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Amino Acid Exchanges in the Putative Nuclear Export Signal of
Adenovirus Type 5 L4-100K Severely Reduce Viral Progeny due to

Effects on Hexon Biogenesis

Orkide O. Koyuncu,* Thomas Speiseder, Thomas Dobner, Melanie Schmid*

Heinrich Pette Institute for Experimental Virology, Hamburg, Germany

The adenovirus type 5 nonstructural L4-100K protein is indispensable for efficient lytic infection. During the late phase, L4-
100K promotes selective translation of viral late transcripts and mediates the trimerization of the major capsid protein hexon. In
the present study, the role of a potential nuclear export signal in L4-100K was investigated. Intriguingly, amino acid substitu-
tions in this sequence resulted in severely diminished progeny virus production, seemingly by precluding proper hexon

biogenesis.

An efficient infectious cycle of human adenovirus type 5 (Ad5)
is ensured by several regulatory proteins that provide an op-
timal environment for replication. Processes such as gene expres-
sion, DNA replication, and assembly of the virion are mediated by
these proteins (1). One of the regulatory proteins, L4-100K, is
expressed during the late phase of infection from the major late
transcription unit (MLTU) and is crucial for the viral life cycle (2).
L4-100K not only inhibits host cell protein synthesis and ensures
late viral protein production (3) but also plays an important role
during capsid assembly by mediating trimerization of the major
capsid protein hexon (4-6).

In 2000, an HIV-1 Rev-like nuclear export signal (NES) be-
tween amino acids 383 and 392 of the L4-100K protein was re-
ported (7). The consensus amino acid sequence implies a high
conservation of this motif among different adenovirus serotypes
(Fig. 1A). Interestingly, transfection of a plasmid encoding an L4-
100K with a mutated NES resulted in nuclear restriction of the
protein (8). Assuming that the cytoplasmic localization of L4-
100K might be critical for its multiple functions during replica-
tion, such as protein translation and hexon trimerization that take
place in the cytoplasm, we aimed to determine the effect of such
amino acid substitutions in L4-100K on virus replication.

Therefore, we generated an Ad5 mutant virus carrying amino
acid exchanges exactly as described by Cuesta et al. (8). To intro-
duce these L4-100K point mutations, oligonucleotide primers L4-
100K-NESf (5'-CCAACGTGGAGGCCTGCAACGCGGTCTCC
TACGCTGGAGCTTTGCACGAAAACCGC-3") and L4-100K-
NESr (5'-GCGGTTTTCGTGCAAAGCTCCAGCGTAGGAGAC
CGCGTTGCAGGCCTCCACGTTGG-3") were used for site-
directed mutagenesis of the L4-100K box in pL4-1513 (9),
resulting in pL4-1548. This box was inserted into pH5pg4100 by
Spel/Sgfl digestion to generate adenoviral bacmid pH5pm4165
(9). Transfection of the viral genome into the L4-100K-comple-
menting cell line K16 (10) repeatedly failed to generate L4-100K
mutant virus, perhaps due to the inadequate ectopic expression of
the viral gene or, possibly, dominant-negative inhibition of wild-
type (wt) L4-100K protein via dimerization with the mutant L4-
100K. Therefore, we used 2E2 cells (11) and cotransfected pTL-
flag-Ad2-100K plasmid (2) together with the linearized
pH5pm4165 bacmid to produce the mutant virus. 2E2 cells, de-
scribed by Catalucci et al. in 2005, are used to complement defects
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in the early phase of adenoviral infection by expressing the E1 and
E2 region, as well as E4orf6, under the control of a tetracycline-
inducible promoter. The expression of early proteins provides an
optimal environment for the late phase of adenoviral infection,
and additional transfection of the wt L4-100K protein allowed us
to produce the L4-100K mutant virus. To be able to obtain a high-
titer virus stock, we performed several rounds of reinfections.

Surprisingly, virus stocks prepared in this way consistently re-
sulted in a chimeric virus with both wt and mutated sequences
(Fig. 1B). In all cases, these mixed sequences were detected not
only in the mutated positions but also in the residues that differ
between Ad2 and Ad5 L4-100K DNA sequences; they spanned 200
to 250 nucleotides (Fig. 1C). These observations indicated homol-
ogous recombination driven by a strong negative selection pres-
sure against the mutant L4-100K, implying a severe defect caused
by the inserted mutations.

To be able to obtain a low-titer but pure virus stock (~10*
particles/pl), we cotransfected wt L4-100K plasmid but limited
the reinfection steps. The purity of the H5pm4165 virus stock was
tested by a PCR-based screen in the putative NES region. There-
fore, viral DNA was isolated by phenol-chloroform precipitation,
and full-length L4-100K was amplified by PCR using oligonucle-
otide primers 100K-BamHI-fw (5'-CGGGATCCATGGAGTCAG
TCGAGAAGAAGG-3') and 100K-EcoRI-rev (5'-CGGAATTCC
TACGGTTGGGTCGGCGAACGGGC-3"). Then, the PCR
amplicon was purified from an agarose gel (GelJet kit; Fermentas)
and digested with the restriction enzyme Sacl (New England Bio-
Labs) according to the manufacturer’s protocols. The DNA re-
striction pattern was analyzed on a 0.8% agarose gel and com-
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FIG 1 Negative selection against H5pm4165 by homologous recombination in H1299 cells. (A) Multiple amino acid sequence alignment of L4-100K polypep-
tides from different human Ad types classified into 6 subgroups (A to F) compared to the NES consensus sequence (P: hydrophobic amino acid residue; X: any
amino acid residue). Numbers in brackets refer to the number of amino acid residues in the respective L4-100K protein. Hydrophobic residues that are identical
in all types are shown in light gray boxes. The conserved hydrophobic residue is marked in a black box. (B) Nucleotide sequence of wt H5pg4100 and mutant
H5pm4165 viruses. Numbers refer to positions of nucleotides in the wt L4-100K DNA sequence. Hydrophobic amino acids encoded by the underlined codons
are shown below. (C) Sequencing data of an H5pm4165 virus stock generated by cotransfecting Ad2-100K plasmid. Arrowheads indicate the mixed sequence (N)
of nucleotides at the positions of inserted mutations. Asterisks denote the mixed sequence of nucleotide residues that differ between Ad2 and Ad5 L4-100K DNA
sequences. (D) The purity of the H5pm4165 virus stock was tested by PCR amplification and subsequent digestion of the purified amplicon with the restriction
enzyme Sacl. The DNA restriction pattern was analyzed on an agarose gel and compared to those of similarly treated wt (pH5pg4100) and mutant L4-100K

(pH5pm4165) bacmid DNA.

pared to those of similarly treated wt (pH5pg4100) and mutant
L4-100K (pH5pm4165) bacmid DNA. Due to the loss of a Sacl
restriction site, the DNA restriction pattern of L4-100K changes
upon mutation of the putative NES (Fig. 1D, second lane). This
specific restriction pattern is also displayed by the H5pm4165 mu-
tant virus (Fig. 1D, third lane), proving the purity of the virus
stock. Subsequently, this low-titer, pure L4-100K mutant virus
(H5pm4165) was analyzed for viral gene expression, virus growth,
L4-100K subcellular localization, and hexon trimerization.

To determine protein steady-state levels, Western blot analyses
were performed from protein lysates of H5pg4100- and
H5pm4165-infected A549 cells as described previously (9). To de-
tect early E2A-72K and E1B-55K proteins, monoclonal antibodies
(MAD) B6-8 (12) and 2A6 (13) were used. Late L4-100K and cap-
sid proteins were detected with MAb 6B10 (14) and anti-Ad5 rab-
bit polyclonal serum L133 (15), respectively. Analyses of early pro-
tein expression (Fig. 2A) and viral DNA accumulation (data not
shown) revealed no significant difference between the results of
wt- and mutant-virus infection. Although the mutations in the
putative NES motif resulted in less accumulation of the L4-100K
protein itself, the viral capsid proteins, penton and fiber, accumu-
lated to the same level as in wt-virus-infected cells (Fig. 2A). This
demonstrated that amino acid exchanges do not affect L4-100K
function in late viral protein translation. In contrast, the expres-
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sion of hexon, as well as that of hexon-associated proteins (protein
VI, major core protein VII, and protein VIII and IX), was reduced
compared to that in the wt virus (Fig. 2A). These results indicate
that although the inserted mutations do not affect early and late
protein synthesis, these specific amino acids might play a role in
hexon biogenesis and, consequently, affect the stability of hexon-
associated proteins.

Next, we tested the virus progeny production of the L4-100K
mutant in comparison to that in wt-virus-infected cells. A549 cells
were infected with both mutant and wt Ad5 viruses harvested at
time points indicated below, and virus yield was determined by
quantitative E2A-72K staining (9). Intriguingly, our results re-
vealed severe decreases in mutant virus growth of up to 240-fold
depending on the multiplicity of infection (MOI) used and the
time after infection (Fig. 2B). Unlike early gene mutants, which
generally compensate defects with increased particle numbers per
cell, especially at later time points (16, 17), H5pm4165 showed the
strongest decreases in viral progeny in comparison to the virus
progeny production of the wild type with the use of a higher MOI
and later during replication (Fig. 2B). We hypothesize that ineffi-
cient hexon biogenesis of the H5pm4165 virus (Fig. 2A) limits the
production of new progeny by restricting the assembly of capsids
even at a high MOI. While wt virus produces higher numbers of
progeny with increasing MOI and infection time, reaching a pla-
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FIG 2 Effects of amino acid substitutions in L4-100K on protein synthesis and
virus growth. (A) Viral protein synthesis. A549 cells were infected with the wt
or mutant virus at a multiplicity of 10 focus-forming units (FFU) per cell. Total
cell extracts were prepared at indicated times after infection. Proteins (25 g
samples) were separated by SDS-PAGE, transferred to nitrocellulose mem-
branes, and probed with mouse MAb B6-8 (E2A-72K), mouse MAb 2A6 (E1B-
55K), rat MAb 6B10 (L4-100K), and anti-Ad5 rabbit polyclonal antiserum
L133 and with anti-PRMT]1 rabbit polyclonal antibody as a loading control.
Bands corresponding to viral late proteins hexon (II), penton (III), and fiber
(IV), as well as capsid-associated proteins (VI, VII, VIIL, and IX), are indicated
on the right. (B) Virus yield. A549 cells were infected with wt H5pg4100 or
H5pmA4165 at indicated multiplicities. Viral particles were harvested at indi-
cated time points (h.p.i.) and virus yield was determined by quantitative E2A-
72K immunofluorescence staining on K16 cells. The results represent the av-
erages from three independent experiments. Error bars indicate the standard
errors of the means.

-

h p.i.

teau at ~72 h postinfection (h.p.i.) (18), mutant virus stays at a
limited yield, resulting in the noted difference later in infection,
especially at a higher MOI (Fig. 2B).

So far, subcellular localization of L4-100K carrying mutations
in the putative NES has only been determined by transient trans-
fection (8). In contrast to wt L4-100K, which localizes to both the
cytoplasm and nucleus (19), the mutated L4-100K protein was
found predominantly in the nuclear compartment (8). We could
confirm these observations in transient-transfection experiments
(data not shown). However, to better understand the effect of the
L4-100K NES mutations on viral replication, the subcellular local-
ization during infection of the mutated protein in comparison to
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that of the wt L4-100K protein was investigated. For this purpose,
A549 cells were infected with H5pg4100 (wt) and H5pm4165 (mu-
tant) virus. Thirty-six hours postinfection, cells were fixed with
methanol and immunofluorescence analysis was performed (20),
using anti-L4-100K MAb 6B10 (14). Most surprisingly, the L4-
100K protein showed a predominantly cytoplasmic staining pat-
tern in both wt- and mutant-virus-infected cells (100% of cells
examined in both cases, n = 61 and n = 40, respectively) (Fig. 3A
and B, compare panels a and d), with the mutated L4-100K being
less abundant, in agreement with the Western blot analysis. How-
ever, while L4-100K was diffusely distributed in wt-virus-infected
cells (100%, n = 61), the mutated protein frequently formed dis-
tinct punctate structures (Fig. 3A and B, panels d, arrowheads) in
the cytoplasm in close proximity to the nuclear membrane
(27.5%, n = 40). In contrast to the results of transient-transfec-
tion experiments (8), mutation of the potential NES in L4-100K
did not lead to nuclear retention of the protein during infection.

Since L4-100K acts as a chaperone to form hexon trimers (4—
6), which are subsequently imported into the nucleus by adeno-
viral protein VI (pVI) (21), we next tested whether both hexon
and pVI are properly localized in H5pm4165-infected cells. For
the costaining with L4-100K, we used antihexon rabbit polyclonal
antiserum (ab123995; abcam) or anti-protein VI rabbit MAb pVI
(21). In wt-virus-infected cells, functional trimerization and nu-
clear import of the hexon protein resulted in a predominantly
nuclear staining pattern for both hexon (Fig. 3A, panels b and ¢)
and pVI (Fig. 3B, panels b and ¢) in all cells examined (n > 20).
Intriguingly, in cells infected with L4-100K-mutant virus, both
hexon (Fig. 3B, panels e and f) and pVI (Fig. 3B, panels e and f)
were seemingly excluded from the nucleus (100% of cells exam-
ined, n > 20). Furthermore, hexon and pVI localized in cytoplas-
mic aggregates (Fig. 3A and B, panels e and f, arrowheads), similar
to the mutated L4-100K protein (Fig. 3A and B, panels d). In
addition, hexon colocalized with L4-100K in these punctate struc-
tures (Fig. 3A, panel f).

To identify the hexon binding site of L4-100K, we performed a
glutathione S-transferase (GST) pulldown assay. GST fusion con-
structs, including full-length L4-100K and fragments (F1 to F4),
were cloned into pGEX4T-1 or pGEX5X-1 (Amersham Pharma-
cia) vectors (Fig. 4A). Recombinant proteins were expressed from
these plasmids in Escherichia coli TOPP6 cells, and GST pulldown
assays were performed as described previously (22). To provide in
vivo-synthesized hexon H5pg4100, wt-virus-infected A549 cell ly-
sates were used. Strong binding of hexon to L4-100K fragment F2
(amino acids 215 to 420) and less-strong binding to F4 (amino
acids 614 to 806) were detected (Fig. 4C, lanes 5 and 7), whereas no
interaction was seen in the GST pulldown experiments with wt
L4-100K (Fig. 4C, lane 3). The latter result indicates that the wt
protein fused to GST cannot interact with hexon under the con-
ditions used.

Since the hexon binding region of L4-100K, primarily amino
acids 215 to 420 (Fig. 4C), overlaps with its putative NES sequence
(amino acids 383 to 392) (7), mutations in this motif might alter
the regulation of L4-100K-hexon interaction, resulting in re-
duced hexon trimerization and, consequently, in impaired nu-
clear import of these trimers by pVI. To test this hypothesis, the
interaction of the mutated L4-100K with hexon was determined in
H1299 cells, which were first transfected with wt or NES pTL-flag-
100K plasmid as described previously (23) and subsequently in-
fected with the H5pg4100 (wt) virus. Western blot analyses dis-
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FIG 3 Effect of L4-100K NES mutation on hexon localization, binding, and trimerization. (A, B) Intracellular localization of L4-100K and hexon (A) or pVI (B)
in virus-infected cells. A549 cells were infected with H5pg4100 and H5pm4165 viruses at a multiplicity of 10 FFU per cell and fixed at 36 h.p.i. Cells were labeled
with anti-L4-100K rat MADb 6B10 (a-L4-100K) and anti-hexon rabbit polyclonal serum (A; a-hexon) or anti-protein VI rabbit MAb pVI (B; a-pVI), plus Cy5-
and Cy3-conjugated secondary antibodies, respectively. Representative anti-L4-100K (green; a and d) and antihexon or anti-pVI (red; b and e) antibody staining
patterns are shown. Overlays of DAPI (4',6'-diamidino-2-phenylindole) staining (blue) with the green and red images are shown in panels ¢ and f (merge).
Nuclei visualized using DAPI are indicated by a dashed line in all panels. Arrowheads in the images indicate L4-100K, hexon, and pVI cytoplasmic aggregates
and/or L4-100K/hexon colocalization. (C) Interaction between hexon and L4-100K. H1299 cells were transfected with wt (pwt) or NES pTL-flag-100K (pNES)
plasmids and infected with H5pg4100 virus (10 FFU/cell) 6 h after transfection. Total cell extracts were prepared from noninfected (mock) and transfected-
infected cells 30 h.p.i. Aliquots of 25 g of lysates were separated by SDS-PAGE and analyzed by immunoblotting using anti-flag MAb M2, antihexon rabbit
polyclonal serum, and anti-PRMT]1 rabbit polyclonal antibody as a loading control. The same lysates were used for immunoprecipitation (IP) with anti-Flag
MAb. The immunocomplexes were separated by SDS-PAGE and analyzed by immunoblotting using the antihexon rabbit polyclonal serum. (D) Hexon
trimerization in virus-infected cells. A549 cells were infected with H5pg4100 and H5pm4165 viruses at a multiplicity of 1 FFU per cell and harvested at 48 h.p.i.,
and total cell extracts were prepared under native conditions. Proteins (25-pg samples for hexon and 10-pg samples for L4-100K and B-actin) were separated by
SDS-PAGE and subjected to immunoblotting using antihexon rabbit polyclonal antiserum, anti-L4-100K rat MAb 6B10, and anti-B-actin mouse MAb AC-15.
Bands corresponding to hexon monomers and/or trimers are indicated on the right.

played similar steady-state levels of hexon and flag-tagged L4-
100K protein in infected cells. Interestingly, the hexon protein
coimmunoprecipitated even more efficiently with the mutated
L4-100K than with the wt protein. Next, to assay the trimerization
efficiency of hexons, A549 cells were harvested 48 h after wt- and
mutant-virus infection. L4-100K levels were determined by West-
ern blot analysis (9) using anti-L4-100K MAb 6B10 (14). As ob-
served earlier (Fig. 2A), mutating L4-100K resulted in reduced
protein levels compared to the levels in wt-virus-infected cells. To
be able to detect hexon trimers, samples were not boiled up prior
to separation by 8% SDS-PAGE; separation was followed by im-
munostaining with antihexon antibody (ab123995; abcam). This
condition, previously described for adenovirus fiber trimers (24),
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allowed us to detect ~320-kDa hexon trimers in the H5pg4100
(wt)-virus-infected cell sample (Fig. 3D). Intriguingly, mutations
in L4-100K not only reduced hexon protein levels (Fig. 2A) but
also nearly precluded hexon trimerization (Fig. 3D). The earliest
analysis of hexon trimerization indicated a self-assembly mecha-
nism of partially digested hexons (25). A low but undetectable rate
of hexon trimer self-assembly during infection with the L4-100K
mutant virus might provide an explanation for the production of
small amounts of progeny virions (Fig. 2B).

In addition, inefficient hexon trimerization could provide an
explanation for the reduced levels of hexon-associated proteins
(Fig. 2A), which might rely on hexon trimers to ensure protein
stability. For example, protein IX is one of the capsid proteins that

Journal of Virology

1sanb Aq 2T0Z ‘ST AInC uo /6o wse’1Aly:dny woly papeojumod


http://jvi.asm.org
http://jvi.asm.org/

L4-100K Amino Acid Exchanges Affect Hexon Biogenesis

A L4-100K
200 400 600
1 | . i 806
[Nes|
L1
1 220
FA e
215 420
__________________ F2 L
GST- 404 620
___________________________________ F3
614
----------------------------------------------------- F4
806
B o+ C
& ¢ GST pull-down
P <<'\ Q’l« <<°;) Qb( Q
— '\@\l\
. e S KoK
- - NIEEERRNRIERIRS

~=w  hexon > -

-
1 2 3 4 5 6 7

FIG 4 Mapping hexon binding regions in L4-100K. (A) Schematic diagram showing the location of the putative nuclear export signal (NES) in the L4-100K
protein. GST-tagged fusion fragments of L4-100K (F1-F4) are depicted below the protein map. Numbers refer to amino acid residues of Ad5 L4-100K. (B) GST
and GST-100K fragments were purified from E. coli using glutathione-Sepharose. Purified proteins were subjected to SDS-PAGE and Coomassie brilliant blue
staining. M, molecular-weight marker. (C) H5pg4100-infected A549 cell lysates were incubated with GST or GST fusion fragments. Aliquots of 25 pg from the
cell lysates were used as input. GST-protein complexes were isolated with glutathione-Sepharose and subjected to SDS-PAGE and Western blotting with

antihexon antibody.

is greatly reduced in the course of L4-100K mutant infection. This
minor capsid protein associates with hexon trimers to make up the
facets of the icosahedrons (26). If hexon trimers are not built
effectively, the inefficient interaction between these two proteins
might lead to protein IX degradation.

Taken together, the data presented here reveal a critical role for
the hydrophobic residues between amino acid 383 and 392 of the
regulatory L4-100K protein during adenovirus replication. This
region was proposed to serve as a nuclear export signal, since the
mutations in this motif led to nuclear retention of L4-100K in
transient-transfection assays (8). Intriguingly, the results pre-
sented here show that these specific amino acids in L4-100K are
essential for hexon biogenesis in both trimerization and nuclear
import aspects. The inability of the mutated L4-100K to trimerize
the capsid protein provides an explanation for the aggregation of
both proteins in the cytoplasmic compartment and the simulta-
neous exclusion of pVI from the nucleus. This is consistent with
the results of studies that identified pVI as the protein responsible
for hexon trimer import (21, 27). Remarkably, L4-100K binding
to hexon is enhanced in mutant-virus-infected cells. This might be
due to a higher affinity of the chaperone protein to hexon mono-
mers than to assembled hexon trimers (4). In addition, it might
explain the unexpected staining pattern of L4-100K in infected
cells, which is very possibly due to the unregulated hexon interac-
tion interfering with the nuclear import of these proteins. Alto-
gether, the mutations in the L4-100K NES motif severely reduced
adenovirus growth not by causing L4-100K nuclear retention but
subverting hexon biogenesis. The effect of the amino acid ex-
changes seemingly occurs before the import of L4-100K into the
nucleus. Of note, our results suggest that nucleocytoplasmic shut-

February 2013 Volume 87 Number 3

tling of L4-100K may be regulated by hexon and a possible pVI
interaction during the infection cycle. Thus, it remains unclear
whether the NES motif mediates the nuclear export of L4-100K
during infection, and this offers a potential starting point for fu-
ture studies.
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