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The adenovirus LA 100-kDa nonstructural protein (100K protein) is required for efficient initiation of
translation of viral late mRNA species during the late mRNA species during the late phase of infection (B. W.
Hayes, G. C. Telling, M. M. Myat, J. F. Williams, and S. J. Flint, J. Virol. 64:2732-2742, 1990). The
RNA-binding properties of this protein were analyzed in an immunoprecipitation assay with the 100K-specific
monoclonal antibody 2100K-1 (C. L. Cepko and P. A. Sharp, Virology 129:137-154, 1983). Coprecipitation of
the 100K protein and 3H-infected cell RNA was demonstrated. The RNA-binding activity of the 100K protein
was inhibited by single-stranded DNA but not by double-stranded DNA, double-stranded RNA, or tRNA.
Competition assays were used to investigate the specificity with which the 100K protein binds to RNA in vitro.
Although the protein exhibited a strong preference for the ribohomopolymer poly(U) or poly(G), no specific
binding to viral mRNA species could be detected; uninfected or adenovirus type 5-infected HeLa cell
poly(A)-containing and poly(A)-lacking RNAs were all effective inhibitors of binding of the protein to viral late
mRNA. Similar results were obtained when the binding of the 100K protein to a single, in vitro-synthesized L2
mRNA was assessed. The poly(U)-binding activity of the 100K protein was used to compare the RNA-binding
properties of the 100K protein prepared from cells infected by adenovirus type 5 and the H5tsl mutant (B. W.
Hayes, G. C. Telling, M. M. Myat, J. F. Williams, and S. J. Flint, J. Virol. 64:2732-2742, 1990). A
temperature-dependent decrease in H5tsl 100K protein binding was observed, correlating with the impaired
translational function of this protein in vivo. By contrast, wild-type 100K protein RNA binding was unaffected
by temperature. These data suggest that the 100K protein acts to increase the translational efficiency of viral
late mRNA species by a mechanism that involves binding to RNA.

Selective translation of viral late mRNAs occurs at late
times after adenovirus infection of permissive cells (for
reviews, see references 23, 37, and 50). The mechanisms that
lead to efficient translation of viral mRNA but inhibition of
cellular protein synthesis have not been fully elucidated.
However, suppression of cellular translation requires pro-
gression into the late phase (26), and neither the stability nor
the in vitro translatability of cellular mRNAs is decreased
(6, 56). Three virus-encoded functions, VAl RNA, the
tripartite leader sequence, and the L4 100-kDa nonstructural
protein (100K protein), have been shown to increase trans-
lational efficiency during the late phase of infection. These
viral activators of translation may also be involved in trans-
lational discrimination between viral late and cellular
mRNAs.
Adenovirus VAl RNA is a small RNA polymerase III

transcript required for the continued initiation of translation
during the late phase (37, 39, 49, 56). Following infection by
a variety of viruses, an interferon-induced kinase, termed
DAI or EIF-2a kinase, inhibits translation by phosphorylat-
ing the a subunit of the initiation factor EIF-2 (45). The
major role of VAl RNA is believed to be to counter this host
antiviral response, by preventing activation of EIF-2a ki-
nase. In cells infected by d1331, an adenovirus mutant that
fails to synthesize VAl RNA, both cellular and viral protein
synthesis is drastically reduced because of a lack of func-
tional EIF-2 (49). It has been proposed that VAl RNA
functions by binding to EIF-2a kinase, thus blocking its
activation and preserving the function of EIF-2 (32). VAl
RNA may not be essential for translational discrimination
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between viral and cellular mRNAs, for in many adenovirus-
infected cell lines, host mRNA translation is inhibited with-
out measurable activation of EIF-2a kinase. Furthermore,
the drug 2-aminopurine prevents inhibition of host mRNA
translation without altering EIF-2ao kinase activity (30).
The tripartite leader is a 202-nucleotide, 5' untranslated

sequence common to most viral late mRNAs, those tran-
scribed from the major late promoter. The leader increases
translation of heterologous mRNAs during the late, but not
the early, phase of infection and does not increase transla-
tional efficiency when placed at the 3' end of mRNA,
suggesting a role in initiation (2, 11, 33, 35). It has been
proposed that the tripartite leader might reduce or eliminate
the requirement for the cap-binding EIF-4F complex (20).
Since adenovirus infection results in underphosphorylation
of cap-binding protein EIF-4E (31) and inactivation of the
EIF-4F complex, such independence from EIF-4F activity
could be important for discrimination of adenovirus late
mRNAs from cellular mRNAs.
We have shown that the adenovirus L4 100K protein is

required for efficient translation of late but not early viral
mRNA species (29). This protein, which is not found in
mature virions, is synthesized in large quantities from the
beginning of the late phase of infection (10) and is a major
viral phosphoprotein (5, 24, 47). The mechanism of action of
the 100K protein is presently unknown. However, the pro-
tein binds to RNA in vivo (1) and appears to be associated
with polyribosomal viral RNA or ribosomes (34, 52, 55, 58).
Therefore, we have investigated the specificity with which
the 100K protein binds to RNA and compared in vitro
RNA-binding activity with in vivo function, using a temper-
ature-sensitive adenovirus L4 mutant, HStsl (60).
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MATERIALS AND METHODS

Cells and viruses. Adenovirus type S (AdS) was grown in
HeLa suspension cells at 37°C. These cells were maintained
in suspension minimal essential medium supplemented with
5% calf serum. The AdS temperature-sensitive mutant HStsl
was grown in monolayer cultures of the AdS-transformed
human embryonic kidney 293 cell line (28) at 33°C. 293 cells
were maintained in Dulbecco modified Eagle medium sup-

plemented with 5% fetal calf serum, 5% bovine calf serum,

and 1% glutamine. The infectivities of wild-type and mutant
virus stocks were measured by plaque assay on 293 cells.

Protein labeling. Proteins were labeled for 1 h at 33°C with
100 p,Ci of 35S-protein-labeling mix, per 90-mm plate; the
mix contains approximately 77% [35S]methionine (specific
activity, >1,000 Ci/mmol; New England Nuclear). The la-
beling mix was added to 2 ml of methionine-free Dulbecco
modified Eagle medium. At the end of the labeling period,
cells were harvested and cytoplasmic extracts were prepared
as described in the following section.

Preparation of cytoplasmic extracts. All procedures were

performed at 4°C. Medium was removed from plates, and
cells were scraped into phosphate-buffered saline (PBS),
washed twice in 10 volumes of PBS, and resuspended in
homogenization buffer (50 mM Tris [pH 7.5], 1 mM EDTA,
5 mM dithiothreitol, 10% glycerol). Following 10 strokes
with a Dounce homogenizer, the disrupted cells were cen-

trifuged at 2,500 x g for 20 min to remove nuclei. The
supernatant or cytoplasmic fraction was divided into small
portions and frozen at -80°C.

Preparation and analysis of RNA. Cytoplasmic RNA was

prepared as described by Sambrook et al. (48) either from
uninfected 293 cells or cells harvested during the late phase
of adenovirus infection (18 to 22 h). Labeled RNA was

prepared by incubating the cells with 1 mCi of [3H]uridine
per 90-mm plate for 4 h at 37°C in unsupplemented Dulbecco
modified Eagle medium. Briefly, medium was removed and
cells were scraped into ice-cold PBS, washed twice in 10
volumes of PBS, and resuspended in 200 pul of RNA extrac-
tion buffer (0.14 M NaCl, 1.5 mM MgCl2, 10 mM Tris-HCl,
1 mM dithiothreitol, 0.5% Nonidet P-40 [pH 8.6]) per 90-mm
plate. The suspension was vortexed and incubated at 4°C for
5 min. Following centrifugation at 12,000 x g for 90 s at 4°C,
the supernatant was taken and an equal volume of proteinase
digestion buffer (0.2 M Tris-HCl [pH 8.0], 25 mM EDTA, 0.3
M NaCl, 2% sodium dodecyl sulfate [SDS]) was added.
Proteinase K was added to a final concentration of 20 pug/ml,
and the mixture was incubated for 30 min at 37°C. An RNA
pellet was recovered following phenol-chloroform extrac-
tion, isopropanol precipitation, and a 70% ethanol wash.
Poly(A)+ and poly(A)- fractions were prepared with Hy-
bond mAP messenger affinity paper (Amersham) according
to the manufacturer's instructions. All RNA was stored at
-80°C under ethanol. To ensure that RNA preparations
were intact, portions were glyoxylated and analyzed by
electrophoresis in 1% agarose gels containing 10 mM phos-
phate buffer (pH 6.0). RNA was either stained with ethidium
bromide or, in the case of 3H-labeled RNA, visualized by
fluorography with En3Hance (NEN). Ribohomopolymers,
tRNA, double-stranded RNA [poly(rA-rU). poly(rA-rU)],
and DNA [poly(dI-dC)] were purchased from Pharmacia.

Immunoprecipitation assays. Cytoplasmic extracts from
infected cells were incubated with 3H-infected cell RNA for
30 min at 22°C in RBB (RNA-binding buffer; 10 mM Tris-
HCl [pH 7.5], 3 mM MgCl2, 50 mM NaCl, 0.5% Nonidet
P-40, 1 mM dithiothreitol). In preliminary studies, these

conditions were found to be optimal for RNA-100K protein
binding. For binding specificity studies, competitor RNAs
were included in the binding reactions. The monoclonal
antibody 2100K-1 (16) was purified from serum-depleted
hybridoma cell culture medium. Following removal of
the hybridoma cells by centrifugation at 1,500 x g for
20 min, the supernatant fraction was applied to a protein
A-Sepharose column. The column was washed with PBS and
antibody was eluted with 0.1 M glycine-HCl (pH 3). The pH
of the eluate fractions was immediately adjusted with 1 M
Tris (pH 7.5), and the concentration of immunoglobulin G
was determined by the Bradford assay. The 2100K-1 anti-
body (10 jig per tube) was added to the binding reaction
mixtures, and incubation continued for 1 h at 4°C. Protein
A-Sepharose (50 ,ud of a 1:1 slurry in RBB) was then added,
and incubation continued for 1 h, with vortexing every 10
min. Unbound RNA was removed by centrifugation at
12,000 x g for 30 s and aspiration of the supernatant. The
Protein A-Sepharose pellet was washed three times with 1 ml
of RBB. Bound RNA was extracted by heating the protein
A-Sepharose pellets to 90°C for 5 min in 50 ,ul of 2%
SDS-0.125 M Tris-HCl (pH 6.8). The protein A-Sepharose
was removed by centrifugation at 12,000 x g for 1 min, and
bound RNA in the supernatant fraction was quantitated by
scintillation counting.

Poly(U)-Sepharose binding of the lOOK protein. [35S]me-
thionine-labeled cytoplasmic proteins from uninfected or
infected cells were incubated with poly(U)-Sepharose (Phar-
macia) preequilibrated in RBB for 1 h with mixing every 10
min. Bound proteins were recovered by centrifugation at
12,000 x g for 1 min and washed three times with RBB.
Proteins were extracted from the poly(U)-Sepharose pellets
by being heated in 2x SDS sample buffer (2% SDS, 0.125 M
Tris-HCl [pH 6.8], 100 mM dithiothreitol, 10% glycerol, 2%
bromophenol blue). 35S-labeled proteins were then separated
by SDS-polyacrylamide gel electrophoresis (PAGE) and
visualized by autoradiography.

RESULTS

Characterization of lOOK protein-RNA binding by an im-
munoprecipitation assay. Previous studies have demon-
strated that the 100K protein can be cross-linked to RNA
upon exposure of adenovirus-infected cells to UV light (1).
Although this assay demonstrated that the 100K protein and
RNA interact in vivo (1), it is not well-suited for quantitative
analysis; cross-linking efficiency may, for example, be de-
termined as much by the chemistry of the light-activated
reaction as by the affinity of protein for its RNA ligand.
Therefore, we sought an in vitro assay system for the
RNA-binding activity of the adenovirus LA 100K protein that
would permit quantitative comparison of its binding to
different types of RNA. In initial studies, the suitability of
mobility shift gel assays with a viral late mRNA (synthetic
L2 mRNA) as probe for the study of 100K protein binding
was investigated. In these experiments, the binding of sev-
eral cellular proteins to the RNA probe yielded bands with
reduced mobility in nondenaturing polyacrylamide gels (data
not shown). However, no difference between uninfected and
infected cell extracts could be detected. It is possible that the
binding of cellular proteins to L2 RNA obscured binding by
the 100K protein. In other experiments, late proteins were
labeled with [35S]methionine, and binding to filter-immobi-
lized RNA was analyzed. The lOOK protein did not bind to
RNA under these conditions, suggesting that structure is
important for its interaction with RNA.
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FIG. 2. Binding of the 100K protein to infected cell RNA in an
immunoprecipitation assay. Increasing quantities of cytoplasmic
extracts of AdS-infected cells (1 ,ug/,J) were incubated with [3H]
uridine-labeled RNA (500,000 cpm). Immunoprecipitation of 100K
protein RNA complexes was as described in Materials and Methods.
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FIG. 1. Immunoprecipitation of cytoplasmic proteins with the
100K protein antibody 2100K-1. Proteins were labeled with [35S]me-
thionine late in infection, and immunoprecipitation was performed
as described in Materials and Methods. Proteins were separated by
SDS-PAGE and visualized by autoradiography. Lanes: 1, cytoplas-
mic extract; 2, immunoprecipitated proteins (I.P.).

To investigate the specificity with which the lOOK protein
binds to RNA, coprecipitation of radiolabeled RNA bound
to the 100K protein was analyzed by an immunoprecipitation
assay with the 2100K-1 monoclonal antibody (16). Such an
immunoprecipitation assay permitted RNA bound to the
lOOK protein in solution to be analyzed and quantitated
without complications introduced by the activities of other
RNA-binding proteins present in infected cell extracts. It
also permitted the use of a nonuniform RNA probe consist-
ing of a mixture of RNA species. This was important,
because the identities of any specific RNA sequences that
might be bound by the lOOK protein were not known. The
assay was characterized by immunoprecipitating 35S-la-
beled, infected cell cytoplasmic proteins under conditions
identical to those used for subsequent RNA-binding analy-
ses. In Fig. 1, cytoplasmic proteins are shown prior to (lane
1) and following (lane 2) immunoprecipitation with the
monoclonal antibody 2100K-1, which recognizes the native
100K protein (16). The only proteins immunoprecipitated
were lOOK and late polypeptide II (hexon). It has been

reported previously that the lOOK protein forms a complex
with polypeptide II that can be immunoprecipitated by the
2100K-1 antibody (16).
To examine binding of the lOOK protein to RNA, cyto-

plasmic extracts prepared from unlabeled infected 293 cells
were incubated with [3H]uridine-labeled infected cell RNA
and immunoprecipitated. RNA was recovered and quanti-
tated by scintillation counting. When increasing amounts of
cytoplasmic protein were added to a constant amount of
RNA, the quantity of RNA bound increased linearly up to 50
,ug of protein added. At higher protein concentrations, there
was no further increase in bound RNA (Fig. 2). The maxi-
mum amount of RNA bound was between 0.7 and 1% of that
added. In control experiments, uninfected extracts were
substituted for infected cell extracts in the RNA-binding
assay. Because these extracts did not contain any lOOK
protein, no RNA was recovered following immunoprecipita-
tion with the 2100K-1 antibody (data not shown). Further-
more, when the ElA antibody M73 replaced the 2100K-1
antibody in RNA-binding assays with infected cell extracts,
no bound RNA was recovered (data not shown). These
results indicate that the RNA recovered following immuno-
precipitation with antibody 2100K-1 was a result of lOOK
protein binding and was not nonspecifically precipitated by
antigen-antibody-protein A-Sepharose complexes.
The specificity with which the lOOK protein bound to

RNA was analyzed by adding various unlabeled competitors
to binding reaction mixtures that contained 3H-infected cell
RNA. When the nucleic acid preference of the 100K protein
was examined in this fashion, binding was found to be
specific for single-stranded nucleic acids; a 50-fold excess of
infected cell RNA or single-stranded DNA completely
(100%) displaced 3H-infected cell RNA binding, whereas
tRNA, double-stranded DNA, and double-stranded RNA
were ineffective competitors (0% displacement of 3H-in-
fected cell RNA). In this respect, the L4 lOOK protein
resembles abundant RNA-binding proteins that are associ-
ated with RNA polymerase II transcripts (for example, see
references 42, 43, and 59). Several members of this large
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FIG. 3. Ribohomopolymer binding to the 100K protein. Compe-
tition by various ribohomopolymers for 3H-infected cell RNA-100K
protein binding was measured in immunoprecipitation assays as

described in Materials and Methods. The added competitors are

indicated in the inset, and the amounts of RNA bound are expressed
as percentages of the amounts recovered in the absence of
competitor.

class of cellular RNA-binding proteins exhibit strong prefer-
ences for specific ribohomopolymers. Poly(A)-binding pro-

teins can, for example, be purified by virtue of their selective
binding to poly(A) (8, 12), the heteronuclear ribonucleopro-
tein (hnRNP) Cl and C2 proteins bind preferentially to
poly(U), and hnRNPs K and J bind very tightly to poly(C) (8,
12, 38, 53). Therefore, we employed the immunoprecipita-
tion assay to determine whether the 100K protein bound
preferentially to one or more ribohomopolymers. In these
experiments, the efficiencies of binding to different RNAs
were compared by competition assays in which increasing
quantities of unlabeled RNA were added to binding reaction
mixtures containing the 100K protein and 3H-labeled, Ad5-
infected cell RNA. Neither poly(C) nor poly(A) inhibited
binding of the protein to infected cell RNA, even when
present at a concentration 2 orders of magnitude higher than
that of the labeled RNA probe (Fig. 3). By contrast, both
poly(U) and poly(G) were effective inhibitors of the RNA-
binding activity of the protein (Fig. 3). This difference in
ribohomopolymer binding specificity was reproducibly ob-
served with different preparations of the 100K protein. Some
differences in mean length and ranges of lengths were

observed when the ribohomopolymers were examined by
electrophoresis under denaturing conditions. However,
these differences cannot account for the results shown in
Fig. 3; the poly(A) and poly(U) populations were, for exam-
ple, similar, yet only the latter was bound efficiently by the
100K protein.

The results shown in Fig. 3 indicate that the adenovirus L4
lOOK protein possesses strong preferences for some RNA
sequences (rich in U or G) over others. However, they do
not address the most important question raised by our
previous in vivo experiments (29), whether the 100K protein
selectively recognizes viral late mRNA species. Therefore,
we next compared the binding of the protein to cytoplasmic,
poly(A)-containing and poly(A)-lacking RNAs prepared
from both uninfected and Ad5-infected cells using the com-
petition assay. Binding of the lOOK protein to 3H-infected
cell RNA was decreased by addition of the unlabeled,
homologous RNA and was completely inhibited by addition
of a 10-fold (mass) excess of competitor (Fig. 4). However,
no differences between poly(A)-containing and poly(A)-lack-
ing RNA preparations or between uninfected and AdS-
infected cell RNA preparations as inhibitors of lOOK binding
to infected cell RNA could be discerned (Fig. 4).
Adenovirus infection induces inhibition of appearance in

the cytoplasm of newly synthesized cellular mRNA and 28S
rRNA (10, 15). Thus, most of the RNA labeled in infected
cells between 18 and 22 h after infection used in these
experiments should be viral in origin, particularly in the
poly(A)-containing fraction. However, we wished to deter-
mine whether any specificity in the interaction of the lOOK
protein with RNA could be discerned when the protein was
provided with a population of RNA molecules that was
exclusively viral in origin. Therefore, we used SP6 RNA
polymerase to transcribe a construct in which sequences
encoding the 202-nucleotide tripartite leader upstream from
an L2 mRNA for the 11-kDa precursor to virion protein ,u (3)
were placed downstream of the phage promoter. This ap-
proach also permitted comparison of capped and uncapped
mRNAs as substrates for the lOOK protein, a comparison
that seemed particularly pertinent in view of the preference
for G described previously. The results of these experiments
were similar to those obtained when the specificity of lOOK
protein-RNA binding was examined with 3H-infected cell
RNA as probe; there was no difference in the displacement
of 32P-labeled L2 mRNA by capped or uncapped, unlabeled,
synthetic L2 RNAs, and both uninfected and infected cell
RNAs were effective inhibitors of the binding reaction (data
not shown). Cellular RNA-binding proteins present in the
lOOK protein-containing cytoplasmic extracts of AdS-in-
fected cells do not register in the immunoprecipitation assay
for the RNA-binding activity of the viral protein, as de-
scribed previously. Nevertheless, it seemed possible that
such cellular proteins interfered with our ability to detect
preferences of the lOOK protein for a particular class of
infected cell RNA. Therefore, the lOOK protein was purified
by extraction of the pellet recovered upon centrifugation of
cytoplasmic extracts at 100,000 x g for 1 h with 0.5 M NaCl.
Analysis of the polypeptide compositions of such fractions
by Coomassie blue staining of SDS-polyacrylamide gels
established that the 100K protein constituted 10 to 20% of
the total and was the most abundant polypeptide recovered,
by a factor of 3 to 4 (data not shown). Nevertheless, no
preference for viral poly(A)-containing RNA could be de-
tected when such 100K protein preparations were used in
competition experiments like those shown in Fig. 4.

In vitro RNA-binding activity of mutant and wild-type
adenovirus lOOK proteins correlates with in vivo translational
efficiency. The ability of the 100K protein to bind to poly(U)
(Fig. 3) allowed us to develop an assay with which to
compare the effects of temperature on the RNA-binding
activities of the wild-type and HStsl proteins; because
temperature had been reported to affect antibody binding to
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FIG. 4. Specificity of binding of the lOOK protein to RNA. Competitors for 3H-infected cell RNA-100K protein binding were added as

indicated in the inset, and immunoprecipitations were performed as described in Materials and Methods. The quantities of RNA bound are

expressed as percentages of those recovered when no competitor was added to binding reaction mixtures. Inf., infected cell; Cell., infected
cell.

the mutant lOOK protein (16), comparisons of the RNA-
binding activities of wild-type and mutant proteins could not
be made by the 2100K-1 immunoprecipitation assay. The
binding activities of 35S-labeled infected cell proteins to
RNA were compared by using extracts prepared from cells
infected by AdS or the H5tsl mutant, which is translationally
defective at 39°C (29). Total cell proteins (Fig. 7, lanes 2 and
3) prepared from wild-type- and mutant-infected cells at the
permissive temperature (33°C) were incubated with poly(U)
RNA immobilized on Sepharose. Two major labeled pro-
teins were eluted from the poly(U)-Sepharose (Fig. 5, lanes
1 and 2). The identities of these two proteins as the lOOK
protein and late polypeptide II were confirmed by eluting the
poly(U)-Sepharose with 0.3 M NaCl in RBB and immuno-
precipitating the eluted proteins with the 100K protein-
specific antibody 2100K-1 (Fig. 5, lanes 5 and 6). To deter-
mine whether the abundant polypeptide II was present in
these RNA eluates by virtue of its association with the lOOK
protein or as a result of direct RNA binding, protein eluates
were rebound and eluted from the poly(U)-Sepharose (Fig.
5, lanes 3 and 4). Polypeptide II was present after two rounds
of poly(U) selection, indicating that it is unlikely to be
nonspecifically trapped by the poly(U)-Sepharose; it is prob-
ably bound to the RNA as a result of its interaction with the
100K protein.
The purified 100K protein obtained by chromatography on

poly(U)-Sepharose consistently migrated as a doublet,
whether labeled lOOK protein present in the eluate was

analyzed directly by SDS-PAGE or following immunopre-
cipitation with 2100K-1 antibody (Fig. 5, lanes 1, 2, 5, and 6).
Because the 100K protein is highly phosphorylated (see the
Introduction), the two species of the lOOK protein that can

be separated in these experiments presumably are differen-
tially phosphorylated forms. The two species apparent in
purified lOOK protein preparations (Fig. 5) cannot readily be
distinguished in total cytoplasmic extracts (for example, see

Fig. 7, lanes 2 and 3), presumably because of the presence of
a large number of other labeled proteins.
The in vitro temperature sensitivities of wild-type and

mutant lOOK proteins were analyzed by comparing binding
to RNA at 33 and 39°C, the permissive and nonpermissive
temperatures, respectively, for H5tsl. In these experiments,
labeled cytoplasmic proteins were prepared following infec-
tion at the permissive temperature, 33°C. Therefore, similar
quantities of lOOK protein were labeled in wild-type- and
H5tsl mutant-infected cells (Fig. 7, lanes 2 and 3). The lOOK
protein present in extracts prepared from AdS-infected cells
maintained at the permissive temperature bound well to
poly(U)-Sepharose at both 33 and 39°C (Fig. 6, lanes 1, 4, 5,
and 6). By contrast, binding of the lOOK protein prepared
from H5tsl-infected cells was significantly less at 39°C than
at 33°C (Fig. 6, compare lanes 7 and 8 with lanes 2 and 3).
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FIG. 5. Binding of the 100K protein to poly(U)-Sepharose. 35S-
labeled cytoplasmic proteins were bound and eluted from poly(U)-
Sepharose as described in Materials and Methods (lanes: 1, AdS-
infected cells; 2, HStsl-infected cells). Proteins eluted with 0.3 M
NaCl were either rebound and eluted from poly(U)-Sepharose
(lanes: 3, AdS; 4, HStsl) or immunoprecipitated (1P) with the 100K
protein antibody 2100K-1 (lanes: 5, AdS; 6, HStsl).

Quantitation of the results shown in Fig. 6 and of those from
similar experiments with independent preparations of the
100K proteins (Table 1) established that the RNA-binding
activity of the wild-type protein was decreased by no more
than 1.6-fold at 39°C. By contrast, when incubated at 39°C,
H5tsl 100K protein prepared at low temperature exhibited a
3.7- to 4.4-fold decrease in RNA-binding activity (Table 1).
The decreased ability of the H5tsl 100K protein to bind to

RNA at 39°C could be the direct result of its temperature-
dependent loss of RNA-binding activity or a trivial result of
the increased instability of the mutant protein at high tem-
perature. To investigate the latter possibility, we compared
the temperature sensitivities of the interactions of the wild-
type and mutant 100K proteins with 2100K-1 antibody. No
difference between the binding activities of the wild-type and
H5tsl mutant proteins to the antibody was observed; similar
quantities of the wild-type and mutant 100K polypeptides
were recovered following immunoprecipitation of infected
cell extracts at 4, 22, or 33°C (Fig. 7, lanes 4 to 12). In both
cases, moreover, incubation at 39°C resulted in a decrease in
the quantity of 100K protein immunoprecipitated (Fig. 7,
lanes 13 to 15). Under the same conditions, no cellular

Ad5 tsl tsl Ad5 Ad5 Ad5 tsl tsi
_I I

330C 390C
FIG. 6. Temperature dependence of binding of Ad5 and HSts1

100K proteins to RNA. Cytoplasmic proteins labeled with [35S]me-
thionine were prepared from Ad5-infected or H5tsl-infected cells
harvested late in infection, at 33°C. Following incubation with
poly(U)-Sepharose at 33°C (lanes 1 and 4, AdS; lanes 2 and 3, H5ts1)
or 39'C (lanes 5 and 6, Ad5; lanes 7 and 8, H5tsl), bound proteins
were eluted, separated by SDS-PAGE, and visualized by fluorogra-
phy.

TABLE 1. Quantitation of Ad5 and H5ts1 100K proteinsa

Concn ratios for
Concn of lOOK protein 100K

Measurement protein'
no. AdS H5tsl

AdS H5tsl
33°C 39°C 330C 390C

1 0.56 0.43 0.57 0.15 1.30 3.80
2 0.53 0.40 0.53 0.12 1.33 4.42
3 0.67 0.40 0.67 0.18 1.67 3.72

a Gel scanning and image analysis were performed with a Microtex Scanner
60025 and the Macintosh programs Adobe photoshop and NIH image analy-
sis. The area of each lOOK protein peak, in gels like that shown in Fig. 6, is
given in arbitrary units. Measurements 1 and 2 were made from the autora-
diogram shown in Fig. 6. Measurement 3 was from a separate experiment with
independently prepared proteins. Qualitatively similar results were observed
in a third independent experiment but could not be accurately quantitated
because of high, nonspecific background in some lanes.

b Ratios are of concentrations at 33'C to concentrations at 39°C.
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FIG. 7. Temperature dependence of binding of 100K vroteins to

antibody 2100K-1. Cytoplasmic proteins, labeled with [3 S]methio-
nine, were prepared from uninfected (UI [lanes 1, 4, 7, 10, and 13]),
AdS-infected (lanes 2, 5, 8, 11, and 14), or H5tsl-infected (lanes 3, 6,
9, 12, and 15) cells late in infection at 33°C. Following incubation at
4°C (lanes 4, 5, and 6), 22°C (lanes 7, 8, and 9), 33°C (lanes 10, 11,
and 12), or 39°C (lanes 13, 14, and 15), the antibody 2100K-1 was

added, and immunoprecipitation was performed as described in
Materials and Methods.

proteins were immunoprecipitated (Fig. 7, lanes 4, 7, 10, and
13).

DISCUSSION

Adenovirus infection alters the translational machinery of
cells permissive for its replication, impairing the activity of
at least two initiation factors. Although the virus-encoded
RNA, VAl RNA, partially circumvents the phosphorylation
of the ax subunit of EIF-2 and concomitant inactivation of
this factor resulting from activation of EIF-2 kinase (see the
introduction), the degree of phosphorylation that can be
attained even in the presence of VAl RNA is characteristic
of complete inhibition of translation in other systems (39). In
addition, EIF-4F (cap-binding complex) is inactivated fol-
lowing adenovirus infection (31). Thus, by the late phase of
infection, essential components of the cellular translational
initiation machinery are functionally impaired. Despite
such a translationally compromised environment, viral late
mRNA species continue to be translated for many hours.
Because cellular mRNAs are present in infected cells
throughout this period and are translatable in vitro (6, 56), it
is clear that a mechanism must exist to ensure translation of
a specific subset of the mRNAs present in the cytoplasm of
cells that have entered the late phase of infection. The

tripartite leader common to the spliced products of the major
late transcription unit appears to play an important role in
such selection, for it alleviates the requirement for the
cap-binding complex (20). However, viral mRNAs ex-
pressed from other transcription units, including the IVa2
and pIX mRNAs and certain mRNA products of early
transcription units, which lack the tripartite leader or 5'
untranslated sequences related to it, are also translationally
active during this period (29).

Translation of all adenovirus late mRNAs, but not of early
mRNA species, requires the L4 100K nonstructural protein
(29). Since the 100K protein plays no role in inhibition of
cellular protein synthesis (29), its primary function appears
to be to facilitate translation of late mRNAs in the transla-
tionally compromised environment characteristic of adeno-
virus-infected cells. The ability of the 100K protein to bind to
RNA in vivo (1) and the sequences (24, 29, 34) and pheno-
typic properties of H5tsl and a set of its revertants led us to
suggest that the translational function of this adenovirus
protein depended in some way on its RNA-binding activity
(29). The results presented here provide the first experimen-
tal support for this hypothesis. A temperature-dependent
decrease in RNA-binding activity was observed in vitro (Fig.
6; Table 1) when the lOOK protein was prepared (at low
temperature) from cells infected by H5tsl, a virus tempera-
ture sensitive for growth because of a single amino acid
substitution in the 100K coding sequence (29). By contrast,
when the binding activities of the wild-type 100K protein to
RNA at 33 and 39°C were compared, little effect of temper-
ature was detected. Because the mutant and wild-type
proteins exhibit identical, temperature-dependent changes in
their interactions with the 2100K-1 antibody (Fig. 7), the
failure of the mutant protein to bind to RNA efficiently at
39°C (Fig. 6; Table 1) can be ascribed to a direct effect of the
mutation rather than an indirect effect resulting from
changes in protein stability. Thus, the in vitro temperature
sensitivity of H5ts1 100K protein RNA-binding activity
correlates with in vivo translational efficiency; both the in
vitro RNA-binding activity of the mutant protein and in vivo
translational efficiency are lower at the nonpermissive tem-
perature (39°C) than at the permissive temperature (33°C).
The wild-type and the mutant 100K proteins undergo a
common conformational change in vitro when the tempera-
ture is raised from 33 to 39°C that results in loss of recogni-
tion of the 2100K-1 epitope (Fig. 7), but neither the in vivo
translational function nor the in vitro RNA-binding activity
of the wild-type protein is significantly impaired at 39°C (29)
(Fig. 6; Table 1). Therefore, it appears that some aspect of
the conformation of the wild-type protein is intrinsically
sensitive to temperature and that an independent, tempera-
ture-sensitive change resulting from replacement of serine
466 by proline in the H5tsl lOOK protein (29) leads to loss of
translational function in vivo (29) and to reduced RNA-
binding activity in vitro. In vivo, little recovery from the
inhibitory effects of the H5ts1 mutation is observed in the
first few hours following a shift from a nonpermissive to a
permissive temperature (28a), suggesting that this conforma-
tional change is irreversible.

In view of the properties of translation during the late
phase of adenovirus infection discussed previously, the most
obvious function for the RNA-binding activity of the 100K
protein would be in direct selection of late mRNAs for
efficient translation. Viral or cellular proteins that control the
translation of specific mRNA species have been previously
identified and characterized and in some cases have been
shown to be sequence-specific RNA-binding proteins (9, 44).
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The Rev protein of the human immunodeficiency virus
(HIV) and the cellular iron-responsive element (IRE) binding
protein, for example, interact specifically with cis-acting
RNA elements, the Rev-response element (RRE) and IRE,
respectively, that contain stem-loop structures (4, 19, 27, 36,
46). Interaction of the IRE binding protein with an IRE in the
5' untranslated region of ferritin mRNA suppresses transla-
tion (46), whereas binding of Rev to RREs present in
unspliced and partially spliced HIV mRNAs facilitates their
assembly into polyribosomes and translation (4, 19). Al-
though the adenovirus lOOK protein, like Rev, increases
polysome loading and translation of a specific set of mRNA
species (29), it exhibited no preference for binding to viral
mRNAs in our in vitro assays (e.g., Fig. 4). It might be
argued that the L4 lOOK protein requires features absent
from in vitro binding assays. Such features might include
specific secondary or tertiary structures, a structure stabi-
lized by other RNA-binding proteins, or interaction of the
lOOK protein with cellular factors. It seems unlikely that an
essential protein that interacted with either viral mRNA or
the L4 lOOK protein was omitted from the in vitro binding
reactions; the extracts used in these experiments contained
many RNA-binding proteins detected by mobility shift as-
says, addition of uninfected cell cytoplasmic proteins to
binding reactions did not alter the RNA-binding properties of
the lOOK protein, and no differences were observed when
the RNA-binding properties of the lOOK protein purified to
different degrees were compared (data not shown). Further-
more, the 100K protein has been shown to bind to both viral
and cellular RNA sequences in vivo (1), as it does in our in
vitro assays. Therefore, it seems unlikely that the specificity
with which the lOOK protein increases translational effi-
ciency in adenovirus-infected cells (21) is the result of
specific binding of this protein to viral late mRNAs.
We have previously reported (29) that of the H5tsl lOOK

and H5ts2 hexon mutations, only the former induces a
significant translational defect under nonpermissive condi-
tions, despite their similar phenotypes with respect to hexon
morphogenesis (16). Therefore, the translational function of
the lOOK protein appears to be independent of its role in
hexon trimerization, which is presumed to be mediated by
interaction with nascent hexon polypeptide chains (e.g., see
references 16, 25, and 40). Nevertheless, the presence of
hexon polypeptide II in all preparations of the 100K protein
used in our RNA-binding assays raises the question of
whether the former protein modulates the RNA-binding
activity of the latter. Expression of the lOOK protein in a
heterologous system; to ensure that it is free from even trace
quantities of polypeptide II (and vice versa), will be neces-
sary to provide a definitive answer to this question. In the
meantime, several lines of evidence indicate that the RNA-
binding properties reported here are those of the [A lOOK
protein itself. Thus, for example, the HStsl mutation, which
has been identified as a single amino acid substitution of
amino acid 466 of the 100K protein (29), renders RNA
binding temperature sensitive (Fig. 6). Furthermore, Adam
and Dreyfuss (1) have demonstrated that RNA labeled in
adenovirus-infected cells becomes covalently attached to the
100K protein upon exposure of intact cells to UV light and
thus that the lOOK protein is in direct contact with RNA in
vivo. In these experiments, no evidence for RNA binding by
hexon polypeptide II was reported. Finally, as discussed
previously, lOOK protein preparations exhibiting different
ratios of hexon polypeptide II to the 100K protein, ranging
from excess hexon to a large excess of the lOOK protein,

exhibited no detectable differences in RNA-binding specific-
ities in our in vitro assays.
Although the AdS lOOK protein failed to distinguish viral

from cellular mRNAs or poly(A)-containing from poly(A)-
lacking RNAs in in vitro binding assays, it exhibited a
striking preference for poly(U) or poly(G) over poly(A) or
poly(C) (Fig. 3). Several cellular RNP-binding proteins have
previously been shown to exhibit strong preferences for
specific ribohomopolymers, although in most cases such
specificity is most evident when RNA-binding assay mix-
tures contain high salt concentrations (e.g., see reference
53). The hnRNP C proteins, for example, exhibit a strong
preference for poly(U) (53) and bind to uridine-rich polypy-
rimidine sequences present at the 3' ends of introns and
downstream of polyadenylation signals in pre-mRNA (54,
62, 63). Such binding specificity is in accord with the
participation of the C protein in pre-mRNA processing in
vitro (17, 51). Therefore, it seems reasonable to suppose that
the ribohomopolymer preference exhibited by the adenoviral
100K protein in vitro is related to its in vivo function.
However, a function for the lOOK protein in RNA processing
analogous to that of the RNP C proteins seems unlikely; cells
infected by H5tsl at a nonpermissive temperature display no
discernible defects in the production of viral mRNA species
(29). Moreover, unlike the cellular RNP C proteins (53), the
AdS 100K protein does not bind poly(U) efficiently at high
salt concentrations (Fig. 5).

It is possible that the RNA-binding activity of the LA lOOK
protein is related to the mechanism (presently unknown)
whereby the protein facilitates translation. If this were the
case, the lOOK protein could be considered a general trans-
lational activator, the specificity observed in vivo being
conferred by other components. Such components would
include the tripartite leader, which renders translation of
mRNAs to which it is linked independent of EIF-4F (20), and
VAl RNA, which has been proposed to confer local protec-
tion against inactivation of EIF-2a in the vicinity of viral late
mRNA species and thus ensure the continued translation of
this class (39). Although we believe that the LA lOOK protein
cannot select viral late mRNAs for translation by sequence-
specific binding to them, it remains possible that the protein
identifies viral late mRNAs by virtue of some other distinc-
tive property common to this class. The most likely candi-
date for such a property is the selective export of these
mRNAs from the nucleus to the cytoplasm (e.g., see refer-
ences 7, 10, 15, 41, and 61). From about 12 h after infection
of permissive cells, viral late mRNAs are the only newly
synthesized mRNA species entering the cytoplasm and
could thus be selectively recognized by the [A lOOK protein,
despite its inability to bind to RNA in a sequence-specific
fashion. Evidence for such gating (13) is accumulating from
studies in other systems. For example, it has been proposed
that the efficient translation of heat shock proteins in cells
exposed to inducers of the stress response is related to
preferential production of heat shock mRNAs (57). The
properties of the HIV Rev protein provide more direct
evidence for such a mechanism; this protein not only facili-
tates translation of specific mRNA species, as discussed
previously, but also the export of these mRNAs from the
nucleus to the cytoplasm (21, 22, 36). Thus, the HIV Rev
protein ensures both efficient production and efficient utili-
zation in the cytoplasm of a subset of HIV mRNAs. If a

similar mechanism operated in adenovirus-infected cells, the
export and translation functions would appear to be divided
among different viral proteins; no defect in export of viral
mRNA from the nucleus is observed in H5tsl-infected cells
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at a nonpermissive temperature (29), and the selective ex-
port of viral mRNAs during the late phase of infection
requires early E1B and E4 proteins (7, 14, 18, 41, 61).
Although consistent with the RNA-binding properties of

the L4 lOOK protein reported here, the proposition that this
protein directs efficient translation of mRNA species that
enter the cytoplasm during the late phase of infection is not
presently supported by direct experimental evidence. Nor
does this model address the question of how the IA protein
might facilitate initiation of translation, once specific
mRNAs have been selected. Thus, additional experiments
are required to establish the biological function of the
apparently nonspecific RNA-binding activity of this adeno-
virus protein.
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