JOURNAL OF VIROLOGY, June 1988, p. 2059-2066
0022-538X/88/062059-08$02.00/0
Copyright © 1988, American Society for Microbiology

Vol. 62, No. 6

The Adenovirus Tripartite Leader May Eliminate the Requirement
for Cap-Binding Protein Complex during Translation Initiation
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The adenovirus tripartite leader is a 200-nucleotide 5’ noncoding region that is found on all late viral
mRNAs. This segment is required for preferential translation of viral mRNAs at late times during infection.
Most tripartite leader-containing mRNAs appear to exhibit little if any requirement for intact cap-binding
protein complex, a property previously established only for uncapped poliovirus mRNAs and capped mRNAs
with minimal secondary structure. The tripartite leader also permits the translation of mRNAs in poliovirus-
infected cells in the apparent absence of active cap-binding protein complex and does not require any
adenovirus gene products for this activity. The preferential translation of viral late mRNAs may involve this

unusual property.

At late times after adenovirus infection, the majority of
viral mRNAs are transcribed from the major late promoter.
Five families of 3’ coterminal mRNAs are derived from a
primary transcript, all of which contain an identical 5’
noncoding tripartite leader segment 200 nucleotides in length
joined to the various coding regions by the splicing of three
small exons (8). It has been demonstrated that the tripartite
leader enhances translation of mRNAs at late but not early
times after adenovirus infection (9, 37). Deletion analysis has
indicated that all three leader segments are required for this
effect. The leaders were also found to enhance translation of
mRNAEs in transfected cells (29).

Adenovirus infection results in a complex series of host
metabolic alterations including the significant inhibition of
cellular protein synthesis at late times after infection. Viral
late mRNAs constitute the vast majority of those found in
polyribosomes, although they probably account for less than
half of the total cytoplasmic mRNAs (21). Most tripartite
leader-containing mRNAs are therefore preferentially trans-
lated at late times during adenovirus infection (9, 37).

Preferential translation may occur, at one level, by the
rate at which an mRNA complexes with ribosomes, espe-
cially under competitive conditions (57). In this regard, there
is growing evidence that mRNA 5’ noncoding regions can
influence levels of protein synthesis. Stable secondary struc-
tures in 5’ noncoding regions may act as energy barriers to
translation initiation. Experimentally, the introduction of
stable hairpin loops decreases ribosome binding, whereas
reduced secondary structure promotes interaction (20, 31,
32, 42, 43). There is some evidence that translation may even
be controlled predominantly by the degree of secondary
structure involving a small stretch of about 15 nucleotides
adjacent to the cap (33).

Considerable attention has been directed toward identify-
ing factors which may be responsible for enhanced or
preferential translation of mRNAs. There is experimental
evidence to suggest that regulation may involve a presump-
tive ATP-dependent mRNA-unwinding activity of initiation
factor eIF-4F (33, 47, 48), which is significantly inhibited by
RNA secondary structure. This factor appears to be identi-
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cal to the cap-binding protein complex, which binds cap
structures in the presence of ATP and stimulates protein
synthesis (35; reviewed in reference 53). CBP complex
consists of at least three polypeptides, of 24, 46 to 50, and
220 kilodaltons (kDa). The 24-kDa polypeptide was orig-
inally identified as CBPI, and the 46- to 50-kDa species was
identified as initiation factor eIF-4A.

CBP complex has been shown to be required for the
translation of most capped mRNAs. In poliovirus-infected
cells, the selective inhibition of host protein synthesis has
been roughly correlated with cleavage of a 220,000-Da
protein (p220) (18), a component of CBP complex (16, 24).
Although proteolysis of p220 appears to be required, it is not
totally sufficient for the complete inhibition of cellular pro-
tein synthesis during poliovirus infection, suggesting that at
least one other event is also required (11). The specific
cleavage of p220 is thought to inactivate CBP complex and
inhibit translation of capped mRNAs (for reviews, see ref-
erences 51 and 53). Interestingly, capped mRNAs with
reduced secondary structure display a reduced requirement
for CBP complex and continue to initiate translation in
poliovirus-infected cell extracts (54).

To understand the function of the adenovirus tripartite
leader during the viral life cycle, we have investigated the
mechanism by which the leader enhances translation. It has
been known for some time that the translation of at least
several adenovirus late mRNAs is resistant to inhibition by
poliovirus infection (6, 13). The mechanism by which this
occurs, however, has remained obscure. We demonstrate
that the tripartite leader may reduce or eliminate the require-
ment for intact CBP complex. Most tripartite leader-con-
taining mRNAs continue to translate despite proteolysis of
CBP p220, a property previously established only for un-
capped poliovirus mRNAs and capped mRNAs with little
secondary structure. We also demonstrate that the tripartite
leader permits translation in the absence of intact CBP
complex in poliovirus-infected cells and does not require the
participation of any adenovirus gene products for this activ-
ity. This unusual property of the tripartite leader may be
involved in the preferential translation of late mRNAs in
adenovirus-infected cells.
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MATERIALS AND METHODS

Viruses and cells. Adenovirus mutant H5d1309 was grown
in 293 cells (23) and is a phenotypically wild-type (wt) virus
that contains a series of altered restriction enzyme cleavage
sites (28). Cosl cells are a CV1 monkey cell line transformed
with a replication origin-defective simian virus 40 (22). HeLa
and Cos cells were grown in monolayers in Dulbecco mod-
ified Eagle medium containing 10% calf serum. DNA trans-
fections of Cos cells were performed by the DEAE-dextran
technique (38). Infections were performed with 5 to 10 PFU
of viruses for either 30 min (poliovirus) or 60 min (adeno-
virus).

RNA preparation and analysis. A cytoplasmic RNA frac-
tion was prepared by suspending cells in cold, sterile Noni-
det P-40 lysis buffer (10 mM Tris hydrochloride [pH 7.4], 10
mM KCl, 1 mM EDTA, 0.5% Nonidet P-40), incubating
them for 5 min on ice, and subjecting them to Dounce
homogenization. Nuclei and mitochondria were pelleted by
Microfuge centrifugation. Supernatants were phenol-chloro-
form extracted and ethanol precipitated. Poly(A)* RNA was
isolated by oligo(dT)-cellulose chromatography.

Northern (RNA) type analysis of poly(A)* RNA was
performed with formaldehyde-agarose gels, and the RNA
was transferred to nitrocellulose paper (55). DNA probes for
Northern analysis were prepared by using a->?P-deoxynu-
cleoside triphosphates by the method of Feinberg and Vo-
gelstein (19). DNA probes consisted of the following adeno-
virus type 5 (Ad5) restriction fragments, in map units: E1B
(Kpnl [5.8] to HindIIl [7.9]), E2A (BglIl [63.6] to Smal
[68.0]), L3 (Smal [52.6 to 54.8]), and LS (Hpal [89.0] to
Smal [91.9]).

Analysis of polypeptides. Cells were labeled with [*°S]
methionine as indicated in the figure legends, by using 50 n.Ci
of trans-[>*S]methionine (ICN) per ml in Dulbecco modified
Eagle medium without methionine. Equal numbers of cells
were used for preparation of cell extracts, immunoprecipi-
tations, and sodium dodecyl sulfate (SDS)-polyacrylamide
gel electrophoresis, as described (49). Immunoprecipitations
were carried out with monoclonal antibodies directed against
adenovirus DBP (72 kDa) and protein IX (a gift of A. J.
Levine, Princeton University), hexon (Chemicon), and hep-
atitis B surface antigen (HBsAg) (a gift of Imclone Systems,
Inc.). Fluorography was performed with En*Hance (New
England Nuclear Corp.). Western immunoblot analysis of
CBP p220 was performed by the method of Bernstein et al.
(10) with SDS-10% polyacrylamide gels. Approximately 100
ng of cytoplasmic protein extract was loaded per sample.
Rabbit polyclonal serum raised against p220 was a gift of R.
Lloyd and E. Ehrenfeld (University of Utah). Autoradio-
grams were quantitated by densitometric scan with an LKB
Ultrospec 2.

Plasmid and poliovirus constructions. Plasmid pSV-HBV
was constructed from plasmid p415 (37), which contains the
AdS Ela enhancer (base pairs 1 to 357) fused to the Ad2
major late promoter (nucleotides [nt] 5805 to 6038) and a
full-length tripartite leader cDNA. A Sall linker is located
immediately downstream of the third leader. The human
hepatitis B virus (HBV) (subtype ayw) surface antigen
coding region was derived from a Hhal (nt 146)-to-Dral (nt
831) fragment, which was fused to the Sall site of the third
leader, and an AdS5 Ela fragment (Hpal [nt 1572) to Kpnl [nt
2048]), which restores the HBsAg stop codon and provides a
polyadenylation signal. About 18 nucleotides separate the
end of the third leader and the HBsAg translational start
codon.
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Poliovirus mutant R2-2AF™-2 contains a 2-amino-acid
insertion in polypeptide 2AF™. This mutant was constructed
by partial digestion of P2 Lansing cDNA (45) with SnaBlI,
followed by insertion of a 6-base Hpal linker. P2 Lansing
cDNA, containing a linker inserted at nt 3767, was transfec-
ted into HeLa cells, and viruses were isolated. Mutant virus
R2-2AF™-2 forms small plaques on HeLa cell monolayers.
The expected 6-base insertion at nt 3767 was verified by
nucleotide sequence analysis of R2-2AF™-2 viral RNA.

ELISA. The enzyme-linked immunosorbent assay (ELISA)
was carried out with a microdilution well system to deter-
mine levels of HBsAg in cell lysates. Microdilution dishes
were prepared and ELISA was performed essentially as
described by Patzer et al. (41). Purified HBsAg standards
(Abbott Laboratories) were used to quantitate the analysis.

RESULTS

Construction of a poliovirus mutant defective in proteolysis
of CBP p220. The construction of mutant R2-2A-2, which
contains a 2-amino-acid insertion in polypeptide 2AF™, is
described in detail in Materials and Methods. R2-2AF™-2
appears to be defective in inhibition of host cell translation
(V. Racaniello and R. J. Schneider, manuscript in prepara-
tion). It has a phenotype similar to that of a previously
reported poliovirus mutant, HF121 (10), which contains a
single-amino-acid insertion in polypeptide 2AF™ between
amino acids 102 and 103. The 2-amino-acid insertion in
R2-2AF-2 is between amino acids 129 and 130. At late times
after infection, both R2-2AF™-2 and HF121 induce a global
inhibition of cellular and viral protein synthesis (10; Raca-
niello and Schneider, in preparation).

Translation of adenovirus mRNAs during poliovirus super-
infection. We analyzed viral polypeptide synthesis in HeLa
cells infected with adenovirus for 16 to 18 h and then
superinfected with poliovirus. Cells were labeled with
[**SImethionine, and polypeptides were resolved by SDS-
polyacrylamide gel electrophoresis (Fig. 1). As expected,
cellular protein synthesis was severely inhibited by infection
with wt poliovirus (lane 3). Inhibition of cellular polypeptide
synthesis is evidenced by the complete absence of the actin
band (Ac in Fig. 1) and the background cellular polypeptides
normally present in cells infected only with adenovirus (lane
8). Surprisingly, the majority of late adenovirus mRNAs
continue to translate in cells superinfected with wt poliovi-
rus.

At late times in cells coinfected with wt adenovirus and
poliovirus, late adenovirus polypeptides II (hexon), III
(penton base), V (core protein 1) and pVII (precore protein
2) were all present at levels reduced about one-half from
those found in cells infected only with adenovirus (compare
lanes 6 and 8). Levels of late polypeptides 100k, IIIa, and IV
(fiber) were reduced to about one-third to one-fourth those of
cells infected with only wt adenovirus, but were still signif-
icant. Only two of nine late polypeptides (pVI-VI and pVIII)
had significantly reduced levels (about 10- to 15-fold). Con-
spicuously absent in late coinfected cells are the 72k DNA-
binding protein, protein IVa2, and protein IX, which are all
translated from mRNAs that lack the tripartite leader, but
which are quite abundant in late adenovirus-infected cells
(21).

Since the majority of late adenovirus mRNAs continue to
be translated in cells superinfected with wt poliovirus, the
inhibition in accumulation of pVI and pVIII polypeptides is
surprising. The late adenovirus mRNAs encoding pVI and
pVIII are present at lower levels than those for most other
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FIG. 1. Electrophoretic analysis of polypeptides synthesized in
HeLa cells after infection with adenovirus and poliovirus. Cells
were infected and labeled with [**S]methionine (50 wCi/ml) for 1 h at
24 h after infection with adenovirus d/309, or 1 or S h after poliovirus
infection. Equal numbers of cells were loaded in each sample.
Extracts were prepared, and electrophoresis was carried out for 18
h at 15 mA in an SDS-15% polyacrylamide gel as described (49).
Lanes: U, uninfected cells; P, wt poliovirus labeled 1 or 5 h after
infection; M, poliovirus mutant 2A-2; A, adenovirus d/309; A/P, late
adenovirus dI309 plus wt poliovirus labeled 1 or S h after poliovirus
superinfection; A/M, late adenovirus d/309 plus poliovirus mutant
2A-2 labeled 1 or 5 h after poliovirus superinfection; V, labeled
virion proteins included as size markers. Labeled polypeptides were
quantitated by densitometric scans of original autoradiograms.

late polypeptides described above (2, 12). Although it re-
mains to be tested, one possible explanation of these results
is that poliovirus mRNAs simply dilute those for pVI and
pVIII, so that their products are barely represented.

The accumulation of early and late adenovirus polypep-
tides was also analyzed after superinfection of late adeno-
virus-infected cells with poliovirus mutant R2AF™-2. This
virus is phenotypically similar to another 2A mutant, HF121,
previously described by Bernstein et al. (10). Cells infected
with the poliovirus 2A mutant fail to accumulate cleaved
CBP p220 (see Fig. 5). When late adenovirus-infected cells
are superinfected by the poliovirus 2A variant, there is at
best only a slight block to the translation of cellular and early
adenovirus mRNAs (Fig. 1, compare lanes 8 and 10). The
translation of tripartite leader-containing mRNAs remains
relatively unchanged, except for an unexplained decrease in
pVII protein levels.

In cells infected with poliovirus variant R2AF™-2 alone,
both viral and cellular protein synthesis is significantly
inhibited (lanes 5 and 10), in a manner which is not yet
understood. Interestingly, prior infection with adenovirus
partially reverses this block. One possible explanation of this
effect concerns the controversial role of the interferon-
induced P1/eIF-2 kinase during poliovirus infection (3, 40).
However, since adenovirus VA1 RNA blocks activation of
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this kinase (50, 52) it is tempting to speculate that elevated
kinase levels may be present in cells infected with poliovirus
mutant 2AF™-2. Lastly, it should be noted that in general,
larger amounts of poliovirus proteins seem to accumulate in
cells coinfected with adenovirus, possibly as a result of
lengthening the poliovirus replication cycle.

Immunoprecipitation analysis demonstrates that only late
adenovirus mRNAs escape the translation block created by
wt poliovirus infection. Cells were labeled with [>*S]methi-
onine at late times after infection with adenovirus, with
adenovirus plus wt poliovirus, or with adenovirus plus
poliovirus mutant 2AF™-2. Specific adenovirus polypeptides
were immunoprecipitated from infected-cell extracts and
resolved by gel electrophoresis (Fig. 2). As expected,
roughly comparable levels of late hexon protein II were
produced. Translation of mRNAs encoding adenovirus DBP
and protein IX, which do not contain the tripartite leader,
was inhibited by infection with wt poliovirus (lane A/P), but
not by the poliovirus variant (lane A/M). Immunoprecipita-
tion analysis also demonstrated that translation of adeno-
virus early E1B mRNA (55k protein) was inhibited in cells
superinfected by wt poliovirus (data not shown).

Synthesis of adenovirus mRNA at late times after infection.
Infection of animal cells with poliovirus has been shown to
result in inhibition of cellular RNA synthesis (39), presum-
ably by inhibiting transcription factor activity in some man-
ner (14). It was therefore important to determine whether
adenovirus early or late mRNAs were differentially affected
by poliovirus superinfection. Northern-type analysis was
performed on cytoplasmic poly(A)* RNAs purified from
cells late after infection with adenovirus, with adenovirus
plus poliovirus, or with poliovirus alone (Fig. 3). RNA
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FIG. 2. Electrophoretic analysis of specific adenovirus polypep-
tides synthesized in HeLa cells at late times after infection. Cells
were infected with adenovirus d/309 for 18 h (lanes A), superinfected
with wt poliovirus (lanes A/P) or poliovirus mutant 2A"™-2 (lanes
A/M) for 5 h, and then labeled with [>*S]methionine (50 nCi/ml) for
1 h. Extracts were prepared and immunoprecipitations were per-
formed by using monoclonal antibodies specific for late hexon
protein 11, early polypeptide 72k (DBP), or early polypeptide IX.
Immunoprecipitations and electrophoresis in an SDS-15% poly-
acrylamide gel were performed as described (49).
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FIG. 3. Analysis of adenovirus mRNAs present at late times
after infection with wt poliovirus. Northern-type analyses of adeno-
virus early mRNAs E1B (A) and E2A (B) and late mRNAs L3 (C)
and L5 (D) are shown. Cytoplasmic poly(A)* RNA was prepared
from HeLa cells after infection for 23 h with adenovirus d/309 (lanes
A), for 5 h with wt poliovirus (lanes P), or for 18 h with adenovirus
followed by superinfection for 5 h with wt poliovirus (lanes A/P).
RNAs were subjected to electrophoresis at 100 V for 4 h in 1%
agarose gels containing 6% formaldehyde. Specific probes were
derived by labeling DNA restriction fragments by the method of
Feinberg and Vogelstein (19).

transfers were hybridized with 32P-labeled probes specific
for two early gene transcripts which are also synthesized at
late times (E1B and E2A) and two late gene transcripts (L3
and LS). Comparable levels of early and late mRNAs are
present in late adenovirus-infected cells, despite superinfec-
tion with poliovirus. Therefore, the inability to translate
early adenovirus mRNAs after cleavage of CBP p220 follow-
ing poliovirus superinfection does not result from decreased
accumulation of these mRNAs. The fact that adenovirus
mRNA levels remain relatively unchanged S h after super-
infection with poliovirus is somewhat surprising, particularly
since at late times during adenovirus infection, most viral
mRNA half-lives range between 30 and 90 min (58). It is
unlikely that adenovirus transcription overrides the normal
block induced by poliovirus. In fact, it has been shown that
the adenovirus major late promoter functions very poorly in
transcription extracts prepared from poliovirus-infected
cells (14). It seems more likely that poliovirus infection may
increase mRNA stability (36) in a manner similar to that
observed with protein synthesis inhibitors (15).

Cleavage of CBP p220. The inhibition in translation of
cellular and early adenovirus mRNAs following superinfec-
tion with wt poliovirus suggests that CBP complex is inac-
tivated in these cells, presumably by poliovirus-induced
cleavage of CBP p220. Characterization of p220 was per-
formed on cell lysates subjected to SDS-polyacrylamide gel
electrophoresis followed by immunoblot analyses with a
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p220 antiserum (Fig. 4). The p220 polypeptide, which gen-
erally migrates as a doublet, remained intact in uninfected
(lane U) and late adenovirus-infected (lane A) cells. Cells
infected with poliovirus variant R2AF™-2 contained un-
cleaved p220 at late times in infection (lane M), whereas in
wt poliovirus-infected cells, p220 was completely degraded
to three smaller, but antigenically related polypeptides of
about 115 to 130 kDa. Complete cleavage of p220 also
occurred in adenovirus-infected cells upon superinfection
with wild-type poliovirus (lane A/P). Late adenovirus-in-
fected cells superinfected with the poliovirus 2A gene vari-
ant consistently contained some cleaved p220 (lane A/M).
We do not yet know the reason for partial cleavage in
coinfected cells. Also present is a faint 150-kDa band which
is recognized by the p220 antiserum (E. Ehrenfeld and R.
Lloyd, private communication). Cleavage of CBP p220
therefore roughly correlates with inhibition of cellular and
early adenovirus mRNA translation, whereas most late
tripartite leader-containing mRNAs are relatively unaf-
fected.

Analysis of tripartite leader function in transfected cells. It
was determined whether CBP p220-independent translation,
conferred by the adenovirus tripartite leader, occurs inde-
pendently of adenovirus gene products. For example, virus-
encoded polypeptides such as E1B 55k or E4 34k products
could, in principle, functionally substitute for cleaved p220.
To address this point, a plasmid was constructed in which a
full-length cDNA of the tripartite leader was fused to the
HBsAg-coding region (Fig. 5). The HBsAg ATG is 18
nucleotides downstream of the third leader. Transcripts are
generated from the AdS major late promoter and use the viral
E1A polyadenylation signal. Construction of this vector is
described more fully in Materials and Methods. The pSV-
HBYV clone expresses easily detectable levels of S antigen
after transfection into Cos cells.

Cells were transfected with pSV-HBYV and 48 h later were
infected with wt poliovirus (Fig. 6A). High levels of the
nonglycosylated (p24) and glycosylated (gp27) forms of S
antigen were detected by immunoprecipitation of [**S]me-
thionine-labeled polypeptides from uninfected cells (lane
S-Ag). To determine the effect of cleavage of CBP p220 on
the production of S-antigen polypeptides, we labeled trans-
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FIG. 4. Immunoblot analysis of p220 cleavage in late-infected
HeLa cells. HeLa cells were infected and cytoplasmic extracts were
prepared as described in Materials and Methods. A 100-pg portion
of each extract was analyzed by electrophoresis in an SDS-10%
polyacrylamide gel at 40 V for 20 h. Proteins were transferred to
nitrocellulose by the method of Towbin et al. (56). Filters were
probed with a polyclonal serum against p220. Numbers on the left
side refer to nonradioactive high-molecular-weight standards that
were transferred and stained with amido black. Sample nomencla-
ture is as described in the legend to Fig. 1.
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FIG. 5. Diagram of pSV-HBV which expresses HBsAg under
the control of the adenovirus major late promoter. Nucleotide
sequence numbers correspond to sources of DNA segments as
indicated. The vector expresses HBsAg mRNA which contains a
full-length cDNA of the tripartite leader. The construction of the
vector is described in Materials and Methods. Abbreviations: SV40,
simian virus 40; MLP, major late promoter; LDR, leader.

fected cells with [**S]methionine from 4 to 7 h after infecting
them with wt poliovirus. Cleavage of CBP p220 did not alter
translation of S-antigen mRNAs, whereas cellular protein
synthesis was inhibited (data not shown). Analysis of immu-
noprecipitations performed at lower stringency (Fig. 6B)
further demonstrated that comparable amounts of HBsAg
are produced, despite inhibition of host cell translation. Cells
transfected with a control plasmid (pUC18) contained no
immunologically cross-reactive polypeptides in the 24- to
27-kDa range.

Cos cells were also transfected with a plasmid that ex-
presses the adenovirus DNA-binding protein E2ZA mRNA
(Fig. 6C). Immunoprecipitation of labeled 72k polypeptide
could be demonstrated only in cells that were not infected by
poliovirus (compare lanes + and —). It is clear that in
poliovirus-infected cells the tripartite leader promotes trans-
lation of mRNAs, despite inactivation of CBP complex. We
conclude that adenovirus products do not appear to be
necessary for the CBP p220-independent translation con-
ferred by the tripartite leader.

pUC S-Ag pucC

POLIO - + — + - +
GP 27-
P24-

-
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TABLE 1. Quantitation of HBsAg polypeptides by ELISA“

Amt of HBsAg (ng) per 5 x 10° cells®

Plasmid
—Poliovirus +Poliovirus
pSV-HBV 90.0 100.0
pSV-S 4.8 0.3
None 0.01 0.01

“ pSV-HBV S-antigen mRNAs contain adenovirus tripartite leader 5' NCR;
pSV-S mRNAs contain native 5’ noncoding regions.
# All values are +10%.

Lastly, we determined whether the S-antigen coding re-
gion itself contributes, in some manner, to p220-independent
translation. Plasmid pSV-S contains the complete S-antigen
mRNA (S, preS1, and preS2) expressed from the simian
virus 40 late promoter. Cos cells were transfected with
pSV-S and 48 h later were infected with wt poliovirus for 8
h. Cell lysates were prepared, and the levels of intracellular
S antigen were determined by quantitative ELISA (Table 1).

The half time for secretion of S antigen in cultured cells
has been determined to be about 5 h (41). If translation of
native S-antigen mRNAs is inhibited by inactivation of CBP
complex, at best 25% of the steady-state protein level should
remain 8 h after poliovirus infection. Quantitative ELISA
indicates that the intracellular level of S antigen in the
poliovirus-infected sample declines to about 7% that of the
uninfected control (0.3 ng compared with 4.8 ng). We
conclude that native mRNAs encoding S antigen require
CBP complex for translation. S-antigen mRNAs that contain
the adenovirus tripartite leader, however, can be efficiently
translated despite inactivation of CBP complex and inhibi-
tion of cellular protein synthesis.

DISCUSSION

In this study we have begun an investigation into the
molecular mechanism by which the adenovirus tripartite
leader enhances translation at late times during virus infec-
tion. We have demonstrated that most adenovirus late
mRNAs, which contain the tripartite leader sequence, are
translated in cells in which CBP p220 has been cleaved by
poliovirus superinfection (Fig. 1). Cleavage of CBP p220
clearly blocks translation of cellular and adenoviral mRNAs
that lack the tripartite leader sequence, demonstrated in Fig.

S-Ag puUC DBP
+ - + - =+
W -T2k
k4
e S
i W 24

FIG. 6. Analysis of tripartite leader requirement for adenovirus gene products. Cosl cells were transfected with pSV-HBV and then
infected 48 h later with wild-type poliovirus for 5 h. Cells were labeled with 100 uCi of [**S]methionine per ml for 3 to 5 h after poliovirus
infection. Extracts were prepared and immunoprecipitations were performed by using a monoclonal antibody specific for HBsAg.
Polypeptides were resolved by electrophoresis in an SDS-15% polyacrylamide gel. Inmunoprecipitation washes were carried out in 0.5 M
NaCl (A) or 0.3 M NaCl (B). Cos cells were transfected with pDBP and then infected with poliovirus and processed as described above (C).



2064 DOLPH ET AL.

1 and 2 by the immunoprecipitation of labeled adenoviral
polypeptides. CBP p220 appears to be entirely cleaved after
infection with wt poliovirus (Fig. 4). It seems unlikely that
small amounts of residual p220 could be responsible for
translation of the large number of adenovirus late mRNAs
present in cells coinfected with poliovirus. In fact, overex-
posure of the immunoblot shown in Fig. S failed to reveal
any uncleaved p220 in wt poliovirus-infected samples (data
not shown).

Our results indicate that the tripartite leader promotes
translation independent of active CBP complex and in the
absence of any adenovirus gene products. This was demon-
strated in Fig. 6, in which cleavage of CBP p220 failed to
diminish the translation of a tripartite leader-containing
mRNA in transfected cells. mRNAs that lack the tripartite
leader were inhibited from translating under the same con-
ditions (Fig. 6; Table 1). We doubt that after p220 cleavage
tripartite leader-containing mRNAs are translated simply
because large amounts of these mRNAs are present. High
levels of test nMRNAs were provided in transfected cells, but
only those containing the tripartite leader were translated
after CBP complex inactivation. In addition, several studies
have shown that extracts prepared from wt poliovirus-
infected cells do not actively translate most capped mRNAs,
even if excessive amounts are added (11, 24).

We cannot be absolutely certain that the tripartite leader
permits translation in a manner completely independent of
CBP complex activity. The results of Etchison et al. (17)
indicate that cleavage of p220 most probably inactivates the
entire CBP complex, since complexes purified from poliovi-
rus-infected cells fail to permit translation of capped mRNAs
in an in vitro translation system and cannot be cross-linked
to capped mRNAs (17). However, it has not been firmly
established whether the p220 component is absolutely re-
quired in vivo or merely assists CBP complex, for example,
by enhancing the putative mRNA-unwinding activity (16, 24,
48). In this regard, it is interesting that capped mRNAs with
minimal 5’ secondary structure can still bind ribosomes in
extracts in which CBP p220 has been cleaved (54). These
results indicate that intact CBP complex may not be abso-
lutely required for translation of mRNAs with minimal 5’
secondary structure. In a separate study, it was found that
reduced secondary structure was required only within the
first 15 nucleotides from the cap to enhance translation of an
mRNA (33).

It is tempting to speculate that the tripartite leader may
form a peculiar secondary structure that reduces or elimi-
nates the requirement for active CBP complex. Unfortu-
nately, a reliable secondary-structure prediction is impossi-
ble, since no experimental data exist. A prediction based
upon the program of Zucker and Stiegler (60) indicates a
surprising degree of secondary structure for the tripartite
leader (Fig. 7), which may not be correct. We are currently
investigating the role of tripartite leader secondary structure
in conferring CBP complex-independent translation. It is
conceivable that the tripartite leader may form a stable
secondary structure to ensure that the 5’-proximal region
remains unpaired and presumably less dependent upon CBP
complex activity. Alterpatively, an extremely stable struc-
ture may impede normal ribosome scanning and possibly
promote internal ribosome initiation, by using signals en-
coded within the tripartite leader which have not yet been
identified.

The preferential expression of late adenovirus polypep-
tides most probably results from a combination of events.
First, there is enhanced transcription from the viral major
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FIG. 7. Secondary structure model for Ad2 tripartite leader. The
secondary structure of the Ad2 tripartite leader predicted by the
program of Zucker and Stiegler (60) performed on a VAX 750
computer is shown. Nucleotide positions are relative to the start of
transcription. The predicted free energy is —55.3 kcal (—231.4 kJ).

late promoter during the onset of the late phase of infection.
Second, newly synthesized cellular transcripts fail to accu-
mulate in the cytoplasm (7, 59). The block to cellular
accumulation has been related to the activity of two adeno-
virus gene products, the E1B 55k (5, 44) and the E4 34k (25)
polypeptides, which may inhibit the nucleus-to-cytoplasm
transport of cellular RNAs. Third, there is preferential
translation of viral late mRNAs, which occurs even before
the block to cellular RNA transport (reviewed in reference
21). The enhanced translation of late mRNAs may result in
part from their reduced requirement for intact CBP complex.
During the late stages of infection, when large amounts of
viral structural proteins must be produced, it is likely that
there is also an increased competition for the translation of
this expanding pool of mRNAs. It makes sense that efficient
translation of late mRNAs might be assured if their require-
ment for limited amounts of CBP complex were reduced.
Consistent with this model is the observation that the
tripartite leader enhances mRNA translation at late but not
early stages of infection (9, 37). The preferential translation
of late adenovirus mRNAs may depend, to a large extent, on
the ability of the tripartite leader to form a secondary
structure which reduces or eliminates the requirement for
intact CBP complex or elF-4F.

Several other viruses also encode mRNAs which have an
intrinsic ability to initiate translation more efficiently than
cellular mRNAs during infection (reviewed in reference 51).
In particular, this has been demonstrated for mRNAs en-
coded by two picornaviruses, encephalomyocarditis virus
(27) and mengovirus (1). The Drosophila melanogaster heat
shock mRNAs, which are preferentially translated (reviewed
in reference 4), contain long A-rich leader seqpences which
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may play a role in the selective translation of these mRNAs
in heat-shocked cells (26, 30). In all of these examples,
however, it is not yet understood how the mRNA itself
contributes to the intrinsically high levels of translation
initiation.
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