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The adenovirus type 5 (Ad5) late region 4 (L4) 100-kDa nonstructural protein (L4-100K) mediates inhibition
of cellular protein synthesis and selective translation of tripartite leader (TL)-containing viral late mRNAs via
ribosome shunting. In addition, L4-100K has been implicated in the trimerization and nuclear localization of
hexon protein. We previously proved that L4-100K is a substrate of the protein arginine methylation machin-
ery, an emergent posttranslational modification system involved in a growing list of cellular processes,
including transcriptional regulation, cell signaling, RNA processing, and DNA repair. As understood at
present, L4-100K arginine methylation involves protein arginine methyltransferase 1 (PRMT1), which asym-
metrically dimethylates arginines embedded in arginine-glycine-glycine (RGG) or glycine-arginine-rich (GAR)
domains. To identify the methylated arginine residues and assess the role of L4-100K arginine methylation, we
generated amino acid substitution mutations in the RGG and GAR motifs to examine their effects in Ad-
infected and plasmid-transfected cells. Arginine-to-glycine exchanges in the RGG boxes significantly dimin-
ished L4-100K methylation in the course of an infection and substantially reduced virus growth, demonstrating
that L4-100K methylation in RGG motifs is an important host cell function required for efficient Ad replica-
tion. Our data further indicate that PRMT1-catalyzed arginine methylation in the RGG boxes regulates the
binding of L4-100K to hexon and promotes the capsid assembly of the structural protein as well as modulating
TL-mRNA interaction. Furthermore, substitutions in GAR, but not RGG, regions affected L4-100K nuclear
import, implying that the nuclear localization signal of L4-100K is located within the GAR sequence.

With the onset of the late phase, one of the first adenovirus
type 5 (Ad5) late proteins translated, the late region 4 (L4)
100-kDa protein (L4-100K), starts to perform a number of
functions that are essential for efficient completion of lytic
virus infection. This Ad nonstructural late protein alters the
cellular machinery in favor of translating large amounts of
virus products, leading to their subsequent nuclear accumula-
tion for capsid assembly. L4-100K achieves this by contributing
to the transport and selective translation of late viral mRNAs
(12, 13, 21), acting as a chaperone for hexon trimerization and
being involved in its transport (8, 9, 24) and also playing a role
in preventing apoptosis of the infected cell by interacting with
granzyme B and inhibiting its activity (1). However, most of the
mechanisms underlying these processes, and how L4-100K is
regulated to accomplish these, remain unclear.

One of the most striking features of L4-100K is promoting
viral mRNA translation through ribosome shunting and pre-
venting cellular mRNA translation by eliminating the cap-
dependent translation pathway (12, 13, 15, 21, 49–51). Under-
lying these processes is the interaction of L4-100K with both
the tripartite leader (TL) sequence possessed by all the late
viral transcripts and the scaffolding element of the cap-depen-
dent translation initiation complex, eukaryotic initiation factor
4G (eIF4G) (13, 49). Recently it was shown that L4-100K is
posttranslationally modified to confer selective binding to vi-
rus-specific mRNAs although it has a general RNA binding

motif, and this modification was reported to be tyrosine phos-
phorylation (49). Tyrosine phosphorylation of L4-100K was
considered essential for efficient ribosome shunting and late
protein synthesis but not to be involved in eIF4G binding (49).

In the late phase, L4-100K interacts with hexon monomers,
which are the major components of the Ad capsid, to form
their trimeric structure (8, 9, 24). L4-100K not only acts as a
chaperone for hexon trimerization but also assists their nuclear
transport and capsid assembly (35). It was reported that in the
cytoplasm L4-100K can associate both with trimeric and mo-
nomeric hexons but that in the nucleus it interacts only with
trimers (24), suggesting that only the trimeric hexons can be
transported in the nucleus.

As a multifunctional shuttling phosphoprotein, L4-100K
might have more modification sites that allow regulation of its
functions and interactions mentioned above. Indeed, our
group showed the arginine methylation of L4-100K by protein
arginine methyltransferase 1 (PRMT1) (29), meaning that L4-
100K was the first Ad protein reported to be methylated. Ar-
ginine methylation of proteins is a posttranslational modifica-
tion mediated by ubiquitously expressed PRMTs, which utilize
S-adenosylmethionine to yield mono- or dimethylated arginine
residues (3, 17, 22). This modification affects major processes
in the cell, such as protein-protein interactions, regulation of
transcription, RNA processing, DNA repair, nucleocytoplas-
mic shuttling of proteins, and protein stability (reviewed in
references 2 and 3). Following the discovery of protein argi-
nine methylation, many proteins were found to be modified by
these enzymes, including fibrillarin, nucleolin, GTPase P, my-
elin basic proteins, myosin, heat shock proteins, and H3 his-
tones (reviewed in references 11 and 31). Recent findings in-
dicated the significance of methylation not only for cellular
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proteins but also for viral transcripts. The human immunode-
ficiency virus (HIV) transactivator protein was identified as
the first HIV protein to contain methylated arginines (6). In-
hibition of methylation was reported to increase HIV gene
expression, and the authors suggested that increasing this mod-
ification might provide protection against HIV infection. Con-
versely, blocking of methylation was suggested as protection
against hepatitis delta virus, since inhibition of this modifica-
tion was found to prevent hepatitis delta virus replication (31).
Also, herpes simplex virus RNA binding protein ICP27 was
reported to be methylated in its RNA binding domain (33).

Interestingly, all substrates of type I PRMTs were found to
be methylated at a common Arg-Gly-Gly (RGG) motif and/or
in a Gly-Arg-rich (GAR) sequence. Since L4-100K possesses
three RGG domains in its C terminus, we investigated whether
this protein is methylated by PRMT1 at these arginine resi-
dues. We therefore constructed a mutant virus with three ar-
ginine residues replaced by glycines in the C-terminal RGG
boxes of L4-100K and investigated the properties of this mu-
tant protein in the course of an infection. This mutant exhib-
ited a severely reduced L4-100K methylation pattern. We
examined the effects of such inefficient methylation on subcel-
lular localization, protein-protein/RNA interactions, and virus
growth. We suggest that triple RGG boxes at the C terminus
are the major but not the only target for this modification and
that methylation of L4-100K in these boxes plays no role in
subcellular localization but has regulatory effects on the func-
tions of this protein, especially in modulating protein-protein/
RNA interactions, and is necessary for efficient completion
of the late phase to yield large amounts of virus particles.

MATERIALS AND METHODS

Cells and viruses. A549 cells (DSMZ ACC 107), H1299 cells (34), and K16
cells (23) (kindly provided by A. Amalfitano) were maintained as monolayers in
Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% (vol/vol)
fetal calf serum (FCS) and 100 units of penicillin and 100 �g of streptomycin/ml.
Primary human hepatocytes, which were kindly provided by Thomas Weiss
(University of Regensburg Hospital, Regensburg, Germany), were cultured in
growth medium containing 125 mU/ml insulin, 60 ng/ml hydrocortisone, and 10
ng/ml glucagon.

H5pg4100 was used as the wild-type (wt) Ad5 in these studies (19, 27). Con-
struction of the L4-100K mutant virus H5pm4151 is described below. The viruses
were propagated in K16 monolayer cultures. Infections were performed in one-
fifth of the normal culture volume in DMEM for 2 h at 37°C with gentle rocking
every 10 min. The virus suspension was then replaced with normal growth
medium. At 3 to 5 days postinfection, infected cells and supernatants were
harvested and freeze-thawed four times to release progeny virions. Virus was
harvested by sequential centrifugation in discontinuous and equilibrium cesium
chloride gradients exactly as described previously (47). The titers of the viruses
used in this study were determined by a fluorescent-focus assay. Confluent cells
grown in 35-mm-diameter dishes were infected with serial 10-fold dilutions of
virus in Ad infection medium (phosphate-buffered saline [PBS] supplemented
with 2 mM MgCl2, 0.2 mM CaCl2, and 2% fetal calf serum). At 24 h after
infection, cells were washed twice with PBS and fixed in ice-cold methanol for 15
min at �20°C, followed by two washes with TBS-BG buffer (20 mM Tris-HCl
[pH 7.6], 137 mM NaCl, 3 mM KCl, 1.5 mM MgCl2, 0.05% Tween 20, 0.05%
sodium azide, 5 mg/ml glycerol, and 5 mg/ml bovine serum albumin). Primary
mouse monoclonal antibody (MAb) B6-8, specific for the viral E2A-72K protein,
was added to the cells at a 1:10 dilution in TBS-BG, and the cells were incubated
at room temperature for 2 h. The cells were washed twice in TBS-BG, and Alexa
488-goat anti-mouse immunoglobulin G (IgG) (Molecular Probes) diluted at
1:1,000 was added and left for 2 h at room temperature. The cells were washed
twice with TBS-BG, and the titer (fluorescence-forming units [FFU]) was calcu-
lated on the basis of the average number of fluorescing cells per 35-mm-diameter
dish determined with a Zeiss Axiovert inverted microscope.

To measure virus growth, infected cells were harvested at 48 h and 72 h
postinfection and lysed by four cycles of freeze-thawing. The cell lysates were
serially diluted in Ad infection medium for infection of K16 cells, and virus yield
was determined by quantitative E2A-72K immunofluorescence staining at 24 h
after infection as described above. Viral DNA replication was determined by
quantitative PCR exactly as described previously (42). PCR products were ana-
lyzed on a 1% agarose gel and quantified using the ChemiDoc system and
QuantityOne software (Bio-Rad).

Construction of mutant virus H5pm4151. To generate the Ad5 mutant carry-
ing defined amino acid changes in the RGG boxes of L4-100K (Fig. 1B), point
mutations were first introduced into the L4-100K gene at nucleotides 26239,
26266, and 26281 (nucleotide numbering is according to the published Ad5
sequence from GenBank, accession no. AY339865) in pL4-1513 by site-directed
mutagenesis with oligonucleotide primers 1266 and 1267 (Table 1), resulting in
pL4-1599. This plasmid carries three arginine-to-glycine substitutions at amino
acid positions 727, 736, and 741 (Fig. 1B). The mutations in the plasmid were
verified by DNA sequencing. Finally, the 5.6-kb SpeI/SgfI fragment from pH
5pg4100 was replaced with the corresponding fragment from plasmid pL4-1599
to generate Ad plasmid pH 5pm4151. The recombinant plasmid was partially
sequenced to confirm the mutations in the L4-100K open reading frame.

For the generation of mutant virus H5pm4151, the viral genome was released
from the recombinant plasmids by PacI digestion. Five micrograms of viral DNA
was used to transfect 3 � 105 complementing K16 cells by the calcium phosphate
procedure (18). After 5 days, cells were harvested and viruses were released by
three cycles of freezing and thawing. The viruses were propagated in K16 mono-
layer cells and purified as described above. Viral DNA was isolated from viral
particles as described previously (44) and analyzed by HindIII restriction endo-
nuclease digestion. In addition, the viral DNA was partially sequenced to verify
the presence of the inserted mutations.

Antibodies, protein analysis, and inhibitors. Primary antibodies specific for
Ad proteins used in this study included L4-100K rat MAb 6B10 (29), E2A-72K
(DBP) mouse MAb B6-8 (40), E1B-55K mouse MAb 2A6 (43), Ad5 hexon
polyclonal rabbit antibody (Abcam), and Ad5 rabbit polyclonal serum L133 (27).
Primary antibodies specific for cellular proteins included anti-PRMT1 rabbit
polyclonal antibody (Upstate); anti-�-actin (Sigma); anti-SAF-A rabbit poly-
clonal antibody (22); anti-eIF4G rabbit polyclonal antibody (7); Asym-24 rabbit
polyclonal antibody (Upstate), which recognizes asymmetrically dimethylated
arginines; and mouse MAb Ab412 (Abcam), which recognizes methylated/asym-
metrically dimethylated arginines.

Secondary antibodies conjugated to horseradish peroxidase for detection of
proteins by immunoblotting were donkey anti-rabbit IgG, sheep anti-mouse IgG,
and goat anti-rat IgG (Amersham Biosciences). Fluorescent secondary antibod-
ies were affinity-purified fluorescein isothiocyanate- or Texas red-conjugated
donkey anti-mouse, anti-rat, and anti-rabbit IgGs (Dianova). These were used at
a 1:100 dilution in all immunofluorescence experiments.

For the analysis of proteins, total cell extracts were prepared from mock- or
Ad-infected cells at the indicated times and washed two times in ice-cold PBS.
The cells were resuspended in NP-40 (Nonidet P-40) 1% lysis buffer (50 mM
Tris-HCl [pH 8.0], 150 mM NaCl, and 1% NP-40) or in RIPA light (50 mM
Tris-HCl [pH 8.0], 150 mM NaCl, 5 mM EDTA, 1% NP-40, 0,1% sodium
dodecyl sulfate [SDS], and 0,1% Triton X-100) supplemented with 1 mM dithio-
threitol (DTT) and a protease inhibitor cocktail (Roche). After 1 h on ice, the
lysates were sonicated and the insoluble debris was pelleted at 15,000 � g at 4°C.

For immunoblotting, equal amounts of total protein were separated by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellu-
lose membranes (Schleicher & Schuell). Membranes were incubated overnight in
PBS–0.1% Tween 20 containing 5% nonfat dry milk and then for 2 h in PBS–1%
nonfat dry milk containing the appropriate primary antibody. Membranes were
washed three times in PBS–0.1% Tween 20, incubated with a secondary antibody
linked to horseradish peroxidase (Amersham) in PBS–0.1% Tween 20, and
washed three times in PBS–0.1% Tween 20. The bands were visualized by
enhanced chemiluminescence as recommended by the manufacturer (Pierce) on
X-ray films (CL-XPosure [Pierce] or Kodak X-Omat AR). Autoradiograms were
scanned and cropped using Adobe Photoshop CS2, and figures were prepared
using Adobe Illustrator CS2 software.

For immunoprecipitations, 500 �g of protein samples was precleared with
either protein A- or G-Sepharose and incubated overnight with MAbs bound to
protein A/G-Sepharose. The immunocomplexes were washed five times with
RIPA light lysis buffer, separated by SDS-PAGE, and analyzed by immunoblot-
ting.

For the inhibition of total methylation reactions in the cell, AdOx (Adenosine,
periodate oxidized [Sigma]) was added to the replacement medium after infec-
tion. For time course analysis, the medium was replaced every 24 h with fresh
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AdOx containing medium. Leptomycin B (LMB) was purchased from Biomol
and used to block the CRM1-dependent nuclear export pathway.

Cell fractionation. Nucleocytoplasmic fractionation was performed using the
Sigma CelLytic nuclear extraction kit (Sigma) according to the manufacturer’s
protocol. Cells were collected 36 h after mock or virus infection and washed with
PBS once. Cell pellets were incubated in the hypotonic lysis buffer for 15 min on
ice. Samples were centrifuged at 450 � g, and the supernatant was removed.
Resuspended cells were then passed through a 27-gauge needle seven times.
After centrifugation of the lysate at 11,000 � g for 20 min at 4°C, the supernatant
was collected as the cytoplasmic fraction. Pellets were further incubated with the
extraction buffer for 30 min at 4°C with agitation. Samples were then centrifuged
at 21,000 � g for 5 min, and the supernatant was collected as the nuclear fraction.

Immunoprecipitation of RNA. RNA was coimmunoprecipitated from infected
and noninfected cells by using rat 6B10 MAb as described previously (16, 50).
A549 cells (3 � 106) were collected 48 h after infection, washed with cold PBS,
and resuspended in two pellet volumes of polysome lysis buffer containing 100
mM KCl, 5 mM MgCl2, 10 mM HEPES (pH 7.0), and 0.5% Nonidet P-40

supplemented with 1 mM DTT, 100 units/ml RNase OUT, 0.2 mM phenylmeth-
ylsulfonyl fluoride, 1 mg/ml pepstatin A, 5 mg/ml bestatin, and 20 mg/ml leu-
peptin (16). Resuspended cells were incubated on ice for 5 min and then cen-
trifuged at 16,000 � g for 10 min at 4°C. The supernatant was used for the further
immunoprecipitation procedures. Protein G-Sepharose beads were swollen in
NT2 buffer containing 50 mM Tris-Cl (pH 7.4), 150 mM NaCl, 1 mM MgCl2, and
0.5% Nonidet P-40 supplemented with 5% bovine serum albumin (16) for 1 h at
4°C and further incubated with MAb 6B10 for 1 h at 4°C. Antibody-coupled
beads were then washed twice with ice-cold NT2 buffer and resuspended in NT2
buffer supplemented with 100 units/ml RNase OUT and 1 mM DTT. Half of the
cell lysate containing mRNPs was incubated with the antibody-coupled beads
overnight at 4°C. Beads were then washed six times with ice-cold NT2 buffer.
Washed beads were resuspended in 100 �l NT2 buffer supplemented with 0.1%
SDS and 30 �g proteinase K and incubated for 30 min at 55°C. The immuno-
precipitated mRNA was isolated by phenol-chloroform-isoamyl alcohol extrac-
tion and ethanol precipitation. Isolated RNA was quantified by real-time PCR as
described below.

FIG. 1. (A) Generation of L4-100K mutant virus H5pm4151. Point mutations were introduced into the L4-100K gene in pL4-1513 by
site-directed mutagenesis. The L4 plasmid and bacmid pH5pg4100 were linearized with SgfI plus SpeI, and the 5.6-kb SgfI/SpeI fragment from pH
5pg4100 was replaced with the corresponding fragment from the mutated pL4 construct. The viral genome was released by PacI digestion and used
for transfection of the L4-100K-complementing cell line K16. Viruses were then isolated and propagated using K16 cells. (B) The positions of the
amino acid changes within the L4-100K mutants are marked by triangles. Numbers refer to amino acid residues in the wt L4-100K protein from
H5pg4100. NA, not applicable.
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Quantitative real-time PCR. A549 cells (3 � 106) were infected with H5pg4100
and H5pm4151. At the indicated times, total RNA from cells was purified using
an RNeasy Mini Kit (Qiagen) or precipitated as described above and reverse
transcribed using SuperScriptIII First Strand (Invitrogen) plus oligo(dT) primers
(Invitrogen). Real-time PCR was performed with a Rotor-Gene 6000 instrument
(Corbett Life Sciences, Sydney, Australia) with Sybr green PCR master mix
(Applied Biosystems). The PCR conditions were 10 min at 95°C and 55 cycles of
10 s at 95°C, 30 s at 60°C, and 20 s at 72°C. The average threshold cycle value was
determined from triplicate reactions, and levels of the TL and fiber mRNAs
relative to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were calcu-
lated as described previously (20). For the quantification of coimmunoprecipi-
tated mRNA, threshold cycle values of these reactions were normalized with
total TL and fiber RNA. Primers 1161, 1162, 1204, 1205, 1369, and 1370 for the
quantitative real-time PCR are listed in Table 1.

Plasmids and transient transfections. All plasmids used in this study express
Ad2 wt and mutant L4-100K proteins under the control of the cytomegalovirus
major immediate-early promoter from vector pcDNA3 (Invitrogen). Plasmid
pTL-flag-100K (generously provided by R. Schneider, New York University of
Medicine) produces Flag-tagged wt L4-100K translated from the TL (50). Plas-
mids pTL-100K-RGG, pTL-100K-GAR, pTL-100K-RGG.GAR, pTL-100K-
RGG3, and pTL-100K-NES were derived from pTL-flag L4-100K by site-di-
rected mutagenesis with oligonucleotide primers 1266, 1267, 1330, 1331, 1332,
1333, 1472, 1473, 1222, and 1223 (Table 1) and directly expressed L4-100K
containing amino acid changes in the RGG boxes, GAR region, both segments,
and the nuclear export signal (NES) (see Fig. 5). The mutations were confirmed
by DNA sequencing. H1299 cells (2.5 � 106) seeded in 10-cm-diameter dishes
were transfected with 10 �g of plasmids by polyethylenimine (PEI) (25 kDa,
linear; Polysciences) transfection. Fifty micrograms of PEI was added to the
DNA dissolved in 600 �l DMEM and kept at room temperature for 10 min. The
DNA-PEI mixture was added to the cells seeded in DMEM without antibiotics.
At 6 hours posttransfection, the medium was replaced with normal growth
medium.

Indirect immunofluorescence. A549 and H1299 cells were grown on glass
coverslips and infected or transfected as described above. At the indicated times,
cells were fixed with ice-cold methanol for 15 min at �20°C and stained with
antibodies and 4�-6-diamidino-2-phenylindole (DAPI) as described previously
(16). Coverslips were mounted in Glow medium (Energene), and digital images
were acquired on a DMRB fluorescence microscope (Leica) with a charge-
coupled device camera (Leica). These images were cropped and decoded with
Photoshop CS2 (Adobe Systems) and assembled with Illustrator CS2 (Adobe
Systems). Nuclei were identified by DAPI staining, and nuclear borders were
digitally added as dotted lines.

RESULTS

Construction of L4-100K mutant virus H5pm4151. Figure
1A outlines our strategy for constructing the Ad5 L4-100K
mutant virus H5pm4151. This involved two recombinant plas-
mids containing Ad5 L4 from nucleotide 21438 to 27081 (pL4-
1513) or the Ad5 wt genome lacking a portion of E3

(pH5pg4100) (19). Plasmid pL4-1513 was used to introduce
mutations into the L4-100K gene by site-directed mutagenesis,
while plasmid pH5pg4100 served as the DNA backbone to
recombine the mutations into the Ad5 chromosome by direct
cloning. To generate L4-100K mutant virus, infectious viral
DNA was released from the recombinant plasmid by PacI
digestion and transfected into the L4-100K-complementing
cell line K16 (23). Viral progenies were isolated and amplified,
and viral DNA was analyzed by restriction digestion and DNA
sequencing. The amino acid exchanges introduced into the
RGG boxes of the Ad5 L4-100K polypeptide are summarized
in Fig. 1B.

Using the same approach, we also tried to generate an L4-
100K mutant virus carrying arginine-to-glycine substitutions in
the GAR region and a double mutant containing identical
amino acid exchanges in both the RGG boxes and the GAR
region (Fig. 1B, NA). Interestingly, neither mutant virus could
be reproducibly grown on K16 cells after transfecting the viral
DNA. The reason for these results is unclear, but they may be
due to severe defects in the late functions of L4-100K that K16
cells, which typically express low levels of the wt L4-100K (23),
are unable to complement.

Amino acid substitutions in the RGG boxes reduce arginine
methylation of L4-100K during infection. To test whether
H5pm4151 produces a stable protein, we determined the
steady-state concentration of L4-100K by immunoblot analysis
using total cell lysates from infected A549 cells. In parallel we
assessed the effect of amino acid exchanges on L4-100K argi-
nine methylation in the absence or presence of the methylation
inhibitor AdOx. Representative samples of these analyses are
shown in Fig. 2. In the absence of AdOx, H5pm4151 accumu-
lated L4-100K to levels comparable to those for wt H5pg4100
in the course of the infection (Fig. 2A). A similar result was
obtained in the presence of the arginine methylation inhibitor,
although expression of the viral protein was delayed under
such conditions (Fig. 2A). This delay in viral protein produc-
tion was also seen when extracts were analyzed for the expres-
sion of E2A-72K, an early Ad protein necessary for viral DNA
replication. This confirms that arginine methylation is a critical
cellular function required for efficient viral early and late gene
expression, as previously observed (25, 29). Next, total cell
lysates were subjected to immunoprecipitation using poly-

TABLE 1. Primers

Primer Sequence

1266 .........5�-GCCACCCACGGAGGAGGAGGAATACTGGGACAGTCAGGCGGAGGAGGTTTTGGAGGAGGAGGAGGAGGACATG
ATGG-3�

1267 .........5�-CCATCATGTCCTCCTCCTCCTCCTCCAAAACCTCCTCCGCCTGACTGTCCCAGTATTCCTCCTCCTCCGTGGGTGGC-3�
1330 .........5�-GGACATGATGGAGGACTGGGAGAGCCTGGAGGAGGAAGCTTCGGAGGTCGAAGAGG-3�
1331 .........5�-CCTCTTCGACCTCCGAAGCTTCCTCCTCCAGGCTCTCCCAGTCCTCCATCATGTCC-3�
1332 .........5�-GCTTCGGAGGTGGAGGAGGTGTCGGAGGAAACACCGTCACCCTCGGTGGCATTCCCCTCGC-3�
1333 .........5�-GCGAGGGGAATGCCACCGAGGGTGACGGTGTTTCCTCCGACACCTCCTCCACCTCCGAAGC-3�
1222 .........5�-CCAACGTGGAGGCCTGCAACGCGGTCTCCTACGCTGGAGCTTTGCACGAAAACCGC-3�
1223 .........5�-GCGGTTTTCGTGCAAAGCTCCAGCGTAGGAGACCGCGTTGCAGGCCTCCACGTTGG-3�
1161 .........5�-AAGCTAGCCCTGCAAACATCA-3�
1162 .........5�-CCCAAGCTACCAGTGGCAGTA-3�
1204 .........5�-CATCCTGGGCTACACTGA-3�
1205 .........5�-TTGACAAAGTGGTCGTTG-3�
1369 .........5�-ACTCTCTTCCGCATCGCTGTC-3�
1370 .........5�-GCGACTGTGACTGGTTAGACG-3�
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clonal antibody Asym-24, which reacts with asymmetrically
dimethylated arginines (Fig. 2B). wt and mutant L4-100K pro-
teins were then detected by immunoblotting (Fig. 2A) using
the anti-L4-100K MAb 6B10. In line with our previous work
(29) and a recent report (25), a substantial amount of L4-100K
present in wt-infected cells was found to be methylated on
arginine residues (Fig. 2A, lanes 3 and 4). In contrast, no
L4-100K was detected in the immunoprecipitates from wt-
infected cell extracts in the presence of AdOx (Fig. 2A, lanes 9
to 11), verifying the specificity of the polyclonal antibody
Asym-24. Also as anticipated, the amount of methylated L4-
100K was greatly decreased in H5pm4151-infected cells (Fig.
2A, lanes 5 to 7), demonstrating that the amino acid substitu-
tions in the RGG boxes substantially reduce, but do not fully
eliminate L4-100K arginine methylation. Consistent with this,
no methylated form of the mutant protein was immunoprecipi-
tated with Asym-24 in the presence of AdOx (Fig. 2A, lanes 12

to 14). This result is further supported by the observation that
the amino acid exchanges in the RGG boxes greatly reduce
binding of this Ad5 protein to cellular PRMT1 (Fig. 2C), which
binds its targets through arginine residues clustered within in
the context of RGG boxes or GAR regions (5, 39). Taken
together, these data show that Ad5 L4-100K is methylated by
PRMT1 at arginine residues mainly in the RGG boxes and hint
at a possible partial methylation in the following GAR region.

Arginine methylation of RGG motifs in L4-100K is required
for maximal virus growth. To evaluate the contribution of
arginine methylation in the RGG boxes of L4-100K to overall
virus growth properties, total virus yields were determined in
infected A549 cells and primary human hepatocytes (Fig. 3A).
Arginine substitutions in L4-100K resulted in a 6- to 10-fold
reduction in virus growth, depending on the cell type. This
defect could not be attributed to reductions in early viral pro-
tein synthesis or Ad DNA replication, since H5pm4151 accu-

FIG. 2. Protein steady-state levels and L4-100K methylation in A549 cells infected with H5pg4100 and H5pm4151 viruses. (A) Cells were
infected in the absence (AdOx�) or presence (AdOx�) of AdOx and harvested at the indicated times after infection (h p.i.). Total cell extracts
were prepared from noninfected (0) and infected cells, and 25-�g aliquots of lysates were separated by SDS–10% PAGE and analyzed by
immunoblotting using L4-100K rat MAb 6B10 or mouse MAb B6-8, recognizing the E2A-72K protein. The same lysates were used for
immunoprecipitation (IP) with MAb Asym-24, detecting asymmetrically dimethylated arginine residues (B). The immunocomplexes were sepa-
rated by SDS–10% PAGE and analyzed by immunoblotting using MAb 6B10. (C) Binding of PRMT1 to L4-100K in infected cells. Whole lysates
were prepared as described above and used for immunoblotting with MAb 6B10 (upper panel) and immunoprecipitation with anti-PRMT1 MAb.
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mulated E2A-72K (Fig. 2A) and viral DNA comparably to wt
H5pg4100 (Fig. 3B). Rather, the decrease in virus production
was directly related to levels of late viral proteins, since
H5pm4151 showed substantially reduced hexon, penton, and
particularly fiber protein expression (Fig. 3C). These data show
that methylation of arginine residues in the context of RGG
boxes contributes to efficient late protein production and max-
imal virus growth in infected A549 cells and primary human
hepatocytes.

The phenotype observed with the mutant virus H5pm4151
could be attributed to a number of possible defects in L4-100K,
including altered subcellular localization, RNA binding, or
protein-protein interactions. We therefore compared the L4-
100K RGG mutant and the wt protein for nucleocytoplasmic
shuttling activity and binding to TL-containing mRNA (TL-
mRNA), eIF4G, and hexon.

Effect of amino acid substitutions in the RGG motifs on the
subcellular distribution of L4-100K during infection. Previous
work has shown that L4-100K actively shuttles between the
nuclear and cytoplasmic compartments in plasmid-transfected

cells (13). Nucleocytoplasmic export of L4-100K is mediated by
a leucine-rich NES (see Fig. 5A) of the HIV type 1 Rev type
and can be blocked by point mutations within the L4-100K
NES. Also, fragment deletion analysis has shown that the car-
boxy-terminal region of L4-100K (amino acids 727 to 807)
contains a potential nuclear localization signal (13), raising the
possibility that nuclear import of L4-100K is modulated by
methylation of arginine residues within the RGG boxes and/or
GAR region. Consistent with this observation, a recent study
showed that the replacement of arginine and the glycine resi-
dues in the third RGG box (RGG3) by alanines in a plasmid
construct eliminates import of L4-100K into the nucleus (25).

We therefore determined the subcellular distribution of the
wt and mutant proteins in virus-infected A549 cells (Fig. 4). In
the course of infection, staining for wt L4-100K was seen
mostly in the cytoplasm at earlier time points (18 h) (Fig. 4A,
panel a) in the late phase, while most of the protein exhibited
a dominant nuclear fluorescence as the infection proceeded
(48 h) (Fig. 4A, panel c). A similar subcellular distribution was
observed for the mutant protein in H5pm4151-infected cells.

FIG. 3. Effects of amino acid substitutions in L4-100K on virus growth, viral DNA replication, and late protein synthesis. (A) Virus yield. A549
cells and primary human hepatocytes (PHH) were infected with wt H5pg4100 or H5pm4151 at the indicated multiplicities. Viral particles were
harvested at the indicated time points post infection (h p.i.), and virus yield was determined by quantitative E2A-72K immunofluorescence staining
on K16 cells. The results represent the averages from three independent experiments. Error bars indicate the standard errors of the means.
(B) Viral DNA accumulation. A549 cells were infected with H5pg4100 and H5pm4151 viruses at a multiplicity of 10 FFU per cell. Total nuclear
DNA was isolated at the indicated times after infection and subjected to semiquantitative PCR. PCR products were analyzed and quantified using
the ChemiDoc system and QuantityOne software (Bio-Rad). The results shown represent the averages from two independent experiments.
(C) Viral late protein synthesis. A549 cells were infected with the wt or mutant virus at a multiplicity of 10 FFU per cell. Total cell extracts were
prepared at the indicated times postinfection. Proteins (40-�g samples) were separated by SDS–10% PAGE, transferred to nitrocellulose
membranes, and probed with the anti-Ad5 rabbit polyclonal serum L133. Bands corresponding to viral late proteins hexon (II), penton (III), fiber
(IV), and minor capsid proteins (VI, VII, VIII, and IX) are indicated on the right.
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Comparable to the wt product, the L4-100K mutant was mostly
cytoplasmic early after expression and accumulated in the nu-
clei of the infected cells during the late phase (Fig. 4A, panels
b and d). We note that no substantial differences in the local-
izations of wt L4-100K and its variants were observed when
cells were fixed with paraformaldehyde (data not shown).

To test the ability of L4-100K to enter the nucleus in a
hypomethylated environment, we determined its steady-state
localization in the presence of the methylation inhibitor AdOx
by indirect immunofluorescence. As before, the wt and mutant

L4-100K proteins could be detected in both the cytoplasm and
the nuclei of infected cells (Fig. 4B, panels a and b). To further
test the nuclear localization of L4-100K, we took advantage of
the fact that the majority of cytoplasmic L4-100K is relocalized
to the nucleus by mutational inactivation of its NES (13) or in
the presence of the CRM1 inhibitor LMB. Thus, if the amino
acid exchanges in the RGG boxes interfere with nuclear im-
port, the mutant protein should not be able to accumulate in
the nucleus in LMB-treated cells. As control, we determined
the subcellular distribution of E1B-55K, which continuously

FIG. 4. Subcellular localization of wt and mutant L4-100K during productive infection. A549 cells were infected with H5pg4100 and H5pm4151
viruses at a multiplicity of 10 FFU per cell. (A) Infected cells were fixed at 18 h (a and b) and 48 h (c and d) after infection and stained with MAb
6B10. (B) At 36 h postinfection, cells were fixed and the subcellular localization of L4-100K was examined by immunofluorescence using MAb
6B10. Methylation inhibitor AdOx (100 �M) was added at 18 h postinfection to the infection medium (a and b). Infected cells were kept in the
presence of LMB (20 nM) for 3 h before fixation (c and d). Right panels, cells were stained with MAb 2A6 to detect E1B-55K localization in the
absence (e) or presence (f) of LMB. In all panels nuclei are visualized by DAPI staining and are indicated by a dotted line. Magnification, �7,600.
(C) At 36 h postinfection, cells were collected and fractionated, and 5-�g aliquots of cytoplasmic and 2-�g aliquots of nuclear lysates were
separated by SDS–10% PAGE and analyzed by Western blotting using L4-100K rat MAb 6B10. Antiactin and anti-SAF-A antibodies were used
as cytoplasmic and nuclear markers, respectively.
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shuttles between the nuclear and cytoplasmic compartments
through the CRM1 pathway (28). Treatment of H5pg4100-
infected cells with LMB caused the nuclear accumulation of wt
L4-100K, and notably also of mutant L4-100K, in H5pm4151-
infected cells (Fig. 4B, panels c and d). As expected (27, 28), a
large portion of E1B-55K was relocalized from the cytoplasm
to the nucleus upon LMB treatment, where it accumulated in
dot-like structures (Fig. 4B, panels e and f). Consistent with
immunofluorescence data, nucleocytoplasmic fractionation of
H5pg4100- and H5pm4151-infected cells showed that similar
amounts of L4-100K are present in both cytoplasmic and nu-
clear fractions regardless of the methylation status of the RGG
boxes (Fig. 4C).

To further assess the role of arginine methylation in L4-
100K nuclear localization, we introduced mutations into plas-
mid pTL-flag-100K (Fig. 5A) containing Flag-tagged, wt L4-
100K cDNA including the TL. As in the L4-100K virus mutant
H5pm4151, arginine-to-glycine substitutions were introduced
into the RGG boxes. In addition, the leucine residues in the
L4-100K NES were changed to alanines, and the arginines in
the RGG3 box, the GAR, and the RGG plus GAR regions
were converted to glycines. H1299 cells were transfected, and
steady-state localization of wt and mutant proteins was deter-
mined by indirect immunofluorescence in the absence or pres-
ence of LMB (Fig. 5B). Consistent with a previous report (13),
mutational inactivation of the NES resulted in predominant
nuclear staining of L4-100K in 92% of the cells examined (n �
50) in the absence or presence of LMB (Fig. 5B, panels b and
h). Also, in a high percentage (86%) of cells (n � 50), wt
L4-100K relocalized from the cytoplasm to the nucleus upon
LMB treatment (Fig. 5B, panels a and g). An identical result
was obtained when cells producing the RGG and RGG3 mu-
tants were treated with LMB (Fig. 5B, panels c, d, i, and j).
Interestingly, however, no substantial increase in the nuclear
fluorescence was seen in all LMB-treated cells expressing L4-
100K variants carrying amino acid exchanges in the GAR re-
gion (Fig. 5B, panels f and l) or the RGG plus GAR region
(Fig. 5B, panels e and k). The observed differences were not
attributable to changes in steady-state concentrations, since
the L4-100K variants accumulated to levels comparable to that
of wt L4-100K (Fig. 5C). On the other hand, wt and mutant
proteins differed in their abilities to interact with PRMT1 (Fig.
5C). As predicted, L4-100K levels were significantly reduced in
the coprecipitates containing the RGG and RGG.GAR mu-
tant proteins, indicating that both variants are substantially less
methylated than the wt and the other L4-100K mutants. Alto-
gether these results show that neither the arginines in the
RGG boxes nor their methylation contributes to L4-100K nu-
clear import; instead, the arginine residues in the GAR region
play a critical role in this process, consistent with the previous
work (13). Identification of the nuclear import signal in the GAR
region may also explain why we were unable to grow the
corresponding GAR and RGG.GAR virus mutants from the
linearized viral DNAs (Fig. 1B).

Mutations in the RGG boxes of L4-100K reduce interactions
with TL RNAs. We next tested whether methylation of arginine
residues in the RGG boxes might affect the known interactions
of L4-100K with TL-containing late viral mRNAs and eIF4G
(13, 49, 50). Binding of wt and mutant L4-100K to eIF4G was
tested by combined immunoprecipitation and immunoblotting

experiments using the appropriate antibodies (Fig. 6A). Re-
sults from these assays demonstrated that amino acid substi-
tutions in the L4-100K RGG boxes do not affect eIF4G bind-
ing, although the same mutations significantly reduced
amounts of arginine methylated L4-100K to undetectable lev-
els (Fig. 6A). To monitor the mutations’ effects on interactions
with TL-mRNAs, wt and mutant proteins were immunopre-
cipitated and the associated RNAs isolated from the immune
complexes were identified by quantitative reverse transcrip-
tion-PCR with specific primers for TL, fiber, and cellular
GAPDH mRNAs (Fig. 6B). wt L4-100K reproducibly associ-
ated with TL-mRNAs sixfold more efficiently than the mutant
L4-100K RGG protein and with fiber mRNA around fivefold
more efficiently in three independent experiments. No measur-
able interaction was observed with wt and mutant L4-100K in
these assays with GAPDH mRNAs, excluding the possibility
that the arginine residues in wt L4-100K contribute to nonspe-
cific RNA interactions (46; also data not shown). To determine
whether efficient binding to TL-mRNAs is dependent on the
methylation of arginines in the RGG boxes, we repeated the
experiments in the presence of AdOx (Fig. 6B). Inhibition of
global arginine methylation significantly reduced but did not
completely abolish the ability of the wt protein to bind to
TL-RNAs. This indicates that arginine methylation in the
RGG boxes likely contributes to efficient binding to TL-
mRNAs.

Arginine methylation of L4-100K may regulate hexon bio-
genesis. In addition to its important role in blocking host cell
protein synthesis by stimulating cap-independent translation of
viral late mRNAs, L4-100K further contributes to efficient
virus growth by facilitating trimerization and nuclear accumu-
lation of hexons by acting as a chaperone for hexon trimeriza-
tion in the cytoplasm and promoting their nuclear import
(9, 24).

To monitor the effect of mutations on L4-100K binding to
hexon we performed combined immunoprecipitation and im-
munoblotting assays (Fig. 7). As predicted, wt L4-100K copre-
cipitated with hexon during the late phase of infection (Fig.
7A, lanes 2, 5, and 8). Unexpectedly, we noticed a positive
effect on hexon binding with the L4-100K RGG mutant. We
reproducibly observed a four- to sixfold increase in binding of
the mutant protein to hexon, in particular at later time points
(48 and 72 h) of infection (Fig. 7A, lanes 6 and 9). Significantly,
a similar binding pattern was evident when we monitored the
interaction of both wt and mutant L4-100K with hexon in the
presence of the arginine methylation inhibitor AdOx (Fig. 7A,
lanes 14, 15, 17, and 18), confirming that PRMT1-mediated
methylation of arginines in the RGG boxes regulates hexon
binding. This was further supported by coimmunoprecipitation
experiments using fractionated cell lysates (Fig. 7B). Again, in
these assays substantially more L4-100K RGG mutant protein
than the wt product precipitated with hexon in both the cyto-
plasmic (Fig. 7B, lanes 3, 4, 6, and 7) and the nuclear (Fig. 7B,
lanes 10, 11, 13, and 14) fractions. Also, it appeared that more
of the L4-100K RGG mutant protein was found in a complex
with hexon in the nuclear fraction than in the cytoplasmic
fraction (Fig. 7B, compare lanes 7 and 14). One possible ex-
planation for this result is that arginine methylation in the
RGG boxes of L4-100K negatively regulates the interaction
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FIG. 5. Effect of amino acid changes on subcellular distribution of L4-100K mutant proteins. (A) Amino acid substitution mutations in L4-100K wt and
mutant plasmids. The leucine residues in the L4-100K NES (pTL-100K-NES) known to be critical for CRM1-mediated nuclear transport (13) are indicated in
bold. Numbers refer to amino acids residues in the wt L4-100K protein from pTL-100K. Amino acid changes in L4 proteins from pTL-100K-RGG,
pTL-100K-RGG3, pTL-100K-RGG.GAR, and pTL-100K-GAR are indicated below. (B) Subcellular distribution of wt and mutant L4 proteins in the absence
or presence of the CRM1 inhibitor LMB. H1299 cells were transfected with the indicated plasmids. At 36 h after transfection, LMB was added to the medium
(�LMB). Three hours later, cells were fixed and steady-state localization of wt and mutant L4-100K was examined by indirect immunofluorescence using MAb
6B10. In all panels nuclei are visualized by DAPI staining and are indicated by a dotted line. Magnification, �7,600. (C) H1299 cells were transfected with
L4-100K wt and mutant plasmids and harvested at 36 h after transfection. Fifty-microgram aliquots from total cell lysates were separated by SDS–10% PAGE,
and proteins were visualized with 6B10 and anti-PRMT1 antibody (upper two panels). Alternatively, 500-�g aliquots were used for immunoprecipitation with
anti-PRMT1 antibody, and coprecipitated L4-100K proteins were visualized with MAb 6B10.
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with hexon, presumably favoring dissociation of the complex in
the nucleus.

DISCUSSION

In this report, we investigated the consequences of L4-100K
methylation throughout the infection cycle, particularly focus-
ing on its late-phase functions and interactions. Our results
confirmed that methylated L4-100K is required during Ad in-
fection to ensure sufficient late protein synthesis and virus
yield.

L4-100K contains three RGG boxes followed by GAR se-
quences in its C terminus. To investigate whether these RGG
boxes are the target domain for methylation, we designed a
virus mutant encoding a L4-100K protein with arginine-to-
glycine exchanges in all of the RGG boxes. Indeed, the mutant
virus proved defective in L4-100K methylation compared to
the wt virus, pointing to the RGG boxes being the major
methylation target, although the protein was slightly methyl-
ated at later time points, hinting at other methylated arginine
residues. Since methylation of arginines in an RGG cluster was
shown to alter the confirmation of a protein (14) and affect its
destination (3, 4, 36), protein interactions, and DNA (5) or
RNA (33, 41) binding, we analyzed the properties of this mu-
tant in more detail.

First, we investigated the subcellular distribution of the mu-
tant protein. Surprisingly, we observed no obvious difference in
the localization or appearance of mutant L4-100K compared
to wt protein, either in A549 or in other tested cell lines such
as H1299 and primary human hepatocytes. Furthermore, ad-
dition of a general methylation inhibitor (AdOx) did not affect
the nucleocytoplasmic shuttling of L4-100K, although the ef-
ficiency of lytic infection decreased. These results were in con-
trast to a recent report claiming that methylation of the argi-
nine in the third RGG box is required for the nuclear import
of L4-100K (25). These different observations may be a result

of different assay setups. The authors converted the RGG
boxes into AAA sequences in plasmid constructs and trans-
fected cells that were infected with wt virus. However, we used
a virus mutant with only arginine-to-glycine exchanges in three
RGG boxes. Since alanine also contains a methyl group, we
wanted to replace the arginines with either lysines or glycines.
In the viral context, to avoid affecting the L4-33K and -22K
coding sequence, we opted for glycines rather than lysines.
None of our virus mutants or plasmid constructs (including the
RGG3 mutant) showed any defect in nuclear import, indicat-
ing that neither the arginines in the RGG boxes nor their
methylation is involved in this process.

We further investigated possible residual methylation of the
arginines in the downstream GAR region to assess their impact
on nuclear localization. Examples of several methylated argi-
nine residues in an RG cluster have been reported, some of
which are partially methylated (32, 39, 45). To analyze this
effect, we intended to construct a mutant virus that expresses
L4-100K with no possible methylated arginine residues, includ-
ing GAR motifs in the downstream sequence, as well as a
GAR-only mutant. However, these constructs could not be
grown as viruses in the helper cell line used here. This indi-
cated how incompetent these mutants are compared to the
RGG box mutant, which was successfully produced. Therefore,
we generated RGG.GAR and GAR mutants using a pTL-
flag100K plasmid, and indeed transfection studies revealed
methylation differences compared to the wt and the RGG
mutant. Coimmunoprecipitation assays with Asym-24 resulted
in no precipitated RGG.GAR 100K protein, and while slight
methylation of RGG 100K was observed, it was much less than
that of the wt protein (data not shown). This result confirmed
the partial methylation of arginine residues not in the RGG
box domain but in the GAR region of the downstream se-
quence. Interestingly, these GAR and RGG.GAR mutants
were located exclusively in the cytoplasm and apparently were

FIG. 6. Binding of wt and mutant L4-100K to eIF4G and viral late mRNAs. (A) A549 cells were infected with H5pg4100 and H5pm4151 viruses
at a multiplicity of 10 FFU per cell. At 48 h after infection, total cell lysates were prepared and subjected to immunoprecipitation (IP) with L4-100K
antibody, eIF4G antibody, or Ab412 (recognizing methylated arginines). The immunocomplexes were separated by SDS–10% PAGE and analyzed
by immunoblotting using MAb 6B10. (B) RNA was purified from immunoprecipitates of total cell lysates obtained from infected cells grown in
the absence (AdOx�) or presence (AdOx�) of AdOx. RNA was reverse transcribed and subjected to quantitative real-time PCR as described in
the text. L5 fiber and TL RNA levels are shown relative to the wt values. The results represent the averages from three independent experiments.
Error bars indicate the standard errors of the means.
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unable to enter the nucleus. Since the nuclear localization
signal of L4-100K is located in the carboxy terminus (13), we
suggest that the GAR domain, not the RGG boxes, is respon-
sible for nuclear import.

Next we analyzed the RNA and protein interactions of the
mutant virus. Contributing to selective translation of Ad late
mRNAs, L4-100K can bind both cellular and viral mRNAs in
addition to the eIF4G scaffold protein of the translation initi-
ation complex (12, 13, 49, 50). One of the most important
characteristics of RNA binding proteins (such as hnRNPs) is
arginine methylation in GAR RNA binding domains (30). Sev-

eral examples demonstrated that arginine methylation acts as a
direct signal for RNA interaction in either a positive or a
negative way (3, 32, 33). In our experiments we detected up to
a sixfold reduction in TL-mRNA binding activity of the L4-
100K mutant protein, which was surprising in the light of a
previous report demonstrating phosphorylation as the factor
deciding L4-100K’s TL-mRNA binding specificity (49). Thus,
the reduction that we observed in TL-mRNA binding of the
L4-100K RGG mutant may hint at a possible interplay be-
tween two posttranslational modifications, since one of the two
phosphorylated tyrosine residues (Y365 and Y682) is in close

FIG. 7. Arginine methylation in RGG boxes modulates hexon binding to L4-100K. (A) A549 cells were infected with H5pg4100 and H5pm4151
at a multiplicity of 10 FFU per cell in the absence or presence of AdOx (AdOx� and AdOx�, respectively) and harvested at the indicated time
points after infection (h p.i.). Total cell extracts were prepared from noninfected (mock) and infected cells, and 50-�g aliquots of lysates were
separated by SDS–10% PAGE and analyzed by Western blotting using L4-100K rat MAb 6B10 or rabbit MAb recognizing the hexon protein. The
same lysates were used for immunoprecipitation (IP) with antihexon MAb. The immunocomplexes were separated by SDS–10% PAGE and
analyzed by immunoblotting using MAb 6B10. (B) Total cell extracts were prepared and subjected to nucleocytoplasmic fractionation. Aliquots
of cell extracts corresponding to cytoplasmic (5 �g) and nuclear (2 �g) fractions were separated by SDS–10% PAGE and analyzed by
immunoblotting using 6B10 and antihexon MAb. The same extracts were subjected to immunoprecipitation with MAb hexon and visualized by
SDS–10% PAGE and immunoblotting with MAb 6B10. Antiactin and anti-SAF-A antibodies were used as cytoplasmic and nuclear markers,
respectively.
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proximity to the first RGG box (R727) and may be modulated
by methylation of this arginine, as there is evidence of a mask-
ing effect of adjacent posttranslational modifications (3).

Another very important function of L4-100K involves inter-
acting with hexon monomers to assist their maturation into
trimers (24, 37). Although it was shown that hexon protein was
precipitated in large amounts with L4-100K-specific antibodies
(38, 41), the hexon-interacting domain of L4-100K has not
been identified yet. Therefore, we asked whether the methyl-
ation of RGG boxes could be a signal for this vital interaction.
In our investigations, we unexpectedly found improved binding
of hexon to the L4-100K RGG mutant, although late protein
synthesis efficiency was lower than that of the wt virus. This
increase was unique to hexon interaction, since eIF4G binding
was not affected by the inserted mutations. If L4-100K is suf-
ficient for hexon trimerization and contributes to transporting
trimeric hexons into the nucleus, the L4-100K interaction with
hexon molecules should be transient so that L4-100K can
translocate back to the cytoplasm for its other tasks. Dissoci-
ation of the complex was thought to occur only if the trimers
are efficiently integrated into the capsid (24, 37). In efficient Ad
infection, these maturation and integration steps should pro-
ceed rapidly. The tested H5pm4151 mutant might show in-
creased L4-100K binding to hexon due to prolonged interac-
tions caused by an interfering factor or the loss of some control
mechanism. Such a delay in hexon maturation and capsid as-
sembly could account in part for the reduced virus yield that we
observed here. There is also evidence in the literature showing
that arginine methylation can be a negative regulator of pro-
tein-protein interactions (3, 39). Thus, blocking the methyl-
ation of L4-100K may alter the tuning of L4-100K-hexon in-
teractions, leading to inefficient hexon trimerization, transport,
or capsid assembly which could further affect other L4-100K
tasks such as TL-mRNA binding. This hypothesis raises a num-
ber of questions, including whether this cascade of events re-
quires a reversible arginine methylation. Previously only de-
iminases were known to convert methylarginine to citrulline by
demethylation (2). Recently, another enzyme, called JMJD6,
was identified as a histone arginine demethylase located in the
nucleus (10). To date, it remains unknown whether this argi-
nine demethylase has other substrates, but it is tempting to
speculate that this mechanism is also involved in the regulation
of L4-100K-hexon interactions.

Several studies have demonstrated and discussed the role of
L4-100K in the nuclear import of hexons (8, 9, 24). In addition,
pVI protein has also been implicated in this process (26, 48).
However some of these data are contradictory, particularly
about the transport of hexon trimers favoring either L4-100K
or pVI. It will be of great interest to study the triple interaction
of L4-100K, hexon, and pVI and the effect of L4-100K arginine
methylation on this process.

In summary, arginine methylation of L4-100K in triple RGG
boxes was found not to regulate the subcellular localization of
L4-100K or selective translation of viral late mRNAs via
eIF4G binding. However, it did contribute to efficient Ad late
protein synthesis by modulating protein-protein/RNA interac-
tions or regulating intracellular trafficking and possibly regu-
lating TL-mRNA binding, hexon biogenesis, and virus assem-
bly, topics that should be further investigated.
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