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Proteomic Analysis of the Multimeric Nuclear
Egress Complex of Human Cytomegalovirus*□S

Jens Milbradt‡, Alexandra Kraut§¶�, Corina Hutterer‡, Eric Sonntag‡,
Cathrin Schmeiser‡, Myriam Ferro§¶�, Sabrina Wagner‡, Tihana Lenac**,
Claudia Claus‡‡, Sandra Pinkert§§, Stuart T. Hamilton¶¶, William D. Rawlinson¶¶,
Heinrich Sticht��, Yohann Couté§¶�a, and Manfred Marschall‡a

Herpesviral capsids are assembled in the host cell nucleus
before being translocated into the cytoplasm for further
maturation. The crossing of the nuclear envelope repre-
sents a major event that requires the formation of the
nuclear egress complex (NEC). Previous studies demon-
strated that human cytomegalovirus (HCMV) proteins
pUL50 and pUL53, as well as their homologs in all members
of Herpesviridae, interact with each other at the nuclear
envelope and form the heterodimeric core of the NEC. In
order to characterize further the viral and cellular protein
content of the multimeric NEC, the native complex was
isolated from HCMV-infected human primary fibroblasts at
various time points and analyzed using quantitative pro-
teomics. Previously postulated components of the HCMV-
specific NEC, as well as novel potential NEC-associated
proteins such as emerin, were identified. In this regard,
interaction and colocalization between emerin and pUL50
were confirmed by coimmunoprecipitation and confocal
microscopy analyses, respectively. A functional validation
of viral and cellular NEC constituents was achieved through
siRNA-mediated knockdown experiments. The important
role of emerin in NEC functionality was demonstrated by a
reduction of viral replication when emerin expression was
down-regulated. Moreover, under such conditions, reduced

production of viral proteins and deregulation of viral late
cytoplasmic maturation were observed. Combined, these
data prove the functional importance of emerin as an NEC
component, associated with pUL50, pUL53, pUL97, p32/
gC1qR, and further regulatory proteins. Summarized, our
findings provide the first proteomics-based characteriza-
tion and functional validation of the HCMV-specific multi-
meric NEC. Molecular & Cellular Proteomics 13: 10.1074/
mcp.M113.035782, 2132–2146, 2014.

Viruses are tightly linked to the regulatory processes gov-
erning the metabolic state of their host cells. This regulatory
linkage is reflected by viral activation or silencing of gene
expression and productive replication in response to cellular
changes in signaling, cell cycle, apoptosis, differentiation, and
other parameters. Viruses also tend to exert a strong influence
on regulatory cellular pathways and the developmental fate of
virus-infected tissues (1, 2). These examples of virus-cell in-
terregulation have been studied in detail, but in many cases
the essential molecular mechanisms are still poorly under-
stood. In the field of herpesviruses, profound efforts in mo-
lecular research have been undertaken to characterize those
direct protein–protein interactions that regulate cross-talk
between the virus and its host. Multi-protein complexes com-
posed of both viral and cellular constituents were identified in
several stages of herpesviral lytic replication. In particular,
detailed studies on the replication of human cytomegalovirus
(HCMV)1 in primary fibroblasts and other permissive cell types
have provided very interesting insights into the nature of
chimeric multi-protein complexes. These examples were de-
scribed for viral entry, viral response to intrinsic immunity,
intracellular transport of viral products, nucleocytoplasmic
egress of viral capsids, and other processes (3–6). In classical
approaches, protein–protein interaction was studied by
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means of approved methods including yeast two-hybrid, co-
immunoprecipitation (CoIP), and pulldown analyses with pu-
rified proteins. More recently, very sensitive methods have
been introduced into this field, such as proteomic analysis
using tandem mass spectrometry (MS/MS), confocal imaging
techniques, surface plasmon resonance analysis, and others.

During HCMV replication, the translocation of genome-con-
taining viral capsids from the nucleus to the cytoplasm (nu-
clear egress) is one of the most crucial steps. In this process,
the nuclear envelope represents a barrier consisting of three
distinct elements: nuclear membranes, nuclear pores, and the
proteinaceous network of the nuclear lamina. The viral cap-
sids traverse the nuclear envelope by budding through nu-
clear membranes. Importantly, HCMV capsids access the
inner nuclear membrane by overcoming the proteinaceous
network of the nuclear lamina. To regulate the serial steps in
this procedure, a multimeric protein complex is formed,
termed the nuclear egress complex (NEC) (4, 7). One of the
main tasks of the NEC is the distortion of the nuclear lamina.
Our recent studies identified the formation of lamina-depleted
areas that result from the recruitment of sophisticated enzy-
matic activities to these specific sites at the lamina (8). Viral
and cellular effectors, such as protein kinases, a proline cis/
trans isomerase, and possibly further regulatory proteins, are
involved in this process (4). It is commonly accepted that the
core NEC is composed of two viral proteins, namely, pUL50
and pUL53 (9–13). Moreover, the association of pUL50–
pUL53 with a number of viral and cellular proteins supports
the concept of a multimeric NEC that may include the viral
protein kinase pUL97, multi-ligand binding protein p32/
gC1qR, lamin B receptor, and protein kinase C (PKC) (14).

In this work, we first confirmed the major role played by
pUL50 and pUL53 in NEC formation. The pUL50–pUL53 core
NEC was then used as bait for the identification of other NEC
components at different time points post-infection. Quantita-
tive MS-based proteomics confirmed known members of the
multimeric NEC and also identified the cellular inner nuclear
membrane protein emerin as a novel NEC constituent. Impor-
tantly, colocalization of emerin with the HCMV-specific NEC
and its interaction with pUL50 were demonstrated for the first
time. Knockdown experiments provided functional validation
of the importance of emerin and other NEC proteins for HCMV
replication. Together, these data provide an extended mech-
anistic model for the composition and function of the HCMV-
specific NEC.

EXPERIMENTAL PROCEDURES

Immunoprecipitation of HCMV Native NEC—Primary human fore-
skin fibroblasts (HFFs) were cultivated and infected with recombinant
HCMV AD169-GFP UL53-F or AD169-GFP UL50-HA in 550-ml cell
culture flasks at a density of 5 � 106 to 6 � 106 cells as described
previously (15). Cells were harvested at time points between 1 and 10
days post-infection (dpi) (supplemental Table S2), and the native NEC
was immunoprecipitated from total cell lysates as previously de-
scribed (14). Briefly, infected cells were lysed in 500 �l of CoIP buffer

(50 mM Tris/HCl, pH 8.0, 150 mM NaCl, 5 mM EDTA, 0.5% Nonidet
P-40, 1 mM PMSF, 2 mg of aprotinin ml�1, 2 mg of leupeptin ml�1, 2
mg of pepstatin ml�1) and used for immunoprecipitation with tag-
specific antibodies against pUL53-F (1.2 �l of mouse monoclonal
antibody mAb-FLAG (M2; Sigma)) or pUL50-HA (3 �l of mouse
mAb-HA (12CA5; Roche Applied Science)) coupled to protein
A–Sepharose beads (GE Healthcare Life Sciences) for 1.5 to 3 h at
4 °C under rotation. Mouse mAb-GFP (3 �l of clones 7.1/13.1; Roche
Applied Science) or a mouse Fab fragment (1.2 �l; Jackson Immu-
noResearch Laboratories, West Grove, PA) was used as a control for
specificity.

Quality Control of Purified Samples—To ensure high quality of the
immunoprecipitated protein complexes, samples were analyzed both
qualitatively and quantitatively. First, samples were analyzed to en-
sure successful CoIP of the core NEC proteins via standard Western
blot (Wb) detection using antibodies against hemagglutinin (HA)-
tagged or untagged pUL50 (mouse mAb-HA (12CA5) and rabbit pAb-
UL50 (10)) and FLAG-tagged or untagged pUL53 (mouse mAb-FLAG
(M2) and mouse pAb-UL53 (16)). Second, proteins were separated on
12.5% SDS-PAGE gels and Coomassie stained with InstantBlue™
(Expedeon, San Diego, CA) for 1 h at room temperature under con-
tinuous gentle agitation. Thereafter, the gels were subjected to silver
staining procedures (all steps at room temperature). For fixation, gels
were incubated for 2 h in fixative A (30% methanol, 7.5% acetic acid),
washed three times in 10% ethanol for 5 min, and incubated for 30
min in fixative B (1% glutaraldehyde). After five additional washing
steps with 10% ethanol for 5 min, fixed gels were incubated with
silver nitrate solution (0.2% AgNO3, 0.2% NaOH, 0.28% NH4OH) for
30 min and washed again four times in 10% ethanol. Finally, protein
bands were visualized by incubation with staining solution (0.005%
citric acid, 0.02% formaldehyde) for 30 to 45 min.

Proteomic Analyses

Preparation and In-gel Digestion of NEC Proteins—Immunoprecipi-
tated complexes were solubilized in Laemmli buffer before stacking of
proteins in the top layer of a 4–12% NuPAGE gel (Invitrogen) for
separation followed by R-250 Coomassie Blue staining. The gel band
was manually excised and cut into pieces before being washed by six
successive incubations in 25 mM NH4HCO3 for 15 min each, followed
by six incubations in 25 mM NH4HCO3 containing 50% (v/v) acetoni-
trile. Gel pieces were then dehydrated with 100% acetonitrile and
incubated with 10 mM DTT in 25 mM NH4HCO3 for 45 min at 53 °C and
with 55 mM iodoacetamide in 25 mM NH4HCO3 for 35 min in the dark.
Alkylation was stopped by the addition of 10 mM DTT in 25 mM

NH4HCO3 (10-min incubation). Gel pieces were then washed again by
incubation in 25 mM NH4HCO3 followed by dehydration with 100%
acetonitrile. Modified trypsin (sequencing grade, Promega, Madison,
WI) in 25 mM NH4HCO3 was added to the dehydrated gel pieces for
incubation at 37 °C overnight. Peptides were extracted from gel
pieces in three sequential extraction steps (each 15 min) in 30 �l of
50% acetonitrile, 30 �l of 5% formic acid, and finally 30 �l of 100%
acetonitrile. The pooled supernatants were dried under vacuum.

Nano-LC-MS/MS Analyses—The dried extracted peptides were
resuspended in 5% acetonitrile and 0.1% trifluoroacetic acid and
analyzed via online nano-LC-MS/MS (Ultimate 3000, Dionex, Germer-
ing, Germany; LTQ-Orbitrap Velos Pro, Thermo Fisher Scientific).
Peptides were applied onto a 300 �m � 5 mm PepMap C18 precol-
umn and separated on a 75 �m � 250 mm C18 column (PepMap,
Dionex). The nano-LC method consisted of a 120-min gradient at a
flow rate of 300 nl/min, ranging from 5% to 37% acetronitrile in 0.1%
formic acid for 114 min before reaching 72% acetronitrile in 0.1%
formic acid for the last 6 min. MS and MS/MS data were acquired
using Xcalibur (Thermo Fisher Scientific). The spray voltage was set at
1.4 kV, and the heated capillary was adjusted to 200 °C. Survey
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full-scan MS spectra (m/z � 400–1600) were obtained in the Orbitrap
with a resolution of 60,000 after the accumulation of 106 ions (maxi-
mum filling time: 500 ms). The 20 most intense ions from the preview
survey scan delivered by the Orbitrap were fragmented via collision-
induced dissociation (collision energy: 35%) in the LTQ after the
accumulation of 104 ions (maximum filling time: 100 ms).

Data Analyses—Data were processed automatically using Mascot
Daemon software (version 2.3.2, Matrix Science, London, United
Kingdom). Concomitant searches of the UniProt protein data bank
(Homo sapiens and HCMV strain AD169, 125,420 sequences), clas-
sical contaminant protein sequence databases (260 sequences,
homemade), and the corresponding reversed databases were per-
formed using Mascot (version 2.4). An ESI-TRAP was chosen as the
instrument, trypsin/P was selected as the enzyme, and two missed
cleavages were allowed. Precursor and fragment mass error toler-
ances were set at 10 ppm and 0.6 Da. The following peptide modifi-
cations were allowed during the search: carbamidomethyl (C, fixes),
acetyl (N-ter, variable), oxidation (M, variable), and deamidation (NQ,
variable). The IRMa software (version 1.31.1) (17) was used to filter the
results by conservation of rank 1 peptides, peptide identification with
a false discovery rate of �1% (as calculated from peptide scores by
employing the reverse database strategy), and a minimum of one
specific peptide per identified protein group. Filtered results were
uploaded into a relational mass spectrometry identification database
(MSIdb) before compilation, grouping, and comparison of the protein
groups from the different samples using a homemade tool (hEIDI). The
algorithm compares each protein group of the union reference with
each protein group of the individual identification and computes a
similarity index for each protein group based on the Dice coefficient
(18).

Statistical Analyses—Differential analysis of control and NEC sam-
ples was performed using extracted specific spectral counts (SSCs)
and a �-binomial test considering the within-sample and between-
sample variations in a single statistical model (19). The threshold for
statistical significance was set at 0.05. To select for robust candidates
in NEC samples, only proteins exhibiting a mean SSC of at least 4
were retained.

Transient Transfection and Eukaryotic Expression Plasmids—293T
cells were cultivated and transfected with expression plasmids coding
for HA- or FLAG-tagged cytomegaloviral proteins by the use of Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s protocol.
Expression plasmids pcDNA-UL50-HA, pcDNA-UL53-F, pcDNA-
UL97-F, pcDNA-UL44-F, pcDNA-UL69-F, pcDNA-UL84-F, pcDNA-
UL26-F, and pcDNA-IE2-F and plasmids encoding the N-terminal de-
letion (i.e. encoded amino acids 5–397, 10–397, 15–397, 40–397, or
100–397) and C-terminal deletion mutants of pUL50 (i.e. encoded
amino acids 1–358, 1–340, 1–310, or 1–280) have been previously
described (9, 12, 14, 20, 21). As a vector control, pcDNA3.1 (Invitrogen)
was used in CoIP assays.

CoIP Assay—Transfected 293T cells or HCMV-infected HFFs were
used for protein–protein interaction experiments utilizing CoIP. Immu-
noprecipitation was performed 2 days post-transfection (PEI trans-
fection method) or 3 dpi under previously described conditions (14)
using 2 �l of mouse mAb-FLAG (M2), pAb-HA (HA.11), or mouse
mAb-emerin (H-12). CoIP samples and expression controls taken
prior to the addition of CoIP antibody were subjected to standard Wb
analysis using mouse mAbs and rabbit pAbs as follows: mAb-FLAG
(M2), pAb-FLAG (F7425), mAb-HA (12CA5), mAb-emerin (H-12), and
mouse mAb-UL50 (UL50.01).

Generation and Reconstitution of Recombinant HCMVs—To gen-
erate recombinant HCMVs harboring point mutants of pUL50 (i.e.
single mutants E56A, Q13A, and L116A; double mutant E56A/Y57A)
fused to a C-terminal HA-tag, traceless bacterial artificial chromo-
some (BAC) mutagenesis (22) of the BAC clone AD169-GFP UL50-HA

(15) was performed in Escherichia coli strain GS1783 (23). A detailed
description of the generation and verification of recombinant viral
genomes, as well as virus reconstitution, can be found in Ref. 15.
Oligonucleotide primers used for the generation of PCR products are
depicted in supplemental Table S1.

Indirect Immunofluorescence Assay and Confocal Laser-scanning
Microscopy—HFF cells were cultivated and grown on coverslips for
infection with HCMV laboratory strain AD169 or recombinant viruses
at multiplicities of infection (MOIs) between 0.1 and 0.5. At 3 dpi, cells
were fixed, permeabilized, and used for indirect immunofluorescence
staining as previously described (14) with pAbs and mAbs indicated in
the respective experiments. Secondary antibodies used for double
staining were Alexa Fluor® 488-conjugated goat anti-rabbit IgG
(H�L) and Alexa Fluor® 555-conjugated goat anti-mouse IgG (H�L;
New England Biolabs GmbH, Ipswitch, MA). Images were acquired
using a TCS SP5 confocal laser-scanning microscope equipped with
a �63 HCX PL APO CS oil immersion objective lens (Leica Microsys-
tems, Wetzlar, Germany). For three-dimensional images, z-series of
100 confocal sections were recorded along 9.78 �m (z-axis) with a
pinhole of 0.5 airy units. Images and z-series were analyzed using
LAS AF software (Leica Microsystems).

Transient Knockdown of Emerin, pUL50, pUL97,
and p32/gC1qR

Knockdown of Emerin, pUL50, and pUL97—HFFs were cultivated
in 12-well or 24-well plates and grown to �60% confluence before
transient transfection with synthetic siRNAs (50 to 60 nM) targeting the
cellular EMD gene (coding for emerin; sc-35296, Santa Cruz Biotech-
nology Inc., Dallas, TX) or the viral UL50 or UL97 genes (see supple-
mental Table S1; Lipofectamine 2000, Invitrogen). A scrambled se-
quence (sc-44238, Santa Cruz Biotechnology Inc.) was used as a
negative control in siRNA experiments. Cells were infected 24 h
post-transfection with recombinant HCMV AD169-GFP, HCMV strain
AD169, or recombinant HCMV TB40 UL32-GFP (24) at an MOI of 0.2
to 0.3 GFP/IE1-fu/cell. Cells were harvested at various time points
post-infection and analyzed with regard to the influence of the spe-
cific knockdown on different aspects of HCMV replication: viral pro-
tein expression via Wb detection, HCMV replication efficiency via
automated GFP fluorometry (15), and formation of the cytoplasmic
viral assembly compartment (cVAC) via confocal microscopy. For the
effect of emerin knockdown on HCMV replication, in addition to
siRNA transfection followed by HCMV infection, a second set of
samples was tested with an initial HCMV infection and subsequent
transfection of the siRNAs at 1 dpi. In both cases, cells were har-
vested at 7 dpi, and HCMV replication efficiency was determined via
automated GFP fluorometry.

Knockdown of Cellular p32/gC1qR—Knockdown of endogenous
p32/gC1qR expression was achieved via the transduction of a siRNA-
expressing adenovirus construct into HFFs according to an optimized
procedure as described previously (25). Briefly, HFFs were trans-
duced with 5 � 105 adenoviral knockdown particles per cell coding
for a siRNA targeting the cellular p32/gC1qR gene or a scrambled
sequence used as a negative control. Transduction of both types of
knockdown particles was done at time points 1 d before and 2 d after
HCMV infection. HCMV infection was performed with the reporter
virus AD169-GFP (MOI: 0.2 GFP-fu/cell).

Quantitative Analyses of Viral Protein Expression Levels in Emerin
Knockdown Cells—HFFs transiently transfected with siRNAs and in-
fected with HCMV were lysed at 7 dpi. Viral protein expression was
subsequently analyzed via Wb staining using protein-specific anti-
bodies. Expression levels of immediate early, early, and late marker
proteins of HCMV infection (IE1p72, pUL44, and major capsid protein
(MCP)) were determined by AIDA Image Analyzer version 4.22 (Ray-
test Isotopenmessgeraete GmbH, Straubenhardt, Germany). Consec-
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utive exposure times of the same Wb staining of a certain protein
were evaluated via densitometry and compared with the correspond-
ing staining of the loading control �-actin. Mean percentages of the
expression levels of the emerin knockdown relative to the negative
control are given in the respective experiments.

Polyclonal Antisera and Monoclonal Antibodies—Mouse mAbs
against pUL50 (UL50.01 from clone 1A11) and pUL53 (UL53.01 from
clone 7H8) were produced in the laboratory of Stipan Jonjic and
Tihana Lenac (University of Rijeka, Croatia) by the use of bacterially
expressed fragments of pUL50 (amino acids 1–181) and pUL53 (50–
292). Further antibodies were provided as follows: rabbit pAb-UL97
(26), mouse pAb-UL53 (16), rabbit pAb-p32/gC1qR (27), rabbit pAb-
FLAG (F7425; Sigma), rabbit pAb-HA (HA.11; Covance Inc., Prince-
ton, NJ), mouse mAb-UL97 (28), rabbit mAb-lamin A/C (EPR4100;
Abcam, Cambridge, United Kingdom), mouse mAb-emerin (H-12;
Santa Cruz Biotechnology Inc.), mouse mAb-PKC (A-3; Santa Cruz
Biotechnology Inc.), mAb-�-actin (AC-15; Sigma), mAb-FLAG (M2;
Sigma), and mAb-HA (12CA5; Roche Applied Science). mAbs against
viral IE1p72, MCP, and pp28 were kindly provided by William Britt

(University of Alabama). mAb against pUL44 was kindly provided by
Bodo Plachter (University of Mainz, Germany), and pAb against
pUL50 was kindly provided by James Alwine (University of
Pennsylvania).

RESULTS

Interaction between pUL50 and pUL53 Is a Requirement for
NEC Formation—The core of the HCMV-specific NEC com-
prises the nuclear egress proteins pUL50 and pUL53. For
studying individual functions of the HCMV’s core NEC pro-
teins, BACmid-derived viruses carrying tagged versions of the
two proteins (HCMV-GFP UL50-HA and HCMV-GFP UL53-
FLAG) were generated recently (15). These recombinant
HCMVs have been characterized on a molecular basis, and
findings indicate regular core NEC formation at the nuclear
envelope (Figs. 1A and 2A) (15). As reported in 2012, site-

FIG. 1. Essential role of the E56 and Y57 residues of pUL50 in HCMV core NEC assembly. HFFs were transfected with recombinant
HCMV BACmid DNA carrying the mutations indicated and expressing GFP as a marker of virus-positive cells. A, 10 to 15 days post-
transfection, cells were fixed and used for confocal immunofluorescence analysis to detect the recruitment of core NEC pUL50–pUL53 to the
nuclear rim (pAb-HA for the detection of pUL50-HA, mAb-UL53 for pUL53). Note the lack of both rim recruitment and colocalization of pUL50
and pUL53 with pUL50 mutations E56A and E56A/Y57A. DAPI, 4�,6-diamidino-2-phenylindole; scale bars, 10 �m. B, number of GFP-positive
cells per well of a six-well plate transfected with mutant BACmids at different days post-transfection. -, none; �, 	10; ��, 10–100; ���,
100–1000; ����, 	1000.
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FIG. 2. Schematic depiction of the purification and proteomic analysis of the multimeric NEC from HCMV-infected HFFs. A, core NEC
formation in HCMV-infected HFFs. HFFs were infected with HCMV-GFP UL50-HA, fixed at 7 dpi, and stained with pAb-HA and pAb-UL53 as
indicated. Scale bar, 10 �m. B, proteomics workflow for purification and analysis of the native NEC using recombinant HCMVs carrying tagged
versions of pUL50 and pUL53. C–E, quality controls. CoIP samples of the pUL50–pUL53 core NEC were analyzed via Wb analysis using
detection antibodies pAb-UL53 and pAb-UL50 (C). Differences in the precipitated proteomes of specific NEC samples relative to controls were
examined by means of Coomassie Blue (D) and silver staining (E) of SDS-PAGE gels. Quality control samples are only depicted for NEC sample
1 and its direct control c1, but Wb analysis and Coomassie Blue and silver stainings were conducted similarly for all other NEC and control
samples.
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specific UL50 replacement mutation (E56 and E57) in tran-
siently expressed proteins abrogates pUL50–pUL53 interac-
tion (9). In order to validate pUL50 and pUL53 as promising
baits for purification of a multimeric NEC, we generated ad-
ditional recombinant HCMVs carrying mutant pUL50 (E56A
and E56A/Y57A as defective mutants; Q13A and L116A as
potentially unimpaired controls). For virus reconstitution,
BACmid DNA was transfected into human MRC-5 fibroblasts
to monitor the expression of viral proteins. The progress of
reconstitution was monitored via fluorescence microscopy. In
essence, the production of infectious virus could be proven
for samples derived from the parental BACmid (HCMV-GFP
UL50-HA) and from mutants Q13A and L116A by the occur-
rence of viral cytopathic effect, observation of GFP-positive
cells, and production of viral stocks from harvested media 35
days post-transfection. In contrast, no production of infec-
tious virus was obtained with mutants E56A and E56A/Y57A
(Fig. 1B). Furthermore, a confocal microscopy study visual-
ized the production of BACmid-derived pUL50-HA and pUL53
and the recruitment of the two proteins to the nuclear enve-
lope of transfected primary HFFs (Fig. 1A). For the interaction-
incompetent pUL50 (i.e. mutants E56A and E56A/Y57A), we
could not detect regular core NEC formation. This was indi-
cated by mislocalization of pUL50-HA and pUL53 in the cy-
toplasm and the lack of distinct colocalization at the nuclear
rim of BACmid-transfected cells (Fig. 1A, panels f–p). In con-
trast, control mutants Q13A and L116A (Fig. 1A, panels q–z)
behaved very similarly to the parental virus (HCMV-GFP
UL50-HA), with a clear localization of pUL50-HA and pUL53
at the nuclear rim (Fig. 1A, panels a–e). Combined, these
results clearly point to the essential role of a correct mode of
pUL50–pUL53 interaction, as well as nuclear rim localization,
for core NEC formation and, consequently, for further steps in
virus production.

Purification of the Native NEC from HCMV-infected Human
Fibroblasts—The recombinant viruses HCMV UL50-HA and
HCMV UL53-FLAG represent tools of choice for the purifica-
tion of the native HCMV-specific NEC (Fig. 2B). For this pur-
pose, HFFs were infected at various MOIs with these viruses
and harvested at time points between 1 and 10 dpi. CoIP of
total cell lysates was performed by the use of tag-specific
antibodies to purify the multimeric NEC from HCMV-infected
cells. Protein complexes were then subjected to several steps
of quality control, including proteomic pattern analysis using
Wb and Coomassie Blue and silver staining of proteins in
SDS-PAGE gels (Figs. 2C–2E). As expected, pUL50 and
pUL53 were detected only in NEC-specific samples, and not
in control samples (Fig. 2C). Several protein bands specifically
visible in NEC samples (Figs. 2D and 2E) were considered as
putative NEC components to be identified. Sample prepara-
tion conditions were varied during four independent MS/MS
experiments with alternate use of viruses, CoIP antibodies,
and controls, as well as varying incubation periods of infection
(supplemental Table S2).

Identification of Postulated Components of the HCMV-spe-
cific NEC and Discovery of Novel Candidates via Proteomic
Analysis—MS-based quantitative proteomic analysis was
used to identify the set of proteins coimmunoprecipitating
with native NEC. Interestingly, a general difference in the
protein contents of precipitated complexes was detected be-
tween the samples taken from different time points post-
infection. In samples from days 1 and 2 post-infection, no or
only very low numbers of pUL50 or pUL53 peptides were
recovered (supplemental Tables S3 and S4; data have
been deposited in the ProteomeXchange repository (www.
proteomexchange.org) with accession number PXD000536).
This could be explained by relatively low levels of tagged
pUL50 or pUL53 expressed in cells infected with these re-
combinant viruses at this initial stage of infection (15). At later
time points, pUL50 and pUL53 were consistently identified. In
order to highlight valuable candidates of the NEC, we per-
formed a statistical analysis comparing SSC values of the
proteins identified in control and NEC samples at early (i.e.
samples taken at 3 and 4 dpi) versus late time points of
analysis (i.e. 7 dpi and later). Cut-off criteria were as follows:
(i) statistical p value of enrichment � 0.05, (ii) at least 4-fold
enrichment in NEC samples relative to control samples, and
(iii) a minimum SSC of 4. Only proteins positive for all three
criteria were considered as significantly enriched in NEC sam-
ples (supplemental Table S3). Notably, immunoprecipitation
of either pUL50 or pUL53 resulted in comparable results.
However, it should be noted that pUL50-specific immunopre-
cipitations generally yielded lower SSC values (supplemental
Table S3), most likely due to slightly delayed replication ki-
netics of recombinant HCMV UL50-HA (15). As a main out-
come of this proteomic analysis, we were able to confirm
previously postulated constituents of the HCMV-specific
NEC, and we also identified novel candidates (Table I). In
samples harvested at 3 to 4 dpi, only two viral proteins, pUL45
and pUL83 (pp65), known to be associated with virions, were
found enriched with the pUL50–pUL53 core NEC. In contrast,
at later time points (7 dpi and later), the viral protein kinase
pUL97 and the cellular proteins p32/gC1qR, importin subunit
�-1, and emerin were revealed as associated with pUL50–
pUL53. Thus, these results suggest a change in NEC compo-
sition during the course of infection, particularly characterized
by an enrichment of cellular proteins at late time points (Table I).

We classified proteins according to their functional rele-
vance for nuclear egress. Therefore, we categorized the en-
riched proteins in terms of localization and specifically fo-
cused on proteins that either localize in the nucleus of
infected cells or are associated with HCMV particles (Table I).
Our results confirmed some proteins of the previously postu-
lated multimeric NEC, namely, pUL50, pUL53, pUL97, and
p32/gC1qR (14). For several of these proteins, including
pUL53 and pUL97, functional nuclear localization signals
have been identified recently (15, 29). In this context, it is
interesting that importin subunit �-1 was identified in NEC
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samples. Importins are considered responsible for the nuclear
localization of nuclear localization signal–carrying NEC pro-
teins, but they are probably not actively involved in the pro-
cess of HCMV nuclear egress. It was intriguing, however, to
identify the inner nuclear membrane protein emerin among
potential HCMV-specific NEC components, as its involvement
in the nuclear egress of herpes simplex virus type 1 (HSV-1)
was reported by others (30–32). These findings suggest that
emerin may play a conserved role in the nuclear egress of
HCMV and other herpesviruses.

Interaction of Emerin with pUL50—To verify results ob-
tained via our quantitative proteomic approach, identified pro-
teins were characterized in further protein–protein interaction
analyses. For the previously postulated NEC proteins, former
studies revealed an interaction network including pUL50,
pUL53, pUL97, and p32/gC1qR (summarized in Table II) (9,
12, 14, 33). To address the question of whether endogenous
emerin interacts with pUL50, pUL53, or both, CoIP experi-

ments were performed with proteins from transiently trans-
fected and HCMV-infected cells (Fig. 3). First, FLAG-tagged
versions of pUL50, pUL53, or viral control proteins were tran-
siently expressed in 293T cells and immunoprecipitated with
mAb-FLAG. CoIP of endogenous emerin was tested via Wb.
Our results indicated that emerin specifically interacts with
pUL50 (as well as with coexpressed pUL50–pUL53), but not
with pUL53 alone (Fig. 3A). CoIP of emerin with pUL50 alone
was clearly detectable, although the pUL50 expression level
remained much lower than that of pUL50–pUL53 coexpres-
sion (Fig. 3B; explained by the previous finding that coexpres-
sion stabilizes the pUL50–pUL53 complex) (9). All other viral
proteins tested (Fig. 3A, lanes 4–10; including the NEC-asso-
ciated kinase pUL97) did not show interaction with emerin.
Second, a mapping experiment was performed to identify the
region responsible for emerin interaction. For this purpose, a
series of N- and C-terminal deletion mutants of pUL50 were
analyzed in CoIP assays (Figs. 3C–3F). As a striking result,

TABLE I
Functional description of proteins associated with the pUL50–pUL53 core NEC during the time course of infection

Protein name
UniProt

I.D.
Mean
SSC

Mean SSC ratioa

(NEC/control)
p value

Subcellular
localization

Known functionb

Transient composition of the NEC (samples taken at 3 and 4 dpi (i.e. samples NEC 7, 8, 10, and 11))
HCMV proteins

pUL45 P16782 6.3 5.0 3.55E-02 Vi Function unknown
pUL50 P16791 12.5 NEC only 2.75E-05 INM Nuclear egress; NEC formation
pUL53 P16794 26.5 NEC only 3.91E-05 INM Nuclear egress; NEC formation
pUL83 (pp65) P06725 96.5 4.5 2.03E-02 C, N, Vi Counteracts host antiviral immune

response

Final composition of the NEC (samples taken at 7 dpi and later (i.e. samples NEC 1, 2, 3, and 4))
HCMV proteins

pUL50 P16791 48.5 26.9 4.68E-04 INM Nuclear egress; NEC formation
pUL53 P16794 57.8 144.4 5.51E-06 INM Nuclear egress; NEC formation
pUL97 P16788 5.3 6.6 4.28E-02 N, Vi S/T-protein kinase; multifunctional

(including phosphorylation of
nuclear lamins during nuclear
egress)

Cellular proteins
Emerin P50402 5.0 25.0 3.96E-03 INM Localization of non-farnesylated

prelamin A/C; stabilization and
formation of a nuclear actin
cortical network

Importin subunit �-1 Q14974 6.0 10.0 1.30E-02 C, N Protein transport
LRRF-interacting protein 2 Q9Y608 4.0 5.0 2.23E-02 C Potential activator of canonical

Wnt signaling pathway
p32/gC1qR Q07021 7.8 NEC only 2.39E-04 C, Mt, N Multifunctional protein; potential

involvement in inflammation
and infection processes,
ribosome biogenesis, regulation
of apoptosis, transcriptional
regulation, and pre-mRNA
splicing

Ribophorin I P04843 4.8 NEC only 1.34E-03 ERM Protein glycosylation
SERCA2 P16615 8.3 NEC only 5.43E-04 ERM, SRM Calcium transport

Notes: ERM/SRM, endoplasmic/sarcoplasmic reticulum membrane; C, cytoplasm; INM, inner nuclear membrane; Mt, mitochondrion; N,
nucleus; Vi, virion.

a Ratio between mean SSC of the NEC samples and mean SSC of the corresponding control samples (see supplemental Table S2).
b Information taken from Protein Knowledgebase (UniProtKB) and Ref. 2.
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amino acids 1 to 99 proved to be dispensable for interaction
(Figs. 3C and 3D, lane 8), and C-terminal truncations pre-
vented CoIP of emerin (Figs. 3E and 3F). Thus, region 100 to
397 of pUL50 is competent and sufficient for emerin interac-
tion. Finally, a further experiment using material from HCMV-
infected HFFs and mAb-emerin for CoIP (reverse setting com-
pared with Fig. 3A and Table I) likewise revealed pUL50
interaction with emerin (Figs. 3G and 3H). Together, these
results confirmed the association of emerin with the HCMV-
specific NEC, probably mediated via a direct emerin–pUL50
interaction.

Localization Study of NEC Components—An extended con-
focal microscopy study was performed to investigate the
intracellular localization of previously postulated and novel
NEC components in HCMV-infected versus mock-infected
fibroblasts (Fig. 4 and supplemental Fig. S1). For this purpose,
HFFs were infected with HCMV (strain AD169) or recombinant
virus HCMV-GFP UL50-HA (15) or HCMV UL32-GFP (24).
Notably, pUL50 was found to colocalize with emerin at the
nuclear envelope of HCMV-infected cells (Fig. 4, panels a–e).
This result confirms the data obtained via proteomic and CoIP
analyses. Concerning p32/gC1qR, our results demonstrated a
relocalization in HCMV-infected cells (Fig. 4, panels l–p; sup-
plemental Fig. S1B). The predominant mitochondrial protein
p32/gC1qR is able to partly accumulate in the nucleus under
specific stimuli including phosphorylation (34, 35). Phospho-
rylation of p32/gC1qR by the viral kinase pUL97 was demon-
strated previously (33). In the present work, p32/gC1qR local-
ization changed from a tubular cytoplasmic localization
(mitochondria-associated in mock-infected cells) (36) to a
punctate, granular-shaped cytoplasmic localization with
some faint staining in the nucleus of infected cells (Fig. 4,
panels l–p). Importantly, p32/gC1qR partially colocalized with
pUL50 in dot-like structures at the nuclear rim (Fig. 4, panel p).

In addition, viral pUL97 showed a partial colocalization with
pUL50 (data not shown) and pUL53 (Fig. 4, panels v–z)
restricted to areas of the nuclear rim, as similarly reported in
other studies (29, 37). Finally, PKC, which interacts and
colocalizes with pUL50 in transfected cells (12), was found
relocalized in HCMV-infected cells (supplemental Fig. S1A).
PKC showed translocation into the nucleus (compared with
cytoplasmic localization in mock-infected cells) and partially
colocalized with pUL97 in dot-like structures inside the
nucleoplasm with a slight accumulation at the nuclear rim.
This finding is particularly interesting, considering that an
association of PKC with the cytomegalovirus-specific NEC
is presently the topic of controversial discussion (8, 12, 37,
38) and our MS/MS data did not provide a final resolution to
this controversy. In conclusion, the identified NEC proteins
exhibited marked colocalization with pUL50 or pUL53 in
HCMV-infected fibroblasts and/or profound intracellular
relocalization.

Influence of Knockdown of Specific NEC Proteins on HCMV
Replication—A functional validation of identified NEC proteins
was performed through knockdown experiments. For the es-
tablished NEC components pUL50, pUL97, and p32/gC1qR,
knockdown was performed by means of transfection of syn-
thetic siRNAs (specifically directed to the expression of viral
pUL50 and pUL97; supplemental Table S1) or transduction of
an adenoviral siRNA construct (previously established for
knockdown of human p32/gC1qR) (25). In either case, knock-
down of these NEC proteins resulted in reduced expression
levels of essential viral proteins (Figs. 5A and 5B) and in
significant inhibition of HCMV replication (Fig. 5C), as ex-
pected. Next, the effect of a siRNA-mediated knockdown of
the novel NEC constituent emerin on HCMV infection was
analyzed in detail (Fig. 6). First, when the endogenous expres-
sion of emerin was reduced by the transfection of a pool of

TABLE II
Overview of proteins associated with the pUL50–pUL53 core NEC

NEC
constituent

NEC purification Test for specific interaction pUL50–pUL53
colocalization

MS/MSa CoIP (8, 12, 14, 15) Y2H
(12, 14)

Confocal microscopy
(8, 12, 14, 15)

HCMV infection Transient transfection Transient
transfection

HCMV
infection

Transient
transfection

pUL50-HA-/pUL53-FLAG-
associated

With pUL50 With pUL53 With pUL50

pUL50 � � � � � �
pUL53 � � � � � �
pUL97 � � � � �/� �
p32/gC1qR � � �/�b � �/� �c

Emerin � � � n.d. � n.d.
PKC � �d � �e � �d

Notes: n.d., not determined.
a See Table I for a complete list of proteins.
b Not consistent with a negative yeast two-hybrid result.
c Partial colocalization with pUL50 (data not shown).
d PKC isoform �.
e PKC isoforms � and �.
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FIG. 3. Specific interaction between endogenous emerin and pUL50 in transfected and HCMV-infected cells. A–F, FLAG-/HA-tagged
HCMV proteins, pUL50 deletion mutants, or pcDNA3.1 (vector) were transiently expressed in 293T cells as indicated. Cells were lysed at 2 days
post-transfection, and this was followed by immunoprecipitation of the FLAG-tagged viral proteins and the HA-tagged pUL50 deletion mutants
using mouse mAb-FLAG (A) and rabbit pAb-HA (C and E), respectively. A mouse Fab fragment was used as a control for specificity (C and E,
lane 1). Coimmunoprecipitates and expression control samples were subjected to Wb analysis using tag-specific antibodies or mAb-emerin.
G, H, HFFs were infected with HCMV strain AD169 at an MOI of 0.1 or remained uninfected (mock). At 3 dpi, cells were lysed and used for
CoIP analysis with mAb-emerin. Detection of coimmunoprecipitates and of expression controls was performed by means of Western blotting
using mAb-UL50, mAb-emerin, and mAb-�-actin. Ig-HC, cross-reactive band for immunoglobulin heavy chain.
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three target-specific siRNAs (supplemental Fig. S2A), HCMV
infection was markedly inhibited in these emerin-silenced
HFFs relative to control cells, as demonstrated by a GFP-
based HCMV replication assay (Fig. 6A). Second, knockdown
of emerin effected a reduction of the expression levels of
marker proteins for different phases of HCMV replication (Fig.
6B): immediate early marker IE1p72, early marker pUL44, and
late marker MCP. Densitometric analyses of Wb stainings
revealed that emerin-specific siRNAs reduced levels of emerin
to 50% (Fig. 6B, lane 6) relative to an unspecific control siRNA
(lane 5). Whereas levels of IE1p72 and pUL44 were markedly
reduced upon emerin knockdown (reduction of IE1p72 levels
to 23% and of pUL44 to 54%), MCP levels were only slightly
affected (reduced to 75%). Finally, confocal microscopy was
used to determine whether emerin knockdown interferes with
late maturation of HCMV particles (Figs. 6C–6E). Notably, a
characteristic feature of HCMV-infected cells is an enlarged,
kidney-shaped nucleus bent around a perinuclear body, the
cVAC (40, 41). Within the cVAC, viral particles undergo es-
sential steps of late maturation such as the attachment of
remaining tegument proteins and acquisition of the final en-
velope (6). In order to analyze the effect of emerin knockdown
on late maturation events, we infected HFFs with recombinant
HCMV UL32-GFP, expressing a fusion between pUL32

(pp150) and GFP as a reporter protein (24). The reporter
protein pUL32-GFP associates with viral capsids in the nu-
cleus, allowing visualization of viral capsids at various stages
throughout the HCMV replication cycle (8, 24). At 5 dpi, most
of the HCMV-infected control cells showed a cytoplasmic
accumulation of GFP-labeled viral capsids (Fig. 6C, panels a
and b, solid arrows). Three-dimensional images from z-series
of confocal images representing only one infected cell (Fig.
6D, panel a) further suggested that this accumulation of viral
capsids resembles the discoid structure of the cVAC (41, 42).
In HFFs transfected with emerin-specific siRNAs (which re-
sulted in the reduction of endogenous emerin levels in �80%
of transfected cells; supplemental Fig. S2B), infection with
HCMV UL32-GFP still led to massive viral capsid production
in the nuclei and the cytoplasm of infected cells (Fig. 6C,
panels c and d). However, in cells with considerably reduced
levels of emerin, GFP-labeled capsids did not accumulate in
viral cVACs, but were generally found throughout the whole
cytoplasm (Fig. 6D, panel b, open arrows). In cells with only
slightly reduced levels of emerin, cVAC formation was still
observed in a few cells even under knockdown conditions
(Fig. 6C, panel d, solid triangle). These findings indicated that
late maturation in terms of cVAC formation was significantly
deregulated with the knockdown of emerin (Fig. 6E). Thus,

FIG. 4. Intracellular localization of NEC proteins in HCMV-infected primary fibroblasts. HFFs were infected with recombinant HCMV-
GFP pUL50-HA (panels a–e and l–p) or recombinant HCMV UL32-GFP (panels v–z) or remained uninfected (mock; panels f–k and q–u). At 7
dpi (panels a–u) or 3 dpi (panels v–z), cells were fixed and coimmunostained with the indicated antibodies. Arrows point to yellow dots of
merged signals of antibody staining indicating a partial colocalization of the respective proteins. Scale bars, 7.5 �m.
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emerin and the NEC proteins pUL50, pUL97, and p32/gC1qR
exert a strong influence on the efficiency of HCMV replication.

DISCUSSION

In this study, we used a combination of CoIP and MS-based
quantitative proteomic analysis to explore the composition of
the HCMV-specific multimeric NEC. The main findings are (i)
that the native NEC can be isolated from HCMV-infected
human fibroblasts by the use of pUL50-/pUL53-tagged re-
combinant viruses; (ii) that viral and cellular constituents, at
least in part, could be confirmed as previously postulated; (iii)
that emerin was validated as a novel NEC constituent; and (iv)
that specific knockdown of the individual NEC constituents
pUL50, pUL97, p32/gC1qR, and emerin interfered with effi-
cient HCMV replication.

Constituents of the HCMV-specific Multimeric NEC—The
current findings on the multi-component nature of the HCMV-
specific NEC implicate a refined view of its mechanistic basis.

Previously, we suggested a dynamic sequence of regulatory
and enzymatic activities contributing to the NEC function. The
most important players were categorized into functional
groups: viral core NEC proteins (pUL50–pUL53), cellular tar-
geting and adaptor proteins (LBR, lamins A/C, p32/gC1qR),
regulatory protein kinases phosphorylating nuclear lamins
(pUL97, PKC) and enzymatic effectors producing lamina-de-
pleted areas for viral capsid egress (isomerase Pin1) (8). In this
work, we were able to identify pUL50, pUL53, pUL97, p32/
gC1qR, and several more NEC candidates. In this regard, we
proved the major role played by p32/gC1qR in HCMV repli-
cation in primary fibroblasts. However, not all of the postu-
lated members of the NEC, although individually detected via
classical protein–protein interaction methods (e.g. yeast two-
hybrid and CoIP analyses) or colocalization studies, were
detected in our proteomic analysis of HCMV-specific NEC
purified from primary fibroblasts (Table II). In part, this may be
explained by the low-affinity binding and highly dynamic as-

FIG. 5. Knockdown analysis with HCMV-infected primary fibroblasts to verify the functional role of the established NEC proteins
pUL50, pUL97, and p32/gC1qR. HFFs were transfected with synthetic siRNAs directed to the viral UL97 or UL50 genes (A) or transduced with
adenoviral knockdown particles expressing siRNA directed to the cellular p32/gC1qR or a scrambled sequence as a control (B, C). In each
case, transfected/transduced cells were additionally infected with the reporter virus HCMV-GFP. At 7 days (A) or 6 days (B, C) post-HCMV
infection, the production of viral proteins was monitored by means of Wb analysis (A, B) and the formation of GFP-positive viral plaques was
determined via wide-field microscopy (C). For A, transfection of siRNA targeting HCMV pUL54 strictly inhibiting HCMV replication was used
as a positive control (39). For C, Student’s t test was used to calculate statistical significance (a mean of four values with standard deviations
is depicted for each sample).
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FIG. 6. Effect of emerin knockdown on HCMV replication, viral protein expression, and viral late maturation. HFFs were transiently
transfected with emerin-specific siRNAs or with a scrambled siRNA as a control. In addition, transfected cells were infected with the reporter
virus HCMV-GFP (A), HCMV strain AD169 (B), or recombinant HCMV UL32-GFP (C–E) as indicated. At 7 dpi, the production of viral proteins
was monitored by means of Wb analysis (A), and HCMV replication efficiency was determined via automated GFP fluorometry (B). For A,
Student’s t test was used to calculate statistical significance (samples were performed in quadruplicate, and GFP signals were measured in
duplicate; a mean of eight values and standard deviations are depicted). C–E, at 5 dpi, cells were fixed and immunostained with mAb-emerin.
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sociation-dissociation of regulatory enzymes, such as Pin1
and PKC. In addition, methodological limitations of static,
two-dimensional measurements of protein interaction have to
be taken into account (i.e. interactions will never all happen at
the same time in the same place) when addressing the chal-
lenging task of characterizing complete interactomes (43).
Another postulated NEC component, lamin B receptor, is
tightly integrated into cellular membrane entities through
transmembrane domains and may be lost in NEC preparation
using CoIP. Interestingly, our results from the present and
previous analyses suggest that the association of the viral
core NEC with functional components of the entire multi-
component NEC involves pUL50 as the major interactor scaf-
fold. Interaction with pUL50 could be demonstrated for at
least four NEC components, such as p32/gC1qR, PKC,
emerin, and pUL53. Noticeably, pUL53 is a high-affinity inter-
actor of pUL50, but interaction with further NEC components
has not been conclusively demonstrated (11, 14, 37).

Our proteomic approach identified the inner nuclear mem-
brane protein emerin as a novel constituent associated with
the core NEC. Notably, a knockdown of emerin expression
resulted in a strong impairment of HCMV replication. Emerin
does not harbor enzymatic activities and may be considered
a novel docking molecule for guiding the entire HCMV-spe-
cific NEC to preferred sites in the nuclear lamina. A role for
emerin in nuclear replication and egress of other human her-
pesviruses (HSV-1 and Kaposi’s sarcoma–associated herpes-
virus) has recently been proposed by others (31, 32, 44). In
this work, we obtained evidence of its interaction with pUL50.
Interestingly, emerin is a member of the LAP2-emerin-MAN1
family of nuclear proteins, and thus this protein exhibits the
LAP2-emerin-MAN1 domain as a common structural feature
that mediates interaction with the barrier-to-autointegration
factor (45–47). This factor is required for the assembly of
emerin at the nuclear envelope (48). Despite the presence of
a common protein interaction domain in emerin, it is tempting
to speculate that the LAP2-emerin-MAN1 domain is also in-
volved in interaction with pUL50. The structure of the emerin–
barrier-to-autointegration factor complex revealed that the
LAP2-emerin-MAN1 domain is bound by a deep concave cleft
formed by the barrier-to-autointegration factor dimer (45). Our
domain mapping analysis of pUL50 suggests that the C-ter-
minal portion is responsible for emerin interaction.

Timely Coordinated Assembly of the Entire Multimeric
NEC—We were also interested in exploring whether the

NEC’s composition generally varies along the time course of
the HCMV lytic replication cycle. To answer this question, we
performed MS/MS analyses of NEC purified from HCMV-
infected cells at consecutive time points. A major finding was
that the complexes isolated at early and late time points
differed strongly in their composition. From our data, we can
speculate that, first, the heteromer pUL50–pUL53 constitutes
the viral core NEC at the nuclear envelope. Then this core
recruits further proteins to form a multi-component NEC, pos-
sibly in the varieties of a transient and a final composition
(Table I), as seen at later stages of viral replication. Here, the
incorporation of the viral protein kinase pUL97 is of special
importance. The enzymatic activity of pUL97 is responsible
for the local disassembly of the nuclear lamina during the late
phase of HCMV infection (8, 33, 49). Experiments with recom-
binant HCMVs (expressing mutant pUL50) pointed to the
essential role of the pUL50–pUL53 interaction and the funda-
mental role of E56 and Y57 of pUL50 in the formation of the
NEC. In addition, assembly of the entire multimeric NEC might
be regulated by another mechanism. It is tempting to specu-
late that specific protein phosphorylation is essential for co-
ordinated formation of the NEC. Major components of the
NEC, such as pUL50, pUL53, and p32/gC1qR, are phosphor-
ylated by pUL97 or cellular PKC (12, 33). PKC is additionally
important for phosphorylation of emerin in HSV-1-infected
cells (30), and pUL97 is capable of autophosphorylation (50–
52). Thus, the coordinated fashion of NEC assembly might be
regulated by phosphorylation of its constituents.

Another aspect of NEC assembly is the connection be-
tween different replicative multiprotein complexes formed in
the HCMV-infected host nucleus. It appears plausible that
herpesviral complexes involved in DNA replication, DNA en-
capsidation, capsid assembly, and nuclear egress might
evolve from each other on the basis of their temporal associ-
ation and dissociation (6, 53). Some of our results were in line
with this hypothesis, notably the identification of virion-asso-
ciated proteins pUL45 and pUL83 (Table I) only at early time
points. Interestingly, the viral proteins pUL89 (MCP) and
pUL85 were also enriched in these samples but were not
considered significant according to the chosen cut-off limits
of our quantitative proteomic analysis (3.2-fold enrichment of
both proteins in NEC samples relative to controls; supplemen-
tal Table S3). The two proteins are constituents of viral cap-
sids and therefore may provide a link between nuclear viral
particles and the NEC as succeeding steps.

Representative confocal images (C) or examples of corresponding z-series with higher magnification (D) illustrate emerin immunostaining (red)
and the distribution of GFP-labeled viral capsids (green) under emerin knockdown conditions or in control cells as indicated. Solid arrows,
distribution of viral capsids in a cVAC-like fashion in emerin-expressing cells; open arrows, distribution of viral capsids throughout the
cytoplasm of cells with no detectable emerin staining; solid triangle, distribution of viral capsids in a cVAC-like fashion in cells with slightly
reduced levels of emerin staining; dashed lines/arrowheads, optical sections through the z stack (xy) or the focal plane (xz and yz); dotted line,
nuclear margin deduced from the z-series of the corresponding DAPI images. E, quantitation of cVAC formation in emerin knockdown cells
relative to control cells. The percentage of infected cells, showing GFP-labeled viral capsids in cVAC-like fashion, was determined by scoring
15 microscopic fields (	330 cells) for each setting. Student’s t test was used to calculate statistical significance.
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Differential NEC Assembly Comparing Human and Murine
CMVs—The properties of NEC formation and function appear
to be a conserved feature within the family Herpesviridae. All
herpesviruses analyzed so far utilize a core NEC of pUL50–
pUL53 homologs as a scaffold to assemble further NEC reg-
ulators and docking and adaptor proteins (7). However, a
comparison between the findings of the present study on
human CMV and a related study on murine CMV (54) revealed
that the findings were only partly consistent. The central NEC
components pUL50/pM50, pUL53/pM53, and p32/gC1qR
were identified accordingly, but a huge number of NEC-asso-
ciated proteins differed between the two systems. This may
indicate that higher conservation can be assumed among
human herpesviruses, whereas differences are seen between
human and murine CMVs. The differences between the indi-
vidual protein compositions of herpesviral NECs may indicate
an analogy, rather than a homology, of proteins fulfilling NEC
functions. In summary, our approach describes for the first
time the composition of the native NEC isolated from HCMV-
infected primary fibroblasts. This refined knowledge about the
HCMV-specific NEC will support future studies on virus–host
interaction, HCMV pathogenesis, and novel NEC-based anti-
viral strategies.
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