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The adenovirus L4-22K protein is multifunctional and critical for different aspects of viral infection. Packaging of the viral ge-
nome into an empty capsid absolutely requires the L4-22K protein to bind to packaging sequences in cooperation with other
viral proteins. Additionally, the L4-22K protein is important for the temporal switch from the early to late phase of infection by
regulating both early and late gene expression. To better understand the molecular mechanisms of these key functions of the
L4-22K protein, we focused our studies on the role of conserved pairs of cysteine and histidine residues in the C-terminal region
of L4-22K. We found that mutation of the cysteine residues affected the production of infectious progeny virus but did not inter-
fere with the ability of the L4-22K protein to regulate viral gene expression. These results demonstrate that these two functions
of L4-22K may be uncoupled. Mutation of the histidine residues resulted in a mutant with a similar phenotype as a virus defi-
cient in the L4-22K protein, where both viral genome packaging and viral gene expression patterns were disrupted. Interestingly,
both mutant L4-22K proteins bound to adenovirus packaging sequences, indicating that the paired cysteine and histidine resi-
dues do not function as a zinc finger DNA binding motif. Our results reveal that the L4-22K protein controls viral gene expres-
sion at the posttranscriptional level and regulates the accumulation of the L4-33K protein, another critical viral regulator, at the
level of alternative pre-mRNA splicing.

Human adenoviruses (Ad) consist of a nonenveloped icosahe-
dral capsid with a linear double-stranded viral genome of

�36,000 bp. Many questions remain about the basic biology of Ad
infection. In particular, virus assembly for complex eukaryotic
viruses is relatively poorly understood. Understanding the molec-
ular mechanisms of the viral life cycle is critical for development of
strategies for treatment of Ad infections and for the use of Ad as a
gene therapy vector. The Ad5 genome contains five early tran-
scription units (E1A, E1B, E2, E3, and E4), which encode �25
proteins that are expressed before viral DNA replication, and a set
of delayed mRNAs, which encode proteins IX and IVa2, synthe-
sized at the onset of DNA replication. These early and intermedi-
ate transcripts encode proteins with various roles during infec-
tion, including transcriptional regulation, viral DNA replication,
inhibition of cellular antiviral responses, and inhibition of im-
mune responses (1–4). Following DNA replication, a single major
late transcription unit (MLTU) is transcribed and includes five
different groups of mRNAs (L1 to L5) that encode capsid struc-
tural proteins and proteins that promote virus assembly, direct Ad
genome packaging, and serve regulatory functions (2). The Ad
major late promoter (MLP) drives transcription from the MLTU
regions L1 to L5, producing all late mRNAs by alternative splicing
and polyadenylation of a primary transcript. Prior to DNA repli-
cation, the MLP is active at low levels, with transcription proceed-
ing only as far as the L3 region and mRNA production restricted to
the L1-52/55K and i leader proteins (5). The specific activation of
the MLP requires binding of Ad-infected cell-specific transcrip-
tion factor complexes to the downstream element (DE) of the
MLP (6). The Ad L4-22K protein is thought to be the minimal
factor required for MLP activation, but additional components,
such as IVa2, are required to obtain the maximum activation ob-
served at late times of infection (7). Following DNA replication,
the MLP is fully activated, and transcription continues to the L4

and L5 regions. The L4 region encodes four proteins: L4-100K, a
translation enhancer protein that targets specific late mRNAs (8,
9); protein pVIII, a structural protein of the viral capsid; L4-33K,
a viral splicing factor (10); and L4-22K. The L4-22K protein has
been shown to bind to the packaging domain in vitro and in vivo
(11) and is required for viral DNA packaging into the empty cap-
sid (12). L4-22K also is associated with other functions pertaining
to the regulation of Ad late gene expression (12, 13).

Following late-stage activation of the MLP, L4 poly(A) site us-
age is prominent (14). It is only after this increase in expression of
L4 gene products that the L2, L3, and L5 poly(A) sites are used,
generating the complete late viral gene expression profile. The
timing of L4 expression fits well with the idea that its products
have regulatory functions in late viral gene expression (13, 15).
However, the essential role of L4 family proteins at this stage in the
viral life cycle creates a paradox, since their expression is achieved
only as a consequence of the activation of late-phase expression.
To resolve this paradox, Morris et al. (16) identified a novel, in-
termediate-phase Ad5 promoter, the L4 promoter (L4P), that di-
rects the expression of the L4-22K and L4-33K proteins indepen-
dent from the MLP. L4P is active in its natural context, and the
amount of L4-22K protein expressed via L4P is sufficient to induce
the early-to-late transition in MLTU activity. Following polyade-
nylation, Ad late primary transcripts are spliced so that each ma-
ture mRNA contains the untranslated tripartite leader sequence
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(TPL), composed of leaders 1, 2, and 3. The TPL enhances trans-
lation of mRNAs during the late phase of Ad infection and can also
increase the efficiency of mRNA export from the nucleus (17, 18).
The TPL is spliced to one of many alternative 3= splice sites, gen-
erating the 20 or more cytoplasmic mRNAs that encode the Ad
late proteins (5). The individual 3= acceptor splice and poly(A)
sites within the main MLTU body have different efficiencies of
usage that change as infection proceeds. The L4-33K protein
serves as a viral splicing factor in the L1 unit (10). The L1 unit has
a common 5= donor splice site that can be joined to one of two
alternative 3= acceptor splice sites, forming the L1-52/55K or IIIa
mRNAs. During early times of infection, the L1-52/55K acceptor
splice site is preferentially used, while the IIIa acceptor splice
site is not active until late times of infection. The L4-33K pro-
tein is required for the early-to-late shift in L1 alternative splic-
ing patterns (10) and plays a positive role in regulating L1 splice
site selection (5).

Although the role of L4-33K in alternative splicing is well un-
derstood, the exact role of L4-22K in the regulation of Ad late gene
expression is still unclear. Morris and Leppard established that
L4-22K has an important role in regulating the pattern of MLTU
gene expression, and this role is independent of the effect of L4-
33K on late RNA splicing (13). In a separate study, the analysis of
the phenotypes of L4-22K mutant viruses confirmed that L4-22K
is important for the transition from early to late viral gene expres-
sion (12). Both studies presented evidence indicating that L4-22K
acts at a posttranscriptional level, affecting late gene mRNA pro-
duction and/or stability, and that this effect was on specific Ad late
RNAs, not on a global scale. Prior to being linked to a regulatory
function in viral gene expression, the L4-22K protein was first
attributed to a role in packaging of the Ad genome into the empty
capsid (11). Ad packaging is dependent on a cis-acting region lo-
cated at the left end of the genome. This region, termed the pack-
aging domain, consists of seven AT-rich repeats with the consen-
sus sequence 5=-TTTG-N8-CG-3= (19). There are four different
Ad particle forms identified by CsCl equilibrium centrifugation:
empty capsids devoid of viral DNA, light assembly intermediates
that contain the left end of the viral genome, heavy assembly in-
termediates that contain the full viral genome and precursor
forms of certain capsid proteins, and mature virus particles that
contain the full-length genome with proteolytically processed
capsid proteins. Efficient packaging is required for the formation
of mature virus particles, and a complex of DNA and proteins at
the packaging domain plays a key role. The IVa2 and L4-22K
proteins bind to the CG and TTTG motifs of the packaging re-
peats, respectively (11, 20, 21) and play an important role in viral
DNA encapsidation. IVa2 and L4-22K mutant viruses produce
empty particles containing no viral DNA (12, 22). In vivo studies
have shown that the L4-22K and IVa2 proteins are dependent on
each other for binding to the packaging domain (12). In addition
to IVa2 and L4-22K, the L1-52/55K and IIIa proteins also play
roles in the packaging process (23, 24).

The L4-22K protein contains a conserved pair of cysteine res-
idues and a conserved pair of histidine residues near its C termi-
nus. Given the configuration of these amino acid pairs (CXXXC
and HXXXH separated by 24 amino acids), we sought to explore
their potential to function as a putative zinc finger of the L4-22K
DNA binding domain. Two different L4-22K mutant viruses were
constructed and analyzed: one with substitution mutations in the
cysteine residues and the other with substitution mutations in the

histidine residues. Analyses of these mutant viruses showed that
the double cysteine mutant uncouples the functions of L4-22K in
Ad DNA packaging from the regulation of viral late gene expres-
sion. The cysteine residues were not required for binding of the
L4-22K protein to the packaging sequences, so the observed defect
in mature virus particle production was not due to aberrant DNA
binding. We found that the double histidine mutant had a com-
plex phenotype with defects observed in genome packaging and
expression of specific mRNA transcripts. We further confirmed
that L4-22K acts at the level of late gene mRNA production to
drive the early-to-late phase transition during the Ad life cycle and
that this function is specific to a unique set of mRNA transcripts.
We identified proteins L4-33K and L4-pVIII as primary targets for
L4-22K regulation and found that L4-22K is required for efficient
splicing of the L4-33K mRNA transcript and subsequent expres-
sion of the protein. Thus, the Ad L4-22K protein has two distinct
functions to promote specific patterns of viral late gene expression
and viral genome encapsidation.

MATERIALS AND METHODS
Cells, viruses, and infections. N52.E6-Cre cells are derived from the E1-
expressing cell line N52.E6 (25), a gift from G. Schiedner and S. Kochanek,
Center for Molecular Medicine (ZMMK), University of Ulm, Ulm, Ger-
many. Cre recombinase was not important for these experiments.
N52.E6-Cre cells were maintained in Dulbecco’s modified Eagle medium
supplemented with 10% Fetalclone III serum (HyClone), penicillin, and
streptomycin. A549 cells (ATCC) were maintained in Dulbecco’s modi-
fied Eagle medium supplemented with 10% bovine calf serum (HyClone),
penicillin, and streptomycin. The TetC4-22K-�C (12) and TetC4-33K
(37) cell lines express the Ad5 L4-22K and L4-33K proteins, respectively,
under the control of a Tet-inducible promoter. The TetC4-22K-�C pro-
tein contains a truncation of the C-terminal 23 amino acids of Ad5 L4-
22K that are not required for activity. TetC4 cells and the TetC4 cell line
derivatives were maintained in Dulbecco’s modified Eagle medium sup-
plemented with 8% fetal bovine serum, 200 �g/ml Geneticin, 200 �g/ml
hygromycin B, 100 �g/ml blasticidin S, and 0.1 �g/ml doxycycline. Doxy-
cycline was removed from the culture medium 36 to 48 h prior to con-
ducting experiments to induce expression of L4-22K and L4-33K.

The construction of viruses containing the L4-22K point mutations is
described below. The L4-22K-C137S/C141S mutant virus was propagated
in N52.E6-Cre cells, and the L4-22K-H166Q/H170Q and the L4-�22K
viruses were propagated in TetC4-22K-�C cells. Virus particles were pu-
rified by cesium chloride equilibrium centrifugation, as described below.
All infections were carried out in N52.E6-Cre, TetC4-22K-�C, or TetC4-
33K cells with a multiplicity of infection of 100 to 200 particles/cell of each
virus stock, unless otherwise noted, as previously described (26).

Plasmids, mutagenesis, and cloning. Expression plasmids were gen-
erated by using pcDNA3 (Invitrogen Life Technologies). Expression plas-
mids pcDNA3-22K and pcDNA3-33K were previously described (11).
Plasmid pcDNA3-22K-C137S/C141S was constructed by introducing
double serine substitution mutations into the L4-22K gene by site-di-
rected mutagenesis (QuikChange mutagenesis; Stratagene). The pair of
cysteines were mutated to serines, and an NheI restriction site was intro-
duced by using forward primer 5=-GCCATAGTTGCTAGCTTGCAAGA
CAGTGGGGGCAACATC-3= and reverse primer 5=GATGTTGCCCCCA
CTGTCTTGCAAGCTAGCAACTATGGC-3=, corresponding to Ad5
nucleotides (nt) 26591 to 26619. The underlined nucleotides correspond
to the mutation sites. Plasmid pcDNA3-22K-H166Q/H170Q was con-
structed in a similar manner by introducing double glutamine substitu-
tion mutations into the L4-22K gene. The pair of histidines were mutated
to glutamines and a ScaI restriction site was introduced using forward
primer 5=-GTAACATCCTGCAGTACTACCGTCAACTCTACAGCCCA
T-3= and reverse primer 5=-ATGGGCTGTAGAGTTGACGGTAGTACT
GCAGGATGTTAC-3=, corresponding to Ad5 nt 26679 to 26717. The
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underlined nucleotides correspond to the mutation site. Each mutated
segment was then recombined into an infectious clone, pTG3602 (27), as
described previously (26). Each mutated viral genome was excised from
the pTG3602 plasmid by PacI digestion and used to transfect N52.E6-Cre
cells (pTG3602-22K-C137S/C141S) or TetC4-22K-�C cells (pTG3602-
22K-H166Q/H170Q) by using Lipofectamine 2000 reagent (Invitrogen)
according to the instructions provided by the manufacturer. Viruses were
isolated after 7 days by plaque purification and propagated in the cell lines
specified above. Particles for each virus stock were purified by two succes-
sive rounds of cesium chloride equilibrium centrifugation as described
below. Mutant virus sequences were confirmed by DNA sequencing and
restriction enzyme digestion and Southern blot analysis for the presence
of the indicated mutations. For simplicity, these mutant viruses are re-
ferred to as C137S/C141S and H166Q/H170Q, indicating their amino
acid substitution mutations. The construction of �22K virus was de-
scribed previously (12).

Expression plasmid pcDNA3-L4 was generated by PCR cloning of the
regions from Ad5 nt 26195 to 27086 into pcDNA3. Note that this region
contains the coding regions for both L4-22K (Ad5 nt 26195 to 26785) and
L4-33K (26195 to 27086) (Fig. 1A). Plasmid pcDNA3-L4-C137S/C141S
was constructed by introducing double serine substitution mutations to
the L4-22K gene in the background of the pcDNA3-L4 plasmid. Expres-
sion plasmid pcDNA3-L4-22K� was constructed by introducing a stop
codon (TAG) in the coding region of 22K by changing Ad5 nt 26533 to
26536 from GTTA to CTAG, in the background of the pcDNA3-L4 plas-
mid. Similarly, plasmid pcDNA3-L4-33K� was constructed by introduc-

ing a stop codon in the coding region of 33K by changing Ad5 nt 26814 to
26816 from ACA to TAG in the background of the pcDNA3-L4 plasmid.

Replication assay and quantitative PCR. Infected N52.E6-Cre cells
were harvested at 2 and 24 h postinfection (hpi). Cells were washed in
phosphate-buffered saline (PBS), pelleted, resuspended in cold isotonic
buffer containing NP-40 (140 mM NaCl, 10 mM Tris [pH 7.4], 1.5 mM
MgCl2, 0.6% NP-40), and incubated on ice for 10 min. Following another
round of centrifugation at 2,000 � g, the pellet containing nuclei was
resuspended in PBS and DNA was prepared using a DNeasy blood and
tissue kit (Qiagen) following the manufacturer’s protocol. The amount of
viral DNA was quantified with a DyNAmo HS SYBR green quantitative
PCR (qPCR) kit (Finnzymes). Primer pairs surrounding the packaging
domain were used to quantify viral DNA, and appropriate primers were
used to quantify glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
copy number, as described previously (12). The genome replication was
calculated as the value of the viral genome copy number normalized by the
GAPDH copy number. The value calculated for each virus at each time
point was divided by that of Ad5 wild-type (WT) at 2 hpi (input) and is
shown as the relative viral genome copy number.

Plaque assays and immunofluorescence analysis. CsCl-purified vi-
rus particles (described below) from Ad5 WT, C137S/C141S, H166Q/
H170Q, and �22K were used to infect A549 and TetC4-22K-�C cells.
After 7 to 10 days, the number of plaques were counted, and the ratio of
particles (determined as described below) to plaques was calculated as the
the number of particles/PFU. Infectivity was directly measured in a fluo-
rescence focus assay by infecting A549 cells grown on coverslips with

FIG 1 The Ad5 L4-22K protein. (A) Schematic diagram of the coding sequences of the L4-22K and L4-33K proteins. Numbers correspond to Ad5 nucleotides.
The intron of L4-33K is indicated by the gap and angled lines. (B) ClustalW protein sequence alignment of the L4-22K carboxy termini of L4-22K of human (Ad5,
Ad4, Ad7, Ad9, Ad12), simian (Ad21, Ad25, Ad33), and chimpanzee (AdY25) Ad serotypes. The consensus symbols are as follows: the asterisk indicates positions
which have a single, fully conserved residue, while the colon and period indicate conservation between groups of strongly and weakly similar properties,
respectively. The cysteine and histidine residues that were mutated in this study are indicated with arrows and correspond to residues C137, C141, H166, and
H170. Amino acid numbers are indicated to the right of the alignment.
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different dilutions of particles from Ad5 WT, C137S/C141S, and H166Q/
H170Q. Eighteen hours postinfection, cells were fixed with methanol and
processed for immunofluorescence by using an antibody against the DNA
binding protein (DBP; provided by Arnold Levine, Princeton University)
and a secondary goat anti-mouse antibody conjugated to fluorescein iso-
thiocyanate (FITC; Invitrogen). For each coverslip, the average number of
DBP-positive cells was taken from 10 random fields and quantified as the
fluorescent focus units (FFU) per field. The particle/FFU ratio was calcu-
lated as the number of particles/total FFU in the well.

Virus growth and cesium chloride equilibrium gradients. For virus
growth curves, N52.E6-Cre cells were infected with Ad5 WT, C137S/
C141S, or H166Q/H170Q, harvested at 6, 12, 20, 28, and 36 hpi, and lysed
by four cycles of freeze-thawing. A specific volume of each lysate was used
to infect A549 cells grown on coverslips and processed for immunofluo-
rescence, as described above. Virus growth was calculated as the log of the
fluorescent focus units per volume of lysate used (log FFU/ml). To com-
pare virus growth on three different cell lines, N52.E6-Cre, TetC4-22K-
�C, and TetC4-33K cells were infected with Ad5 WT, C137S/C141S, or
H166Q/H170Q or mock infected. For TetC4-22K-�C and TetC4-33K
cells, two sets of mock-infected cells were prepared, one with doxycycline
removed from the medium to induce expression of 22K and 33K and one
with doxycycline maintained in the medium. Cells were harvested 48 hpi;
a portion was used for whole-cell extract preparation for Western blot
analysis (described below), and the rest was subjected to four cycles of
freeze-thawing. Virus lysates were used to infect A549 cells grown on
coverslips and processed for immunofluorescence as described above. Vi-
rus yield was measured as the FFU/ml.

For cesium chloride equilibrium gradients, cells were infected with
Ad5 WT or C137S/C141S. At 72 to 96 hpi, cells and medium were col-
lected and the cells were pelleted, resuspended in 6 ml of TD buffer (25
mM [pH 7.4], 137 mM NaCl, 5 mM KCl, 0.7 mM Na2HPO4), and frozen
and thawed for four cycles. The lysates were cleared by centrifugation and
added to step gradients of 1.25g/cm3 and 1.40g/cm3 cesium chloride in
TD buffer and spun at 175,587 � g at 15°C for 1 h. Visible bands at each
step were collected and mixed with 1.34g/cm3 CsCl and spun for 20 h at
174,618 � g at 15°C. The visible band was collected from the equilibrium
gradient, and the absorbance was measured at a wavelength of 260 nm and
converted to densities by using the following calculation: 1 optical density
at 260 nm (OD260) unit � 1 � 1012 particles/ml (28).

Gel mobility shift assays. Nuclear extracts from N52.E6-cre cells in-
fected with Ad5 WT, C137S/C141S, H166Q/H170Q, or �22K or mock
infected were prepared 24 hpi, as described previously (11, 19). Six mi-
crograms of nuclear extract was incubated with 0.5 to 1.25 �g of poly(dI-
dC), with and without anti-22K antibody, for 15 min at room tempera-
ture. Following this incubation, 120,000 to 150,000 cpm of 32P-labeled
DNA probe was added to each reaction mixture and incubated for an
additional 30 min at room temperature. Packaging sequence probes used
in the assays contained A repeats 1 and 2, corresponding to Ad5 nt 236 to
282. The gel mobility shift assays were performed as described previously
(22).

Western blot analyses. N52.E6-Cre, TetC4-22K-�C, or TetC4-33K
cells were mock or virus infected, and whole-cell extracts were prepared,
as described previously (12). Protein concentrations were determined,
and equal amounts of protein were loaded on SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) gels and transferred to nitrocellulose mem-
branes (Whatman). The membrane was blocked for 1 h at room temper-
ature in a solution of 1% casein–Tris-buffered saline (TBS) followed by an
incubation with a designated antibody in 1% casein–TBS with sodium
azide for 1 h at room temperature, or overnight at 4°C. The membrane
was washed four times for 5 min in TBS with 0.5% Tween 20 and incu-
bated with 800 IRdye800-conjugated goat anti-rabbit immunoglobulin G
(Rockland Immunochemicals, Gilbertsville, PA) for 45 min, followed by
four more washes in TBS with 0.5% Tween 20 for 5 min each. Two final
washes in TBS were done, and the membrane was scanned using an Od-
yssey system (LiCOR, Lincoln, NE). For L4-22K detection, the SDS-PAGE

gel was transferred to a polyvinylidene difluoride (PVDF; GE Healthcare)
membrane, blocked with 3% bovine serum albumin–TBS for 1 h at room
temperature, and probed with primary antibody overnight at 4°C. All
washes and secondary antibody incubations were performed with 5%
nonfat milk–TBS containing 0.05% Tween 20. Proteins were detected
using the following antibodies: rabbit polyclonal antibodies to fiber and
penton (gifts from Carl Anderson, Brookhaven National Laboratory);
rabbit polyclonal antibody to VII (Daniel Engel, University of Virginia);
rabbit polyclonal antibody to hexon (GeneTex, Inc., Irvine, CA); rabbit
polyclonal antibodies to L4-22K and L4-33K (11); rabbit polyclonal anti-
body to VIII (William Wold, St. Louis University); rabbit polyclonal an-
tibodies to IVa2 and L1-52/55K (19); rabbit polyclonal antibody to IIIa
(24); rabbit polyclonal antibody to V (David Matthews, University of
Bristol); rabbit polyclonal antibody to L4-100K (37); rabbit polyclonal
antibody to VI (Christopher Wiethoff, Loyola University Chicago); rabbit
polyclonal antibody to E1A (Santa Cruz Biotechnology); rabbit poly-
clonal antibody to �-tubulin (Sigma). Additional information on West-
ern blot analyses and antibodies was provided previously (12).

Northern blots and reverse transcriptase PCR (RT-PCR). Infected
N52.E6-Cre cells were harvested at 24 h or 48 hpi, and the cytoplasmic
fraction was extracted using an RNeasy isolation kit for cytoplasmic RNA
from animal cells (Qiagen). Four to 12 �g of total cytoplasmic RNA was
separated on a 1% agarose gel containing 2.2 M formaldehyde and trans-
ferred to a nylon membrane (GE Healthcare). The filter was then stained
in a solution of 0.02% methylene blue and 0.3 M sodium acetate, pH 5.5,
to detect rRNAs. The stain was removed and the filter hybridized with 0.5
to 1 �g of a designated DNA probe 32P-labeled by random priming (ran-
dom primer DNA labeling kit; TaKaRa Bio), followed by a series of
washes, as described previously (29). DNA probes were constructed using
primers surrounding the coterminal 3= end of each late gene family: Ad5
L1 (nt 13025 to 13751), Ad5 L2 (nt 16834 to 17452), Ad5 L3 (nt 21573 to
22322), Ad5 L4 (nt 26769 to 27590), and Ad5 L5 (nt 31920 to 32465). The
fragments were extended by PCR and resolved through 1% agarose fol-
lowed by gel extraction (Qiagen).

A 2.5-�g aliquot of RNA was used with oligo(dT) to generate cDNA in
a 20-�l reaction mixture, using the SuperScript II reverse transcriptase kit
(Invitrogen). Two units of Escherichia coli RNase H was added to remove
RNA complementary to the cDNA, and the mixture was incubated at
37°C for 20 min. A 1-�l portion of the RT reaction mixture was added to
a PCR mixture in a total 12-�l reaction volume for 20 cycles. Each reaction
mixture included a forward primer complementary to Ad5 tripartite
leader 3 (nt 9700 to 9719) and a reverse primer within the intron of
L4-33K (nt 26682 to 26703). PCR products were resolved on a 1% agarose
gel, and the fragments were extracted for sequencing. Equal portions of
each cDNA were used in a PCR with primers GAPDH-1 (5=-ACCCAGA
AGACTGTGGATGG-3=) and GAPDH-2 (5=-TTCTAGACGGCAGGTC
AGGT-3=) to compare levels of GAPDH.

In vivo analysis of alternative splicing. N52.E6 cells were transfected
in 100-mm dishes with specific expression plasmids and using Lipo-
fectamine 2000 reagent (Invitrogen). Twenty micrograms of each expres-
sion plasmid was cotransfected with 200 ng of pEGFP-C1 expression plas-
mid (Clontech), and cells were harvested 48 h after transfection. A portion
of cells from each transfected dish was used for whole-cell extract prepa-
ration and Western blot analysis, while the rest of the cells harvested were
used for total cytoplasmic RNA preparation. For Western blot analysis,
protein levels were normalized to levels of green fluorescent protein
(GFP), based on quantification using an Odyssey infrared imaging system
(Li-COR) to account for any differences in transfection efficiencies. Sam-
ples were separated on an SDS-PAGE gel, transferred to a nitrocellulose
membrane, and analyzed for protein levels as described above. For pri-
mary antibodies, rabbit anti-L4-22K and L4-33K antibodies (11) and rab-
bit anti-GFP antibodies (Abcam) were used. For mRNA analysis, cyto-
plasmic RNA was prepared as described above. mRNA levels were
normalized to levels of GFP based on quantification using phosphorim-
aging analysis to account for any differences in transfection efficiencies.
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Samples were used for Northern blotting, as described above, with a des-
ignated DNA probe 32P-labeled by random priming. The DNA probe
used to detect levels of L4-22K and L4-33K was constructed by amplifica-
tion of Ad5 nt 26769 to 27590 by PCR, resolution of the fragment through
1% agarose, and gel extraction. The DNA probe used to detect levels of
GFP was constructed by digesting plasmid pEGFP-C1 with NheI and
BamHI, followed by gel purification of the digested fragment.

RESULTS
Generation and characterization of L4-22K mutant viruses: vi-
ral genome replication and infectivity. The Ad5 L4-22K and L4-
33K proteins are encoded by the L4 region and share an N termi-
nus (Fig. 1A). The L4-33K protein is the product of an additional
splicing event, while the L4-22K protein is translated from the
unspliced version of this transcript, with each protein having a
unique C terminus. Using ClustalW multiple sequence alignment
(30), we found that the unique C terminus of L4-22K, amino acids
116 to 175, is highly conserved among human Ad serotypes (Ads
4, 5, 7, 9, and 12) and many nonhuman primate Ads (Ads 21, 25,
Y25, and 33) (Fig. 1B). The C-terminal 23 amino acids of Ad5
L4-22K is not conserved and is not essential for its functions (12).
The conservation in the C-terminal region of L4-22K suggests a
crucial and unique function of this domain. Within this region,
there are two conserved cysteine residues (C137and C141) and
two conserved histidine residues (H166 and H170) that are clus-
tered within 30 amino acids and have general spacing require-
ments consistent with features of a zinc finger motif (31, 32). We
postulated that these four conserved residues constituted a puta-
tive DNA binding motif involved in the DNA-protein interaction
of L4-22K with the packaging domain. In order to assess the role of
these conserved residues in L4-22K activity, two mutant L4-22K
viruses were generated and characterized in this study: C137S/
C141S, with conservative, double serine substitution mutations at
amino acids 137 and 141, and H166Q/H170Q, with conservative,
double glutamine substitution mutations at amino acids 166 and
170. The C137S/C141S and H166Q/H170Q mutant viruses were
propagated in N52.E6-Cre and TetC4-22K-�C cell lines, respec-
tively. The C137S/C141S mutant virus grew poorly in N52.E6-Cre
cells, but these cells were used to eliminate the possibility of re-
combination with the endogenous L4-22K gene in the TetC4-
22K-�C cell line to generate a revertant virus. The H166Q/H170Q
mutant virus grew poorly in both N52.E6-Cre and TetC4-22K-�C
cell lines (discussed below), but enough purified virus was pro-
duced by the complementing cell line to conduct experiments.
The TetC4-22K-�C cell line expresses an L4-22K protein with a
truncation of the C-terminal 23 amino acids, which are not re-
quired for activity (12), greatly reducing the possibility of homol-
ogous recombination to generate a revertant virus with the
H166Q/H170Q mutant. Mutant virus sequences were confirmed
by DNA sequencing and Southern blot analysis for the presence of
the indicated mutations; these mutant virus stocks were pure from
any Ad5 WT contamination (data not shown).

We evaluated viral DNA replication with the C137S/C141S and
H166Q/H17 mutant viruses by qPCR and found that both mutant
viruses replicated to similar levels as Ad5 WT (Fig. 2A). To test the
infectivity of the mutant viruses, virus particles were used in a
fluorescent focus assay in A549 cells (Fig. 2B). The particle/FFU
ratio for each virus was calculated, and the results showed similar
infectivities between Ad5 WT and the C137S/C141S mutant virus,
while a marginal 3-fold decrease in infectivity was observed with

the H166Q/H170Q mutant. Infectivity was also examined in a
plaque assay in A549 cells (Fig. 2C) and the L4-22K-�C comple-
menting cell line (Fig. 2D), and the particle/PFU ratio for each
virus was calculated. Consistent with the DNA replication and

FIG 2 Properties of L4-22K mutant viruses. (A) Viral genome replication in
N52.E6-Cre cells infected with Ad5 WT, C137S/C141S, or H166Q/H170Q.
Values were normalized to GAPDH and compared to that of Ad5 WT at 2 hpi.
(B) The particle/FFU ratios of Ad5 WT and C137S/C141S and H166Q/H170Q
mutant viruses were determined in A549 cells. (C and D) The particle/PFU
ratios of Ad5 WT and C137S/C141S and H166Q/H170Q mutant viruses were
determined in A549 cells (C) and TetC4-22K-�C cells (D).
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infectivity results, there was only a modest difference in the parti-
cle/PFU ratio between Ad5 WT and the C137S/C141S mutant
virus in A549 or TetC4-22K-�C cells. In contrast, no plaques were
observed with the H166Q/H170Q mutant virus in A549 cells, even
though DNA replication and infectivity were not significantly af-
fected. To determine if providing WT L4-22K in trans would res-
cue plaque formation with the H166Q/H170Q mutant, plaque
assays were performed in TetC4-22K-�C cells (Fig. 2D). We ob-
served that the particle/PFU ratio with the H166Q/H170Q mutant
virus was increased �10-fold compared to Ad5 WT; the comple-
menting cell line was able to efficiently rescue plaque formation
with an L4-22K null mutant, consistent with previous results (12).
We concluded that the C137S/C141S and H166Q/H17 mutant
viruses had levels of viral genome replication and infectivity com-
parable to Ad5 WT, while plaque formation was severely affected
with the H166Q/H170Q mutant virus. The L4-22K protein in
trans only partially rescued plaque formation with the H166Q/
H170Q mutant.

The conserved cysteine residues in the C-terminal region of
L4-22K are important for viral genome packaging. To analyze
the effects of the L4-22K point mutations on overall viral growth
properties, single-step growth curves were performed. The
C137S/C141S and H166Q/H170Q mutants were reduced �25- to
40-fold in the production of infectious progeny in N52.E6-Cre
cells compared to Ad5 WT (Fig. 3A). Since L4-22K was shown to
be required for genome packaging in vivo (11, 12) and L4-33K
regulates late gene expression on the posttranscriptional level (5,
10), we wanted to examine the contribution of these two proteins
to the observed growth defect phenotype with the mutant viruses.
In order to examine if the defect in virus growth exhibited by the
two L4-22K mutants could be restored by complementation with
WT L4-22K protein, the mutant viruses were grown in TetC4-
22K-�C cells and their growth was compared to that on N52.E6-
Cre cells. Overall virus yield was analyzed using a fluorescent focus
assay, and results were calculated as the total FFU/ml (Fig. 3B).
Consistent with the single-step growth curves, we observed a 30-
fold reduction in overall virus yield with the C137S/C141S mutant
virus in N52.E6-Cre cells compared to Ad5 WT, a phenotype that
was almost fully rescued by providing L4-22K in trans using the
L4-22K complementing cell line. With the H166Q/H170Q mu-
tant, virus yield was modestly increased in TetC4-22K-�C cells.
Analysis of protein expression showed that with the C137S/C141S
mutant virus, both L4-22K and L4-33K proteins were expressed to
WT levels in N52.E6-Cre and TetC4-22K-�C cells and, therefore,
decreased production of these proteins did not contribute to the
decrease in infectious virus yield with this mutant (Fig. 3C, left and
middle panels). With the H166Q/H170Q mutant virus, L4-22K
protein expression was significantly increased in both N52-E6.Cre
and TetC4-22K-�C cells, while expression of L4-33K was de-
creased in both cell lines. Note that L4-22K-�C protein expressed
in the complementing cell line ran slightly faster than WT L4-22K
protein due to the C-terminal truncation. We recently showed
that mutation of Ad5 L4-33K impairs the viral genome packaging
process, but not virion assembly, resulting in the production of
only empty capsids (37). To determine if the observed decrease in
L4-33K protein levels contributed to the H166Q/H170Q mutant
phenotype, we infected TetC4-33K cells with Ad5 WT, C137S/
C141S, or H166Q/H170Q viruses and analyzed virus yield
(Fig. 3B) and L4-22K and L4-33K protein expression (Fig. 3C,
right panel). Supplementation with WT L4-33K in trans modestly

FIG 3 Viral growth kinetics of L4-22K mutant viruses. (A) N52.E6-Cre cells were
infected with Ad5 WT or C137S/C141S or H166Q/H170Q mutant viruses and
harvested at the designated time points after infection, and cell lysates were used to
infect A549 cells to measure infectious virus yield (FFU/ml) in a fluorescent focus
assay. (B) N52.E6-Cre, TetC4-22K-�C, or TetC4-33K cells were infected with Ad5
WT or C137S/C141S or H166Q/H170Q mutant viruses and harvested at 48hpi,
and cell lysates were used to infect A549 cells to measure infectious virus yield
(FFU/ml) in a fluorescent focus assay. (C) A portion of the cell lysate from the
experiment shown in panel B was used to prepare whole-cell extracts for Western
blot analysis of L4-22K and L4-33K protein levels. Tubulin was used as a loading
control. (D) CsCl equilibrium density gradient profiles of virus particles produced
from Ad5 WT- or C137S/C141S-infected N52-E6.Cre, TetC4-22K-�C, or
Tet-C4-33K cells. Arrows indicate mature virus particles.
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increased C137S/C141S mutant virus yield. This result was not
surprising, since there was no indication that the L4-33K protein
had any contribution to the phenotype of this mutant virus. In-
terestingly, although growth in the TetC4-33K cells supplemented
the levels of L4-33K protein with H166Q/H170Q-infected cells
(Fig. 3C, right panel), we did not see any associated increase in
virus yield with this mutant (Fig. 3B). The possibility that over-
production of L4-22K protein with the H166Q/H170Q mutant
had any effect on production of infectious progeny was also ruled
out, since providing L4-33K protein during infection reduced the
levels of L4-22K protein expression to those seen with Ad5 WT
(Fig. 3C, right panel).

To determine if the reduction in infectious virus production
with the mutant viruses was due to a packaging defect, we analyzed
virus particle production in vivo by using CsCl equilibrium den-
sity gradient centrifugation with the three cell lines (Fig. 3D).
Consistent with the results presented in Fig. 3B, supplementation
of L4-22K, but not L4-33K, to C137S/C141S mutant virus infec-
tions augmented production of mature virions. Note that mature
particle production was consistent among the three cell lines with
Ad5 WT infection. We did not observe any significant increase in
mature particle production with H166Q/H170Q-infected TetC4-
22K-�C cells or TetC4-33K cells compared to N52.E6-Cre cells
(data not shown). We conclude that the C137 and C141 residues
in the C-terminal region of L4-22K play a role in viral genome
packaging, and mutation of these residues dramatically decreases
the production of infectious virus without affecting the levels of
L4-22K or L4-33K protein expression.

The conserved cysteine and histidine residues are not re-
quired for L4-22K protein to bind to packaging sequences. To
examine if the conserved cysteine and histidine residues constitute
a DNA binding motif involved in the DNA-protein interaction of
L4-22K with packaging sequences, we analyzed DNA binding in in
vitro gel mobility shift assays. Nuclear extracts were prepared at
late times after infection of cells with viruses Ad5 WT, C137S/
C141S, or H166Q/H170Q, and the formation of complexes spe-
cific to Ad5 packaging sequences was assessed by using a probe
containing A repeats 1 and 2. Consistent with previous results
(11), three complexes were observed with extracts form WT-in-
fected cells (Fig. 4, lane 4). Complex 1 corresponds to the binding
of IVa2 to the CG motif in the A1 repeat; complex 2 is formed with
the L4-22K protein, in addition to IVa2, binding to the TTTG
motif of the A2 repeat; complex 3 is due to the binding of an
additional IVa2 protein to the CG sequence in the A2 repeat (11,
20, 21). Note that only complex 1 was formed with extracts from
�22K virus-infected cells, since functional L4-22K protein was not
present (Fig. 4, lanes 10 and 11). The amounts of complexes 1, 2,
and 3 formed relative to each other varied somewhat from exper-
iment to experiment. With extracts from C137S/C141S mutant
virus-infected cells, complexes 1 and 3 were detected (lane 2).
Although complex 2 was weak and difficult to detect in this assay,
we postulate that binding to the packaging sequence exists, since
addition of an antibody directed against the unique coding region
of the L4-22K protein eliminated complex 3 (lane 3), similar to
that observed with Ad5 WT-infected extract (lane 5).

In addition to complexes 1, 2, and 3, additional complexes
formed with nuclear extracts prepared from H166Q/H170Q mu-
tant virus-infected cells (Fig. 4, lane 6). As shown in Fig. 3C and
discussed again below, L4-22K expression with the H166Q/
H170Q mutant virus was elevated compared to Ad5 WT, which

may explain the formation of these additional complexes. Nuclear
extracts from cells infected with Ad5 WT, C137S/C141S, or
H166Q/H170Q were also analyzed for L4-22K and IVa2 protein
expression, and the levels of both proteins were comparable to
those observed with whole-cell extracts (data not shown). The
additional complexes observed with the H166Q/H170Q mutant
contained the L4-22K protein, as observed by supershifts when
antibody against L4-22K protein was added (lane 7). Biochemical
studies have provided evidence that L4-22K binding promotes
cooperative assembly of IVa2 onto packaging sequences, increas-
ing affinity for the loading of additional IVa2 monomers to com-
plexes with an existing IVa2 and L4-22K monomer already pres-
ent (33, 34). To determine if the observed complexes were due
solely to elevated amounts of L4-22K protein, we normalized the
levels of nuclear extract from H166Q/H170Q virus-infected cells
to protein levels from Ad5 WT-infected nuclear extracts (Ad5 WT
L4-22K protein levels corresponded to 0.2� of H166Q/H170Q
mutant L4-22K protein levels [data not shown]). To supplement
IVa2 in the reaction mixture, we added the remaining amount of
nuclear extract (0.8� of the total amount of nuclear extract) from

FIG 4 The L4-22K-C137S/C141S and L4-22K-H166Q/H170Q mutant pro-
teins bind to Ad5 packaging sequences in vitro. Gel mobility shift assays were
done with a 32P-labeled probe containing Ad5 A repeats 1 and 2. Six micro-
grams of nuclear extract from N52.E6-Cre cells infected with WT, C137S/
C141S, H166Q/H170Q, or �22K or mock infected and harvested at 24 hpi
were used for the assays. In lanes 8 and 9, 1.2 �g (0.2� of total sample) of
nuclear extract from H166Q/H170Q-infected cells was mixed with 4.8 �g
(0.8� of total sample) of nuclear extract from �22K-infected cells prior to
incubation with probe. In lanes 3, 5, 7, 9, and 11, anti-L4-22K protein
antibody was added to the binding reaction mixture prior to incubation
with probe. The positions of complexes 1, 2, and 3 are indicated by the
arrows to the left of the gel.
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�22K virus-infected cells. As shown in lane 8, complexes 1, 2, and
3 formed, and the upper complexes were reduced in intensity; the
addition of an antibody against L4-22K resulted in a supershift of
complexes 2 and 3 (lane 9). We conclude that the conserved cys-
teine and histidine residues in the C-terminal region of the L4-22K
protein are not critical for the formation of protein-DNA com-
plexes on the packaging sequences. We also found further evi-
dence of the role of L4-22K in promoting cooperative assembly of
protein-protein and protein-DNA interactions onto packaging
sequences, as observed by the additional complexes formed with
elevated levels of L4-22K protein beyond the normal levels ob-
served during a WT infection.

L4-22K regulates Ad late gene expression and acts via a mech-
anism different from that of its role in viral genome packaging.
To examine if viral gene expression was affected with the L4-22K
mutant viruses, N52.E6-Cre cells were infected with viruses Ad5
WT, C137S/C141S, H166Q/H170Q, or �22K, and whole-cell ex-
tracts were prepared at different times after infection and analyzed
by Western blotting for levels of different viral proteins. Late gene
expression (regions L1 to L5) with the C137S/C141S mutant was
comparable to that of WT (Fig. 5A). Therefore, the defect in pro-
duction of infectious progeny shown in Fig. 3 with the C137S/
C141S mutant cannot be attributed to decreases in late gene prod-
ucts required for virus assembly and DNA packaging. Consistent
with previous data (12), minor capsid proteins IIIa, VI, and VIII,
core proteins V and VII, and the viral splicing factor L4-33K ex-
hibited a decrease in expression with the �22K mutant compared
to Ad5 WT (Fig. 5A). All other products were only modestly de-
layed (hexon, penton, and fiber) or not affected (L4-100K). Anal-
ysis of late proteins expressed with the H166Q/H170Q mutant
showed that, similar to the �22K mutant, proteins IIIa, L4-33K,
and VIII were decreased, while the levels of other Ad late proteins
were only modestly affected. The level of L4-22K protein expres-
sion was increased with the H166Q/H170Q mutant compared to
Ad5 WT and the C137S/C141S mutant. Intermediate protein
IVa2 was also analyzed, and no significant changes were observed
with the mutant viruses. Previous studies described a role for L4-
22K, in addition to regulating late gene expression, in suppressing
early gene expression (12). To determine if the conserved cysteine
and histidine residues in L4-22K are key to this function, we ana-
lyzed E1A expression with the C137S/C141S and H166Q/H170Q
mutant viruses and compared the results to those with Ad5 WT
and the �22K mutant (Fig. 5B). Both �22K and H166Q/H170Q
mutant viruses had elevated E1A expression levels compared to
both Ad5 WT and the C137S/C141S mutant as early as 6 hpi.
These results indicated that the L4-22K conserved cysteine resi-
dues are not important for suppression of early gene expression
but suggested the possibility that the conserved histidine residues
may be involved in this function.

Previous studies presented evidence that L4-22K regulates
gene expression and drives the early-to-late phase switch during
Ad infection by acting at the level of late gene mRNA production
and/or stability (12, 13). To determine whether the observed de-
lays and decreases in late gene expression are due to L4-22K ex-
erting its posttranscriptional effect at the level of protein or mRNA
production, Northern blot analyses were performed to measure
levels of Ad late transcripts (Fig. 6A). Consistent with the Western
blot analyses, late mRNA levels were not affected with the C137S/
C141S mutant compared to Ad5 WT. The mRNA levels for most
of the major and minor capsid proteins were decreased with the

H166Q/H170Q and �22K mutants, suggesting that the corre-
sponding reduction in late protein expression (Fig. 5A) is at the
level of mRNA production and/or stability. Note that this was not
a global effect and that the posttranscriptional role of L4-22K is
selective for a particular set of mRNAs. The reduction in IIIa
mRNA levels is consistent with the decreased levels of L4-33K
protein, since previous studies have shown that L4-33K regulates
alternative splicing of the L1 unit by activating the IIIa splice site
during late times of infection (5, 10, 15). Since the levels of L4-22K
mRNA were undetectable for Ad5 WT and the C137S/C141S mu-
tant by Northern blotting, we used RT-PCR to measure L4-22K
mRNA levels (Fig. 6B). Consistent with the levels of protein ex-
pression (Fig. 5A), elevated levels of L4-22K mRNA were observed
with the H166Q/H170Q mutant as early as 24 hpi, compared to
Ad5 WT and the C137S/C141S mutant. L4-22K mRNA levels for
the H166Q/H170Q mutant were elevated enough to be visible by
Northern blotting (Fig. 6A, arrow).

FIG 5 Western blot analyses of viral gene expression. (A) N52.E6-Cre cells
were infected with WT, C137S/C141S, H166Q/H170Q, or �22K or mock in-
fected, and whole-cell extracts were isolated at 6, 12, 24, 48, or 72 hpi as
indicated at the top. Late proteins from regions L1 to L5 and intermediate
protein IVa2 (A) and early region E1A protein (B) are shown with designations
on the right. Tubulin was used as the loading control.
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We conclude that the observed changes in protein levels with
the L4-22K mutants are reproduced at the mRNA level, confirm-
ing a posttranscriptional mechanism for L4-22K in regulating vi-
ral gene expression. In addition, the C137S/C141S mutations in
the L4-22K protein had no effect on gene expression, suggesting
that the L4-22K protein exploits a mechanism to exert its post-
transcriptional role that is distinct from that of genome packaging.
Finally, we found that the H166Q/H170Q mutant had a similar
phenotype with respect to mRNA production and changes in pro-
tein expression as an L4-22K null mutant.

The L4-22K protein acts at the level of processing of the L4-
33K mRNA. To investigate whether the posttranscriptional role of
L4-22K is at the level of alternative mRNA splicing, we analyzed
the mRNA and protein levels of L4-33K in an in vivo splicing assay
with and without L4-22K protein expression (Fig. 7). N52.E6-Cre
cells were cotransfected with plasmids that expressed GFP and WT
or mutant L4 proteins, protein levels were analyzed by Western
blotting, and mRNA levels were analyzed by Northern blotting.
To compensate for any differences in transfection efficiencies, all
samples were normalized to GFP mRNA and GFP protein levels.
Expression plasmids pcDNA3-L4-22K and pcDNA3-L4-33K con-
tain the coding sequences for the L4-22K and L4-33K proteins,
respectively (Fig. 7A and B, lanes 2 and 3). Note that the mRNA
transcribed with transfection of pcDNA3-L4-22K was not visible
with the probe used in the Northern blot assay (Ad5 nt 26769-
27590) (Fig. 7B, lane 2). Plasmid pcDNA3-L4 contains the
genomic sequences encoding both L4-22K and L4-33K proteins,
including the intron interrupting the protein reading frame of
L4-33K (Fig. 1A); hence, production of the coding L4-33K mRNA
requires splicing of the initial transcript (Fig. 7B, lane 4). When
this plasmid was transfected into N52.E6-Cre cells, both L4-22K
and L4-33K proteins were expressed to similar levels (Fig. 7A, lane
4). Plasmids pcDNA3-L4-22K� and pcDNA3-L4-33K� have a
stop codon in the L4-22K and L4-33K reading frames, respec-
tively, in the background of the pcDNA3-L4 plasmid, and the L4
pre-mRNA is still transcribed regardless of protein expression.
Transfection of pcDNA3-L4-33K� resulted in normal expression
levels of the L4-22K protein, while L4-33K was not expressed
(Fig. 7A, lane 6). Transfection of pcDNA3-L4-22K� resulted in a
significant decrease in L4-33K protein expression (Fig. 7A, com-
pare lanes 4 and 7) due to inefficient splicing of the L4-33K pre-
mRNA (Fig. 7B, compare lanes 4 and 7).

FIG 6 Analysis of Ad late mRNA levels. N52.E6-Cre cells were infected with
Ad5 WT, C137S/C141S, H166Q/H170Q, or �22K, or mock infected, and total
cytoplasmic mRNAs were isolated at 24 and 48 hpi. (A) Cytoplasmic RNA was
analyzed by Northern blotting using 32P-labeled probes designed around the
coterminal 3= ends of each mRNA family (L1 to L5) with the designated mR-
NAs labeled to the right. The blot was stained with methylene blue as a loading
control (bottom panel). (B) L4-22K mRNA was detected by RT-PCR using a
forward primer specific for tripartite leader 3 and reverse primer directed to
nucleotides 26682-26703 (corresponding to the intron of L4-33K). Equivalent
amounts of cDNA derived from the reverse transcriptase reaction mixture
were used in a PCR mixture with primers directed against GAPDH (bottom
panel).

FIG 7 In vivo splicing assay for the L4-33K pre-mRNA. N52.E6-Cre cells were
cotransfected with expression plasmids for WT or mutant L4 proteins and an
expression plasmid for GFP and harvested 48 h after transfection. Cells were
used for Western blot analysis (A) and Northern blot analysis (B); all samples
were normalized to GFP protein or mRNA levels. Lane 1, pcDNA3; lane 2,
pcDNA3-22K; lane 3, pcDNA3-33K; lane 4, pcDNA3-L4; lane 5, pcDNA3-L4-
C137S/C141S; lane 6, pcDNA3-L4-33K�; lane 7, pcDNA3-L4-22K�; lane 8,
pcDNA3-L4-22K� cotransfected with pcDNA3 empty vector; lane 9,
pcDNA3-L4-22K� cotransfected with pcDNA3-22K; lane 10, pcDNA3-L4-
22K� cotransfected with pcDNA3-22K-C137S/C141S.
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To further probe if the L4-22K protein is required for efficient
splicing of the L4-33K transcript, we cotransfected equal amounts
of pcDNA3-L4-22K� and pcDNA3-L4-22K and analyzed protein
expression and mRNA levels. Expression of L4-33K was comple-
mented when the L4-22K protein was expressed in trans (Fig. 7A,
lane 9), consistent with restoration of L4-33K pre-mRNA splicing
(Fig. 7B, lane 9). This result was not observed when pcDNA3-L4-
22K� was cotransfected with empty vector pcDNA3 (Fig. 7A and
B, lane 8), demonstrating that L4-22K, and not any other sequence
in the vector background, is required for efficient splicing of the
L4-33K mRNA. The results from Fig. 5 and 6 suggest that the
conserved cysteine residues in the C terminus of L4-22K are not
required for the regulation of viral gene expression, and so we
analyzed if substitution mutations of these residues had any effect
on the in vivo splicing of L4-33K mRNA. Transfection of plasmid
pcDNA3-L4-C137S/C141S had no effect on the protein or mRNA
levels of either the L4-22K or L4-33K genes (Fig. 7A and B, lane 5).
Coexpression of plasmid pcDNA3-L4-C137S/C141S with plas-
mid pDNA3-L4-22K� complemented the L4-22K plasmid to re-
store L4-33K protein expression, consistent with an increase in
L4-33K pre-mRNA accumulation (Fig. 7A and B, lane 10).

We conclude that the posttranscriptional effects observed on
specific Ad mRNAs when functional L4-22K is not present during
infection (Fig. 6) can be attributed to a role of the L4-22K protein
in regulating alternative splicing of specific transcripts. The pres-
ence of full-length L4-22K protein in an in vivo splicing assay
resulted in an increase in L4-33K mRNA accumulation and a sub-
sequent increase in L4-33K protein levels. This effect was observed
even with the C137S/C141S L4-22K mutant, suggesting that the
conserved cysteine residues are not essential for the splicing activ-
ity of L4-22K.

DISCUSSION

We previously demonstrated that the Ad5 L4-22K protein is an
integral component at key steps in the viral infectious cycle. First,
L4-22K binds to Ad packaging sequences in vitro and in vivo and is
essential for viral genome packaging and, therefore, for the pro-
duction of infectious progeny (11, 12). Additionally, L4-22K has a
distinct function in the temporal control of viral gene expression
by activating MLP transcription (7), and more importantly, by
regulating the accumulation of specific Ad late transcripts and
suppressing early gene expression (12, 13). To further explore the
functions of L4-22K, we generated and characterized two new
L4-22K mutant viruses containing point mutations in conserved
pairs of cysteine and histidine residues in the C-terminal region of
L4-22K (C137S/C141S and H166Q/H170Q) (Fig. 1). We pro-
posed that the primary sequence and configuration of these amino
acids was consistent with a DNA binding motif and speculated
that the DNA binding activity of L4-22K to the packaging se-
quences may be mediated by this putative zinc finger motif. Our
results showed that the conserved cysteine residues are essential
for efficient generation of infectious progeny, while no changes in
gene expression patterns were observed with the C137S/C141S
mutant virus. The H166Q/H170Q mutant recapitulated the phe-
notype of an L4-22K null mutant virus, suggesting an important
role for these histidine residues in both Ad genome packaging and
viral gene expression, although the possibility of an indirect effect
on L4 mRNA splicing cannot be ruled out (discussed below). Both
mutant proteins bound to packaging sequences in vitro, suggest-
ing that the tandem CXXXC and HXXXH motifs do not comprise

a protein domain critical for DNA binding. Our results confirm in
vivo the essential role of L4-22K as a posttranscriptional regulator
of late gene expression of specific Ad mRNAs with the primary
targets the L4-33K and L4-VIII mRNAs and proteins. Our find-
ings show that the cysteine mutations did not affect the ability of
L4-22K to regulate gene expression (early or late) at the mRNA or
protein levels (Fig. 5 and 6). These results uncouple the functions
of L4-22K in regulating viral gene expression and genome pack-
aging and suggest that the conserved cysteine residues are unique
to the molecular mechanism behind Ad genome packaging. Fi-
nally, we confirmed the posttranscriptional effect of L4-22K on
L4-33K expression and revealed that this occurs at the level of
mRNA splicing.

Both the C137S/C141S and H166Q/H170Q mutant viruses
had infectivity and viral genome replication comparable to Ad5
WT (Fig. 2A and B), demonstrating that events leading up to the
late phase of infection do not account for the observed effects on
late protein production and viral genome packaging. With respect
to plaque formation, the C137S/C141S mutant virus behaved sim-
ilarly to WT, while the H166Q/H170Q mutant virus had a severe
defect in plaque formation on A549 cells (Fig. 2C). The apparent
discrepancy in the results with the H166Q/H170Q mutant virus
likely reflects the different assays used. The FFU assay (Fig. 2B) is
a direct measure of how many cells are infected by the virus at an
earlier time of infection (18 hpi), while the plaque assay (Fig. 2C)
is a measure of virus production and spread, a late event during
the infectious cycle. With the H166Q/H170Q mutant virus, infec-
tivity (the particle/FFU ratio) was similar comparable to WT, con-
sistent with the DNA replication data. However, the H166Q/
H170Q mutant virus had a significant defect in virus spread.
When supplemented with L4-22K in trans, plaque formation with
the H166Q/H170Q mutant virus was partially restored (Fig. 2D).
A role for L4-22K in Ad-induced cell death by regulating expres-
sion of ADP was previously proposed (12). ADP is known to fa-
cilitate cell lysis, and its deletion results in a small plaque pheno-
type that is due to impaired virus release (3, 35). Western blot
analysis showed that ADP protein levels were significantly re-
duced with the H166Q/H170Q mutant and comparable to the low
levels observed with L4-�22K (data not shown). This may explain
the severe defect in plaque formation with the H166Q/H170Q
mutant in noncomplementing cells. Additionally, the fact that we
did not observe complete rescue in plaque formation when L4-
22K was supplemented in trans, whereas the L4-�22K null mutant
was rescued to WT levels, suggests that the H166Q/H170Q mu-
tant protein may act as a dominant negative effector (discussed
below).

The conserved cysteine residues of L4-22K are important for
virus growth and the production of mature virions (Fig. 3A and
D). The infectious virus yield and mature particle production with
the C137S/C141S mutant was restored when the L4-22K protein
was supplemented in trans (Fig. 3B and D). To determine if the
reduction in genome packaging in vivo correlated with a defect in
binding of the C137S/C141S mutant protein to packaging se-
quences, we analyzed DNA binding in vitro by using a gel mobility
shift assay (Fig. 4). The data showed that the conserved cysteine
residues were not critical for binding of the L4-22K protein to the
packaging sequences in vitro, indicating that these amino acids are
important for a different function of the protein in viral genome
packaging. The conserved histidine residues also were not re-
quired for DNA binding, indicating that it is highly unlikely that
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the cysteine and histidine residues are part of a zinc finger motif
involved in binding of L4-22K to the packaging domain. A role for
L4-22K as a transcription factor stimulating major late transcrip-
tion through direct binding to DNA sequences located down-
stream of the MLP start site was previously proposed (7, 11, 13).
We cannot rule out the possibility that the conserved cysteine and
histidine residues are part of a DNA binding motif necessary for
L4-22K to bind to the DE and activate the MLP. However, this
seems unlikely, since the C137S/C141S mutations had no effect on
expression of genes transcribed from the major late promoter
(Fig. 5). The possibility that mutation of the conserved cysteine
residues leads to a disruption in the overall protein folding also
seems unlikely, since there was no observed phenotype with re-
spect to mRNA processing and viral protein expression (Fig. 5 and
6). However, we cannot exclude the idea that the cysteine residues
could be involved in a disulfide bond formation. Additionally,
zinc finger motifs also mediate protein-protein interactions in
addition to protein-nucleic acid interactions (32). Although no
published data exist for any viral or cellular factors that directly
interact with the L4-22K protein, this possibility is an open
question.

The phenotype of the H166Q/H170Q mutant virus suggests
that the mutations severely disrupt the major functions of the
L4-22K protein. Infectious virus yield and the production of ma-
ture virions were impaired (Fig. 3 and data not shown). Altera-
tions in both early and late gene expression were also observed
with similar targets and levels as a nonfunctional L4-22K mutant,
and the observed results correlated well with mRNA levels (Fig. 5
and 6). Of significance, the mRNA and protein expression levels of
L4-33K and L4-pVIII were decreased with both the H166Q/
H170Q and �22K mutant viruses, with a large increase in mRNA
and protein levels of L4-22K with the H166Q/H170Q mutant vi-
rus as early as 24 hpi, when mRNA levels were undetectable with
WT and the C137S/C141S mutant (Fig. 5 and 6). The increase of
L4-22K transcripts inversely correlated with the decreased levels
of L4-33K mRNA (Fig. 6). Both transcripts are posttranscription-
ally processed from the same pre-mRNA, but the L4-33K mRNA
contains an additional splice of its internal intron (Fig. 1A). If the
additional splicing event required for appropriate translation of
the L4-33K protein was disrupted, this would increase the pool of
L4-22K mRNAs. Our data demonstrated that L4-22K regulates
splicing of the L4-33K pre-mRNA (Fig. 7), and we suggest that the
conserved histidine residues are critical for this activity. However,
we cannot rule out the possibility that the proximity of the two
point mutations introduced to change the histidine residues in-
terfered with the function of the internal splice acceptor site of
L4-33K to affect the processing of the L4-33K pre-mRNA. In order
to examine the contribution of reduced L4-33K gene expression to
the H166Q/H170Q mutant virus phenotype, we investigated if
virus yield was altered when L4-33K was supplemented in trans.
The results showed that this did not augment overall virus yield or
mature virion production (Fig. 3B and data not shown), although
both L4-33K and L4-22K protein expression levels were compa-
rable to WT (Fig. 3C). Interestingly, supplementation of L4-22K
to H166Q/H170Q mutant infections also had no significant effect
on virus yield or mature virion production. This result could be
due to a dominant negative effect of the H166Q/H170Q mutant
protein on the activity of WT L4-22K and correlates with the in-
ability of L4-22K to restore plaque formation with the H166Q/
H170Q mutant (Fig. 2D).

Morris and Leppard showed that the L4-22K protein is impor-
tant for the temporal control of viral gene expression (13). Con-
sistent with this report, we recently showed that L4-22K activates
Ad late gene expression and suppresses Ad early gene expression
and is involved in the transition from the early to late stages of
infection (12). Our results reveal that in vivo one mechanism by
which the L4-22K protein influences late gene expression is at the
level of pre-mRNA processing (Fig. 7). In the absence of func-
tional L4-22K protein, the levels of L4-33K protein expression
were significantly decreased, which correlated with a decrease in
L4-33K mRNA levels (Fig. 7). When L4-22K was supplied by tran-
sient transfection, we observed an increase in L4-33K mRNA ac-
cumulation and a corresponding increase in L4-33K protein levels
(Fig. 7). Our data demonstrate that L4-22K indeed functions at
the level of pre-mRNA splicing and activates splicing of the inter-
nal intron of L4-33K. The role of L4-22K as a regulator of pre-
mRNA splicing, as opposed to other posttranscriptional mecha-
nisms, is not surprising given that the L4-22K mRNA is nearly
identical to the L4-33K mRNA, with the exception of the internal
intron of L4-33K. The L4-33K protein is an RNA splicing factor
that preferentially activates L1-IIIa splicing (10). We recently
showed that L4-33K is required for the accumulation of L1-IIIa
and pVI, but other late mRNAs are not primary targets of L4-33K
in regulating late gene expression (37). It is therefore likely that
L4-33K is not the only viral factor acting as an activator of pre-
mRNA splicing and that L4-22K is a strong candidate due to
shared sequences between the two proteins that may be critical for
their function as mRNA splicing activators. It is interesting that
the splice acceptor site for the second exon of L4-33K is common
to the acceptor site of the pVIII gene, as previously published (36)
and as we confirmed by RT-PCR and nucleotide sequence analysis
(data not shown). L4-pVIII is the other gene that was significantly
decreased both at the mRNA and protein level with H166Q/
H170Q and �22K mutant virus infections (Fig. 5 and 6). We an-
ticipate that expression of L4-22K in an in vivo splicing assay
would stimulate pVIII mRNA accumulation.

It is interesting that L4-22K mRNA levels were almost unde-
tectable for WT infection compared to the other highly abundant
Ad late mRNAs (Fig. 6). By using an antibody against the common
regions of L4-22K and L4-33K proteins, we detected significantly
larger amounts of L4-33K protein compared to L4-22K protein in
WT infection, and these proportionally corresponded to the
mRNA levels (unpublished data). These observations suggest that
although L4-22K is multifunctional and critical for Ad infection, it
is not found in abundance compared to the total pool of Ad late
viral proteins. We propose a feedback loop, wherein L4-22K reg-
ulates accumulation of different L4 transcripts, including its own,
thereby regulating the levels of L4 gene products. As L4-22K pro-
tein levels increase, L4-33K pre-mRNA splicing will be stimulated,
which would effectively reduce the accumulation of L4-22K mR-
NAs. Since L4-33K itself regulates Ad late mRNA splicing (5, 10,
15), this fine-tunes the temporal switch of gene expression pat-
terns during the late phase of infection. Finally, the results of gel
mobility shift assays with extracts prepared from H166Q/H170Q
mutant-infected cells demonstrated that overexpression of L4-
22K alters the binding of packaging proteins to the packaging
sequences (Fig. 4). We speculate that L4-22K protein levels are low
and precisely regulated to promote the appropriate formation of a
packaging assembly complex on the viral packaging domain.
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