the weight matrix consensus correspond to those found in at
Vv 5GTGAcgtcg least 20% of the promoters analyzed. The single bases shown below the CP1
vBS2 AAGGTGACcgtegTTGT  aGCtACaTGgCC binding consensus are alternative residues found in more than one promoter of
vBS6 AtGcaaATgGGTTTGT high affinity. The dots indicate those residues in the adenovirus MLP that cor-
vBS8 AtGcaaATgGGTTTGT aGCtACaTGgCC respond to one or both consensus sequences. Bases shown in lowercase below the
[VBS]O]" AAIGTtATgGGCTTaT TATAgAA MLP sequence are the mutations in CAATS.

“ Mutations are indicated in lowercase. The substitutions in the CAAT box in
vBS1 and vBS2 create an ATF consensus (24) (underlined) and cause three
changes in the amino acid sequence of the DNA polymerase coded on the strand
opposite the MLP (Lys to Asn, Pro to Asp, and Ile to Val). The substitutions in
the CAAT box in vBS6 and vBS8 create an OCT1 consensus (46) and cause two
amino acids changes (Thr to Cys and Phe to Ile). Other mutations maintain the
amino acid sequence of the DNA polymerase. Mutations in viruses TATA27,
USF0, and CCCAT have been described previously (36, 37).

?The CAAT box is a canonical sequence, CCAAT (5), and is inverted with
respect to the start site of transcription.

“The UPE is a typical E box and contains the site of highest affinity,
RYCACGTGRY (1).

4 The TATA box is a canonical sequence, TATA(T/A)AA (5).

¢ This mutation could not be recovered in virus.

diverse group of mammalian species, showed an absolute con-
servation of a CAAT box at an appropriate distance (60 to 80
nt) upstream of the predicted start site of transcription (44).
This observation strongly suggests an important functional role
for this element. In addition, previous genetic analysis of the
CAAT box showed that a single point mutation in the 5" A
residue had significant phenotypic effects when coupled with
otherwise transcriptionally silent mutations in the UPE or
TATA box (36, 37). However, the effects were not as profound
as those with a double UPE::TATA mutation, which was lethal
(37). This finding suggests either that the CAAT box is not as
important to the functioning of the MLP as the UPE or that
the single point mutation is not as deleterious to CP1 binding
as the four-point mutation in the UPE is to the binding of USF.

Others have shown experimentally that sequences outside
the canonical CAAT box affect the binding of CP1 in vitro (3,
7), and a consensus outside the core CAAT sequence has been
derived from a compilation of eukaryotic promoters (5). To
test the importance of the MLP CAAT box further, we made
mutations in 5 nt in and around the CAAT motif (Table 1)
while maintaining the amino acid sequence of the essential
viral DNA polymerase, encoded on the opposite strand. Figure
2 compares the newly created alterations to the previous ex-
perimental consensus and database compilation. Three of the
five mutations are transversions to nucleotides not present in
either consensus. Most importantly, a recent selection experi-
ment, using purified CP1 and random oligonucleotides,
showed that besides the invariant central CCAAT, the adja-
cent downstream residue was predominantly a C, although A
was obtained ~17% of the time. This finding suggests that the
C may be important for high-affinity binding. The other two
mutations are transitions in nucleotides that can vary in either
consensus. The latter changes may have no effect on binding,
although the 5" A-to-G transition is in a nucleotide shown to
display methylation interference (7).

The mutagenesis was performed in both wild-type and UPE

mutation-containing plasmids, because it has been shown pre-
viously that mutations in single transcriptional elements usu-
ally have no phenotypic effects (26, 36, 37). The mutant MLP
sequences were transferred to virus LLX1, using methods de-
scribed in detail before (36). Cotransfections with both plas-
mids yielded virus, but the plaques of the CAATS::USF0 mu-
tant virus (vBS5) were much smaller than those of virus with
the single-mutant CAATS (vBS4), and the individual infected
cells displayed a distinctive cytopathic effect typical of MLP
mutants with deficient replicative cycles.

Replicative cycles of viruses with mutations in the CAAT
box. Human A549 cells were infected with the individual vi-
ruses at an MOI of 10, and samples were taken at intervals to
measure viral replication in one-step growth curves. As shown
in Fig. 3A, mutant virus vBS4 replicated with efficiency equal
to that of the wild type, with almost identical eclipse periods
and final viral yields. In contrast, the replication of mutant
virus vBS5, with mutations in both the CAAT box and the
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FIG. 3. Replication of viruses with the wild-type MLP (MLP-WT) or muta-
tions in the CAAT box of the MLP. A549 cells in monolayer culture were
infected at an MOI of 10 FFU per cell, and samples were taken at intervals
postinfection (p.i.). Virus was titrated by fluorescent focus assay. Yields per
infected cell were calculated and are plotted on a log,, scale.
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FIG. 4. Transcription in nuclei isolated from cells infected with various vi-
ruses. Experimental details are given in Materials and Methods. A549 cells in
monolayer culture were infected with viruses at 10 FFU per cell for 36 h, and
nuclei were isolated. Individual filters with slots containing single-stranded DNA
from M13 clones corresponding to GAPDH (lanes 1 to 3) or Ad5 L1 region
(lanes 4 to 6) were hybridized to RNA isolated from nuclei of infected cells.
Results are for nuclei of cells infected with wild-type MLP (lanes 1 and 4), with
vBS4 (the single CAATS mutant) (lanes 2 and 5), and with vBS5 (the
CAATS::USF0 double mutant) (lanes 3 and 6). Labeled RNA present on the
filters was quantitated by PhosphorImager analysis and is presented in arbitrary
units.

UPE, was significantly less than that of the single-mutant virus,
the final yield being approximately 20-fold lower at the final
time point. The replication phenotype of the USFO virus has
been shown previously to be identical to that of the wild type
(26, 36). These results suggest that the mutations in the CAAT
box affect the binding of CP1 to the CAAT box and confirm
previous evidence that the MLP has redundant upstream ac-
tivating elements (36). The replicative abilities of vBS5 were
compared to those of the previously described double mutant
USFO0::CCCAT (Fig. 3B). The reduction in viral replication of
vBS5 was significantly greater than that of USF0::CCCAT.
This replicative deficiency was correlated with a correspond-
ingly smaller plaque size during plaque isolation, a slower
cytopathic effect during infection, and a lower yield of the viral
stock of the vBS5 compared to USF0::CCCAT (data not
shown). Taken together, these results strongly suggest that the
five-point mutation in the CAAT box has a greater effect on
CP1 binding than the single point mutation previously de-
scribed.

Rate of transcription initiation during infection with viruses
containing the CAATS mutation. The growth defect of vBS5 is
expected to arise from defective transcription from the mutant
MLP. To demonstrate this unequivocally, however, it is nec-
essary to measure transcription initiation. Nuclei were isolated
from cells infected with the wild type, vBS4, and vBSS at late
times postinfection and incubated in vitro to allow previously
initiated RNA polymerases to elongate. RNA was isolated and
hybridized to single-strand sequences specific for either the LI
region of the major late transcription unit or the GAPDH gene
as a housekeeping cellular gene control. The counts bound to
each probe were quantitated with a PhosphorImager (Fig. 4).
The levels of hybridization, and thus incorporation in nuclei, of
the RNA from cells infected with the double mutant vBS5
(lane 6) were significantly lower than those in the wild-type- or
single-mutant (vBS4)-infected cell nuclei (lanes 4 and 5). The
reduction in transcription for the double mutant compared to
that of the single mutant was sixfold. The transcription of the
single mutant (lane 5) was slightly better than that of the
wild-type virus (lane 4), but this is probably within experimen-
tal variation. Although the reduction in transcription initiation
in the nuclei from the double mutant (6-fold) is less than the
reduction in final viral yield (20-fold), the results show that the
replication deficiency of the double mutant is correlated with a
reduction in transcription initiation.
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Genomes containing the CAATS and TATA27 mutations
cannot be recovered as virus. Early biochemical evidence had
suggested that there is an interaction between the factors that
bind to the UPE and the TATA box in the adenovirus MLP
(39), and previous genetic evidence corroborated this sugges-
tion, because it was impossible to create viruses with combined
mutations in the UPE and the TATA box (37). Previous ge-
netic evidence also suggested that there was a functional in-
teraction between the CAAT box and TATA box because the
double-mutant virus TATA27::CCCAT is severely deficient in
replication (37). We were interested to see if the TATA27::
CAATS double mutation could be constructed, because the
evidence cited above suggested that the binding of CP1 was
more impaired in CAATS than in CCCAT, and the corre-
sponding phenotype would be expected to be more severe.
Three attempts were made to build the TATA27::CAATS dou-
ble mutant virus, and a few plaques were isolated. Analysis of
the DNAs from three independent viral clones with the en-
zyme Xhol, which discriminates between plasmid and LLX1
DNA (36), showed that recombination between the mutation-
containing plasmid and the right-end viral DNA fragment had
taken place. However, the three virus isolates had a wild-type
replication phenotype, and sequencing of the MLP region
demonstrated that the TATA box was the wild-type sequence
instead of the expected TATAGAA. The viral genomes con-
tained the CAATS mutation, which has no overt phenotype.
These results suggest that a mutant genome containing multi-
ple mutations in the CAAT box and a single mutation in the
TATA box is lethal and confirm that there is an important
functional interaction between the CAAT and TATA boxes. In
addition, the apparent lethality of the TATA27::CAATS mu-
tation, as opposed to the deficient but nonlethal phenotype of
the TATA27::CCCAT mutation, further supports the idea that
CAATS5 binds CP1 less well than does CCCAT.

The apparent reversion of the TATA box in the three plaque
isolates whose DNA sequence was analyzed may have been
caused by one of two mechanisms. A true reversion at the
TATA box could have taken place during the expansion of the
original plaque on the assay plate, although the number of
genomes and the expected mutation rate for a specific transi-
tion perhaps make this unlikely. We have observed such rever-
sions before in the severely defective mutant TATA27:
CCCAT, but only after serial passages (36a). A more likely
alternative is that a secondary recombination took place be-
tween the recombinant genome produced in the initial overlap
reaction and a fragment of wild-type viral DNA present in the
transfected cell (see Materials and Methods for the likely or-
igin of this fragment).

Replacement of the MLP CAAT box by other transcription
elements. The conservation of the CAAT box in all MLPs
sequenced to date and the empirical evidence shown above
and earlier strongly suggest that it is functionally important to
the MLP. However, neither the experimental data nor the
sequence conservation indicates if the CAAT box plays a spe-
cific role in MLP function. One way to answer this question is
to attempt to replace the CAAT box with other activating
elements to see if they can function in its place with equal
efficiency.

The CAAT box was replaced with an ATF binding site or an
OCT1 binding site, both of which are widely used in cellular
and viral genes (23, 24, 46). As well as creating these mutations
in an otherwise wild-type background, we also combined them
with the previously described USFO mutation (Table 1). In
both replacement mutations, the changes necessary to create
the desired transcription element were made so that alter-
ations to the DNA polymerase encoded on the opposite strand
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FIG. 5. Replication of viruses with an ATF binding site or OCT1 binding site
replacing the CAAT box. A549 cells in monolayer culture were infected with the
various viruses at an MOI of 10 FFU per cell and processed as described in the
legend to Fig. 3. (A and B) Two experiments involving ATF replacement viruses;
(C) one experiment with the OCT1 replacement viruses.

were minimized. Viral replication was measured in one-step
growth curves (Fig. 5). As shown in Fig. 5A, vBS1, which
contains the ATF binding site in place of the CAAT box in the
wild-type UPE background, replicated with efficiency equal to
that of the wild-type virus, with identical eclipse periods. In
contrast, the replication of the mutant virus vBS2, containing
the ATF binding site replacement in the USF0 background,
was considerably less than that of wild-type virus (Fig. SA and
B) but was significantly greater than that of vBS5 (Fig. 5B).
This result suggests that an ATF binding site is able to replace
CAAT box function, at least partially. Note also that although
vBS1 contains unavoidable alterations to the DNA polymer-
ase, the wild-type phenotype suggests that these changes do
not affect DNA replication. Replacement of the CAAT box
with the OCT1-binding site showed similar results (Fig. 5C).
vBS6, which contains the OCT1 binding site in place of the
CAAT box in the wild-type background, replicated like the
wild-type virus. In contrast, replication of the mutant virus
vBS8, containing the OCT1 binding site replacement in the
mutant UPE background, was significantly less than that of the
vBS6 and wild-type viruses, but again replication was greater
than that of vBS5. These results show that the OCT1 binding
site is also capable of partial substitution of the CAAT box.
The implications of the partial functional replacement of the
CAAT box by ATF and OCT1 binding sites will be considered
further in Discussion.
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FIG. 6. Viral DNA accumulation in cells infected with mutant viruses. A549
cells in monolayer culture were infected at an MOI of 10 FFU per cell and
harvested at the times indicated. DNA was extracted by a modification of the
Hirt technique and examined by Southern blotting after Xhol digestion, using
labeled adenovirus DNA probe. Results shown in panels A and B are from
independent experiments.

Viral DNA replication in mutant and wild-type infection.
Although mutations in the MLP usually are designed so that
there are no changes to the amino acid sequence of the DNA
polymerase (26, 36, 37), the ATF replacement (vBS1 and
vBS2) and OCT1 replacement (vBS6 and vBSS8) caused
changes of three and two amino acids, respectively, in the viral
DNA polymerase encoded on the strand opposite to the MLP
strand. Although the single-mutant viruses showed no evidence
of replication deficiency (Fig. 5), and therefore no suggestion
that the changes to the DNA polymerase had any phenotypic
consequences, it was important to demonstrate that the levels
of viral DNA synthesis were unaffected in the double mutants.
Viral DNA was extracted from infected cells by a modified Hirt
procedure, and the amounts of accumulated DNA were mea-
sured by Southern hybridization. As shown in Fig. 6, there are
no substantial differences in timing or total accumulation of
viral DNA. Thus, there is no evidence that the replacement
mutations affect DNA replication either directly by altering the
DNA polymerase or by feedback mechanisms to regulate the
rate of DNA replication in response to lowered MLP transcrip-
tion.

DISCUSSION

This study originated from sequence analyses of potential
MLPs from a diverse set of mammalian adenoviruses, which
showed an absolute conservation of two sequences predicted to
be functional transcription elements, namely, the basal TATA
box and the distal upstream activating element, the CAAT box.
Recently, the complete genomic sequence for the avian ade-
novirus CELO (6) and two further mammalian viruses have
been published (references 33 and 51 and references therein).
In all cases, an element corresponding to a CAAT box can be
found in the region expected to contain the MLP. In contrast,
sequences corresponding to the proximal element, the UPE,
are not absolutely conserved (44), as they can be replaced by a
functional SP1 site in mouse adenovirus type 1 (45), and the
predicted INR element and the three downstream activating
elements are also not well conserved.

The absolute conservation of the CAAT box could arise for
two reasons. The element might play an important and specific
role in the natural host environment of all mammalian viruses
examined, so that there is selection to maintain the identity of
the element. Alternatively, the ancestral progenitor to all cur-
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TABLE 2. Comparison of phenotypes of CAATS and CCCAT double mutations

Mutant sequence present at element

Figure and/or

Virus Viral growth
CAAT UPE TATA INR reference

CCCAT CCCAT + + + Wild type 37
vBS4 CAATS + + + Wild type Fig. 3A
USFO0::CCCAT CCCAT USFO0 + + 5-10% lower 36 and Fig. 3B
vBS5 CAATS USFO0 + + 20-30X lower Fig. 3B and 5
TATA27:CCCAT CCCAT + TATA27 + 100X lower 37
[vBS10] CAATS + TATA27 + Lethal This report
CCCAT:INR-5 CCCAT + + INR-5 Wild type 26
vBS11 CAATS + + Start-1 Small plaque Preliminary data

rently known mammalian adenoviruses might have acquired a
particular activating sequence by chance, and the activating
function per se has been subject to conservative selection. In
the latter case, replacement by any functional activating ele-
ment would be permitted, but because this requires several
concerted nucleotide changes to create a new transcriptional
element, it has not happened in the time available since the
divergence from the ancestral progenitor. The experiments
reported in this paper were designed to (i) reexamine the
importance of the CAAT box to the function of the MLP and
(ii) investigate the specificity of its function.

Previous results with a single point mutation in the CAAT
box showed that its function was redundant with that of the
UPE, but the transcriptional defects in combination with mu-
tations in basal elements were less severe than those observed
with combinations between the UPE disruption and basal el-
ement mutations (26, 37). This could arise either because the
CAAT box is intrinsically less important than the UPE to MLP
function or because the single A-to-C transition does not in-
terfere completely with the binding of CP1 to the DNA. To
address the latter possibility, multiple point mutations were
introduced into the CAAT box in a variety of viral genetic
backgrounds. The results are summarized in Table 2. In every
case, the phenotype of double mutations that contain the
CAATS mutation is more severe than that of the correspond-
ing CCCAT double mutation. This is most clearly seen in the
inability to create viable virus in which the CAATS mutation
was coupled to the TATA27 mutation, whereas the TATA27::
CCCAT mutant could be recovered, even though it has severe
transcriptional deficiencies (37). Taken together, these results
confirm that the CAAT box is important in viral infection, that
there is a functional redundancy between the two upstream

activating elements, the CAAT box and the UPE element, and
that there is some functional interaction between the CAAT
box and the TATA element. Furthermore, the more defective
transcriptional phenotype of the CAATS double mutants than
of the CCCAT double mutants strongly suggests that the bind-
ing of CP1 has been more severely disrupted in the former.
Attempts to examine this in vitro by electrophoretic mobility
shift assays using CAAT-box-containing oligonucleotides and
crude cellular extracts were unsuccessful, even with the wild-
type sequence (37a). It may be necessary to test the idea with
the purified CP1 heterotrimer, as has been done by Bi et al. (3),
particularly if the difference in binding affinities to CCCAT
and CAATS is of small magnitude.

The second question to be addressed was the specificity of
the CAAT box to the function of the MLP. In general, speci-
ficity of a particular element can be examined by replacing it
with other upstream activating elements, a method previously
used in transient transfection assays to gain an understanding
of the transactivational abilities of adenovirus E1A (47) and
simian virus 40 T antigen (14). Accordingly, a consensus ATF
binding site and OCT1 binding site were used to replace the
MLP CAAT box in both a wild-type and a USF0 background
to see if other transcription factor binding sites, widely used in
cellular and viral genes, can substitute for the CAAT box
function. It should be pointed out that one or more ATF
binding sites are found in the promoters of several adenovirus
genes including E2 (early), E3, and E4 (23). The use of OCT1
sites as transcriptional activating sites has not been demon-
strated, although an OCT]1 site has been shown to be impor-
tant for the initiation of DNA replication (reference 49 and
references therein). Because of the functional redundancy of
the two upstream activating elements, the critical test is the test

TABLE 3. Genotypes and phenotypes of mutant viruses

Virus CAAT

UPE TATA box Viral growth? RNA level”
name box

Wild type + + + Wild type Wild type
TATA27 + + Mutant Wild type Wild type©
USFO0 + Mutant + Wild type Wild type©
vBS4 Mutant + + Wild type Wild type
vBS5 Mutant Mutant + 20X lower 6X lower
vBS1 ATF + + Wild type ND?
vBS2 ATF Mutant + 3X lower ND
vBS6 OCT1 + + Wild type ND
vBS8 OCT1 Mutant + 10X lower ND
[vBS10] Mutant + Mutant Lethal ND

“ Measured in one-step growth curves; the values are for final yields at 40 h p.i.

» mRNA production was measured by nuclear run-on assays or RNase protection assays.

¢ Determined by Reach et al. (36, 37).
4 ND, not determined.
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of function in a USFO genetic background. The results pre-
sented in Fig. 5 and summarized in Table 3 show that the ATF
and OCT1 binding sites are capable of partial replacement of
CAAT box function in this background, whereas the five-point
mutation in the CAAT box leads to a severe deficiency in viral
transcription and replication. The intermediate level of func-
tional replacement could arise for several reasons. First, the
choice of replacement elements might not be optimal because
of lower specific activities of the cognate transcription factors
compared with that of CP1. This seems unlikely because all
three factors are universally and abundantly expressed (17, 42,
46). Second, the position of the replacement elements might
not be ideal in relation to the TATA box, and thus the stere-
ochemistry of the protein-protein interactions between the up-
stream factors and the basal machinery might not be fully
functional. This possibility is more difficult to assess because
the mechanisms by which the three proteins transactivate are
not fully understood, although it has been shown that ATF
interacts with TFIID (19). Third, the CAAT box might indeed
be the optimal transcriptional element at this position because
of a specific contribution to the establishment of the preinitia-
tion complex, for example, by a stronger recruitment of the
basal machinery than that exerted by ATF or OCTI1. At
present, we cannot make a distinction between these and other
possibilities, but we note in passing that the problem of deter-
mining the structure of the optimal promoter, or indeed of
identifying promoters in mammalian genomes in general, is
much more difficult than in prokaryotes, where there is a ro-
bust algorithm for determining promoter strength (34). Finally,
it should be pointed out that earlier studies suggested that the
CAAT box might be important not so much as an activating
element but rather as a sequence necessary for “insulating” the
MLP from transcription initiated further to the left on the
adenovirus genome (9, 10). Transcription proceeding from
early genes located to the left of the MLP might interfere with
its transcription, and it is possible that CP1 is a better insulator
than either ATF or OCT1. Resolution of this question awaits
evidence as to the mechanism of CP1 action in vitro.
Genetic analysis has also shown that replacement of the
UPE by either an ATF binding site or an SP1 site is fully
functional in a CCCAT background (30a), suggesting that the
UPE is less stringent in its sequence requirements than is the
CAAT box. As mentioned earlier, the mouse adenovirus
MAV-1 also has a functional SP1 site in the MLP. However,
the replacements in the human virus are not completely equiv-
alent to the original UPE because they show a reduction in
viral replication of some 18-fold when coupled with the
TATA27 mutation (30a), whereas TATA27 by itself has no
phenotype (37). Perhaps USF, the factor that binds to the
UPE, is better able than either SP1 or ATF to recruit the basal
machinery to the mutant TATA box present in TATA27.
Regardless of the precise role of the CAAT box to MLP
function and the mechanism by which CP1 acts, the data pre-
sented in this report demonstrate the usefulness of the com-
bination of comparative sequence analysis and a mutational
approach. The sequence comparisons, which point to an im-
portant role for the conserved CAAT box, are completely
congruent with the mutational analysis which demonstrates its
important role in the correct viral context. Adenovirus is par-
ticularly amenable to this kind of dual approach because of the
wide range of eukaryotic species that harbor viruses that be-
long to this family. This allows wide-ranging phylogenetic in-
ferences to be drawn. Equally important is the ease of genetic
manipulation, which allows specific experimental questions of
function to be addressed. Recent precedents for this dual ap-
proach are the comparisons of VA RNAs from many adeno-

ADENOVIRUS MLP CAAT BOX 3219

virus types (28) and the structure-function analyses, which are
partly based on the derived consensus for important structural
domains (27). It is to be expected that more such comparisons
will be forthcoming as the complete sequences of many ade-
novirus species and serotypes become available.
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