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The adenovirus major late transcription unit (MLTU) encodes multiple proteins from five regions, L1 to L5,
through differential splicing and polyadenylation. MLTU expression is temporally regulated; only a single
product from L1 (52/55K) is expressed prior to replication, but a subsequent switch, the mechanism of which
has not been defined, leads to full expression that encompasses L1 IIIa and all L2 to L5 products. Transfection
of a plasmid containing the complete MLTU gave a full array of proteins in proportions similar to those in a
late infection, and in a time course, the temporal pattern of expression in a natural infection was reproduced.
However, a plasmid truncated after the L3 poly(A) site exclusively expressed the L1 52/55K protein and was
defective in the switch to full gene expression from L1 to L3. The L4 33K protein, supplied in trans, was
sufficient to upregulate cytoplasmic mRNA for MLTU products characteristic of the late pattern of expression
to levels comparable to those produced by the full-length MLTU. There was a corresponding increase in
expression of the L1 IIIa, L2, and L3 proteins, except hexon. Hexon protein expression additionally required
both the L4 100K protein in trans and sequences downstream of the L3 poly(A) site in cis. These results indicate
that induction of L4 protein expression is a key event in the early-late switch in MLTU expression, which we
propose is precipitated by small amounts of L4 expression in a feed-forward activation mechanism.

Human adenoviruses, especially group C viruses such as
serotype 5 (Ad5), have been studied extensively; their tropism,
gene expression, host cell interactions, and transforming capa-
bilities are well characterized. Despite this knowledge, how-
ever, there remain important aspects of adenovirus biology
that are not understood. One of these is the control of protein
expression from the major late transcription unit (MLTU)
during the infectious cycle.

Upon Ad5 infection, a temporally phased program of gene
expression occurs. The E1A gene products are produced im-
mediately and upregulate transcription from all of the early
regions: E1A, E1B, E2, E3, and E4. The MLTU, which en-
codes the majority of the virus structural proteins within five
subregions, L1 to L5, is also active at a low level during this
early phase, but transcription proceeds only as far as the L3
region and mRNA production is focused on the L1 52/55K
reading frame (33). After replication, the major late promoter
(MLP) becomes fully activated and transcription is allowed to
proceed through the full length of the MLTU to supply the
proteins for the packaging of newly replicated genomes into
virions. The MLP is activated by the E1A 289R protein (32)
and also by the intermediate-late protein IVa2 (28). However,
unreplicated genomes from virus allowed to superinfect cells
already in the late phase of infection, and hence containing
these activators, continue to display the early pattern of MLTU
expression until they themselves have begun to replicate (44).
This indicates a role for a cis-acting element(s) that must be

activated before trans factors are able to exert their influence
on the MLP.

Multiple mRNAs are produced from the MLTU primary
transcript via differential usage of 3� splice and poly(A) sites.
All contain the tripartite leader (TPL) sequence (leaders 1, 2,
and 3) to which 3� acceptor sites in the main MLTU body are
spliced. The TPL is important for nuclear export, translation,
and stability of late mRNAs (19, 27). An optional fourth exon,
called the i-leader, is inserted between leaders 2 and 3 in the
majority of L1 52/55K mRNA produced at early times, whereas
it is mostly excluded from this and all other MLTU mRNAs at
late times (8). The inclusion or exclusion of the i-leader is
regulated by E4 Orf3 and E4 Orf6, respectively (35, 36), and its
presence destabilizes the mRNA (42).

The relative efficiencies of individual 3� splice and poly(A)
sites within the body of the MLTU change as infection pro-
ceeds, leading to an altered pattern of mRNA production. In
L1, the distal IIIa 3� splice site is inactive until the late phase
of infection, due in part to the inhibitory action of SR proteins
on a cis-acting element identified upstream of the branch site
(22). This inhibition is relieved by dephosphorylation of SR
proteins, dependent on the effect of E4 Orf4 on protein phos-
phatase 2A (23, 34). In addition, there is specific activation of
the IIIa splice site in the late phase via its atypical branch site,
or polypyrimidine tract, that responds to a factor present only
in late infected cells (31). The balance of use of the L1 and L2
to L5 poly(A) sites changes as infection progresses, due in part
to changes in the availability of the polyadenylation factor
CStF coupled with differences in the intrinsic affinity of each
site for this factor (29). In addition, cis-acting sequences have
been described adjacent to the core elements of the L1 poly(A)
site that either control site switching or destabilize nuclear
RNA in which processing at the L1 site has not occurred (10,
39).
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The L4 region encodes two of the three nonstructural late
viral proteins, 100K and 33K, the other being L1 52/55K. Im-
mediately following the onset of replication, L4 poly(A) site
usage becomes as prominent as that of L1, significantly before
L2, L3, and L5 poly(A) sites are used (24). This timing of L4
expression would fit with one or more of its products having a
role in enhancing expression from the other MLTU subre-
gions. In this paper, we provide evidence that both the 100K
and 33K L4 proteins, and a cis-acting element(s) within the
MLTU body, are necessary for progression from the early to
the late pattern of MLTU protein expression.

MATERIALS AND METHODS

Plasmid cloning and PCR amplification. The MLTU was cloned from the Ad5
genome in two parts, which were then combined. To obtain the right-hand part,
Ad5 bp 27082 to 35938 (with a deletion in the E3 region between 28592 and
30470) was taken from pFGdXI (kindly donated by F. L. Graham) by a BamHI/
SpeI digest and cloned into pBR322SpeI, a derivative of pBR322 with an SpeI
linker at the PvuII site, to give pAdJY1. A PacI site was then engineered into
pAdJY1 at Ad5 32884 by site-directed mutagenesis to give pAdJPacI. A full-
length MLTU was cloned by constructing a plasmid containing the left end of the
MLTU that overlapped with the MLTU sequence in pAdJPacI. To obtain the
left-hand part, a PacI site was first engineered in pBR322 at the NdeI site (2297)
to give pBRPacI. The Bst1107I fragment from Ad5 genomic DNA (5764 to
29010) was then ligated into the Bst1107I site (2245) in pBR322PacI, and the
desired orientation was selected as pBRZ17I. The full-length clone, pAdMLTU,
containing Ad5 sequence from 5764 to 32884 flanked by PacI sites, was obtained
by transferring the right-end sequences from pAdJPacI as a SpeI/ClaI fragment
into pBRZ17I. Finally, the complete MLTU under MLP control was transferred
as a PacI fragment into a derivative of the Epstein-Barr virus episomal plasmid
pMEP4 (Invitrogen) that contained a unique PacI site and had its hMTIIa
promoter removed to give pMLPL1-5.

The full-length MLTU under the control of a tetracycline-regulated (Tet)
promoter (pBiL1-5) was obtained as follows. The MLP was removed from a
clone of the Ad5 fragment 6009 to 10589 in pBRPacI by inserting PacI linkers at
the PvuII site within the first leader (6081), digestion with PacI, and recircular-
ization. The Ad5 sequence in this clone was then extended by inserting a genomic
XbaI fragment, 10589 to 28592, that contained a frame-shifting XhoI linker
insertion (23912) in E2A. The resulting plasmid was then extended to the right
end of the MLTU sequence, using the SpeI/ClaI fragment from pAdMLTU, to
give pAdMLTU�P. Finally, the promoterless MLTU was transferred as a PacI
fragment into pBiEGFPPacI (formed from pBiEGFP [Clontech] with a PacI
linker at the PvuII site), placing it under the bidirectional Tet promoter.

Deletion variants of pBiL1-5 were constructed as follows (their MLTU con-
tents are summarized in Fig. 1). pBiL1-3 was cloned by ligation of the PacI-
BamHI (6081 to 21562) sequence from pBiL1-5 and a BamHI (21562)-XbaI
(22406; virus E2X) (5) fragment into PacI/NheI-cut pBiEGFPPacI. To obtain
pBiL4-5, sequences 9461 to 27331 (encompassing the third leader to L4) were
removed from pAdMLTU�P and replaced with SalI (24056; virus E2S2) (5)-
EcoRI (27331) comprising the L4 region alone. The third leader was then
reinserted as a SalI fragment (9461 to 9841). Finally, the truncated MLTU was
moved, as a PacI fragment, into PacI-linearized pBiEGFPPacI. pBiL1-3NheI was
constructed like pBiL1-3 but using the BamHI-NheI fragment (21562 to 24999)
from pAdMLTU�P. Similarly, pBiL1-3SpeI and pBiL1-4 were cloned using the
BamHI-SpeI (21562 to 27082) and BamHI-XbaI (21562 to 28592) fragments
from pAdMLTU�P, respectively.

Plasmids expressing specific L4 proteins carrying a C-terminal FLAG epitope
tag were obtained by PCR amplification from L4 template DNA using specific
primers and cloning the products, as EcoRI-PacI fragments, into pCMV-FLAG.
The 33K reading frame was amplified using a 5� primer annealed to Ad5 26194
to 26222 with a 5� GGGGAATTCTCTA overhang and a 3� primer annealed to
Ad5 27057 to 27083 with a 5� CCCTTAATTAA overhang. The 100K reading
frame was amplified using a 5� primer annealed to Ad5 24061 to 24087 with a 5�
GGGGAATTCTCTAG overhang and a 3� primer annealed to Ad5 26456 to
26481 with a 5� CCCTTAATTAA overhang. pCMVFLAG was constructed from
pEGFP-N1 (Clontech) by replacing the EGFP gene as a BamHI-NotI fragment
with a double-stranded oligonucleotide encoding the FLAG epitope and having
suitable overhangs for ligation.

Cells, transfection, and virus infection. 293TET cells (Clontech) were main-
tained in Dulbecco modified Eagle medium plus 10% Tet-approved fetal calf

serum (Clontech) supplemented with 100 �g of Geneticin/ml (G418 sulfate;
Gibco). Tissue culture plates were pretreated with poly-D-lysine (Sigma; 1 �g/ml
in phosphate-buffered saline [PBS]) at 4°C overnight. Transient-expression as-
says were performed by transfecting �9 � 106 cells with 10 �g of pBiL1-5 (a
30-kbp plasmid [see below]) and 5 �g of salmon sperm DNA by calcium phos-
phate coprecipitation. The amounts of other plasmid DNAs transfected were
adjusted to be equimolar with this amount of pBiL1-5 and thus varied according
to the plasmid size. Unrelated plasmid DNA was added to single-plasmid trans-
fections to normalize the total plasmid DNA input for comparison with cotrans-
fections. Transfected cell extracts were prepared directly in sodium dodecyl
sulfate (SDS) gel sample buffer 48 h posttransfection except where indicated. In-
fections with Ad5 wt300 (21) were carried out at a multiplicity of infection of 10
PFU/cell, and infected cells were assayed for gene expression 24 h postinfection.

Western blotting. Extract from �2 � 106 transfected cells or 5 � 104 infected
cells was loaded onto SDS–10% polyacrylamide gels, and the proteins were

FIG. 1. (Top) Ad5 MLTU and cloned fragments. The Ad5 genome
is represented as paired left- and right-pointing arrows with a line scale
above in kilobase pairs. The solid blocks represent the principal exons
of the MLTU, which spans �29 kbp. L1 to L5 indicate the five MLTU
regions, each having its own poly(A) site. The thick shaded bars indi-
cate the Ad5 DNA contents of plasmids used in this study, placed
under the control of a TET(OFF)-regulated promoter. (Bottom) The
MLTU region from the 3� end of L3 to the 5� end of E3 is expanded
to show the positions of clone ends and the E2A null point mutation
with respect to the significant sequence features of the region. Right-
ward transcription-translation products are shown above the genome,
and leftward products are shown below. The open blocks represent
protein coding regions. For further details, see the text.
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separated by electrophoresis. Western blotting and detection were carried out as
previously described (26) using the following antisera: anti-DBP rabbit poly-
clonal serum raised against the bacterially expressed E2-72K protein (E. Harfst
and K.N. Leppard, unpublished data) used at 1:1,000; anti-100K mouse mono-
clonal antibody against the L4-100K protein (W. C. Russell, University of St.
Andrews) used at 1:1,000; anti-52/55K rabbit polyclonal serum raised against the
bacterially expressed L1 52/55K protein (2) used at 1:2,000; and AbJLB1 rabbit
polyclonal serum against viral particle proteins used at 1:5,000. To generate
AbJLB1, purified Ad5 wild-type particles in PBS were dialyzed against 8 M urea
for 4 h at 4°C and then against PBS to provide denatured immunogen. A rabbit
was immunized with 100 �g of protein in nonulcerative Freund’s complete
adjuvant and boosted with the same amount of antigen in incomplete adjuvant
after 4 weeks (4). When characterized against other available sera, it had strong
activity against a variety of capsid and core proteins but did not react with fiber.
Presumably, the urea denaturation prevented the production of antibodies ca-
pable of recognizing fiber epitopes displayed in a Western blot assay. FLAG-
tagged proteins were detected with M2, a mouse monoclonal antibody against
the FLAG epitope (Sigma), used at 1:2,000. Secondary antibodies were donkey
anti-rabbit immunoglobulin and goat anti-mouse immunoglobulin, both horse-
radish peroxidase conjugated and used at 1:2,000. Detection of secondary anti-
bodies was done by enhanced chemiluminescence (NEN).

Detection of mRNA by reverse transcription (RT)-PCR. Total cytoplasmic
RNA was extracted from infected or transfected cells in isotonic buffer contain-
ing Nonidet P-40 and purified as previously described (25). For each sample, 200
U of Superscript Reverse II (Invitrogen) was used to generate cDNA from 4 �g
of total cytoplasmic RNA in a 50-�l volume at 42°C for 50 min with 0.2 �M 3�
primer and recommended amounts of other reaction constituents. Five-microli-
ter aliquots of serially diluted cDNA templates were removed into a PCR
mixture (0.8 mM dNTP, 3 mM MgCl2, 2 U of Taq polymerase [Fermentas] under
the manufacturer’s buffer conditions; final volume, 50 �l) containing the appro-
priate primer pairs at a 0.3 �M final concentration. The primers used were
complementary to Ad sequences (5�-3� basepair positions) as follows: second
leader (to detect i-leader inclusion), 7113 to 7138, or third leader, 9684 to 9710,
paired with either L1 52/55K, 11945 to 11918; L1 IIIa, 12815 to 12789; L2 penton,
14889 to 14863; or L3 hexon, 19254 to 19228. The reaction mixtures were
incubated at 94°C for 1 min, 65°C for 30 s, and 72°C for 1 min 40 s for 40 cycles;
50% of each sample was analyzed on 0.7% (wt/vol) agarose gels.

Nuclear RNA was prepared from transfected cells using GenElute (Sigma)
and treated with DNase I. Equivalent amounts of RNA were subjected to
RT-PCR as described above, except that 10-�l aliquots of diluted cDNA were
used. Control reactions omitted reverse transcriptase. Primers were complemen-
tary to the Ad sequences 22034 to 22061 and 22749 to 22722, detecting RNA
unprocessed at the L3 poly(A) site.

RESULTS

Analysis of late gene expression from MLTU plasmids. As
part of attempts to establish cell lines expressing Ad5 late
proteins, a plasmid (pBiL1-5) was constructed containing the
MLTU under the control of a tetracycline-regulated promoter
in pBiEGFP (Fig. 1). A frameshift mutation was included in E2
72K DNA-binding protein (DBP), since its expression is toxic
to cells and would preclude the isolation of cell lines. Also, part
of the E3 region was removed, and sequences downstream of
the L5 poly(A) site were excluded. Related plasmids described
in the remainder of this paper were constructed to maintain
these modifications where appropriate. All of these plasmids
contained genomic DNA encoding the tripartite leader se-
quence, from the PvuII site in leader 1, so that late RNA
processing occurred in the correct context. The bidirectional
promoter in this plasmid allowed the coexpression of enhanced
green fluorescent protein (EGFP), which enabled the assess-
ment of transfection efficiency independent of any MLTU ex-
pression (data not shown).

When transfected into 293TET(OFF) cells, pBiL1-5 ex-
pressed a full range of late proteins from across the MLTU
(Fig. 2 lane 4) in a pattern similar to that seen in the late phase
of Ad5 infection (lane 1). This pattern and, more significantly,

the amounts of protein present were also similar to those seen
when the same MLTU sequence (but without the mutation in
DBP) was transfected under the control of the MLP (lane 3).
Thus, replacement of the MLP and mutation of E2A do not
affect expression from the cloned MLTU in this context. A
second plasmid, pBiL1-3, which was derived from pBiL1-5 and
contained regions L1 to L3 only (Fig. 1), expressed L1 52/55K
at levels similar to those of pBiL1-5, whereas it expressed
considerably lower levels of L1 IIIa, L2 penton, and L2 V and
negligible amounts of pVI and hexon proteins from L3 (Fig. 2,
lane 5). Thus, whereas pBiL1-5 expression included the whole
MLTU with a balance of products similar to that from a late
infection, pBiL1-3 expression appeared very reminiscent of the
early expression pattern from the MLTU, with little expression
of proteins other than L1 52/55K.

To determine if the full late protein expression profile ob-
served for pBiL1-5 had developed via an early phase, the
production of late proteins was monitored over a 40-h period
posttransfection (Fig. 3). Two phases of expression were ap-
parent: first, the expression to significant levels of L1 52/55K
protein (lane 3), leading to a second phase, commencing about
10 h later, when all the late proteins were expressed (lanes 4 to
6). Expression seen from pBiL1-5 during the first phase mim-
icked that seen at all times posttransfection from pBiL1-3.
Thus, temporal regulation of pBiL1-5 expression resembles
that seen during viral infection (lanes 9 to 11), indicating that
the expression from pBiL1-5 follows principles of regulation
and processing similar to those of the MLTU in vivo, while
pBiL1-3 appears unable to carry out the early-late switch and
expression from its L1 IIIa, L2, and L3 sequences remains in
the early pattern.

FIG. 2. Late protein expression from a cloned MLTU. Proteins
from 293TET(OFF) cells, transfected or infected with plasmid or virus
as indicated, were separated on an SDS–10% polyacrylamide gel and
transferred to nitrocellulose, and Ad5 proteins were detected by incu-
bation with specific antisera followed by chemiluminescent detection.
(Top) Polyclonal anti-denatured-particle protein serum. (Bottom)
Monospecific antisera as indicated (see Materials and Methods). M,
molecular mass markers (masses are indicated on the left); Minf, mock
infected; Mtrns, mock transfected.
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To test whether these protein data were mirrored at the
RNA level, the levels of specific transcripts in total cytoplasmic
RNA were analyzed by semiquantitative RT-PCR. Primers
were designed for detection of mRNAs from L1 (52/55K and
IIIa), L2 (penton), and L3 (hexon). Except for L1 52/55K, the
5� primer was designed to anneal to the third leader sequence,

and the appropriate late region-specific 3� primers (also used
for the RT step) were designed so that PCR bands could be
easily distinguished by size where multiple products were pre-
dicted. The 5� primer for the L1 52/55K PCR was designed to
anneal to the second leader sequence so that the amount of
i-leader inclusion in this mRNA could be assessed. If the
pBiL1-3 expression pattern truly resembled that seen from the
MLTU early in infection, then a higher proportion of L1 52/
55K mRNA from this plasmid than from pBiL1-5 should in-
clude the i-leader at 40 h posttransfection.

The L1 52/55K mRNA yielded RT-PCR products at �1.0
(i-leader excluded) and �1.5 (i-leader included) kbp. At both
15 and 40 h posttransfection, taking these two products to-
gether, the levels of total L1 52/55K mRNA for pBiL1-5 and
pBiL1-3 were similar (Fig. 4a), in agreement with the amounts
of 52/55K protein expressed by these plasmids. Both plasmids
also showed the same small excess of i-leader-containing prod-
uct at 15 h, and for pBiL1-3, this remained true at 40 h.
However, the positions were reversed for pBiL1-5, with a mod-
est excess of i-leader-excluded product at this time. These data
fit with the idea that MLTU expression from the L1 to L5
plasmid progresses to a late pattern while that from pBiL1-3
does not. The change in balance between the two forms of L1
mRNA from pBiL1-5 was not as dramatic as was seen during
the progression of an infection (Fig. 4a). This is likely to be due
in part to the persistence at 40 h posttransfection of i-leader-
included mRNA made earlier. The absence of any replicative
increase in the template DNA copy number, a factor which
amplifies the difference between the amounts of late-expressed
and early-expressed L1 52/55K mRNA during infection, will

FIG. 3. Time course of expression of late proteins from virus or
cloned MLTU. Proteins from 293TET(OFF) cells transfected with
pBiL1-5 or infected with Ad5 wt300 and harvested at the times indi-
cated were analyzed and detected as for Fig. 2. Minf, mock infected;
Mtrns, mock transfected. The positions of molecular mass markers are
indicated on the left.

FIG. 4. Cytoplasmic mRNA levels expressed from full-length or truncated MLTU sequences. Total cytoplasmic RNA was prepared from
293TET(OFF) cells either 15 or 40 h posttransfection (p.t.) with pBiL1-5 or pBiL1-3 or mock transfection or 8 or 24 h postinfection with Ad5
wt300. Four micrograms of RNA was reverse transcribed under standard conditions, and then serial dilutions of this cDNA template (the dilution
factor is indicated above each lane) were amplified by PCR, using primer pairs specific for L1 52/55K mRNA (a), L1 IIIa mRNA (b), L2 penton
mRNA (c), or L3 hexon mRNA (d). The PCR products were separated by electrophoresis on agarose gels and detected by ethidium bromide
staining. M, DNA size markers as indicated.
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make this persistence appear more significant. In addition, all
of these experiments were conducted without proteins from
the E4 gene; the relative levels of expression of E4 Orf3 and
Orf6 have been shown to affect i-leader inclusion (35, 36).

The level of L3 hexon mRNA in cytoplasmic RNA from
pBiL1-3-transfected cells was at least 50-fold less than in RNA
from pBiL1-5-transfected cells (Fig. 4d), in agreement with the
very low levels of hexon protein expressed by pBiL1-3 (Fig. 2).
The levels of L1 IIIa and L2 penton mRNA produced from
pBiL1-3 were also greatly reduced, by 10- and 50-fold, respec-
tively, compared to pBiL1-5 (Fig. 4b and c), again in agree-
ment with protein levels from the two plasmids. Taking the
mRNA and protein data together, it is clear that the limited
pattern of expression from pBiL1-3 closely resembled that seen
from the MLTU during the early phase of infection, while
expression from pBiL1-5 was similar to that seen during the
late phase of an infection.

L4 proteins are implicated in the early-to-late switch. To
investigate the minimum MLTU content required to observe a
late-like pattern of expression, further plasmids were con-
structed that had extensions beyond the L3 poly(A) site into
the L4 region. pBiL1-4, containing all of L4 (Fig. 1), generated
a pattern of expression almost identical to that of pBiL1-5;
IIIa, penton, V, and hexon proteins were expressed at high
levels (Fig. 5A, lane 2). Thus, L4, but not L5, is required for the
early-late switch. Since pBiL1-4 was produced by extending the
sequence present in pBiL1-3, this result also shows that the L2
and L3 sequences in pBiL1-3 were capable of expressing pro-
teins, discounting trivial explanations for the absence of ex-
pression from this plasmid.

Two further plasmids that contained only part of L4 were
tested. The pBiL1-3SpeI MLTU is able to encode the L4 100K
and 33K proteins, but not pVIII. This truncated MLTU also
excludes both the E2-E and E3 promoters, which are present in
pBiL1-4. The pBiL1-3NheI MLTU extends to a site in the L4
100K reading frame; it is unable to express L4 33K or pVIII
and has the potential only to produce an N-terminal fragment
of 100K; the E2-L promoter is also absent from this clone.
Upon transfection, pBiL1-3SpeI was able to express its MLTU
in the late-like manner (Fig. 5A, lane 3), similar to the L1 to L4
and L1 to L5 plasmids. However, L1 IIIa protein levels were
higher than for these longer plasmids, indicating some aberra-
tion in expression control. In contrast, MLTU expression from
pBiL1-3NheI (lane 4) appeared to be very similar to the early-
like expression pattern observed for pBiL1-3 (lane 5), although
L2 penton levels were possibly greater. All the plasmids ex-
pressed L1 52/55K to the same level, discounting the possibility
that the other differences observed were due to variable trans-
fection efficiency. Taken together, these data indicate that L4
sequences in the region coding for 100K and 33K are required
for a full late pattern of expression from cloned L1, L2, and L3
MLTU sequences.

To test directly whether the 100K and/or 33K protein was
required for full expression from L1-3, expression clones for
each protein were cotransfected with pBiL1-3NheI. To create
these clones, genomic DNA fragments carrying each of these
reading frames (for 33K this included an intron) were cloned
fused to a C-terminal FLAG epitope tag under the control of
the cytomegalovirus promoter. The two plasmids expressed
FLAG-tagged proteins of the expected sizes in immunoblots

(Fig. 5B, bottom). The expression of 100K alone with pBiL1-
3NheI had little effect on MLTU expression, although L2 pen-
ton was slightly up-regulated (Fig. 5B, lane 5). In contrast,
expression of 33K alone was able to drive expression of L1 to
L3 proteins from pBiL1-3NheI (except hexon) into the ‘late’-
like pattern, with up-regulation of IIIa, penton, V, and pVI
(lane 4). Combining 33K and 100K gave MLTU expression
from pBiL1-3NheI that was very similar to that observed from
pBiL1-3SpeI and longer constructs (lane 6); in particular,
hexon protein was now detected at high levels. Thus, 33K is a
key trans-acting factor in the early-to-late switch, but 100K is
also required for hexon protein expression.

L4 33K acts at the RNA level. To determine whether 33K
was exerting its effect at the RNA or protein level, the amounts

FIG. 5. Complementation of late protein expression from a trun-
cated MLTU by L4 proteins. Proteins from transfected 293TET(OFF)
cells were analyzed and detected as for Fig. 2. (A) Single transfections
with increasingly truncated MLTU plasmids; top, polyclonal anti-de-
natured-particle protein serum; bottom, monospecific anti-L1 52/55K
serum. (B) Single transfections with MLTU plasmids as indicated
(lanes 1 to 3) or cotransfections of pBiL1-3NheI with L4 expression
plasmid(s) as indicated (lanes 4 to 6); top, polyclonal anti-denatured-
particle protein serum; middle, monospecific anti-L1 52/55K serum;
bottom, anti-FLAG epitope antibody M2. The positions of molecular
mass markers are indicated on the left.
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of specific cytoplasmic mRNAs in cells transfected with pBiL1-
3NheI alone or together with the L4 clones were assessed (Fig.
6). Hexon mRNA from pBiL1-3NheI in the absence of L4
proteins was at a low level compared to pBiL1-5, similar to
pBiL1-3. Cotransfection with 33K alone was sufficient to in-
crease hexon mRNA between 10- and 100-fold, while 100K
alone had only a marginal effect. When 100K was supplied with
33K, there was a small additive effect, but the principal factor
in the increase of hexon mRNA was L4 33K. Levels of hexon
mRNA from pBiL1-3NheI in the presence of both L4 proteins
were indistinguishable from those produced by the full-length
clone pBiL1-5. Since addition of 100K in the presence of 33K
had little effect on hexon mRNA levels but a major effect on
hexon protein (Fig. 5B), the latter effect must be at the level of
translation or protein stability.

The increase in amounts of cytoplasmic L1 IIIa, L2 penton,
and L3 hexon mRNAs produced by pBiL1-3 or pBiL1-3NheI in
the presence of L4 33K represented a net increase in MLTU-
derived cytoplasmic mRNA, since L1 52/55K mRNA was not
diminished (Fig. 4 and 6 and data not shown). To determine if
this increase was a reflection of increased levels of MLTU
transcript in the nucleus, RT-PCR was carried out on DNase
I-treated nuclear RNA using primers that detected unproc-
essed RNA from the 3� end of L3. As shown in Fig. 7, nuclei

from cells transfected with pBiL1-3NheI contained amounts of
this unprocessed RNA similar to those from pBiL1-5, and
cotransfection of pBiL1-3NheI with L4 33K had no effect on
the amount of this RNA. In each case, controls omitting the
reverse transcriptase step gave no product, confirming that the
results were not due to plasmid DNA contaminating the sam-
ples. These data suggest that L4 33K acts posttranscriptionally
to increase cytoplasmic L1 IIIa, L2, and L3 mRNAs, affecting
either RNA processing or RNA export from the nucleus.

Activation of hexon protein expression by L4 100K requires
downstream sequences. The two plasmids pBiL1-3 and pBiLi1-
3NheI showed similarly restricted patterns of MLTU expres-
sion in the absence of L4 proteins (Fig. 5A). However, the two
plasmids were distinguishable by their responses to L4 proteins
in trans. Cotransfection of pBiL1-3 with L4 33K produced
results very similar to those observed for pBiL1-3NheI, with
induction of late proteins except hexon (data not shown) and
induction of hexon mRNA (Fig. 8B). However a combination
of 33K and 100K, which was sufficient to give high levels of
hexon protein from pBiL1-3NheI (Fig. 8A, lanes 3 and 4), gave
only low-level induction of hexon protein in similar cotrans-
fections with pBiL1-3 (Fig. 8A, lanes 1 and 2), even though
hexon cytoplasmic mRNA was induced to levels comparable to
those seen from pBiL1-3NheI (Fig. 6 and 8B). This result

FIG. 6. Cytoplasmic L3 hexon mRNA levels expressed from truncated MLTU clone pBiL1-3NheI in the presence of L4 proteins. 293TET
(OFF) cells were transfected with pBiL1-3NheI alone or with expression plasmids for one or both of the L4 100K and 33K proteins. L3 hexon
mRNA was detected as in Fig. 4. Analyses of RNA from pBiL1-3 and pBiL1-5 transfections carried out in parallel are shown for comparison. M,
DNA size markers as indicated.

FIG. 7. Nuclear L3 RNA levels expressed from truncated MLTU clone pBiL1-3NheI. DNase I-treated nuclear RNA harvested from 293(TET)
cells 40 h posttransfection with the plasmids indicated was reverse transcribed (�RT) or mock reverse transcribed (�RT), and then serial dilutions
of these cDNA templates (the dilution factor is indicated above each lane) were amplified by PCR, using primers specific for the 3� end of L3. The
716-bp product derives from sequences unprocessed at the L3 poly(A) site. M, DNA size markers as indicated.
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indicated that sequences lying downstream of the L3 poly(A)
site that were present in the L1-3NheI MLTU but not in the
L1-3 MLTU were required for 100K to be able to mediate its
effect on hexon protein accumulation. Since these sequences
are not present in mature hexon mRNA, we considered
whether their effects might be indirect, via an influence on
i-leader inclusion in hexon mRNA. However, there was no
difference between the amounts of hexon mRNA that included
i-leader in pBiL1-3 and pBiL1-3NheI; both levels were low
relative to standard hexon mRNA (data not shown).

DISCUSSION

During the late phase of infection, the Ad5 MLTU encodes
multiple protein products from mRNAs produced from each
of its five segments, whereas earlier in the infection, its activity
is limited to L1 52/55K expression. The data presented here
show that this temporal progression to a full late pattern of
MLTU expression is recapitulated by a full-length MLTU
clone, driven by a heterologous promoter in a transient trans-
fection. In contrast, plasmids truncated to lack a functional
L4 region remained in the early-phase expression pattern
throughout. The difference in MLTU expression observed be-
tween the L1-L5 and L1-L3 constructs initially suggested to us
that transcriptional regulatory elements embedded within the
distal MLTU might be required for the early-late switch in
MLTU activity. For example, protein recruitment at such a site
might alter the conformation of the viral chromatin to facilitate

full MLTU expression. However, two of the obvious candidate
sequences, the E3 and E2-E promoters, could be deleted (as in
pBiL1-3SpeI) without impairing the switch. A third candidate,
E2-L, lay within the region that was additionally deleted in
pBiL1-3NheI. This plasmid failed to switch normally, poten-
tially implicating E2-L or other elements in this 2.0-kb region.
However, the fact that pBiL1-3NheI could be induced to switch
by provision of L4 proteins in trans showed conclusively that no
elements in the L4 region between the NheI and SpeI sites
were needed in cis.

The L4 33K protein increased levels of specific late cytoplas-
mic mRNAs by up to 50-fold, whereas the 100K protein alone
had little effect on MLTU expression but was specifically re-
quired, with 33K, for hexon protein production. This effect of
L4 100K in trans required the presence in cis of sequences
within a 2.5-kb region downstream of the L3 poly(A) site. In
preliminary experiments, complementation of expression from
pBiL1-3 by proteins from an L4 to L5 plasmid, pBiL4-5 (Fig.
1), was also tested. Induced L2-L3 protein expression was
weaker than that achieved by the 33K and 100K expression
constructs, but there was also a reduction in L1 52/55K expres-
sion (data not shown). Specific down-regulation of L1 52/55K
expression by a product of L4-L5 could be discounted because
there was no such down-regulation by the L4 expression con-
structs and no difference in L1 52/55K expression between L1
to L4 and L1 to L5 plasmids (Fig. 5A). Instead, we believe this
result was due to promoter competition between pBiL1-3 and

FIG. 8. Induction of hexon expression by 100K requires sequences downstream from L3. (A) Proteins from 293TET(OFF) cells transfected
with plasmid(s) as indicated were analyzed and detected as in Fig. 2. Top, polyclonal anti-denatured-particle protein serum; middle, monospecific
anti-L1 52/55K serum; bottom, anti-FLAG epitope antibody M2. M, molecular mass markers (masses are indicated on the left). (B) 293TET(OFF)
cells were transfected with pBiL1-3NheI alone or with expression plasmids for L4 100K and/or 33K. L3 hexon mRNA was detected as in Fig. 4.
M, DNA size markers as indicated. diln, dilution.
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pBiL4-5 for a limiting protein factor, possibly the TET trans-
activator protein itself.

There have been only a few previous studies of L4 33K. The
protein was described in early work as a major phosphoprotein
in the infected cell that localized to the nucleus (3, 15, 37, 41).
More recently, a viable mutant strain of Ad5, v33K.1, was
constructed that had a premature stop codon created at posi-
tion 20 of the 33K reading frame (13). This virus showed
reduced production of progeny in a growth curve leading ulti-
mately to a fivefold reduction in final yield. Both DNA repli-
cation and late protein production were normal, but assembly
of particles was impaired. A second group attempted to isolate
virus carrying a mutation that would remove 47 residues from
the C terminus of 33K but were unable to recover virus from
transfections of full-length cloned mutant genomes (14). Viral
DNA replication could be detected, but onset posttransfection
was delayed compared to the wild type. Expression of hexon
and 100K proteins was detected by immunofluorescence, but
no empty or full virions could be purified from the cells.

The difference in severity of phenotype between the 33K
mutations studied by Finnen and by Fessler may be because
the v33K.1 mutation is leaky, perhaps due to internal initiation
of translation downstream from the premature stop codon.
Alternatively, Finnen et al. suggested that their truncation may
have created a dominant-negative form of the protein (14).
However, both studies point to a role for 33K in the assembly
of particles, whereas data presented here show that 33K is
required to turn on full late gene expression. There are two
potential explanations for this difference. First, 33K may be a
multifunctional protein, with roles both as a regulator of
MLTU expression and in assembly. Of the three studies, only
the present one unambiguously examined the effect of a total
lack of 33K; the other two retained substantial parts of the 33K
reading frame. According to this reasoning, the central part of
33K, deleted here but retained and potentially expressed in the
studies of Fessler and Young and of Finnen et al. (13, 14),
would be necessary and sufficient for regulating the MLTU
switch. Alternatively, the primary function of 33K may be in
activating late gene expression, leading secondarily to defective
assembly. Although in the study of v33K.1, late protein syn-
thesis as assessed by pulse radiolabeling was judged to be
normal (13), minor or unapparent differences from the wild
type may have been sufficient to lead to reduced steady-state
levels of late proteins and hence to reduced particle yield. In
the study of the lethal C-terminal truncation of 33K (14),
although both 100K and hexon were detected by fluorescence,
it is hard to make a quantitative assessment of MLTU expres-
sion from these data, which may have been impaired. Finally,
it may be that, in the context of virus infection, there are
redundant mechanisms for activating late gene expression so
that lack of the 33K activity is compensated for by other fac-
tors.

The mechanism by which L4 33K upregulates MLTU cyto-
plasmic mRNA levels is unclear. The fact that similar amounts
of unprocessed nuclear RNA from the 3� end of L3 were
detected in the presence and absence of 33K suggests that it
does not act on transcription initiation or elongation. An effect
of 33K on initiation might also be considered unlikely because
the MLTU plasmids employed all used a heterologous pro-
moter, although the downstream elements important for MLP

regulation were retained (20). Instead, it may be inferred that
L4 33K either increased RNA processing at distal sites within
the MLTU transcript or increased the export of these distal
mRNAs from the nucleus. Further experiments are required to
distinguish between these possibilities. Although no cis-acting
element that responds to 33K has been defined in this study,
one or more such elements must exist, either binding 33K or
binding a factor whose activity is regulated by 33K. Since the
action of 33K appears to be posttranscriptional, these elements
are most likely to be present in the RNA transcript and to
function as RNA.

There are more data available on the L4 100K protein,
which is clearly multifunctional. This protein is initially cyto-
plasmic but accumulates in the nucleus as infection proceeds
(15). First, 100K chaperones the assembly of hexon polypep-
tide into trimers and their nuclear accumulation (7). 100K
binds specifically to nascent or newly synthesized hexon poly-
peptide (16), and cells infected by conditional 100K mutants
show cytoplasmic hexon monomers but no nuclear hexon tri-
mers by immunofluorescence with conformation-specific anti-
bodies (6, 38). Second, 100K has a role in particle assembly
(30). Third, 100K is tightly bound with messenger ribonucleo-
protein (mRNP) complexes from infected cells (43) and binds
to RNA directly (1), though without apparent sequence spec-
ificity (40). Finally, 100K regulates the production of late pro-
teins through an effect on translation initiation. A 10-fold re-
duction in late-protein synthesis was seen during infection by
the 100K mutant ts1 (17). It is now clear that this was due to a
loss of inhibition of host mRNA translation (18). 100K, but not
ts1 100K, displaces a kinase from the cap initiation complex,
resulting in reduced phosphorylation of an initiation factor and
hence reduced stability of the translation initiation complex
(9). This activity favors late viral mRNA translation because
sequences in the TPL permit translation of MLTU mRNAs by
an alternative mechanism, now called ribosome shunting, when
normal initiation is impaired (12).

We considered whether the observed effect of 100K on
hexon protein synthesis was related to its established function
in chaperoning hexon trimer assembly. Three lines of argu-
ment suggest that these functions are distinct. First, the loss of
hexon expression in the absence of 100K was absolute, whereas
considerable amounts of hexon polypeptide were observed in
cells blocked in trimerization due to a 100K temperature-
sensitive lesion (6). Second, the ability of 100K to rescue hexon
polypeptide expression in our experiments depended on the
presence in cis of sequences lying outside the hexon coding
region and so could not be due to direct interaction between
the proteins. Finally, the hexon protein detected here by West-
ern blotting was, by definition, denatured and monomeric;
hexon proteins produced in the presence and absence of 100K
should therefore be detected equally. Although some renatur-
ation may have occurred after transfer, it is implausible that
the protein could be “remembering” its 100K-chaperoning ex-
perience in the cell so as to be detectable on the filter.

The cloned MLTU in pBiL1-5 and related plasmids lacked
the 5� 33 nucleotides of the tripartite leader. The unstructured
conformation of this region is crucial to effective translation in
the face of eIF4E inactivation by 100K (11). However, since
translation from pBiL1-5 was qualitatively and quantitatively
similar to that from a clone with an intact leader 1, the heter-
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ologous sequences forming the 5� end of our cloned MLTU
must be able to function in the same way. The same substitu-
tion of sequence in leader 1 of the TPL also removed one of
the three regions of complementarity to 18S rRNA. Although
these are important for efficient ribosome shunting, the first is
completely dispensable while the others remain intact (46).
Thus, it can be concluded that the cis-acting elements known to
be required for translation by a ribosome-shunting mechanism
are present in pBiL1-5 and its deletion variants. In transfec-
tions where 100K is not expressed, translation will proceed by
a combination of scanning and shunting mechanisms, whereas
when 100K is present, only the shunting mechanism will oper-
ate but competition from cell mRNA is reduced (45). The
overall translation efficiencies in these two situations are ex-
pected to be similar. It seems very unlikely that inhibition of
normal translation initiation by 100K could account for its specific
upregulation of hexon synthesis. First, a lack of functional 100K
has been shown to affect all late protein expression similarly (17),
and second, the action of 100K on the efficiency of late protein
translation is secondary to its effect on host translation; such a
mechanism cannot generate an effect that is specific to just one
out of the family of TPL-containing MLTU mRNAs.

The sequences that are required in cis for 100K to upregu-
late hexon translation lie outside the region contained in fully
processed hexon mRNA. Therefore, we propose that these
sequences must act prior to or during RNA processing to alter
the structure or composition of the mRNP particle that is the
actual substrate for translation. Either the secondary structure
of the mRNA might be altered by the different availabilities of
base-pairing interactions during maturation or the constella-
tion of proteins loaded onto the RNA might be altered. Fur-
ther experiments will be needed to resolve this question.

No discernible difference in expression was observed be-
tween the nonreplicating pBiL1-5 plasmid and the potentially
replicating Epstein-Barr virus replicon plasmid pMLPL1-5,
and both resembled a late viral infection. This is in contrast to
an infected cell, where the early-late switch depends in some
way on viral-genome replication (44). The absence of this re-
quirement in our system may reflect the fact that DNA is
delivered naked into the nucleus or that transfection causes it
to localize in the nucleus differently from infecting genomes. In
the context of infection, the trans-acting requirement for L4
proteins in the early-late switch detailed here would be ex-
pected to occur after whatever cis-acting effect is imparted by
replication.

In conclusion, our data show a previously unrecognized ef-
fect of the L4 33K protein on the production of cytoplasmic
mRNA from the Ad5 MLTU. The characteristics of this effect
suggest that it is a key component of the early-to-late switch in
Ad5 late gene expression. We propose that small amounts of
L4 expression precipitate this switch in a feed-forward activa-
tion process. The timing of L4 expression during infection,
early in the onset of full MLTU activity, supports this idea (24).
Further work is now required to determine the detailed mo-
lecular mechanism involved.
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