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Dominant-negative (DN) mutants are powerful tools for studying essential protein-protein interactions. A systematic genetic
screen of the essential murine cytomegalovirus (MCMV) protein pM53 identified the accumulation of inhibitory mutations
within conserved region 2 (CR2) and CR4. The strong inhibitory potential of these CR4 mutants is characterized by a particular
phenotype. The DN effect of the small insertion mutations in CR2 was too weak to analyze (M. Popa, Z. Ruzsics, M. Lötzerich, L.
Dölken, C. Buser, P. Walther, and U. H. Koszinowski, J. Virol. 84:9035–9046, 2010); therefore, the present study describes the
construction of M53 alleles lacking CR2 (either completely or partially) and subsequent examination of the DN effect on MCMV
replication upon conditional expression. Overexpression of CR2-deficient pM53 inhibited virus production by about 10,000-
fold. This was due to interference with capsid export from the nucleus and viral genome cleavage/packaging. In addition, the fate
of the nuclear envelopment complex in the presence of DN pM53 overexpression was analyzed. The CR2 mutants were able to
bind to pM50, albeit to a lesser extent than the wild-type protein, and relocalized the wild-type nuclear envelope complex in in-
fected cells. Unlike the CR4 DN, the CR2 DN mutants did not affect the stability of pM50.

The production and release of infectious herpesviral particles is
a multistep process that begins in the nucleus of the infected

cell, where viral genomes are packaged into nucleocapsids. A re-
cent study of pseudorabies virus (PrV) showed that the nuclear
envelope breaks down to allow the capsid to exit the nucleus (23).
However, many studies have shown that the widely accepted nu-
clear egress pathway requires capsid translocation through the
nuclear membrane via primary envelopment and de-envelop-
ment. This process is facilitated by a number of viral and host cell
protein interactions. From the viral side, the two major proteins
involved are the gene products of UL31 and UL34 of HSV-1
(pUL31 and pUL34, respectively) or their homologues in all other
herpesviruses studied to date, which promote efficient primary
capsid envelopment at the inner nuclear membrane (INM) (11,
24, 40, 50). The pUL31 homologue of murine cytomegalovirus
(MCMV), pM53, is distributed throughout the nucleosol in the
absence of other viral proteins. pM53 is targeted to the INM after
interacting with the membrane protein pM50 (the homologue of
pUL34) via a mechanism that is conserved throughout herpesvi-
rus morphogenesis (13, 27, 31, 46, 55, 56, 62). pM50 and pM53
form the nuclear envelopment complex (NEC) and recruit other
cellular and viral proteins, such as protein kinase C and pUS3 (3, 8,
22, 37, 40, 41, 47, 53), resulting in displacement of the rigid nu-
clear lamina and nucleocapsid budding (reviewed in references 19
and 36).

The mechanism by which the pUL31 and pUL34 homologues
mediate capsid transition through the nuclear envelope is still not
fully understood, but disruption of either partner usually leads to
retention of viral capsids within the nucleus (5, 11, 13, 24, 31, 50,
64). Insights into this mechanism were gained from studying the
PrV proteins pUL31 and pUL34, which induce vesicle formation
in the nuclei of transfected cells in the absence of other viral com-
ponents (20), supporting their role in the capsid envelopment
process at the INM. The reciprocal binding sites, which result in
NEC targeting to the INM, are well characterized in pM53 and
pM50 and are conserved throughout the pUL31 family (5, 13, 14,

30, 31, 54, 56). Furthermore, recent studies of HSV-1 suggest a
second essential interaction between the N-terminal domain of
pUL34 and the C terminus of pUL31, which results in membrane
wrapping. This interaction is distinct from that required for INM
targeting (2, 48, 49).

The NEC components are crucial for viral morphogenesis in
beta- and gamma-herpesviruses (5, 11, 13, 14, 24, 27, 31, 40, 50,
64). Essential genes are not easily studied using traditional ap-
proaches because mutant viruses are difficult to reconstitute.
However, functional inactivation of such proteins by coexpres-
sion of dominant-negative (DN) mutants makes them amenable
to comprehensive genetic analysis (18). The function of these pro-
teins during morphogenesis can be studied using mutant viruses.
In contrast to null mutants, which only reveal the dominant role
of a protein, DN alleles have the potential to arrest viral pathways
at different stages, thereby addressing multiple essential functions
of a protein (reviewed in reference 39). Using in-depth functional
knowledge and detailed experimental information regarding pro-
tein structure, such inhibitory mutants can be created by the tar-
geted introduction of crucial, but subtle, mutations or by deleting
a domain that represents an independent folding entity (18, 39).
However, such data are limited for most herpesvirus proteins.

Therefore, one objective of the present study was to construct
DN mutants based on protein sequence predictions. Random mu-
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tant screens of the MCMV proteins pM50 and pM53 for DN al-
leles revealed the accumulation of inhibitory mutations within the
conserved regions (CRs) (31, 43, 51). These regions were observed
by aligning the protein sequences of 36 UL31 homologues, which
showed four distinct peaks with a similarity of up to 60% within
the C-terminal two-thirds. Furthermore, mutants of pM53, in
which the binding site for pM50 in CR1 (31) was maintained but
the C-terminal regions (CR2 to CR4) were replaced with the cor-
responding parts from other pUL31 family members, were not
able to complement wild-type (wt) pM53 function (56). Based on
these data, we proposed that chimeric pM53 proteins carrying a
conserved but noncomplementing domain of a virus homologue
would inhibit MCMV replication.

Here, we investigate the inhibitory potential of mutants con-
structed by CR domain shuffling and CR deletion. The inhibitory
power of the CR2 mutants was improved by these targeted muta-
tions, thereby allowing the functional analysis of the CR2 of
pM53.

MATERIALS AND METHODS
Cells and viruses. Murine embryonic fibroblasts (MEFs) from BALB/c
mice, NIH/3T3 murine fibroblasts (ATCC CRL-1658), 293 cells (ATCC
CRL-1573), 293T cells (ATCC CRL-11268), and M2-10B4 bone marrow
stroma cells (ATCC CRL-1972) were cultured as described previously (35,
56). U-2 OS cells (ATCC HTB-96) were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal calf serum (FCS),
0.3% L-glutamine, and 0.05 mM nonessential amino acids (Invitrogen).
All MCMV mutants were derived from the parental MCMV bacterial
artificial chromosome (BAC) pSM3fr-�1-16-FRT (32), in which the first
16 dispensable genes at the left side are deleted and a FLP recombination
target (FRT) site is inserted and which gives rise to the virus MCMV-�1-
16-FRT. The deletion of these genes provided sufficient cloning capacity
for the insertion of recombinant plasmids. This virus was extensively
characterized and found to be indistinguishable from wt MCMV in tissue
culture (32). MCMV BACs were reconstituted to viruses by transfecting
MEFs with 1.5 �g purified BAC DNA using SuperFect Transfection Re-
agent (Qiagen) according to the manufacturer’s instructions, and super-
natants were harvested when the cells were completely lysed. Afterward,
virus inocula were scaled up on M2-10B4 cells and purified as described
previously (35). The infectivity of the virus stocks was quantified by a
standard plaque assay on MEFs (44).

Plasmids. For construction of M53 CR2 deletion mutants, PCRs were
performed on pO6-SVT-M53 (43) using the primer pairs M53�CR2AB-
for/M53�CR2A-5=rev (for primer sequences, refer to Table S1 in the sup-
plemental material) and M53�CR2A-3=for/M53�CR2AB-rev, resulting
in PCR-5=-2A and PCR-3=-2A. The amplicons were cut with AscI and PstI,
respectively, and inserted into the AscI/PstI-opened pO6-SVT-M53, giv-
ing rise to pO6-SVT-M53�2A. Similarly, pO6-SVT-M53�2B was con-
structed using the primer pairs M53�CR2AB-for/M53CR�2B-5=rev and
M53�CR2B-3=for/M53�CR2AB-rev. pO6-SVT-M53�2 was generated
by insertion of AscI-treated PCR-5=-2A and PstI-cleaved PCR-3=-2B into
AscI/PstI-opened pO6-SVT-M53. Deletion of CR3 was achieved by PCR
with the primer pairs M53�CR2AB-for/M53�CR3-5=rev and M53�CR3-
3=for/M53�CR2AB-rev; cleavage of amplicons with AscI and PstI, respec-
tively; and insertion into AscI/PstI-opened pO6-SVT-M53.

To construct M53 alleles carrying domains of murine gammaherpes-
virus 68 (MHV68) ORF69, CR2 of ORF69 was excised using BglII and
SacII from pMA-CR2_M6MM (synthesized by GeneArt AG) and inserted
into BglII/SacII-opened pL-M53 (31), giving rise to pL-M6MM. Simi-
larly, CR3 of ORF69 was purified from pMA-CR3_ORF69 (GeneArt AG)
and inserted into pL-M53 by treatment with PmlI/PstI. To generate
MMM6, the N-terminal two-thirds of the M53 open reading frame (ORF)
was PCR amplified from pO6-ie-M53 (31) using the primer pair CHfor/
CHrev, treated with BglII/XhoI, and inserted into BglII/XhoI-opened pL-

M53, giving rise to pL-MMM. M666 was transferred from pO6-ie-M666
(56) into pL-M53 by treatment with SalI and XbaI, resulting in pL-M666.
The XhoI recognition site was removed by cutting with NotI and XbaI and
religation subsequent to blunting with Klenow, resulting in pL-M666�X.
From this, CR4 of ORF69 was PCR amplified using primers CR4MHVfor/
LITrev, digested with PvuII/XhoI, and inserted into StuI/XhoI-opened
pL-MMM, giving rise to pL-MMM6. The AscI/StuI-excised M6MM and
MMM6 ORFs and the AscI/PvuII-extracted MM6M ORF were trans-
ferred into the AscI/HpaI-treated conditional expression vector pO6-
SVTe (52).

All genes were transferred from the conditional pO6-SVT backbone to
a constitutive expression vector by excision with AscI and StuI and inser-
tion into the AscI/HpaI-treated pOriR6K-zeo vector (5). All M53 con-
structs except the s168 mutant were Flag tagged in the constitutive expres-
sion vectors, with simultaneous removal of the N-terminal epitope that is
recognized by the polyclonal anti-M53 antiserum (31), by inserting the
amplicon generated by PCR on pO6-SVT-Flag-�N-s309 (43) using the
primer pair Flag�SakM53for/FlagM53-SalIrev and treatment with KpnI
and SalI prior to insertion. pO6-ie-FlagM53s168 was constructed by in-
serting the Acc65I/BspEI fragment of pO6-ie-M53s168 into pO6-ie-
FlagM53 (both 31). To tag M53 mutants with BlaC, the small fragments of
BsiWI/PshAI-cut pO6-SVT-M53�2, of PshAI/PstI-digested pO6-SVT-
M53�3, and of NotI/SacII-opened pO6T-M53s309 (43) were inserted
into pO6T-C-M53 (56) linearized with the appropriate enzymes.

Construction of recombinant viral BACs. Plasmids containing the
recombinant M53 alleles in the conditional-expression cassette were in-
serted into the parental BAC pSM3fr-�1-16-FRT (32) by Flp-mediated
recombination, as described previously (5).

Analysis of viral growth and expression kinetics. The growth rates of
wild-type and mutant viruses were compared by infecting M2-10B4 cells
with MCMV at a multiplicity of infection (MOI) of 0.1. After 30 min of
incubation at 37°C, the cells were washed twice with prewarmed fully
supplemented medium, and aliquots were plated in the absence and pres-
ence of 1 �g/ml doxycycline. The supernatants of the cultures were col-
lected daily, and the viral load was quantified by plaque assay on MEFs
(44).

For expression kinetics, 3.75 � 105 M2-10B4 cells were allowed to
attach to cell culture plates and were infected at an MOI of 1 using cen-
trifugal enhancement at 900 � g for 30 min. Residual virus was removed 1
h postinfection (p.i.). Cells and supernatants were harvested at 0, 1, 3, and
5 days postinfection, washed once with phosphate-buffered saline (PBS),
and lysed in total lysis buffer (TLB) (62.5 mM Tris, pH 6.8, 2% SDS, 10%
glycerol, 6 M urea, 5% �-mercaptoethanol, 0.01% bromphenol blue,
0.01% phenol red). DNA was disrupted by sonication for 5 s at 30%
amplitude.

Coimmunoprecipitation. 293 cells (7.5 � 105) were cotransfected
using polyethyleneimine transfection reagent (PEI) (Sigma-Aldrich) with
3 to 6 �g of plasmids expressing Flag-tagged M53, M53 mutants, or M50.
Cells were harvested 48 h posttransfection and washed once with PBS, and
10% of the samples were lysed in TLB to check for protein expression.
DNA was disrupted by sonication for 5 s at 30% amplitude. The remain-
ing 90% of the samples were lysed in high-salt lysis buffer (400 mM NaCl,
20 mM Tris, 1% Triton X-100) in the presence of Benzonase (Novagen)
and protease inhibitor cocktail (Roche) for 90 min at 4°C.

Western blot analysis. Cell lysates from transfected or infected cells
were separated by sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE), and proteins were transferred onto Hybond-P mem-
branes (GE Healthcare) in the presence of blotting buffer (25 mM Tris,
192 mM glycine, 20% methanol, pH 8.3). The membranes were blocked
in Tris-buffered saline (TBS-T) (10 mM Tris-HCl, 150 mM NaCl, 0.05%
Tween 20) containing 5% nonfat dry milk for 1 h at room temperature.
For detection of proteins, membranes were incubated with polyclonal rat
anti-M53 (31) or rabbit anti-M50 (40) antiserum in TBS-T at 4°C over-
night. The immediate-early protein pp89 was detected using a monoclo-
nal mouse antibody (Croma101; provided by S. Jonjic, University of Ri-
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jeka, Rijeka, Croatia). A monoclonal rabbit antibody (Cell Signaling) was
used for detection of GAPDH (glyceraldehyde-3-phosphate dehydroge-
nase) and a monoclonal mouse antibody (Sigma) for detection of the Flag
tag. Bound primary antibodies were reacted with horseradish peroxidase-
conjugated secondary antibodies (Dianova) in TBS-T for 1 h at room
temperature, and proteins were visualized using an ECL-Plus Western
Blot detection kit (GE Healthcare).

Southern blot analysis. To assess viral packaging, 1.5 � 106 M2-10B4
cells were infected at an MOI of 0.1, and cells were harvested 48 h postin-
fection. Total DNA was purified with the DNEasy Blood and Tissue Kit
(Qiagen) according to the manufacturer’s instructions using 100 �l dou-
ble-distilled water (ddH2O) for elution. Using ApaLI, 6 �g DNA was
digested for 16 h and separated by 0.8% agarose gel electrophoresis. The
DNA was mobilized, blotted onto a Hybond-N� membrane (GE Health-
care), and hybridized for 16 h at 60°C with the Apa2 probe, which was
generated by a PCR on pSM3fr-�1-16-FRT using primers Apa2-for and
Apa2-rev (see Table S1 in the supplemental material). The membranes
were washed, and bound probe was visualized using the DIG Luminescent
Detection Kit (Roche).

Confocal laser scanning microscopy. To analyze the cellular localiza-
tion of pM53 and pM50, M2-10B4 and U-2 OS cells were grown on fi-
bronectin-coated microscopy chamber slides (ibidi). M2-10B4 cells were
infected at an MOI of 0.5 in the absence and presence of doxycycline
(dox), and U-2 OS cells were transfected with up to 0.5 �g of M53- and
M50-expressing plasmids using FuGene HD Transfection Reagent or X-
tremeGene HP DNA Transfection Reagent (both Roche) according to the
manufacturer’s instructions. The cells were fixed with 4% paraformalde-
hyde (PFA) after 36 h of incubation, permeabilized by treatment with
0.1% Triton X-100 for 15 min, blocked for 60 min with 5% donkey serum,
and costained with specific polyclonal antisera against pM53 (rat) and
pM50 (rabbit) or monoclonal anti-Flag M2 antibody (Sigma). These were
in turn reacted with the appropriate Alexa Fluor-coupled secondary anti-
bodies (Molecular Probes). DNA was visualized by staining with To-
Pro-3 iodide (Molecular Probes). Photographs were taken on a Zeiss
LSM510 with 488-, 543-, and 633-nm laser illumination and filter sets
appropriate for Alexa Fluor 488 and 555 and To-Pro-3.

Transmission electron microscopy (TEM). NIH/3T3 cells were
grown on carbon-coated sapphire discs and infected at an MOI of 5 using
centrifugal enhancement at 1,000 � g for 30 min. Residual virus was
removed 1 h postinfection. The cells were fixed 48 h postinfection by
high-pressure freezing with an HPF 01 instrument (M. Wohlwend
GmbH), freeze-substituted, and plastic embedded as described previously
(6). Embedded samples were sectioned and viewed on a JEOL JEM-1400
transmission electron microscope equipped with an Olympus Veleta
charge-coupled device (CCD) camera at an acceleration voltage of 80 kV.

PCA. To study protein interaction by protein complementation assay
(PCA), 7.5 � 105 293T cells were cotransfected using PEI with plasmids
expressing M50 and M53 versions fused to either the N-terminal or the
C-terminal part of �-lactamase (BlaN and BlaC, respectively) (56). Cells
were harvested 48 h posttransfection and lysed in 75 �l luciferase reporter
lysis buffer (Promega) for 60 min on ice. Following lysate clearing at
21,000 � g at 4°C for 10 min, the Bla activity of 50 �l of each sample was
determined on an enzyme-linked immunosorbent assay (ELISA) plate
reader by nitrocefin conversion and absorption measurement at 495 nm
for 30 min at 37°C.

RESULTS
Lack of the correct CR2, but not CR3, sequence results in pM53
mutants with strong inhibitory effects. Random linker-scanning
mutagenesis of pM53 identified numerous insertion mutations
but few deletion mutations that were inhibitory for virus replica-
tion (43). Further analysis of the inhibitory mutations located
within CR4 of pM53 showed that their overexpression resulted in
a DN effect on nuclear egress and on genome cleavage/packaging.
However, the inhibitory phenotype induced by individual inser-

tion mutations in CR2 was weak. Thus, a random screen indicated
a functional site in CR2 but did not produce a DN allele with
sufficient inhibitory potential for phenotypic analysis.

The DN effect of a mutant protein can be improved by inser-
tion, replacement, or deletion of functionally important amino
acids or motifs. This approach is supported by previous observa-
tions for pM50 in which the deletion of a putative domain resulted
in an inhibitory phenotype stronger than that observed for subtle
insertion mutants (51). Furthermore, chimeric pM53 proteins
comprising the pM50 binding site fused to the C termini of other
pUL31 family members were not able to complement wt pM53
function (56). Based on these observations, we next constructed a
set of M53 mutants in which the CRs (31) were either replaced by
the respective sequences from pORF69 (the homologue in
MHV68) or partly/completely deleted. Both strategies were aimed
at identifying mutant proteins with strong inhibitory potential.
The mutants were studied in a tet-based conditional-expression
system, which allows quantitative assessment of their inhibitory
potential (52). In this system, constitutive expression of the tet
repressor (tetR) prevents expression of the mutant allele. This
allows the reconstitution and propagation of recombinant viruses
(Fig. 1A). After dox binding to the tetR, the mutant allele is ex-
pressed, and its effects can be studied in a viral context.

In the first group of mutants, three out of the four M53 CRs
were individually replaced with the corresponding sequences
from ORF69 as follows: amino acids (aa) 128 to 161 of pORF69
replaced aa 178 to 211 of pM53 to yield the protein pM6MM, aa
165 to 245 of pORF69 replaced aa 213 to 294 of pM53 to yield
pMM6M, and aa 253 to 292 of pORF69 replaced aa 304 to 333 of
pM53 to yield pMMM6 (Fig. 1B).

To investigate the inhibitory potentials of the chimeric pro-
teins, the constructs were inserted into MCMV BAC plasmids as
additional M53 alleles (32). Recombinant viruses were reconsti-
tuted from the BACs by transfection of MEFs in the absence of
dox. The viruses were named after the corresponding BAC con-
structs tagged with an “MCMV” prefix. To investigate the effects
of the mutant alleles on virus replication, M2-10B4 cells were in-
fected with the mutant viruses in the absence and presence of dox,
and the release of infectious viruses was analyzed under multistep
growth conditions (Fig. 1C, top row).

In the absence of dox, all mutant viruses produced titers com-
parable with those of the wt (at least 105 PFU/ml at 5 days p.i.).
Neither addition of dox to wt MCMV (data not shown) nor ex-
pression of a second wt gene copy (MCMV-SVT-M53) had any
effect. However, induction of the mutant alleles led to different
results. Expression of pM6MM in addition to wt pM53 (MCMV-
SVT-M6MM) reduced virus production by about 10,000-fold,
which was a clear improvement in DN function over the 100-fold
effect reported for the i207 mutant derived from a transposon
insertion library (43). In addition, the presence of pMMM6 de-
creased virus levels by about 3 orders of magnitude (MCMV-SVT-
MMM6), whereas expression of pMM6M had only a moderate
effect (MCMV-SVT-MM6M). The last two findings are in line
with the random library data, which show that inhibitory muta-
tions are preferentially located within CR4 and that insertion mu-
tations in CR3 do not inhibit wt protein function (43).

We next studied whether the strong inhibitory phenotype of
the CR2 replacement mutant could also be achieved by domain
deletion. For this, mutants lacking either the complete CR2 (aa
181 to 207 [�2]) or parts of CR2 (aa 181 to 197 [�2A] and aa 197
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to 207 [�2B]) were constructed (Fig. 1B) and tested as described
above. Again, virus titers in the absence of dox reached �105

PFU/ml (Fig. 1C, bottom row), whereas expression of pM53�2
severely reduced virus release by approximately 4 or 5 orders of
magnitude (MCMV-SVT-�2). The presence of pM53�2A de-
creased virus replication to a comparable level (MCMV-SVT-
�2A), while the inhibitory effect of pM53�2B was less pro-
nounced, reducing viral titers by about 2 orders of magnitude
(MCMV-SVT-�2B).

To test whether the inhibitory phenotype of the CR2 deletion
mutants could be specifically attributed to the CR domain, an
M53 deletion mutant lacking the adjoining CR3 (�3; aa 214 to
294) was generated. Induction of the M53�3 allele by dox inhib-
ited virus replication by only about 1 order of magnitude
(MCMV-SVT-�3), arguing against a nonspecific effect of the do-
main deletions (Fig. 1C). We concluded from these and previous
data that deletion or alteration of CR2 and CR4, but not of CR3,

results in mutant proteins with a strong DN effect on virus repli-
cation.

Analysis of the intracellular distribution and expression of
the CR2 mutants of pM53. Changes in the coding sequence may
result in proteins with aberrant folding properties, which are then
trapped in compartments designated for degradation. To study
whether the pM53 mutants were present in the correct cellular
compartment, U-2 OS cells were transiently transfected with plas-
mids expressing the M53 mutants and examined for protein sig-
nals 36 h posttransfection (p.t.). Confocal microscopy of the
transfected cells revealed that all pM53 mutants correctly localized
to the nucleus (data not shown), indicating that all mutant pro-
teins had the potential to obstruct viral maturation in the nucleus.
Thus, the functional differences between the pM53 CR2 and CR3
deletion mutants were not due to aberrant protein localization.

To interfere with viral morphogenesis, a DN protein must be
present in sufficient amounts within the cell. To study whether

FIG 1 Inhibition of MCMV replication by M53 deletion mutants. (A) Schematic representation of replication analysis. Cells were infected with MCMV mutant
viruses. In the absence of doxycycline (left), the constitutively expressed tet repressor (black box) blocks transcription of the mutant gene (gray box with black
line), leading to virus replication similar to that observed in the wild type. The inhibitory potential of the mutant proteins can be analyzed upon dox application
(right), which allows mutant expression by tethering tetR. (B) Schematic overview of the pM53 mutants. Proteins are depicted as gray bars, and conserved regions
are represented as black boxes. The white boxes labeled “69” represent sequences exchanged for the respective stretches of MHV68 ORF69. Amino acids 178 to
211 of M53 were replaced by aa 128 to 161 of ORF69 to yield M6MM, aa 213 to 294 were replaced by ORF69 aa 165 to 245 to yield MM6M, and aa 304 to 333 were
replaced by aa 253 to 292 of ORF69 to yield MMM6. Deletion mutants lack aa 181 to 207 (�2), 181 to 197 (�2A), 197 to 207 (�2B), or 214 to 294 (�3). (C)
M2-10B4 cells were infected with the indicated viruses at an MOI of 0.1 in the absence (black diamonds) or presence (gray squares) of 1 �g/ml doxycycline, and
the viral load in the supernatant was quantified by plaque assay. The error bars represent the standard deviations of duplicate experiments using two separate
clones. Dashed lines, detection limit.
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induction of the different mutant alleles resulted in comparable
levels of protein expression, M2-10B4 cells were infected at an
MOI of 1 with wt MCMV, MCMV-SVT-M53, a virus carrying a
second wt M53 allele, MCMV-SVT-�2, or MCMV-SVT-�3 in the
absence and presence of dox. At 0, 1, 3, and 5 days p.i., cell lysates
were prepared and subjected to Western blot analysis (Fig. 2). The
loading control, pp89, showed comparable levels for all viruses. A
faint band representing wt pM53 was observed 24 h p.i., the in-
tensity of which increased over time (Fig. 2A). While the addition
of dox had no effect on pM53 expression in cells infected with wt
MCMV, pM53 expression in cells infected with MCMV-SVT-
M53 was upregulated in the presence of dox (Fig. 2A). Wt pM53
was also detectable in the absence and presence of dox after infec-
tion with MCMV-SVT-�2 and MCMV-SVT-�3 (Fig. 2B, black
arrowhead). Although the endogenous and mutant M53 alleles
had no detection tag, the two different pM53 proteins could be
distinguished due to size differences. pM53�2 (35 kDa) and
pM53�3 (29 kDa) were strongly expressed upon induction by dox
and could be distinguished from the 38-kDa wt pM53 (Fig. 2B,
open arrowhead).

Since pM50 interacts with pM53 (31, 43), the effect of mutant
pM53 overexpression on pM50 steady-state levels was also inves-
tigated. Following infection with each mutant, increasing pM50
signals were detected from 1 day p.i., accompanied by accumulat-
ing levels of pM50 degradation products. In cells infected with
MCMV-SVT-�2 and MCMV-SVT-�3, the pM50 degradation
products appeared earlier (Fig. 2, asterisks), but because pM53�3

has no inhibitory function, the early accumulation of pM50 deg-
radation products does not explain the function of pM53�2.

Deletion of M53 CR2 prevents capsid egress from the nu-
cleus. Partial and complete deletion of M53 CR2 gave rise to DN
mutants that strongly interfered with MCMV replication. The
growth defects observed upon pM53�2 and pM53�2A expression
were at least 100-fold stronger than the inhibitory potential of
i207, the representative DN insertion mutant (harboring a muta-
tion within M53 CR2) obtained by random linker-scanning mu-
tagenesis (43). The strong DN effect allowed a more detailed char-
acterization of the putative functions of the CR2.

The NEC, consisting of pM53 and pM50, is involved in MCMV
genome cleavage and the nuclear egress of viral capsids (43, 56).
The effect of CR2 deletions on virus morphogenesis was analyzed
by TEM. NIH/3T3 cells grown on carbon-coated sapphire discs
were infected at an MOI of 5 with wt MCMV, MCMV-SVT-M53,
and MCMV-SVT-�2 in the absence and presence of dox and ex-
amined by TEM 48 h p.i. after high-pressure freezing (Fig. 3).
Viral capsids were observed in the nucleus and cytoplasm of wt
MCMV-infected (Fig. 3A) and MCMV-SVT-M53-infected (not
shown) cells as previously described (6). In the absence of dox, the
infection phenotype of MCMV-SVT-�2 was similar to that shown
by the wt virus. However, the phenotype of MCMV-SVT-�2-in-
fected, dox-treated cells differed from that of wt-infected cells. In
this case, the viral capsids were trapped in the nucleus, indicating
the blockade of nuclear maturation, similar to that described for
the s309 mutant (43). Furthermore, the nuclear capsids in control
cells were dispersed and surrounded an intranuclear structure of al-
tered electron density reminiscent of replication compartments (25)
(outlined in Fig. 3A and C). Upon dox addition, however, the major-
ity of the nuclear capsids clustered in regularly arranged groups in the
middle of these replication compartment-like structures within
MCMV-SVT-�2-infected nuclei (outlined in Fig. 3E), possibly indi-
cating a capsid transport defect.

During nuclear morphogenesis, a complex order of events
leads to mature DNA-filled capsids. Viral proteins are assembled
into spherical scaffold-containing procapsids. These are believed
to mature concurrently with genome packaging into C capsids,
with high-density cores and a hexagonal appearance on TEM. In
addition, two more products of capsid maturation can be distin-
guished. B capsids also contain scaffold-like procapsids, but they
are icosahedral. They are thought to be the result of premature
cleavage of the scaffold protein. The other form appears as A cap-
sids, which are empty capsid shells with icosahedral symmetry. A
and B capsids are believed to be nonfunctional dead-end products
of capsid maturation (65), and an increase in their appearance
reflects disturbance of the processes involved in capsid matura-
tion.

To quantify the influence of pM53�2 expression on capsid
morphogenesis, the nuclear capsids in the untreated and dox-
treated wt MCMV-, MCMV-SVT-M53-, and MCMV-SVT-�2-
infected cells seen on the TEM images were classified according to
the stages described above (Fig. 4). As it is not clear whether the
procapsids are preserved by the TEM preparation protocol used
here and because they can be discriminated from B capsids only by
their shape, we decided to classify all capsids with apparent scaf-
fold rings into one class. Most of the capsids were classified either
as procapsids/B capsids or as C capsids in wt- and MCMV-SVT-
M53-infected cells in the absence and presence of dox and in cells
infected with MCMV-SVT-�2 in the absence of dox. There were

FIG 2 Expression of the wt MCMV NEC proteins in the presence of pM53
mutants. M2-10B4 cells were infected with the indicated viruses at an MOI of
1 in the absence (�) or presence (�) of 1 �g/ml doxycycline. Cell lysates were
prepared at the indicated time points and probed for pp89, pM53, and pM50
by Western blotting with specific immune sera. GAPDH was detected using a
specific monoclonal antibody. Wt pM53 is indicated by the black arrowhead
and the truncated proteins pM53�2 and pM53�3 by the open arrowheads.
pM50 degradation products are indicated by asterisks.
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almost no A capsids. In contrast, induction of the M53�2 allele led
to a significant increase in the number of immature A capsids,
from about 1% in the absence of dox to about 7%. There was also
a significant increase in the number of immature procapsids and B

capsids (from about 47% to more than 80%). Accordingly, less
than 10% of the nuclear capsids represented mature C capsids
(Fig. 4B).

In addition to inhibiting capsid maturation, the DN mutant

FIG 3 The M53 CR2 deletion virus shows a defect in nuclear egress. NIH/3T3 cells were infected with wt MCMV or MCMV-SVT-�2 at an MOI of 5 using
centrifugal enhancement in the absence (A to D) and presence (E and F) of 1 �g/ml doxycycline. The cells were then fixed 48 h p.i. by high-pressure freezing,
freeze-substituted, plastic embedded, and sectioned. Samples were viewed on a JEOL JEM-1400 transmission electron microscope at 80 kV. The rounded outlines
indicate the approximate borders of replication compartment-like structures (A, C, and E). The boxes highlight areas of primary (A and C) and secondary (B and
D) envelopment or membrane accumulation (E and F). Scale bar, 1 �m.
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induced membrane accumulation in the nucleus, which was dis-
tinct from the membrane-surrounded vesicles observed in wt-
infected cells, which are formed by invaginations of the INM dur-
ing capsid egress (6). This accumulation seemed to comprise
membranes folded into each other and connected by a high-stain-
ing material (compare the boxed areas in Fig. 3A and C with that
in E). No capsids were found in the cytoplasm of most dox-treated
MCMV-SVT-�2-infected cells. Furthermore, the cytoplasmic as-
sembly and maturation site (34), where the tegument layer is
added and secondary envelopment occurs, was absent in dox-
treated MCMV-SVT-�2-infected cells (Fig. 3, right column). In-
stead, membrane stacks reminiscent of the Golgi apparatus were
often observed, which again seemed to be connected by a high-
staining material (Fig. 3F, box).

M53 CR2 deletion mutants prevent unit length genome for-
mation. The increased proportion of immature nuclear capsids
found in dox-treated MCMV-SVT-�2-infected cells indicated a
morphogenesis block in viral development at, or prior to, the stage
of viral-DNA packaging. Therefore, we next studied genome
cleavage and genome packaging. For this, M2-10B4 cells were ei-
ther mock infected or infected with wt MCMV or MCMV-
SVT-�2 in the absence and presence of dox. Total DNA was iso-
lated 48 h p.i. and subjected to Southern blot analysis (Fig. 5).
Upon replication, MCMV genomes form concatemers (34).

ApaLI restriction digestion of concatemeric genomes gives rise to
a 7.2-kbp control fragment and a 6.7-kbp fragment representing
the uncleaved, concatemeric genome. The same fragments arise
from digestion of circular BAC DNA, which mimics the concate-
meric genomic form. However, restriction of unit length genomes
cleaved by the viral terminase releases a 5.5-kbp fragment in ad-
dition to the 7.2-kbp control fragment (Fig. 5A).

The expected fragments of 7.2 kbp and 6.7 kbp were detected at
comparable levels after ApaLI digestion of circular wt MCMV
BAC DNA (Fig. 5B). The same pattern was observed for the BAC
DNA of the mutant viruses (data not shown). DNA from mock-
infected cells gave no signal at all, confirming the specificity of the
probe. All three of the expected signals were detected after diges-
tion of DNA from wt- and MCMV-SVT-�2-infected cells,
although the total amount of viral DNA from dox-treated
MCMV-SVT-�2-infected cells was less than that from nontreated
MCMV-SVT-�2- or wt-infected cells. More importantly, expres-
sion of pM53�2 severely reduced the number of unit length ge-
nomes (Fig. 5B). To quantify this effect, the chemiluminescence
signal was measured in a Typhoon scanner, and the ratio of
cleaved to concatemeric genomes was calculated after normaliza-
tion against the control fragments. In the absence of dox, MCMV-
SVT-�2 replicated just like wt MCMV and produced unit length
genomes at wt levels. In contrast, induction of pM53�2 reduced
viral cleavage activity, resulting in a decreased number of unit
length genomes and the accumulation of concatemeric DNA
(Fig. 5C).

Taken together, the results obtained thus far suggest that ex-

FIG 4 Quantification of the nuclear egress defect. NIH/3T3 cells were infected
with the wt MCMV, MCMV-SVT-M53 (M53), or MCMV-SVT-�2 (�2) and
treated as described in the legend to Fig. 3. (A) Nuclear capsids were catego-
rized according to their morphogenesis stage, as shown in the images: imma-
ture, unfilled A capsids; scaffold-containing procapsids and B capsids; and
mature C capsids. The capsids were counted for a given number of nuclei (n).
Scale bar, 100 nm. (B) Percentage of each category of nuclear capsid. The data
are expressed as the mean and standard deviation. ***, P � 0.001; unpaired t
test (the two conditions for each virus were compared to each other and the wt
samples; no label means no significant difference).

FIG 5 M53 CR2 deletion mutants inhibit the generation of unit length ge-
nomes. (A) Schematic representation of the Southern blot assay used to ana-
lyze MCMV genome cleavage/packaging. In their concatemeric form, MCMV
genomes are connected head to tail (top, arrow). Restriction digestion releases
a 7.2-kbp control fragment and a 6.7-kbp fragment, which are both recognized
by the same probe. In contrast, the unit length genome (bottom) gives rise to
the 7.2-kbp control fragment but also gives rise to a 5.5-kbp fragment repre-
senting genome cleavage. (B) M2-10B4 cells were mock infected (m) or in-
fected with wt MCMV or MCMV-SVT-�2 (�2) at an MOI of 0.1 for 48 h in the
absence (�) or presence (�) of 1 �g/ml doxycycline. Total DNA was purified,
digested with ApaLI for 16 h, and subjected to Southern blot analysis. B, BAC
DNA. (C) The chemiluminescence signal generated in the Southern blot assay
was measured in a Typhoon scanner, quantified using ImageJ software (http:
//rsbweb.nih.gov/ij/), and then plotted as the ratio of unit length genomes to
concatemeric genomes normalized to the control fragment. The error bars
represent the standard deviations of four independent experiments (**, P �
0.01; paired t test).
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pression of the CR2 mutants inhibits both capsid egress and ge-
nome cleavage/packaging, findings very similar to those observed
for CR4 mutants (43).

The wt NEC is formed in the presence of the inhibitory pM53
mutants. In addition to the interaction between pM53 and pM50,
previous reports suggested that pM53 homologues show self-in-
teracting homotypic activity (12, 54, 60, 61). To study the protein-
protein interactions between pM53 subunits in more detail, 293
cells were cotransfected with plasmids expressing Flag-tagged wt
M53, together with either wt M53 or a CR2 or CR4 deletion mu-
tant in the presence or absence of M50. Protein complexes were
then precipitated using an anti-Flag matrix and analyzed by West-
ern blotting. In this setting, anti-M53 antiserum detected both the
Flag-tagged and untagged versions of pM53. As shown in Fig. 6, all
proteins of interest were expressed at comparable levels (Fig. 6A,
Total). Following immunoprecipitation (IP) with the anti-Flag
matrix, a signal for wt pM53 was detected, in addition to a signal
for pFlagM53, whereas coprecipitation of the pM53 CR2 deletion
was almost lost, giving only a minute amount of residual signal,

and the CR4 truncation mutant was coprecipitated (Fig. 6A, Flag-
IP, lanes 3 to 5). When pM50 was coexpressed, the same pattern
was observed, i.e., the signal for wt pM53 was present, but the
signals for pM53�2 and pM53s309 were not (Fig. 6A, Flag-IP,
lanes 7 to 9). The NEC proteins, pM53 and pM50, and their ho-
mologues in other herpesviruses, interact with each other, and the
complex can be precipitated via either protein partner (5, 31). In
this setting, pM50 was immunoprecipitated with pFlagM53
at comparable levels in the presence of pM53, pM53�2, or
pM53s309. This indicated that the wt NEC was formed regardless
of the presence of the inhibitory deletion mutants (Fig. 6A, Flag-
IP, lanes 7 to 9). Unfortunately, wt pM53 had a propensity to bind
the matrix nonspecifically (Fig. 6B). Therefore, we could not clar-
ify whether the failure to coprecipitate the deletion mutants re-
flected their lost capacity to interact with wt pM53 or whether the
mutations simply prevented them from binding to the matrix.

CR2 mutations affect the nuclear distribution of the NEC. To
characterize the fate of the wt NEC further, we performed immu-
nofluorescence analysis of the intracellular localization of pM53
and pM50 in M2-10B4 cells 36 h p.i. The homologues of the
HSV-1 pUL31 and pUL34 proteins form a complex at the INM,
thereby affecting the curvature of the membrane and allowing
capsid translocation into the cytoplasm (11, 24, 40, 50). In accor-
dance with these reports, pM53 and pM50 colocalized at the nu-
clear rim to form the NEC in wt-infected cells; addition of dox did
not change this localization pattern (Fig. 7Ai to Biv). A wt-like
appearance was observed in the absence of dox in cells infected
with MCMV-SVT-M53, a mutant expressing a second wt M53
allele (Fig. 7Ci to Civ). Overexpression of the second M53 allele
increased the amount of nucleosolic pM53 protein with no appar-
ent change in the colocalization with pM50 at the nuclear rim (Fig.
7Di to Div). In MCMV-SVT-�2-infected cells, pM53 and pM50
showed a pattern comparable to that observed after wt infection in
the absence of dox (Fig. 7Ei to Eiv). Additionally, a few pM53
aggregates, indicative of mutant expression, were already present
in the absence of dox. Upon induction of the mutant M53 allele,
the normal distribution of NEC was disturbed and large aggre-
gates containing pM53 and pM50 were formed at the nuclear pe-
riphery (Fig. 7Fi to Fiv). This granular appearance of the NEC
after pM53�2 overexpression was similar to the accumulation of
NEC in the presence of the CR4 truncation mutant s309 (43).
Based on these findings, we hypothesized that the C-terminal tail
of pM53 forms a functional unit and induces similar phenotypes
when its overall integrity is disturbed.

To confirm that the NEC aggregates were formed selectively
after overexpression of pM53�2 and not as a consequence of in-
hibiting nuclear capsid maturation in general, M2-10B4 cells were
infected with a mutant virus harboring an inducible green fluo-
rescent protein (GFP)-coupled DN allele of the smallest capsid
protein, SCP (MCMV-SVT-gfpSCP), which interferes with capsid
maturation (4, 52). While the signal generated by GFP-SCP ap-
peared as granules in the nuclear interior, pM53 colocalized with
pM50 was evenly distributed at the nuclear rim, as observed for wt
MCMV infection. This distribution was observed in the absence
and presence of dox (Fig. 7Gi to Giv), indicating that NEC aggre-
gation in MCMV-SVT-�2-infected cells was caused specifically by
pM53�2 expression.

Many proteins use multiple protein interactions to facilitate
their functions. Therefore, to examine whether NEC aggregation
was the direct result of pM53�2 overexpression and independent

FIG 6 Expression of pM53 DN mutants does not influence the wt pM53-
pM50 interaction. (A) 293 cells were transfected with an empty expression
plasmid (lane 1) or plasmids expressing Flag-tagged M53 (lanes 2 to 5 and 7 to
9) in combination with wt M53 (lanes 3 and 7) or the mutant M53�2 (lanes 4
and 8) or M53s309 (lanes 5 and 9) in the absence (lanes 2 to 5) or presence
(lanes 7 to 9) of M50. Cells were harvested 48 h p.t., and 10% of each sample
(lysed in TLB) was used to detect total protein levels (Total). The remaining
90% was subjected to immunoprecipitation using an anti-Flag matrix (Flag-
IP). pFlagM53 is indicated by a black triangle on the M53 blots. (B) 293 cells
were transfected with plasmids expressing Flag-tagged (lanes 1 to 4) and un-
tagged (lanes 5 to 8) M53. Cells were harvested 48 h p.t., and 10% of each
sample was lysed in TLB and checked for M53 protein expression. GAPDH was
used as the loading control (Total). The remaining 90% was subjected to im-
munoprecipitation with an anti-Flag matrix under different lysis (L) and
washing (W) conditions. The eluates were probed for M53 (bottom; indicated
by Flag-IP).
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of other viral proteins except pM50, U-2 OS cells were transiently
transfected with plasmids expressing either M50 or M50 together
with M53 or M53�2. The cells were then stained with polyclonal
antisera against pM50 and pM53 at 36 h p.i.

When expressed individually, pM53 and pM53�2 were evenly
distributed throughout the nucleosol (data not shown), whereas
pM50 alone was observed at the nuclear membrane and in the
endoplasmic reticulum (ER) (Fig. 8Ai to Aiv). Coexpression of wt
pM53 and pM50 localized both proteins to the nuclear rim due to
formation of the NEC (Fig. 8Bi to Biv). In the case of pM53�2
coexpression with pM50, a proportion of both proteins colocal-
ized at the nuclear membrane, as did the wt proteins. However, a
substantial proportion did not show the well-described nuclear-
rim staining, instead forming aggregates comparable to those ob-
served in infected cells (Fig. 8Ci to Civ). Based on these data, we
concluded that overexpression of a DN CR2 mutant of pM53
affected the nuclear distribution of the wt NEC.

pM53�2 binds poorly to pM50. Since formation of NEC ag-
gregates simply requires the presence of both pM50 and the pM53
CR2 deletion mutant, the interaction between pM53�2 and pM50
was analyzed in more detail. For this, 293 cells were transfected for
48 h with plasmids expressing M50, together with different Flag-
tagged M53 mutants, and 90% of the cells were processed by co-
immunoprecipitation with anti-Flag matrix, whereas the remain-
ing 10% were used to check protein expression.

Western blotting (Fig. 9A) confirmed that pFlagM53 proteins
and the pM50 protein were expressed at comparable levels. How-
ever, the amounts of pM50 precipitated by the pM53 proteins
differed markedly. As expected, high levels of pM50 were precip-
itated by wt pM53 and the truncation mutant pM53s168, which
consists of the variable region and the pM50 binding site in
CR1. As shown previously (31), the binding-deficient mutant
pM53i128 bound only background quantities of pM50. Remark-

ably, reduced pM50 binding was observed for the CR2 deletion
mutants. The strength of pM50 binding declined from pM53�2B
to pM53�2A to pM53�2, which precipitated almost no pM50
(Fig. 9A).

FIG 7 Cellular localization of pM50 in the presence of mutant pM53. M2-10B4 cells were infected with wt MCMV (columns A and B); MCMV-SVT-M53, a virus
expressing a second wt M53 allele (columns C and D); MCMV-SVT-�2 (columns E and F); and MCMV-SVT-gfpSCP (columns G and H) at an MOI of 0.5 in
the absence (�) or presence (�) of 1 �g/ml doxycycline and fixed 36 h p.i. The cells were costained with polyclonal antisera specific for pM53 and pM50, followed
by Alexa Fluor-conjugated secondary antibodies, and analyzed under a confocal immunofluorescence microscope. DNA was visualized using To-Pro 3. Scale bar,
10 �m.

FIG 8 Cellular localization of pM50 in the presence of mutant pM53. U-2 OS
cells were transiently transfected with plasmids expressing M50 (A), M53 and
M50 (B), or M53�CR2 and M50 (C) and fixed 36 h p.i. The cells were
costained with polyclonal antisera specific for pM53 and pM50, followed by
Alexa Fluor-conjugated secondary antibodies, and analyzed under a confocal
immunofluorescence microscope. DNA was stained using To-Pro 3. Scale bar,
10 �m.
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To confirm that pM53�2 was defective in pM50 binding, the
protein-protein interaction was further studied using the PCA
established for the pM50-pM53 interaction (56). For this, 293T
cells were transfected with plasmids expressing different combi-
nations of M53 versions fused to the C-terminal part of the beta-
lactamase (BlaC), together with different M50 versions tagged by
the N-terminal Bla fragment (BlaN). When wt pM50 and pM53
interact, the two Bla fragments are in close proximity and beta-
lactamase activity is restored. Cells were lysed 48 h p.t., and Bla
activity was determined by nitrocefin conversion and absorbance
measurement at 495 nm (Fig. 9B). The combination of pBlaC-
M53 with pBlaN-M50 served as a positive control and yielded the
maximum rate of hydrolysis (vmax): about 12 absorption units/
min. The negative control, consisting of pBlaC-M53 and pBlaN-
M50DM, a mutant unable to bind pM53 (5), generated a back-
ground signal of about 2 absorption units/min. When pBlaC-
M53�2 was expressed together with pBlaN-M50, the nitrocefin

hydrolysis rate was significantly reduced to approximately 50% of
the control value, confirming the poor binding of pM53�2 to
pM50 (as observed in the Flag-IP experiments). A similar reduc-
tion in the rate of nitrocefin conversion was observed for pBlaC-
M53�3. In contrast, BlaC-s309, together with BlaN-M50, yielded
a nitrocefin hydrolysis rate similar to the wt value, indicating an
appropriate interaction between the two proteins.

In conclusion, pM53�2 had a reduced capacity for binding
pM50. As overexpression of this DN mutant led to impaired ge-
nome cleavage/packaging and membranous intranuclear NEC ac-
cumulation, it is likely that the CR2 of M53 plays a role in coupling
genome cleavage with membrane deformation. Taken together,
these data show that, despite their phenotypic similarities, the
pM53�2 and pM53�3 mutants are functionally different from the
pM53s309 mutant.

DISCUSSION

Random screens for DN mutants are time-consuming and labor-
intensive. Therefore, it was of interest to investigate whether DNs
can be constructed on a predictive basis. Usually, DN mutants are
designed with reference to detailed information about structure-
function relationships. However, this knowledge is not yet avail-
able for most herpesvirus proteins. There is only sequence infor-
mation from related viruses that might provide the basis for
mutant design. Initial clues suggesting that this approach may
work, however, were found in the data from a random screen of
the MCMV protein pM53. Analysis of about 100 random mutants
indicated the accumulation of potential DNs within two CRs of
the protein, namely, CR2 and CR4, which are classified according
to the degree of amino acid homology (31, 43). Thus, chimeric
proteins composed of the N-terminal variable stretch harboring
the nuclear localization signal (NLS) and the CR1 of pM53, which
contains the pM50 binding site, still bind to pM50, even when
fused to the C-terminal conserved regions of a pM53 homologue.
Preliminary data show that such chimeric proteins, which harbor
the conserved CR2-CR4 regions of alpha- or gammaherpesvirus
proteins, bind pM50 but cannot complement the M53-null mu-
tation. Chimeras with a shuffled CR1, however, cannot even bind
pM50, suggesting that subfamily-specific features are important
for full function (56).

In this study, we constructed a set of MCMV M53 mutants in
which the CRs were disrupted by targeted mutagenesis. Condi-
tional expression of these mutants in a viral context revealed their
inhibitory potential. On the whole, the data observed for the de-
signed mutants correlated with the results of the earlier random
screen, indicating that an approach based on sequence compari-
son can be used to construct inhibitory mutants. Targeting CR2,
either by domain shuffling or by deletion, gave rise to improved
DN effects. These mutants blocked virus production by up to 4
orders of magnitude, an effect that was about 100-fold stronger
than that observed with the insertion mutants generated in the
random screen. In addition, shuffling of CR4 also produced the
DN mutant expected from the data obtained from the random
screen. Although mutants constructed by domain shuffling are
not as inhibitory as DN mutants harboring deletions at a specific
site, one benefit of this approach is that the workload is minimized
and the regions of interest are identified quickly. This aspect may
be of particular interest if large open reading frames need to be
analyzed.

The prominent role of the pUL31 homologues is the formation

FIG 9 Interaction of the pM53 CR deletion mutants with pM50. (A) 293 cells
were transiently transfected with plasmids expressing M50, together with dif-
ferent Flag-tagged M53 versions, and harvested 48 h p.t. Ten percent of each
sample was lysed in TLB to detect total protein levels (Total). The remaining
90% was subjected to immunoprecipitation with an anti-Flag matrix and an-
alyzed by Western blotting with specific immune sera (Flag-IP). The Flag sig-
nal was detected with a monoclonal anti-Flag antibody directly coupled to
horseradish peroxidase. EV, empty vector. (B) 293T cells were transiently
transfected with plasmids expressing BlaN-tagged M50, or M53 binding-defi-
cient M50 (M50DM), together with different combinations of the different
BlaC-tagged M53 proteins. Cell lysates were prepared 48 h p.t., and beta-
lactamase activity was determined by nitrocefin conversion. Absorption was
measured at 495 nm. The error bars represent the standard deviations of du-
plicate samples in at least three separate experiments.
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of the NEC, along with pUL34 homologues, which mediate capsid
budding through the nuclear envelope (3, 7, 11, 13, 14, 20, 24, 27,
28, 31, 38, 45, 46, 50, 57, 58). However, an increasing number of
studies have identified additional functions for pUL31, including
genome cleavage, capsid targeting to the INM, and induction of
membrane curvature (43, 48, 63). Here, we constructed M53 al-
leles lacking CR2 to further study the putative roles of pM53 and
analyzed their effects on MCMV replication using conditional ex-
pression. We observed that not only CR4-deficient (43) but also
CR2-deficient pM53 significantly reduced the number of viral
unit length genomes and blocked capsid export from the nucleus.
Furthermore, the binding capacity of the CR2 mutant for pM50
was impaired. Nevertheless, the mutant still induced relocaliza-
tion of the NEC in infected cells. This strongly indicates that mu-
tations within this region of the protein interfere with the forma-
tion of homotypic interactions between NEC subunits, as
discussed for HSV-1 (48).

Strong expression of the CR2 deletion mutant changed the
distribution of the NEC and led to the formation of aggregates at
the nuclear membrane. It was observed previously that pUL31
homologues are destabilized if they fail to bind to pUL34 homo-
logues (43, 64). We proposed that the DN function of pM53 mu-
tants was due to displacement of wt pM53 from the NEC, which
renders the wt protein prone to degradation. Overexpression of
pM53�2 did not destabilize wt pM50. This effect is quite different
from the effect of the s309 CR4 mutant, which led to the degrada-
tion and loss of both wt NEC proteins (43). However, the CR2
mutant had no selective effect on wt pM53 or wt pM50 degrada-
tion. This is in line with the reduced binding capacity of pM53�2
for pM50. Therefore, the DN effect cannot be explained by com-
petition between the mutant and the wt protein for incorporation
into the NEC. This suggests that another, as yet unknown protein-
protein interaction (mediated by pM53) is required for correct
NEC formation at the nuclear rim. It might also explain why s309
has higher DN potential, because both wt pM50 and wt pM53 are
degraded in cells infected with s309-expressing viruses. Studies on
a charged-cluster DN mutant of HSV-1 pUL34 implicated the
protein, together with CR3 of pUL31, in the induction of INM
curvature (48). Notably, we did not retrieve any CR3-derived
pM53 mutant with inhibitory potential from the insertion library
(43) or by using the domain-shuffling approach. However, despite
the lack of functional significance, we did observe a reduced bind-
ing capacity of the CR2 and CR3 mutants for pM50, which reflects
the data obtained for the HSV-1 homologues. Incidentally, Roller
and colleagues (48) discussed a multilevel interaction within the
NEC proteins. Although the major binding motif in the MCMV
NEC is clearly located in CR1, the present analysis revealed that
the pM53 CR2 region also contributes to the binding of pM50.

The first UL31 deletion mutants of HSV-1 revealed a defect in
viral-DNA packaging (9) that was later also confirmed for alpha-,
beta-, and gammaherpesviruses (15, 21, 26, 43). In Epstein-Barr
virus (EBV), deletion of the UL31 homologue, BFLF2, results in
the accumulation of DNA-lacking A and B capsids, together with
a defect in intranuclear migration; however, the defective particles
were still exported (15). Here, we report inhibitory mutants that
confirm our previous findings, i.e., that pM53 (the betaherpesvi-
rus homologue of pUL31) is involved in the DNA cleavage/pack-
aging process. About 91% of the nuclear capsids in MCMV-SVT-
�2-infected cells lacked DNA, and there was a marked reduction
in the number of unit length genomes. This effect alone does not

explain the strong inhibitory effect but merely indicates that the
NEC is involved in genome cleavage/packaging. It is possible that
nuclear egress is monitored by a quality control mechanism that
preferentially selects mature DNA-filled capsids for primary en-
velopment rather than DNA-lacking immature forms (6, 16). Re-
cently, capsid maturation in alphaherpesviruses was shown to be
linked to nuclear egress by pUL31 association with capsids. While
in HSV-1 this interaction depended on pUL25 (63), a constituent
of the C-capsid-specific complex (CCSC) consisting of pUL17 and
pUL25, these were not required for pUL31-capsid interaction in
PrV (29). Capsid-bound pUL31 was observed using a pUL34-
deficient PrV, thereby stabilizing a normally transient pUL31-
capsid intermediate (29). Despite its enrichment on C capsids,
pUL31 was also detected on A and B capsids, although the termi-
nase subunits, as well as the portal protein, were not required for
this interaction (reference 29 and unpublished observations). In a
yeast two-hybrid screen in varicella-zoster virus (VZV), pUL31
interacted with several other proteins (60). Therefore, capsid
binding of pUL31 is likely mediated by at least one yet-unknown
protein-protein interaction, for example, by some integral capsid
protein. Although the majority of pM53 protein signal in immu-
nofluorescence was detected at the nuclear envelope, pUL31 cap-
sid association shows that some portion of it is present close to the
replication centers, thereby supporting viral maturation. An en-
zymatic function for pUL31 itself has not yet been reported, indi-
cating that the protein possibly stabilizes some other protein com-
plex, which then efficiently executes viral-DNA cleavage and
packaging. Overexpression of pM53�2 rapidly saturates its bind-
ing sites in pUL50, leaving a higher number of proteins free in the
nucleosol to attach to capsids. There, it can interfere with DNA
cleavage either by blocking terminase activity or by destabilizing a
yet-uncharacterized maturation complex.

Docking of mature capsids at the INM was abrogated in an
HSV-1 UL34 mutant (48), suggesting a role for pUL34 in docking
selectivity. In addition, in our case, capsids docked to the INM
were observed very rarely during DN mutant expression. This
could be either a consequence of the impaired capsid maturation
associated with reduced viral unit length genome formation or a
defect associated with capsid transport to the egress sites. The first
scenario would agree with previous observations showing ineffi-
cient primary envelopment of viral mutants that failed to com-
plete the DNA-packaging process (1, 9, 10, 16, 33, 42). The second
explanation is supported by the electron microscopy (EM) data
from the present study; mature C capsids present in MCMV-SVT-
�2-infected nuclei were not observed at the INM but mainly re-
mained associated in capsid clusters formed within the nucleo-
plasm, arguing for a targeting deficiency caused by the CR2
mutant.

It is supposed that capsid-bound pUL31 guides mature DNA-
filled capsids to the INM-bound pUL34 or pUL34-pUL31 com-
plexes. In our case, capsid-bound pM53�2 bound poorly to
pM50, and there was no homotypic binding to wt M53, which
might account for the migration/targeting defect of the capsids.
We propose that the capsid clusters observed in cells infected with
the CR2 deletion mutant represent the DNA-packaging sites.
These sites cannot be detected by TEM in the highly dynamic wt
situation, where mature capsids are rapidly transported to the
INM. Only the blockade of capsid migration by pM53�2 makes
this process visible.

Taken together, our data both confirm and extend the current
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model of herpesvirus nuclear egress. During wt infection, pUL31
homologues are evenly distributed at the nuclear envelope due to
pUL34 binding. However, a fraction of pUL31 proteins seems to
shuttle freely within the nucleoplasm, where (in HSV-1-infected
cells) it first complexes with pUL17 and pUL25. This complex
then attaches to the capsid vertices (63). Although this capsid in-
teraction has not been shown for betaherpesviruses, the involve-
ment of pM53 in DNA cleavage/packaging points in this direction.
Perhaps the structural rearrangements of the capsid, which occur
subsequent to completion of the packaging process (59), are
sensed by pUL31 family members. The signal could be transmit-
ted by one of the proteins within the packaging complex or by
accessory proteins involved in capsid stabilization.

Finally, membrane dynamics contribute substantially to pri-
mary envelopment of herpesviruses. When nuclear egress of the
capsids is blocked, membrane stacks are formed in MCMV-SVT-
�2-infected nuclei, as observed with other DN mutants of MCMV
NEC proteins (51). These membrane aberrations are probably
derived from the INM, but we did not observe vesicles similar to
those monitored in the HSV-1 pUL34 CL13 mutant (49). Haugo
and colleagues observed nuclear envelope blebbing, along with an
electron-dense layer, upon infection with mutant UL34 HSV-1,
which protruded into the cytoplasm (17). The membrane pheno-
types induced by different viruses and mutants in different cell
types are remarkably distinct, yet they point to the same fact,
namely, that the NEC alters nuclear envelope dynamics.
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