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Abstract: The assembly of human cytomegalovirus (HCMYV) virions is an orchestrated process that
requires, as an essential prerequisite, the complex crosstalk between viral structural proteins.
Currently, however, the mechanisms governing the successive steps in the constitution of virion
protein complexes remain elusive. Protein phosphorylation is a key regulator determining the
sequential changes in the conformation, binding, dynamics, and stability of proteins in the course
of multiprotein assembly. In this review, we present a comprehensive map of the HCMV virion
proteome, including a refined view on the virion phosphoproteome, based on previous publications
supplemented by new results. Thus, a novel dataset of viral and cellular proteins contained in
HCMV virions is generated, providing a basis for future analyses of individual phosphorylation
steps and sites involved in the orchestrated assembly of HCMV virion-specific multiprotein
complexes. Finally, we present the current knowledge on the activity of pUL97, the HCMV-encoded
and virion-associated kinase, in phosphorylating viral and host proteins.

Keywords: Human cytomegalovirus; virion composition; proteins; phosphorylation; virion-
associated kinase; mass spectrometry-based proteomics

1. Introduction

The human cytomegalovirus (HCMV) is a member of the Betaherpesvirinae subfamily.
Seroprevalence studies have indicated its wide presence in the population worldwide [1]. While
HCMUV infection is mainly asymptomatic in immunocompetent hosts, active replication, either from
primary infection, reinfection, or reactivation from latency, causes life-threatening complications in
immunocompromised patients, as well as serious fetal damage during pregnancy [2-5]. HCMV
infects and replicates in a broad range of cell types, notably thanks to the remarkable modularity of

Microorganisms 2020, 8, 820; d0i:10.3390/microorganisms8060820 www.mdpi.com/journal/microorganisms


https://core.ac.uk/display/326015652?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Microorganisms 2020, 8, 820 2 of 22

protein complexes present in its envelope [6]. Its complex infectious cycle involves the hijacking of
numerous host pathways, notably through the modulation of various functional protein complexes
[7]. This culminates with the production of precisely packaged virions composed of four main
structural components: the core genome contained within the capsid, which itself is coated in a
protein matrix called the tegument, connected to a surrounding outer lipid bilayer envelope [8].

Virion assembly is a multistep process that takes place sequentially in different structures within
infected cells. In the nuclei of host cells, the viral genome is replicated and the capsids are assembled
before the genomes are encapsidated [9]. These immature-stage capsids are already decorated with
an internal layer of tegument proteins before their budding through the nuclear membranes [10].
Nucleocytoplasmic transport of capsids, termed nuclear egress, is mediated through a multistep
regulatory process involving the reorganization of the nuclear lamina and the primary envelopment
and subsequent de-envelopment of nuclear capsids, in which the virus-encoded protein kinase plays
a central role through the phosphorylation of various host and viral proteins [11]. Maturation of
virions then continues within the virus-induced cytoplasmic assembly complex [12,13], which
contains Golgi-derived structures, as well as early and recycling endosome-derived structures [14].
In the assembly complex, most of the tegument proteins become associated and ultimately virions
are secondarily enveloped in their mature form. In the final step, virions are transported to the plasma
membrane within vesicles and released in the extracellular space through fusion of the vesicle and
plasma membranes [8,15]. Thus, as a key feature, the morphogenesis of HCMYV virions requires the
formation of multiprotein complexes [7,16,17].

Mature HCMV particles show a remarkably high level of complexity and conservation with
respect to their protein composition, independent of the viral strains that were analyzed [18-20]. This
is paralleled by conserved patterns of viral protein levels in infected cells independent of HCMV
strains [21]. The underlying regulatory mechanisms that govern HCMYV virion assembly in such a
reproducible fashion in infected cells are, however, still widely unknown. One well-established key
regulatory switch in protein interaction is phosphorylation. Although the molecular events that drive
phosphorylation-dependent protein interactions are well studied, e.g., in signal transduction, there
is only limited information on how herpesvirus particle assembly may be modulated by the
phosphorylation status of individual virion components. Indeed, this process requires sequential
steps of protein interactions, resembling physiological processes in infected cells, leading to the
formation of multiprotein complexes. Phosphorylation could, thus, be considered as a key regulatory
switch in herpesvirus assembly. It is known that some of the HCMV virion proteins, particularly in
the tegument, are phosphorylated [22,23]. The same proteins have also been found to be
phosphorylated during their intracellular state of infection [24-28]. Here, an interesting question
addresses the issue how phosphorylation and specific patterns of phosphosite usage relate to virion
assembly and morphogenesis.

During the past twenty years, the constant evolution of mass spectrometry (MS)-based
proteomics has revolutionized the throughput, depth, and precision of protein characterization in
many contexts [29], including HCMV molecular biology [30]. Here, we highlighted how MS-based
proteomics has been central to characterizing the protein content of HCMYV virions, identifying viral
and cellular players. Furthermore, we combined data from the literature with a novel dataset we
produced, aiming to provide a comprehensive map of the protein composition of HCMYV infectious
particles. We then integrated information concerning the phosphorylation status of proteins within
virions, combining published and novel datasets. Furthermore, a side-by-side analysis of the
phosphoproteomes of HCMV virions and infected cells revealed marked differences in the
phosphorylation patterns of viral proteins. This refined information may provide a basis for future
analyses of specific viral phosphosite occupancy involved in the regulation of the orchestrated
assembly of HCMYV virions. Finally, we reviewed the current knowledge on the phosphorylation
activity of the HCMV-encoded and virion-associated kinase pUL97, while providing original results
on its phosphorylation of the host protein IFI16.
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2. Materials and Methods for Original Datasets

2.1. Purification of HCMV Virion

For virion purification, 1.8 x 10¢ primary human foreskin fibroblasts (HFF) cells (passage
numbers 17 to 19) were grown in 175 ecm? tissue culture flasks (Greiner, Frickenhausen, Germany) in
minimal essential medium (MEM; Gibco-BRL via Thermo Scientificc, Waltham, MA, USA)
supplemented with 5% FCS (Biochrom, Berlin, Germany), L-glutamine (2mM, Sigma-Aldrich CO, St.
Louis, MO, USA), and gentamicin (50 mg/L, Gibco-BRL via Thermo Scientific, Waltham, MA, USA)
for 1 day. The cells were infected with 0.5 mL of a frozen stock of the HCMYV strain AD169-RV [31]
(passage number 6) at a rate of infection of 0.6 in 3.5 mL of MEM. The virus inoculum was allowed
to adsorb for 1.5 h at 37 °C. Subsequently, the culture medium was supplemented and the cells were
incubated for at least 7 days. When the cells showed a cytopathic effect (CPE) of late HCMYV infection
(usually at day 7 post-infection (p.i.)), the supernatant was harvested and centrifuged for 10 min at
2800 rpm using a TX-400 rotor in a Heraeus Megafuge 16 (Thermo Scientific, Waltham, MA, USA) to
remove cellular debris. Virion preparation was then performed according to a modification of the
procedure suggested by Irmiere and Gibson [32]. The supernatant was collected and centrifuged at
95,000 x g (70 min; 10 °C) in a SW45Ti rotor in a Beckman Optima L-90K ultracentrifuge (Beckman
Coulter, Brea, CA, USA). The pellets were re-suspended in 700 pl of 1x phosphate-buffered saline
(PBS, Sigma-Aldrich CO, St. Louis, MO, USA). Glycerol tartrate gradients were prepared
immediately before use. For this, 4 mL of a 35% Na-tartrate solution (Roth, Karlsruhe, Germany) in
0.04 M Na-phosphate (Roth, Karlsruhe, Germany) buffer at pH 7.4 was applied to one column, while
5 mL of a 15% Na-tartrate-30% glycerol (Roth, Karlsruhe, Germany) solution in 0.04 M Na-phosphate
buffer at pH 7.4 was applied to the second column of a gradient mixer. The gradients were prepared
by slowly dropping the solutions into Beckman Ultraclear centrifuge tubes (14 by 89 mm, Beckman
Coulter, Brea, CA, USA), positioned at an angle of 45°. The solution containing viral particles was
then carefully layered on top of the gradients. Ultracentrifugation was performed with breaks and
minimum deceleration in a Beckman SW41 swing-out rotor (Beckman Coulter, Brea, CA, USA) for 60
min at 90,000 x g and 10 °C. The particles were illuminated by light scattering and collected from the
gradient by penetrating the centrifuge tube with a hollow needle below the band. Samples were
carefully drawn from the tube with a syringe. The particles were washed with 1x PBS and pelleted in
an SW41 swing-out rotor (Beckman Coulter, Brea, CA, USA) for 90 min at 98,000 x g and 10 °C. After
the last centrifugation step, the virions were resuspended in 100 ul of 2x Laemmli buffer [33],
centrifuged at 9,390 x g in a FA-45-24-11 rotor in an Eppendorf 5424R centrifuge (Eppendorf,
Hamburg, Germany), and stored at —80 °C. The protein composition of purified virions was analyzed
by SDS-PAGE. For this, extracted proteins were loaded on a 10% Bis-Tris-polyacrylamide gel
(Invitrogen by Thermo Fisher Scientific, Waltham, MA, USA). After electrophoresis, the gel was
incubated in 20 mL Instant Blue staining solution for 30 min according to the manufacturer’s protocol
(Expedeon via Sigma Aldrich CO, St. Louis, MO, USA).

2.2. MS-Based Proteomic Analyses of Purified Virions

Similar amount of extracted proteins from the three biological replicates were stacked in the top
of a SDS-PAGE gel (NuPAGE Novex 4-12% Bis-Tris, Gels, 1.0 mm, Life Technologies SAS,
Courtaboeuf, France) and in-gel digested with trypsin (Promega Corporation, Madison, WI, USA) as
previously described [34]. Resulting peptides were either directly analyzed by nano-liquid
chromatography (nanoLC)-MS/MS analyses or submitted to phosphopeptide enrichment using
titanium dioxide beads (TitanSphere, GL Sciences, Inc. via Interchim, Montlu¢on, France) as
previously described [35].

NanoLC-MS/MS analyses were performed using an Ultimate 3000 RSLCnano coupled to a Q-
Exactive Plus (Thermo Fisher Scientific, Bremen, Germany). Peptides were sampled on a 300 um x 5
mm PepMap C18 precolumn (Thermo Scientific, Waltham, MA, USA) and separated on a 75 um x
250 mm C18 column (Reprosil-Pur 120 C18-AQ, 1.9 pm, Dr. Maisch GmbH, Ammerbuch, Germany).
The nanoLC method consisted of a 120 min gradient at a flow rate of 300 nl/min, ranging from 5.1%
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to 41% acetonitrile (Sigma-Aldrich CO, St. Louis, MO, USA) in 0.1% formic acid (Merck KGaA,
Darmstadt, Germany). The spray voltage was set at 1.5 kV and the heated capillary was adjusted to
250 °C. Survey full-scan MS spectra (m/z = 400-1600) were acquired at a resolution of 70,000, with
automatic gain control (AGC) set to 10¢ ions (maximum filling time 250 ms) and with the lock mass
option activated. The 10 most intense ions were fragmented by higher-energy collisional dissociation
(normalized collision energy = 30) at a resolution of 17,500, with AGC set to 10¢ ions (maximum filling
time of 250 ms and minimum AGC target of 3 x 10%) and dynamic exclusion set to 20 s. MS and MS/MS
data were acquired using the Xcalibur software (Thermo Fisher Scientific, Bremen, Germany).

Peptides and proteins were identified using Mascot [36] v. 2.6.0 (Matrix Science, London, United
Kingdom) through concomitant searches in the Uniprot database (Homo sapiens and HCMV AD169
taxonomies, October 2019 version), a classical contaminant database, and the corresponding reversed
databases. Trypsin/P was chosen as the enzyme and two missed cleavages were allowed. Precursor
and fragment mass error tolerances were set at 10 and 25 ppm, respectively. Peptide modifications
allowed during the search were: carbamidomethyl (C, fixed), acetyl (protein N-term, variable),
oxidation (M, variable), and phosphoration (STY, variable). The Proline software [37] was used to
filter the results according to conservation of rank 1 peptides, peptide-spectrum-match score = 25,
peptide length > 6 amino acids, false discovery rate of peptide-spectrum-match identifications < 1%
as calculated on peptide-spectrum-match scores by employing the reverse database strategy, and
minimum of 1 specific peptide per identified protein group. Proline was then used to perform
compilation, grouping, and comparison of the protein groups and phosphosites identified in the
different samples. Proteins from the contaminant database and additional keratins were discarded
from the final list of identified proteins. Only phosphopeptides with a localization probability above
75%, as calculated using the Mascot Delta Score [38], were conserved.

Raw and processed MS data were deposited to the ProteomeXchange Consortium via the PRIDE
(PRoteomics IDEntifications database) partner repository [39] with the dataset identifier PXD012921.

3. MS-Based Characterization of the HCMYV Virion Proteome

Different strategies may be implemented to characterize the protein content of a biological
system. The most widely used approach is based on an enzymatic digestion of the extracted proteins
before analysis of the resulting peptides by liquid chromatography (LC) coupled to tandem MS using
soft ionization. Dedicated computational tools are then used to identify the peptides and proteins,
and if needed to extract their abundances. Importantly, the MS instruments and specific algorithms
are constantly improved to make proteomic analyses more powerful [29,40]. Soon after the
pioneering work of Pappin et al. reporting that masses and fragmentation patterns of proteolytic
peptides can be used to rapidly identify proteins from databases [41], this strategy was applied to
characterize the proteome of a virion for the first time, namely Ictalurid herpesvirus 1 (also known
as Channel Catfish Virus), a member of the Alloherpesviridae. This resulted in the identification of
12 proteins—11 expressed from the viral genome and 1 from the host genome [42]. Following this,
the proteomes of various viruses have been investigated using MS-based proteomics [43-46].

Seminal works aiming at characterizing the protein content of HCMV virions have concluded
that about 30 different proteins were packaged, with some of them being phosphorylated [32,47-50].
The application of advanced MS-based proteomic approaches demonstrated that the proteome
content of HCMYV virions was much more complex than expected. To date, three different datasets
have been delivered that have characterized the proteome of the AD169 laboratory strain of HCMV
or of AD169-derived clones [18,19,23]. In 2004, Varnum et al. performed the first characterization of
the HCMV virion proteome. For this, they purified infectious particles from the cell culture
supernatant of HCMV-infected human dermal fibroblasts before lysis in urea and protein digestion
using trypsin. Resulting peptides were fractionated by strong cation exchange and analyzed by
reversed-phase nanoLC coupled to tandem MS using an ion trap and a Fourier-transform ion
cyclotron resonance (FTICR)-MS for high-accuracy mass measurements. This strategy allowed the
identification of 59 proteins encoded by the viral genome using SEQUEST [51] and ICR-2LS [52]. In
2014, Reyda et al., while analyzing the role of pp65 in virion morphogenesis, delivered a
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complementary proteome of HCMYV infectious particles. They purified AD169-RV (also called RV-
HB15) virions from the cell culture supernatant of HCMV-infected human foreskin fibroblasts and
lysed them in a buffer containing urea, thiourea, and CHAPS (3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate). The extracted proteins were then
digested with trypsin using a modified filter-aided sample preparation method [53,54]. Resulting
peptides were analyzed by reversed-phase nanoLC coupled to tandem MS using a high-resolution
hybrid quadrupole time-of-flight, leading to the identification of 51 viral proteins with at least 2
peptides using the ProteinLynx Global SERVER (Waters). The proteome of HCMV virions of the
AD169 strain was further investigated by Rieder et al. [23]. After purification, virions were lysed in
urea before in-solution digestion of proteins using trypsin or chymotrypsin. Obtained peptides were
analyzed by reversed-phase nanoLC coupled to tandem MS using a high-resolution hybrid
quadrupole orbitrap, before identification using the MaxQuant software [55]. This work ended up
with the identification of 62 viral proteins. Finally, we provide here a fourth dataset aiming at
characterizing the HCMV virion proteome. For this, we prepared three biological replicates,
corresponding to three independent cultures, of HCMV virions as described in [19]. This time,
particle lysis was performed directly in Laemmli buffer. A control of the independent preparations
using SDS-PAGE and Instant Blue staining showed that their protein patterns were very similar,
demonstrating the reproducibility of the purification process (Figure 1). For MS-based proteomic
analyses, the proteins were stacked in a single band in the top of a SDS-PAGE gel and digested in-gel
using trypsin. Extracted peptides were submitted to reversed-phase nanoLC coupled to tandem MS
using a high-resolution hybrid quadrupole orbitrap. Data were processed using Mascot [36] and
Proline [37], allowing identification of 73 viral proteins (67 in the three replicates, and three each in
two and one replicates), representing the highest number of viral proteins identified in purified
HCMV virions.
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Figure 1. Protein patterns of the three replicates of purified human cytomegalovirus (HCMV) virions.
Extracted proteins of the three different preparations were submitted to SDS-PAGE separation and
stained with Instant Blue dye. The proteins depicted to the right in each panel were tentatively
assigned according to the protein molecular weight standard, shown to the left.

In total, 82 different viral proteins were identified in purified HCMV virions by these four
studies using MS-based proteomics (Figure 2, Supplementary Table S1). These proteins can be
grouped according to their localization within virions [8,56]. In addition to the five constituents of
the HCMV capsid (major capsid protein/MCP, pUL46/Trx1, pULS85/Trx2, pUL48a/SCP, and
pUL104/PORT), as well as the three capsid-associated proteins pUL93/CVC1, pUL77/CVC2, and
pULS0.5, these works revealed the presence of 12 envelope proteins, 24 tegument proteins, and 38
proteins with unknown localization within the viral particle (Supplementary Table S1). The majority
of the 82 proteins (i.e., 46 proteins) were identified in the 4 studies, whereas 7, 11, and 18 proteins
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were identified in three, two, and one of the investigations, respectively (Figure 2). This may be
explained by differences in the experimental settings of these studies, notably the virion lysis
strategies employed, but also the mass spectrometers and data processing tools used, as well as the
completeness of the database employed. On that latter point, it must be emphasized that the number
of different proteins potentially expressed from the HCMV genome is higher than initially expected
[57]. One protein that was reproducibly detected in our novel dataset but not in others is pUL128.
This protein is a component of a pentameric envelope protein complex, consisting of glycoproteins
H and L, as well as pUL130 and pUL131 [58]. The pentameric complex (PC) has been shown to be
important for HCMV infection of cell types such as endothelial cells and epithelial cells [58-61].
Laboratory HCMYV strains are devoid of the PC because of mutations in the UL128-131 gene region.
The AD169 strains used for MS-based analyses are devoid of the expression of pUL131, but express
UL128 in infected cells [62]. It was, however, surprising that pUL128 was found in the virion
proteome, as PC-formation was thought to be essential for packaging of pUL128 into virions. One
explanation for this would be that pUL128 was fortuitously packaged into virions. Alternatively, the
pUL128 might be packaged in low amounts into virions independent of PC formation. Interestingly,
seven proteins with a localization still unknown within HCMYV virions have been reproducibly
identified in the different studies: two are G-protein-coupled receptor homologues (pUL33 and
pUS27), three are known to be involved in DNA replication (pUL44, pUL84, and pUL112/113), one
plays a role in transcription (pUL122), and the last one is a member of the nuclear egress complex
(pULS0). It might, thus, be hypothesized that these proteins are purposely packaged and that their
presence in the virion serves a function during the initial stages of viral infection.

AD169-RV strain AD169 strain
(Reyda et al., (Rieder et al.,
51 proteins}) 62 proteins)

AD169 strain
(Varnum et al.,
59 proteins)

AD169-RV strain
(this study,
73 proteins)

Figure 2. Venn diagram displaying overlap of viral proteins identified in HCMYV virions in the present
and previous studies [18,19,23] (http://bioinformatics.psb.ugent.be/webtools/Venn/).

By taking advantages of the possibility to estimate absolute quantities of proteins from label-free
MS-based proteomic analyses [63,64], these works allowed the rough estimation of the stoichiometry
of proteins identified within HCMYV virions. For this purpose, Varnum et al. averaged the extracted
intensities of the most abundant peptides identified for each protein, while Reyda et al. used the



Microorganisms 2020, 8, 820 7 of 22

TOP3 strategy, in which the abundance of a protein is calculated as the average intensity of its three
best ionizing peptide. For our original dataset we implemented the intensity-based absolute
quantification (iBAQ) approach, in which the intensities of the different peptides identified for a
protein are summed before normalization by the number of theoretically observable peptides for each
protein [65]. The estimated relative abundances between virion proteins were consistent for many of
them across the different studies (Supplementary Table S1, extracted abundances normalized to MCP
value). For some proteins, however, discrepancies were observed that may be explained by the
different experimental strategies used. Importantly, the stoichiometries inferred by label-free MS-
based proteomics were close to those obtained through high-resolution characterization by cryo-
electron microscopy of the structure of the tegument-coated HCMYV capsid [66]. The only exception
was for pUL48a/SCP, for which copy numbers were overestimated by Varnum et al. and
underestimated by Reyda et al. and in our original dataset as compared to the atomic structure
derived from cryo-electron microscopy analysis, showing that each copy of this protein binds exactly
one copy of the MCP [49] (Supplementary Table S1). Globally, the different MS-based proteomic
studies agree on the fact that the tegument proteins represent the main fraction of the protein amount
within HCMYV virions (55%-72%), with pp65 always being estimated as the most abundant resident
protein, followed by capsid proteins (16%-32%), envelope proteins (11% to 20%), and proteins of
unknown localization (1%-3%) (Supplementary Table S1). This remarkable reproducibility between
studies argues in favor of a highly conserved process of HCMV virion morphogenesis, and notably
for tegument assembly despite its amorphous nature in ultrastructural analyses. This is underlined
by our recent findings that the virion proteome is conserved between different HCMV strains,
including primary clinical isolates, and the TB40-BAC4 strain, which expresses the pentameric
complex [20]. This is also consistent with previous studies showing that comparable relative amounts
of tegument proteins are synthesized in infected cells, irrespective of the HCMYV strain used for
infection [21].

A common feature of most of the MS-based analyses of virion proteomes is the identification of
host proteins [43—46]. This is also the case for HCMV virions, for which an increasing number of
human proteins have been identified as the analyses were carried out using increasingly sensitive
MS instruments. Indeed, Varnum et al. reported the identification of 71 host proteins, while the
dataset of Reyda et al. included more than 400 different human proteins, the work of Rieder et al.
identified more than 1300 human proteins, and our novel dataset contains over 1500 host proteins.
The estimation of their abundance within virions suggest that some of them might be rather abundant
in virions (Supplementary Table S2, extracted abundances normalized to MCP value). However,
importantly, the abundance estimates of host proteins identified in the different studies are much less
consistent than those observed for viral proteins. Although ultracentrifugation allows for the
separation of HCMYV virions from cellular debris, contamination of the virion material by cellular
components with similar sedimentation properties or unspecific attachment of abundant cellular
proteins to the virions cannot be ruled out. Consequently, all proteomic data referring to the
packaging of cellular proteins into HCMYV virions have to be considered with care. However, several
host proteins may be selectively incorporated within virions to play specific roles that remain to be
elucidated. Interestingly, numerous proteins were reproducibly identified in the different MS-based
studies (63 proteins are found in all datasets and almost 1000 are found in at least 2 datasets). Among
them is Annexin A2, one of the most abundant host proteins in our accompanying dataset, which
was already described to be present on the surface of virions, playing an important role in HCMV
infectivity [67,68]. The question whether other host proteins present on the virion surfaces may be
important for viral entry mechanisms or overall infectivity of viral particles still has to be addressed
in greater details and can only be speculative at this stage. An immunological functionality of surface-
exposed host proteins, in particular glycoproteins, seems plausible, but requires further experimental
evidence. Other proteins, such as the type 1 and 2A serine-threonine protein phosphatases, have been
shown to be packaged within virions and serve important functions during HCMV infection [69,70].
The biological significance of the presence of other host proteins in mature virions and their location
within particles still need to be explored.



Microorganisms 2020, 8, 820 8 of 22

4. MS-Based Characterization of the HCMYV Virion Phosphoproteome

Post-translational modifications (PTMs) of proteins, mainly involving the enzymatic addition of
chemical moieties to specific amino acids, are known to play a major role in regulating their
localization, turnover, activity, or interaction with other molecules. To date, several hundreds of
PTMs have been reported and MS-based proteomics has become the method of choice to identify and
quantify modified proteins and sites, in particular thanks to the development of specific sample
preparation procedures [71]. Phosphorylation is a widespread PTM that has been extensively
explored by MS-based proteomics using complementary approaches [72]. It was notably shown to
decorate three-quarters of the detected proteins in human cells to various degrees [73]. A major role
played by phosphorylation is intervening in the stabilization or destabilization of protein—protein
interactions [74-79]. Therefore, the knowledge on the phosphorylation status of HCMV virion
proteins may help in understanding how this particular PTM influences the assembly and stability
of this multiprotein system.

Although the presence of phosphorylated proteins in HCMYV virions was described in the early
1980s [22,80-82], it was only recently that their phosphoproteome was investigated on a global scale
using a MS-based proteomic approach. For this, Rieder et al. first enriched phosphopeptides by metal
oxide affinity chromatography using titanium dioxide beads before analysis by nanoLC-MS/MS [23].
This led to the identification of 83 different phosphosites with localization probability above 75% and
belonging to 22 viral proteins (of note, one phosphosite was common to pUL122 and pUL123). Here,
we completed this dataset using three biological replicates. For this, we also used titanium dioxide
beads to enrich phosphopeptides from in-gel digests of virion proteins. After nanoLC-MS/MS
analyses, we identified 142 phosphosites with localization probabilities above 75% and present on 34
different proteins (98 phosphosites were identified in the three biological replicates, while 22 were
identified in two and one replicates; Supplementary Table S3). In total, these two independent and
complementary studies allowed confident identification of 168 phosphosites (137 serine, 27
threonine, and 4 tyrosine residues) on 37 different proteins, demonstrating the unexpected
complexity of the HCMV virion phosphoproteome (Figure 3, Supplementary Table S3). The
differences observed between the two datasets may be explained by the different experimental
strategies used, notably virion lysis (urea-containing buffer versus sodium dodecyl sulfate-
containing Laemmli buffer), the protein digestion step (in-solution trypsin and chymotrypsin
digestions versus in-gel trypsin digestion), and computational tools (MaxQuant versus Mascot and
Proline). As expected, a large majority of these phosphosites was found to be present on 15 tegument
proteins (122 out of 168), while 12 were identified on 5 capsid and capsid-associated proteins, 16 on
5 envelope proteins, and 18 on 12 proteins with unknown localization in virions (Supplementary
Table S3). Some viral proteins were found to be extensively phosphorylated, such as the tegument
proteins pUL32/pp150, pUL83/pp65, pUL6Y, and pUL25/pp85 (Figure 4a—f).
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Purified virions
(this study,

142 phosphaosites) Purified virions

(Rieder et al.,
83 phosphosites)

71

Infected HFF
(Oberstein et al.,
114 phosphosites)

Figure 3. Venn diagram displaying overlap of phosphosites identified on viral proteins in HCMV
virions (Rieder et al. [23] and this study) and in infected cells (Oberstein et al. [25]). Importantly, only
phosphosites identified with localization probabilities above 75% were taken into account.
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Figure 4. Graphical display of phosphosites identified in this study and by previous investigations
(details are given in Supplementary Table S3). Shown are phosphosites found on (a) pUL32/pp150,



Microorganisms 2020, 8, 820 12 of 22

(b) pUL83/pp65, () pUL82/pp71, (d) pUL25, (e) pUL97, and (f) pUL69 in virions (this study and
Rieder et al. [23]) and in infected cells [25,83-87] (HFF, human foreskin fibroblasts).

During the infectious cycle, phosphorylation is involved in the regulation of many crucial steps,
targeting viral and host proteins [30,88]. Interestingly, the comparison of the phosphosites identified
on virion proteins with those mapped by a previous investigation aiming to characterize the infected
cell phosphoproteome revealed differences for many viral proteins (Figure 3, Supplementary Table
S3). Striking examples are the viral kinase pUL97 and the viral transactivator pUL82/pp71 (Figure 4e,
f). It might be hypothesized that phosphosite occupancy on specific proteins is tightly regulated to
allow their orchestrated interaction in the course of virion assembly. This would make sense knowing
that the viral kinase pUL97 and the phosphatases PP1-alpha and 2A are packaged within virions
[69,70,89,90]. However, although both pUL97 and phosphatases have been shown to be required for
critical cellular processes during HCMYV infection [88,91,92], it remains unclear if they are involved
in regulating the phosphorylation state of individual proteins during virion assembly. The
availability of a comprehensive map of phosphosites decorating virion proteins will now allow
detailed analyses of the role played by individual phosphosites in the proper assembly of HCMV
infectious particles.

In addition to phosphosites identified on viral proteins, these global phosphoproteomic studies
revealed 201 phosphosites present on host proteins, with some of these proteins being reproducibly
identified in purified HCMV virions, such as the catalytic subunits of serine-threonine protein
phosphatase PP1-alpha and beta (Supplementary Table S4). However, only 26 phosphosites observed
on host proteins were reproducibly identified in Rieder et al. [23] and in our novel dataset, meaning
any conclusions have to be made cautiously.

The functional relevance of the phosphosites decorating viral and host proteins in HCMV virions
has not been sufficiently addressed to date. Further experiments should explore the involvement of
some of them in the correct assembly of the infectious particles, but also in viral entry, virion
infectivity, or other mechanisms. Given the possibility that at least some of these phosphosites are
necessary for viral replication, in particular for virion morphogenesis, they might be susceptible to
the antiviral potential of HCMV-specific kinase inhibitors (such as the pharmacological inhibitor
maribavir, directed against the viral kinase pUL97, which is presently investigated in phase 3 clinical
trials). The development of novel types of antiviral drugs targeting specific virus-supportive
phosphosites may be considered promising for translational use.

5. HCMYV Virion-Associated pUL97 Kinase: Phosphorylation of Viral and Host Proteins

The HCMV-encoded protein kinase pUL97 is a tegument protein, which is packaged into virions
and is expressed with early-late kinetics [93-96]. This serine-threonine kinase possesses two nuclear
localization signals (NLS) sequences in its N-terminus that mediate a predominantly nuclear
localization in the HCMV-infected cells [97,98]. Dimers and oligomers are formed via the self-
interaction domain (amino acids 231-280) of pUL97 [99]. Interestingly, the direct association of pUL97
with human cyclins has been demonstrated, suggesting a role in substrate recognition (cyclin B1) or
pUL97 dimerization and oligomerization (cyclin T1 and H), respectively [86]. Interestingly, pUL97
undergoes massive autophosphorylation and shows a strong interaction with and phosphorylation
of other viral tegument proteins, such as pUL83/pp65 and pUL69 [100]. Concerning the properties of
protein interaction and substrate phosphorylation of pUL97, a number of viral and cellular proteins
have been identified so far. The functionality of these substrates spans various regulatory aspects of
viral replication, such as nuclear egress, intrinsic immunity, genome replication, and gene expression
[101]. The spectrum of currently identified pUL97 protein substrates comprises viral and host
proteins. The viral targets of pUL97 comprise the DNA polymerase cofactor pUL44 [102,103], the
RNA transport factor pUL69 [87,104,105], the major tegument protein pUL83/pp65 [26,100,106], and
the nuclear egress core protein heterodimer pUL50-pULS53 [35,107]. The host proteins shown to be
phosphorylated by pUL97 are the cellular multiligand binding protein p32/gC1qR [108], the tumor
suppressor and checkpoint protein Rb [109-111], its associated protein E2F3 [112], the Rb-related
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proteins p107 and p130 [113] and their interacting protein LIN52 [112], the nuclear lamins A/C
[108,114,115], the RNA polymerase II [116-118], the translation factor EF-16 [119,120], the FOXM1
transcription factor [112], the interferon-inducible protein IFI16 [121], and the host restriction factor
SAMHDI1 [122].

The specific sequence motif targeted by the pUL97 kinase activity in substrate proteins is still a
matter of debate. Indeed, based on results from in vitro kinase assays, Baek et al. reported that the
motif SxxxxK/R may be preferentially recognized by pUL97 [123]. This finding was later challenged
by the analysis of phosphopeptide sequences identified by screening differentially abundant
phosphorylation sites in human cells infected with either wild-type HCMYV or kinase-inactive mutant
HCMV (pUL97 K355Q) [25]. This study suggested LxSP and SxxK as putative pUL97-recognized
motifs for substrate phosphorylation. So far, these motifs have been helpful to some extent in the
characterization of pUL97-targeted substrates and binding domains. It should be noted, however,
that due to the complexity of pUL97 interactions undergone with substrate proteins, cyclins, bridging
factors, and multiprotein complexes [11,86,88,108], a safe mode of bioinformatic predictability has
seemingly not been achieved so far.

Several of the pUL97-specific substrate proteins are also substrates of cellular cyclin-dependent
kinase (CDK)-cyclin complexes, and thus may underlie a process of dual phosphorylation in HCMV-
infected cells. For some of the substrate proteins, the specific target phosphosites of pUL97 have been
identified and some of these phosphosites are even identical with those recognized by CDKs. In
particular for several host proteins phosphorylated by pUL97, this dual mode of site-specfic
phosphorylation has been identified, such as for lamins A and C (e.g., S22), retinoblastoma protein
Rb (e.g., T356, T373, S608, S612, 5780, S788, 5795, 5807, S811, T821, and T826), and SAMHD1 (e.g.,
T592) [111-115,122,124]. For other cellular proteins subject to pUL97-specific phosphorylation, such
as the intrinsic immune factor IFI16 [121], less information was provided in terms of phosphosites.

Together with absent in melanoma 2 (AIM2), IFI16 belongs to the family of inflammasome-
associated pathogen recognition receptors (PRRs), described as AIM2-like receptors (ALRs) [125]. We
have previously shown that overexpressed IFI16 blocks HCMYV replication by inhibiting the binding
of Spl to the UL54 promoter [126]. To counteract this restriction activity, the tegument protein
pULS83/pp65, in the early phase of infection, hijacks IFI16 to activate the major immediate—early
promoter—enhancer (MIEP) expression, whereas later during infection, pUL83/pp65 interacts with
IFI16 at the promoter of the UL54 gene and downregulates viral replication, as shown by using a
HCMYV mutant-lacking pUL83/pp65 expression [114]. Interestingly, at late replicative time points,
HCMY is also able to promote the delocalization of IFI16 from the nucleus to the cytoplasm through
pUL83/pp65, involving a pUL97-mediated mechanism [121,127]. Phospho-IFI16 is finally redirected
to the viral assembly complex, where it is incorporated into newly formed viral particles [121]. In the
context of the present study, we performed MS-based characterization of IFI16 phosphorylation sites,
either depending on or independently of pUL97 activity. To this end, we used a transient transfection
system in 293T cells to overexpress the required amounts of a previously characterized, recombinant
version of IFI16 (IFI16AD-V5) [126], either alone or under co-expression of a catalytically active form
of pUL97 (pUL97-Flag) [88]. Using total cellular lysates, protein complexes could be harvested upon
IFI16-specific co-immunoprecipitation by a V5-specific monoclonal antibody (for co-
immunoprecipitation procedures see [126]). Two specificity control samples were analyzed in
parallel for monitoring the pUL97 activity, i.e., on the one hand an inactive mutant of pUL97 used
for IFI16 co-expression (K355M), while on the other hand treatment with the pharmacological pUL97
inhibitor maribavir (5 uM MBV). Two independent experiments were performed and analyzed. As
an important result, our MS-based phosphoproteomic analysis revealed eleven phosphosites in IF116
(i.e., S106, S153, 5160, 5211, 5418, 5445, 5562, S568, 5575, S588, and S744) identified with a localization
probability above 75% (Table 1). Six of them (i.e., S211, 5418, 5445, S562, S588, and 5744) had not been
previously shown to be phosphorylated (https://www.nextprot.org/entry/NX_Q16666/proteomics,
[128]). The abundances of eight IFI16 phosphosites were reliably extracted using Proline [37] in the
two independent replicates. Their comparison in the pUL97-positive and control samples, after
normalization using unphosphorylated IFI16 peptides [129], revealed that five could be assigned to
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pUL97 activity, namely S106, 5211, S445, S588, and S744, while the three others seem to be
phosphorylated independently of pUL97, i.e., 5153, S568, and S575 (Figure 5). Importantly, it was
impossible to discriminate the quantification of 5568 and S575, since they are carried by isobaric and
co-eluting peptides, even if the identified peptides were not carrying both modifications together,
making it possible that one could be targeted by pUL97. In conclusion, this analysis identified specific
phosphorylated serine and threonine residues in IFI16, and suggested that viral pUL97 and host
kinases are responsible for the modification of these sites. Future experimentation is needed to clarify
the functional roles played by each of these pUL97-dependent IFI16 phosphosites, either to
counteract the intrinsic immunity response or to promote the nucleocytoplasmic translocation of
IFI16 in HCMV-infected cells.

Table 1. Identification of IFI16 phosphosites by MS-based phosphoproteomic analysis. Only sites
identified with a localization probability above 75% were considered.

IFI 1;1‘;::;?;1“% Best Localization Probability
5106 96%
5153 100%
5160 87%
5211 84%
5418 85%
5445 89%
5562 96%
5568 100%
S575 100%
5588 100%
5744 96%

B TFI16AD

Bl [FI16AD+pUL97

B [FI16AD+pUL97+MBV

Relative abundance

Bl FI16AD+pUL97-K355M

5106 5153 s211 5445 S568/5575 5588 5744

Figure 5. Dependence of IFI16 phosphosites on pUL97 kinase activity determined by mass
spectrometry (MS)-based phosphoproteomic analysis. Extracted abundances of each phosphosite
were normalized on the IFI16AD + pUL97 sample and averaged between the two independent
replicates. Error bars represent standard deviation.

6. Conclusions and Perspectives

The assembly of the complex HCMYV virion is orchestrated by multiple protein interactions. The
molecular mechanisms that drive these processes are widely unknown. Their elucidation using
modern technologies of proteome analysis is essential for the understanding of herpesvirus
morphogenesis. The comprehensive knowledge gathered so far and reviewed in this communication
provides a basis for a detailed analysis of the relevance of individual protein interactions and their
regulation by modifications such as phosphorylation. The information drawn from these data sets
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will furthermore be instrumental for the development of antiviral compounds that specifically target
morphogenesis.

Supplementary Materials: The following are available online at www.mdpi.com/2076-2607/8/6/820/s1: Table S1:
Viral proteins identified by MS-based proteomics in HCMYV virions. Table 52: Host proteins identified by MS-
based proteomics in HCMYV virions. Table S3: Phosphosites identified in viral proteins from purified HCMV
virions. Table S4: Phosphosites identified in host proteins from purified HCMYV virions.

Author Contributions: Conceptualization, Y.C., M.M.,, and B.P.; investigation, Y.C., AK, C.Z, N.B.,, AM.H,,
C.B., M.D.A,, CW.,, FH.,, MM, and B.P.; software, C.B.; data curation, Y.C., M.M.,, and B.P.; writing—original
draft preparation, Y.C., M.M.,, and B.P.; writing—review and editing, Y.C.,, AM.H, M.D.A,, FH,, M.M,, and B.P.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Deutsche Forschungsgemeinschaft, individual projects PL236/7-1,
Z11810/1-1, and MA1289/8-1, Else Kroner Fresenius Stiftung grant 2013_A203, Interdisciplinary Center of
Clinical Research of the Hospital/Universitdtsklinikum Erlangen (IZKF project A88). Proteomic experiments
were partly supported by the French National Agency for Research, grant number ANR-10-INBS-08-01
(Proteomics French Infrastructure).

Acknowledgments: M.M. is grateful to Valentina Dell’Oste and Santo Landolfo for long-term cooperative
support in the studies on pUL97-IFI16 interaction. Y.C. thanks the support of the discovery platform and data
science group at EDyP team.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Cannon, M.]J,; Schmid, D.S.; Hyde, T.B. Review of cytomegalovirus seroprevalence and demographic
characteristics associated with infection. Rev. Med. Virol. 2010, 20, 202-213, d0i:10.1002/rmv.655.

2. Steininger, C. Clinical relevance of cytomegalovirus infection in patients with disorders of the immune
system. Clin. Microbiol. Infect. 2007, 13, 953-963, d0i:10.1111/j.1469-0691.2007.01781.x.

3. Gugliesi, F.; Coscia, A.; Griffante, G.; Galitska, G.; Pasquero, S.; Albano, C.; Biolatti, M. Where do we Stand
after  Decades of Studying Human  Cytomegalovirus?  Microorganisms 2020, 8,
doi:10.3390/microorganisms8050685.

4. Britt, W.J. Congenital Human Cytomegalovirus Infection and the Enigma of Maternal Immunity. J. Virol.
2017, 91, doi:10.1128/JV1.02392-16.

5. Manicklal, S.; Emery, V.C,; Lazzarotto, T.; Boppana, S.B.; Gupta, RK. The “silent” global burden of
congenital cytomegalovirus. Clin. Microbiol. Rev. 2013, 26, 86-102, doi:10.1128/CMR.00062-12.

6.  Vanarsdall, A.L.; Johnson, D.C. Human cytomegalovirus entry into cells. Curr. Opin. Virol. 2012, 2, 37-42,
doi:10.1016/j.coviro.2012.01.001.

7. Hashimoto, Y.; Sheng, X.; Murray-Nerger, L.A.; Cristea, LM. Temporal dynamics of protein complex
formation and dissociation during human cytomegalovirus infection. Nat. Commun. 2020, 11, 806,
doi:10.1038/s41467-020-14586-5.

8. Mocarski, E.S.,, Jr; Shenk, T.; Griffiths, P.; Pass, R.F. Cytomegaloviruses. In Fields Virology; Knipe, D.M.,
Howley, P., Eds.; Wolters Kluwer Lippincott Williams & Wilkins: Philadelphia, PA, USA, 2013; pp. 1960-
2014. ISBN 978-1-4511-0563-6.

9.  Tandon, R.; Mocarski, E.S. Viral and host control of cytomegalovirus maturation. Trends Microbiol. 2012, 20,
392-401, doi:10.1016/j.tim.2012.04.008.

10. Smith, RM.; Kosuri, S.; Kerry, J.A. Role of human cytomegalovirus tegument proteins in virion assembly.
Viruses 2014, 6, 582-605, d0i:10.3390/v6020582.

11.  Marschall, M.; Muller, Y.A.; Diewald, B.; Sticht, H.; Milbradt, . The human cytomegalovirus nuclear egress
complex unites multiple functions: Recruitment of effectors, nuclear envelope rearrangement, and docking
to nuclear capsids. Rev. Med. Virol. 2017, 27, doi:10.1002/rmv.1934.

12.  Sanchez, V.; Greis, K.D.; Sztul, E.; Britt, W.J. Accumulation of virion tegument and envelope proteins in a
stable cytoplasmic compartment during human cytomegalovirus replication: characterization of a potential
site of virus assembly. J. Virol. 2000, 74, 975-986, doi:10.1128/jvi.74.2.975-986.2000.

13.  Alwine, J.C. The human cytomegalovirus assembly compartment: a masterpiece of viral manipulation of
cellular processes that facilitates assembly and egress. PLoS Pathog. 2012, 8, 1002878,
doi:10.1371/journal.ppat.1002878.



Microorganisms 2020, 8, 820 16 of 22

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Close, W.L.; Anderson, A.N.; Pellett, P.E. Betaherpesvirus Virion Assembly and Egress. Adv. Exp. Med. Biol.
2018, 1045, 167-207, doi:10.1007/978-981-10-7230-7_9.

Close, W.L.; Glassbrook, J.E.; Gurczynski, S.J.; Pellett, P.E. Infection-Induced Changes Within the Endocytic
Recycling Compartment Suggest a Roadmap of Human Cytomegalovirus Egress. Front Microbiol. 2018, 9,
1888, doi:10.3389/fmicb.2018.01888.

To, A.; Bai, Y.; Shen, A.; Gong, H.; Umamoto, S.; Lu, S.; Liu, F. Yeast two hybrid analyses reveal novel
binary interactions between human cytomegalovirus-encoded virion proteins. PLoS ONE 2011, 6, e17796,
doi:10.1371/journal.pone.0017796.

Phillips, S.L.; Bresnahan, W.A. Identification of binary interactions between human cytomegalovirus virion
proteins. J. Virol. 2011, 85, 440447, doi:10.1128/JV1.01551-10.

Varnum, S.M; Streblow, D.N.; Monroe, M.E.; Smith, P.; Auberry, K.J.; Pasa-Tolic, L.; Wang, D.; Camp, D.G.;
Rodland, K.; Wiley, S.; et al. Identification of proteins in human cytomegalovirus (HCMV) particles: the
HCMYV proteome. J. Virol. 2004, 78, 10960-10966, doi:10.1128/JV1.78.20.10960-10966.2004.

Reyda, S.; Tenzer, S.; Navarro, P.; Gebauer, W.; Saur, M.; Krauter, S.; Biischer, N.; Plachter, B. The tegument
protein pp65 of human cytomegalovirus acts as an optional scaffold protein that optimizes protein
uploading into viral particles. |. Virol. 2014, 88, 9633-9646, d0i:10.1128/JVI1.01415-14.

Biischer, N.; Paulus, C.; Nevels, M.; Tenzer, S.; Plachter, B. The proteome of human cytomegalovirus virions
and dense bodies is conserved across different strains. Med. Microbiol. Immunol. 2015, 204, 285-293,
doi:10.1007/s00430-015-0397-y.

Reyda, S.; Biischer, N.; Tenzer, S.; Plachter, B. Proteomic analyses of human cytomegalovirus strain AD169
derivatives reveal highly conserved patterns of viral and cellular proteins in infected fibroblasts. Viruses
2014, 6, 172-188, doi:10.3390/v6010172.

Roby, C.; Gibson, W. Characterization of phosphoproteins and protein kinase activity of virions,
noninfectious enveloped particles, and dense bodies of human cytomegalovirus. J. Virol. 1986, 59, 714-727.
Rieder, F.J.J.; Kastner, M.-T.; Hartl, M.; Puchinger, M.G.; Schneider, M.; Majdic, O.; Britt, W.].; Djinovi¢-
Carugo, K.; Steininger, C. Human cytomegalovirus phosphoproteins are hypophosphorylated and
intrinsically disordered. J. Gen. Virol. 2017, 98, 471-485, d0i:10.1099/jgv.0.000675.

Milbradt, J.; Sonntag, E.; Wagner, S.; Strojan, H.; Wangen, C.; Lenac Rovis, T.; Lisnic, B.; Jonjic, S.; Sticht,
H.; Britt, W.J; et al. Human Cytomegalovirus Nuclear Capsids Associate with the Core Nuclear Egress
Complex and the Viral Protein Kinase pUL97. Viruses 2018, 10, doi:10.3390/v10010035.

Oberstein, A.; Perlman, D.H.; Shenk, T.; Terry, L.J. Human cytomegalovirus pUL97 kinase induces global
changes in the infected cell phosphoproteome. Proteomics 2015, 15, 2006-2022, doi:10.1002/pmic.201400607.
Konig, P.; Biischer, N.; Steingruber, M.; Socher, E.; Sticht, H.; Tenzer, S.; Plachter, B.; Marschall, M. Dynamic
regulatory interaction between cytomegalovirus major tegument protein pp65 and protein kinase pUL97
in intracellular compartments, dense bodies and virions. ]. Gen. Virol. 2017, 98, 2850-2863,
do0i:10.1099/jgv.0.000939.

Steingruber, M.; Kraut, A ; Socher, E; Sticht, H.; Reichel, A.; Stamminger, T.; Amin, B.; Couté, Y.; Hutterer,
C.; Marschall, M. Proteomic Interaction Patterns between Human Cyclins, the Cyclin-Dependent Kinase
Ortholog pUL97 and Additional Cytomegalovirus Proteins. Viruses 2016, 8, doi:10.3390/v8080219.
Milbradt, J.; Kraut, A.; Hutterer, C.; Sonntag, E.; Schmeiser, C.; Ferro, M.; Wagner, S.; Lenac, T.; Claus, C.;
Pinkert, S.; et al. Proteomic analysis of the multimeric nuclear egress complex of human cytomegalovirus.
Mol. Cell Proteom. 2014, 13, 2132-2146, d0i:10.1074/mcp.M113.035782.

Aebersold, R.; Mann, M. Mass-spectrometric exploration of proteome structure and function. Nature 2016,
537, 347-355, d0i:10.1038/nature19949.

Jean Beltran, P.M.; Cristea, LM. The life cycle and pathogenesis of human cytomegalovirus infection:
lessons from proteomics. Expert Rev Proteom. 2014, 11, 697-711, doi:10.1586/14789450.2014.971116.
Hobom, U.; Brune, W.; Messerle, M.; Hahn, G.; Koszinowski, U.H. Fast screening procedures for random
transposon libraries of cloned herpesvirus genomes: mutational analysis of human cytomegalovirus
envelope glycoprotein genes. J. Virol. 2000, 74, 7720-7729, d0i:10.1128/jvi.74.17.7720-7729.2000.

Irmiere, A.; Gibson, W. Isolation and characterization of a noninfectious virion-like particle released from
cells infected with human strains of cytomegalovirus. Virology 1983, 130, 118-133, doi:10.1016/0042-
6822(83)90122-8.

Laemmli, U.K. Cleavage of structural proteins during the assembly of the head of bacteriophage T4. Nature
1970, 227, 680-685, d0i:10.1038/227680a0.



Microorganisms 2020, 8, 820 17 of 22

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Salvetti, A.; Couté, Y.; Epstein, A.; Arata, L.; Kraut, A.; Navratil, V.; Bouvet, P.; Greco, A. Nuclear Functions
of Nucleolin through Global Proteomics and Interactomic Approaches. J. Proteome Res. 2016, 15, 1659-1669,
doi:10.1021/acs.jproteome.6b00126.

Sonntag, E.; Milbradt, J.; Svrlanska, A.; Strojan, H.; Hage, S.; Kraut, A.; Hesse, A.-M.; Amin, B.; Sonnewald,
U.; Couté, Y.; et al. Protein kinases responsible for the phosphorylation of the nuclear egress core complex
of human cytomegalovirus. J. Gen. Virol. 2017, 98, 2569-2581, doi:10.1099/jgv.0.000931.

Perkins, D.N.; Pappin, D.J.; Creasy, D.M.; Cottrell, ].S. Probability-based protein identification by searching
sequence databases wusing mass spectrometry data. Electrophoresis 1999, 20, 3551-3567,
doi:10.1002/(SICI)1522-2683(19991201)20:18<3551:: AID-ELPS3551>3.0.CO;2-2.

Bouyssié, D.; Hesse, A.-M.; Mouton-Barbosa, E.; Rompais, M.; Macron, C.; Carapito, C.; de Peredo, A.G.;
Couté, Y.; Dupierris, V.; Burel, A.; et al. Proline: an efficient and user-friendly software suite for large-scale
proteomics. Bioinformatics 2020, doi:10.1093/bioinformatics/btaal18.

Savitski, M.M.; Lemeer, S.; Boesche, M.; Lang, M.; Mathieson, T.; Bantscheff, M.; Kuster, B. Confident
phosphorylation site localization using the Mascot Delta Score. Mol. Cell Proteom. 2011, 10, M110.003830,
doi:10.1074/mcp.M110.003830.

Perez-Riverol, Y.; Csordas, A; Bai, J.; Bernal-Llinares, M.; Hewapathirana, S.; Kundu, D.J.; Inuganti, A.;
Griss, J.; Mayer, G.; Eisenacher, M.; et al. The PRIDE database and related tools and resources in 2019:
improving support for quantification data. Nucleic. Acids Res. 2019, 47, D442-D450,
doi:10.1093/nar/gky1106.

Aebersold, R.; Mann, M. Mass spectrometry-based proteomics. Nature 2003, 422, 198-207,
doi:10.1038/nature01511.

Pappin, D.J.; Hojrup, P.; Bleasby, A.]J. Rapid identification of proteins by peptide-mass fingerprinting. Curr.
Biol. 1993, 3, 327-332, d0i:10.1016/0960-9822(93)90195-t.

Davison, A.J.; Davison, M.D. Identification of structural proteins of channel catfish virus by mass
spectrometry. Virology 1995, 206, 1035-1043, doi:10.1006/viro.1995.1026.

Maxwell, K.L.; Frappier, L. Viral proteomics. Microbiol. Mol. Biol. Rev. 2007, 71, 398-411,
doi:10.1128/MMBR.00042-06.

Zhou, S.; Liu, R.; Zhao, X.; Huang, C.; Wei, Y. Viral proteomics: the emerging cutting-edge of virus research.
Sci. China Life Sci. 2011, 54, 502-512, doi:10.1007/s11427-011-4177-7.

Leroy, B.; Gillet, L.; Vanderplasschen, A.; Wattiez, R. Structural Proteomics of Herpesviruses. Viruses 2016,
8, d0i:10.3390/v8020050.

Milewska, A.; Ner-Kluza, J.; Dabrowska, A.; Bodzon-Kulakowska, A.; Pyrc, K., Suder, P. Mass
Spectrometry in Virological Sciences. Mass Spectrom. Rev. 2019, doi:10.1002/mas.21617.

Sarov, I, Abady, I. The morphogenesis of human cytomegalovirus. Isolation and polypeptide
characterization of cytomegalovirions and dense bodies. Virology 1975, 66, 464-473, doi:10.1016/0042-
6822(75)90218-4.

Kim, K.S.; Sapienza, V.J.; Carp, R.I.; Moon, H.M. Analysis of structural polypeptides of purified human
cytomegalovirus. . Virol. 1976, 20, 604-611.

Gibson, W. Protein counterparts of human and simian cytomegaloviruses. Virology 1983, 128, 391-406,
doi:10.1016/0042-6822(83)90265-9.

Baldick, C.J.; Shenk, T. Proteins associated with purified human cytomegalovirus particles. J. Virol. 1996,
70, 6097-6105.

Eng, ].K.; McCormack, A.L.; Yates, J.R. An approach to correlate tandem mass spectral data of peptides
with amino acid sequences in a protein database. ]. Am. Soc. Mass Spectrom. 1994, 5, 976-989,
doi:10.1016/1044-0305(94)80016-2.

Lee, S.-W.; Berger, S.J.; Martinovi¢, S.; Pasa-Toli¢, L.; Anderson, G.A.; Shen, Y.; Zhao, R.; Smith, R.D. Direct
mass spectrometric analysis of intact proteins of the yeast large ribosomal subunit using capillary
LC/FTICR. Proc. Natl. Acad. Sci. USA 2002, 99, 5942-5947, d0i:10.1073/pnas.082119899.

Wisniewski, J.R.; Zougman, A.; Nagaraj, N.; Mann, M. Universal sample preparation method for proteome
analysis. Nat. Methods 2009, 6, 359-362, doi:10.1038/nmeth.1322.

Hesse, J.; Reyda, S.; Tenzer, S.; Besold, K.; Reuter, N.; Krauter, S.; Biischer, N.; Stamminger, T.; Plachter, B.
Human cytomegalovirus pp71 stimulates major histocompatibility complex class i presentation of IE1-
derived peptides at immediate early times of infection. J. Virol. 2013, 87, 5229-5238, d0i:10.1128/JV1.03484-
12.



Microorganisms 2020, 8, 820 18 of 22

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Cox, J.; Mann, M. MaxQuant enables high peptide identification rates, individualized p.p.b.-range mass
accuracies and proteome-wide protein quantification. Naf. Biotechnol. 2008, 26, 1367-1372,
doi:10.1038/nbt.1511.

Van Damme, E.; Van Loock, M. Functional annotation of human cytomegalovirus gene products: an
update. Front Microbiol 2014, 5, 218, d0i:10.3389/fmicb.2014.00218.

Stern-Ginossar, N.; Weisburd, B.; Michalski, A.; Le, V.T.K.; Hein, M.Y.; Huang, S.-X.; Ma, M.; Shen, B.; Qian,
S.-B.; Hengel, H.; et al. Decoding human cytomegalovirus. Science 2012, 338, 1088-1093,
doi:10.1126/science.1227919.

Wang, D.; Shenk, T. Human cytomegalovirus virion protein complex required for epithelial and
endothelial cell tropism. Proc. Natl. Acad. Sci. USA 2005, 102, 18153-18158, doi:10.1073/pnas.0509201102.
Hahn, G.; Revello, M.G,; Patrone, M.; Percivalle, E.; Campanini, G.; Sarasini, A.; Wagner, M.; Gallina, A.;
Milanesi, G.; Koszinowski, U.; et al. Human cytomegalovirus UL131-128 genes are indispensable for virus
growth in endothelial cells and virus transfer to leukocytes. ]. Virol. 2004, 78, 10023-10033,
doi:10.1128/JV1.78.18.10023-10033.2004.

Gerna, G.; Kabanova, A.; Lilleri, D. Human Cytomegalovirus Cell Tropism and Host Cell Receptors.
Vaccines (Basel) 2019, 7, d0i:10.3390/vaccines7030070.

Malito, E.; Chandramouli, S.; Carfi, A. From recognition to execution-the HCMV Pentamer from receptor
binding to fusion triggering. Curr. Opin Virol. 2018, 31, 43-51, doi:10.1016/j.coviro.2018.05.004.

Wang, D.; Shenk, T. Human cytomegalovirus UL131 open reading frame is required for epithelial cell
tropism. J. Virol. 2005, 79, 10330-10338, doi:10.1128/JV1.79.16.10330-10338.2005.

Neilson, K.A.; Ali, N.A.; Muralidharan, S.; Mirzaei, M.; Mariani, M.; Assadourian, G.; Lee, A.; van Sluyter,
S.C.; Haynes, P.A. Less label, more free: approaches in label-free quantitative mass spectrometry. Proteomics
2011, 11, 535-553, doi:10.1002/pmic.201000553.

Calderon-Celis, F.; Encinar, J.R.; Sanz-Medel, A. Standardization approaches in absolute quantitative
proteomics with mass spectrometry. Mass Spectrom. Rev. 2018, 37, 715-737, doi:10.1002/mas.21542.
Schwanhausser, B.; Busse, D.; Li, N.; Dittmar, G.; Schuchhardt, J.; Wolf, J.; Chen, W.; Selbach, M. Global
quantification of mammalian gene expression control. Nature 2011, 473, 337-342, doi:10.1038/nature10098.
Yu, X,; Jih, J.; Jiang, J.; Zhou, Z.H. Atomic structure of the human cytomegalovirus capsid with its securing
tegument layer of pp150. Science 2017, 356, doi:10.1126/science.aam6892.

Wright, J.F.; Kurosky, A.; Wasi, S. An endothelial cell-surface form of annexin II binds human
cytomegalovirus. Biochem. Biophys. Res. Commun. 1994, 198, 983-989, d0i:10.1006/bbrc.1994.1140.

Wright, J.F.; Kurosky, A.; Pryzdial, E.L.; Wasi, S. Host cellular annexin Il is associated with cytomegalovirus
particles isolated from cultured human fibroblasts. J. Virol. 1995, 69, 4784-4791.

Michelson, S.; Turowski, P.; Picard, L.; Goris, J.; Landini, M.P.; Topilko, A.; Hemmings, B.; Bessia, C.;
Garcia, A.; Virelizier, ].L. Human cytomegalovirus carries serine/threonine protein phosphatases PP1 and
a host-cell derived PP2A. . Virol. 1996, 70, 1415-1423.

Hakki, M.; Geballe, A.P. Cellular serine/threonine phosphatase activity during human cytomegalovirus
infection. Virology 2008, 380, 255-263, doi:10.1016/j.virol.2008.07.028.

Jensen, O.N. Modification-specific proteomics: characterization of post-translational modifications by mass
spectrometry. Curr. Opin. Chem. Biol. 2004, 8, 33—41, d0i:10.1016/j.cbpa.2003.12.009.

White, F.M.; Wolf-Yadlin, A. Methods for the Analysis of Protein Phosphorylation-Mediated Cellular
Signaling Networks. Annu. Rev. Anal. Chem. (Palo Alto Calif) 2016, 9, 295-315, d0i:10.1146/annurev-anchem-
071015-041542.

Sharma, K.; D’Souza, R.C.J.; Tyanova, S.; Schaab, C.; Wisniewski, J.R.; Cox, J.; Mann, M. Ultradeep human
phosphoproteome reveals a distinct regulatory nature of Tyr and Ser/Thr-based signaling. Cell Rep. 2014,
8, 1583-1594, doi:10.1016/j.celrep.2014.07.036.

Nishi, H.; Hashimoto, K.; Panchenko, A.R. Phosphorylation in protein-protein binding: effect on stability
and function. Structure 2011, 19, 1807-1815, doi:10.1016/j.str.2011.09.021.

Nishi, H.; Shaytan, A.; Panchenko, A.R. Physicochemical mechanisms of protein regulation by
phosphorylation. Front. Genet. 2014, 5, 270, doi:10.3389/fgene.2014.00270.

Duan, G.; Walther, D. The roles of post-translational modifications in the context of protein interaction
networks. PLoS Comput. Biol. 2015, 11, €1004049, doi:10.1371/journal.pcbi.1004049.



Microorganisms 2020, 8, 820 19 of 22

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Chiappori, F.; Mattiazzi, L.; Milanesi, L.; Merelli, I. A novel molecular dynamics approach to evaluate the
effect of phosphorylation on multimeric protein interface: the aB-Crystallin case study. BMC Bioinformatics
2016, 17 Suppl 4, 57, doi:10.1186/s12859-016-0909-9.

Betts, M.].; Wichmann, O.; Utz, M.; Andre, T.; Petsalaki, E.; Minguez, P.; Parca, L.; Roth, F.P.,; Gavin, A.-C.;
Bork, P.; et al. Systematic identification of phosphorylation-mediated protein interaction switches. PLoS
Comput. Biol. 2017, 13, e1005462, d0i:10.1371/journal.pcbi.1005462.

Sostarié, N.; O'Reilly, F.J.; Giansanti, P.; Heck, A.J.R.; Gavin, A.-C.; van Noort, V. Effects of Acetylation and
Phosphorylation on Subunit Interactions in Three Large Eukaryotic Complexes. Mol. Cell Proteom. 2018, 17,
2387-2401, doi:10.1074/mcp.RA118.000892.

Gibson, W. Structural and nonstructural proteins of strain Colburn cytomegalovirus. Virology 1981, 111,
516-537, doi:10.1016/0042-6822(81)90354-8.

Weiner, D.; Gibson, W. Phosphorylation, maturational processing, and relatedness of strain Colburn matrix
proteins. Virology 1983, 129, 155-169, doi:10.1016/0042-6822(83)90403-8.

Nowak, B.; Sullivan, C.; Sarnow, P.; Thomas, R.; Bricout, F.; Nicolas, J.C.; Fleckenstein, B.; Levine, A.J.
Characterization of monoclonal antibodies and polyclonal immune sera directed against human
cytomegalovirus virion proteins. Virology 1984, 132, 325-338, doi:10.1016/0042-6822(84)90039-4.

Li, T.; Chen, J.; Cristea, LM. Human cytomegalovirus tegument protein pUL83 inhibits IFI16-mediated
DNA sensing for immune evasion. Cell Host Microbe 2013, 14, 591-599, doi:10.1016/j.chom.2013.10.007.
Baek, M.-C.; Krosky, P.M.; Coen, D.M. Relationship between autophosphorylation and phosphorylation of
exogenous substrates by the human cytomegalovirus UL97 protein kinase. . Virol. 2002, 76, 11943-11952,
doi:10.1128/jvi.76.23.11943-11952.2002.

Bigley, T.M.; Reitsma, ].M.; Terhune, S.S. Antagonistic Relationship between Human Cytomegalovirus
pUL27 and pUL97 Activities during Infection. J. Virol. 2015, 89, 10230-10246, doi:10.1128/JV1.00986-15.
Steingruber, M.; Keller, L.; Socher, E.; Ferre, S.; Hesse, A.-M.; Couté, Y.; Hahn, F.; Biischer, N.; Plachter, B.;
Sticht, H.; et al. Cyclins B1, T1, and H differ in their molecular mode of interaction with cytomegalovirus
protein kinase pUL97. J. Biol. Chem. 2019, 294, 6188-6203, d0i:10.1074/jbc.RA118.007049.

Thomas, M.; Miiller, R.; Horn, G.; Bogdanow, B.; Imami, K.; Milbradt, J.; Steingruber, M.; Marschall, M.;
Schilling, E.-M.; Fossen, T.; et al. Phosphosite Analysis of the Cytomegaloviral mRNA Export Factor pUL69
Reveals Serines with Critical Importance for Recruitment of Cellular Proteins Pinl and UAP56/URH49. |.
Virol. 2020, 94, doi:10.1128/JVI1.02151-19.

Marschall, M.; Feichtinger, S.; Milbradt, J. Regulatory roles of protein kinases in cytomegalovirus
replication. Adv. Virus Res. 2011, 80, 69-101, doi:10.1016/B978-0-12-385987-7.00004-X.

Wolf, D.G.; Honigman, A.; Lazarovits, J.; Tavor, E., Panet, A. Characterization of the human
cytomegalovirus UL97 gene product as a virion-associated protein kinase. Arch. Virol. 1998, 143, 1223-1232,
doi:10.1007/s007050050370.

Chevillotte, M.; Landwehr, S.; Linta, L.; Frascaroli, G.; Liiske, A.; Buser, C.; Mertens, T.; von Einem, J. Major
tegument protein pp65 of human cytomegalovirus is required for the incorporation of pUL69 and pUL97
into the virus particle and for viral growth in macrophages. J. Virol. 2009, 83, 2480-2490,
doi:10.1128/JVI1.01818-08.

Prichard, M.N.; Gao, N.; Jairath, S.; Mulamba, G.; Krosky, P.; Coen, D.M.; Parker, B.O.; Pari, G.S. A
recombinant human cytomegalovirus with a large deletion in UL97 has a severe replication deficiency. J.
Virol. 1999, 73, 5663-5670.

Wolf, D.G.; Courcelle, C.T.; Prichard, M.N.; Mocarski, E.S. Distinct and separate roles for herpesvirus-
conserved UL97 kinase in cytomegalovirus DNA synthesis and encapsidation. Proc. Natl. Acad. Sci. USA
2001, 98, 1895-1900, doi:10.1073/pnas.98.4.1895.

Littler, E.; Stuart, A.D.; Chee, M.S. Human cytomegalovirus UL97 open reading frame encodes a protein
that phosphorylates the antiviral nucleoside analogue ganciclovir. Nature 1992, 358, 160-162,
doi:10.1038/358160a0.

Sullivan, V.; Talarico, C.L.; Stanat, S.C.; Davis, M.; Coen, D.M.; Biron, K.K. A protein kinase homologue
controls phosphorylation of ganciclovir in human cytomegalovirus-infected cells. Nature 1992, 358, 162—
164, doi:10.1038/358162a0.

van Zeijl, M.; Fairhurst, J.; Baum, E.Z; Sun, L.; Jones, T.R. The human cytomegalovirus UL97 protein is
phosphorylated and a component of virions. Virology 1997, 231, 72-80, d0i:10.1006/viro.1997.8523.



Microorganisms 2020, 8, 820 20 of 22

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Michel, D.; Pavi¢, I.; Zimmermann, A.; Haupt, E.; Wunderlich, K.; Heuschmid, M.; Mertens, T. The UL97
gene product of human cytomegalovirus is an early-late protein with a nuclear localization but is not a
nucleoside kinase. J. Virol. 1996, 70, 6340-6346.

Webel, R.; Milbradt, J.; Auerochs, S.; Schregel, V.; Held, C.; Nobauer, K.; Razzazi-Fazeli, E.; Jardin, C.;
Wittenberg, T.; Sticht, H.; et al. Two isoforms of the protein kinase pUL97 of human cytomegalovirus are
differentially regulated in their nuclear translocation. J. Gen. Virol. 2011, 92, 638-649,
doi:10.1099/vir.0.026799-0.

Webel, R; Solbak, SM.J.; Held, C.; Milbradyt, J.; Grof3, A.; Eichler, J.; Wittenberg, T.; Jardin, C.; Sticht, H.;
Fossen, T.; et al. Nuclear import of isoforms of the cytomegalovirus kinase pUL97 is mediated by
differential activity of NLS1 and NLS2 both acting through classical importin-a binding. J. Gen. Virol. 2012,
93, 1756-1768, d0i:10.1099/vir.0.040592-0.

Schregel, V.; Auerochs, S.; Jochmann, R.; Maurer, K.; Stamminger, T.; Marschall, M. Mapping of a self-
interaction domain of the cytomegalovirus protein kinase pUL97. ]. Gen. Virol. 2007, 88, 395-404,
doi:10.1099/vir.0.82393-0.

Becke, S.; Fabre-Mersseman, V.; Aue, S.; Auerochs, S.; Sedmak, T.; Wolfrum, U.; Strand, D.; Marschall, M.;
Plachter, B.; Reyda, S. Modification of the major tegument protein pp65 of human cytomegalovirus inhibits
virus growth and leads to the enhancement of a protein complex with pUL69 and pUL97 in infected cells.
J. Gen. Virol. 2010, 91, 2531-2541, d0i:10.1099/vir.0.022293-0.

Prichard, M.N. Function of human cytomegalovirus UL97 kinase in viral infection and its inhibition by
maribavir. Rev. Med. Virol. 2009, 19, 215-229, d0i:10.1002/rmv.615.

Marschall, M.; Freitag, M.; Suchy, P.; Romaker, D.; Kupfer, R.; Hanke, M.; Stamminger, T. The protein
kinase pUL97 of human cytomegalovirus interacts with and phosphorylates the DNA polymerase
processivity factor pUL44. Virology 2003, 311, 60-71, doi:10.1016/s0042-6822(03)00147-8.

Krosky, P.M.; Baek, M.-C.; Jahng, W.].; Barrera, I.; Harvey, R.J.; Biron, KK.; Coen, D.M.; Sethna, P.B. The
human cytomegalovirus UL44 protein is a substrate for the UL97 protein kinase. J. Virol. 2003, 77, 7720—
7727, doi:10.1128/jvi.77.14.7720-7727.2003.

Thomas, M.; Rechter, S.; Milbradt, J.; Auerochs, S.; Miiller, R.; Stamminger, T., Marschall, M.
Cytomegaloviral protein kinase pUL97 interacts with the nuclear mRNA export factor pUL69 to modulate
its intranuclear localization and activity. J. Gen. Virol. 2009, 90, 567-578, d0i:10.1099/vir.0.005827-0.

Graf, L.; Feichtinger, S.; Naing, Z.; Hutterer, C.; Milbradyt, J.; Webel, R.; Wagner, S.; Scott, G.M.; Hamilton,
S.T.; Rawlinson, W.D.; et al. New insight into the phosphorylation-regulated intranuclear localization of
human cytomegalovirus pUL69 mediated by cyclin-dependent kinases (CDKs) and viral CDK orthologue
pULY7. J. Gen. Virol. 2016, 97, 144-151, doi:10.1099/jgv.0.000337.

Kamil, J.P.; Coen, D.M. Human cytomegalovirus protein kinase UL97 forms a complex with the tegument
phosphoprotein pp65. J. Virol. 2007, 81, 1065910668, doi:10.1128/JVI1.00497-07.

Sharma, M.; Bender, B.].; Kamil, J.P.; Lye, M.F.; Pesola, ].M.; Reim, N.I.; Hogle, ].M.; Coen, D.M. Human
cytomegalovirus UL97 phosphorylates the viral nuclear egress complex. J. Virol. 2015, 89, 523-534,
doi:10.1128/JVI1.02426-14.

Marschall, M.; Marzi, A.; aus dem Siepen, P.; Jochmann, R.; Kalmer, M.; Auerochs, S.; Lischka, P.; Leis, M.;
Stamminger, T. Cellular p32 recruits cytomegalovirus kinase pUL97 to redistribute the nuclear lamina. J.
Biol. Chem. 2005, 280, 33357-33367, doi:10.1074/jbc.M502672200.

Hume, AJ.,; Finkel, ]J.S; Kamil, J.P.; Coen, D.M.; Culbertson, M.R.; Kalejta, R.F. Phosphorylation of
retinoblastoma protein by viral protein with cyclin-dependent kinase function. Science 2008, 320, 797-799,
doi:10.1126/science.1152095.

Prichard, M.N.; Sztul, E.; Daily, S.L.; Perry, A.L; Frederick, S.L.; Gill, R.B.; Hartline, C.B.; Streblow, D.N.;
Varnum, S.M.; Smith, R.D.; et al. Human cytomegalovirus UL97 kinase activity is required for the
hyperphosphorylation of retinoblastoma protein and inhibits the formation of nuclear aggresomes. J. Virol.
2008, 82, 5054-5067, doi:10.1128/JV1.02174-07.

Iwahori, S.; Hakki, M.; Chou, S.; Kalejta, R.F. Molecular Determinants for the Inactivation of the
Retinoblastoma Tumor Suppressor by the Viral Cyclin-dependent Kinase UL97. |. Biol. Chem. 2015, 290,
19666-19680, doi:10.1074/jbc.M115.660043.

Iwahori, S.; Kalejta, R.F. Phosphorylation of transcriptional regulators in the retinoblastoma protein
pathway by UL97, the viral cyclin-dependent kinase encoded by human cytomegalovirus. Virology 2017,
512, 95-103, doi:10.1016/j.virol.2017.09.009.



Microorganisms 2020, 8, 820 21 of 22

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Iwahori, S.; Umafa, A.C.; VanDeusen, H.R.; Kalejta, R.F. Human cytomegalovirus-encoded viral cyclin-
dependent kinase (v-CDK) UL97 phosphorylates and inactivates the retinoblastoma protein-related p107
and p130 proteins. J. Biol. Chem. 2017, 292, 6583-6599, doi:10.1074/jbc.M116.773150.

Hamirally, S.; Kamil, J.P.; Ndassa-Colday, Y.M.; Lin, A.]J.; Jahng, W.].; Baek, M.-C.; Noton, S.; Silva, L.A.;
Simpson-Holley, M.; Knipe, D.M.; et al. Viral mimicry of Cdc2/cyclin-dependent kinase 1 mediates
disruption of nuclear lamina during human cytomegalovirus nuclear egress. PLoS Pathog. 2009, 5, e1000275,
doi:10.1371/journal.ppat.1000275.

Milbradt, J.; Hutterer, C.; Bahsi, H.; Wagner, S.; Sonntag, E.; Horn, A.H.C.; Kaufer, B.B.; Mori, Y.; Sticht, H.;
Fossen, T.; et al. The Prolyl Isomerase Pinl Promotes the Herpesvirus-Induced Phosphorylation-
Dependent Disassembly of the Nuclear Lamina Required for Nucleocytoplasmic Egress. PLoS Pathog. 2016,
12, €1005825, doi:10.1371/journal.ppat.1005825.

Baek, M.-C.; Krosky, P.M.; Pearson, A.; Coen, D.M. Phosphorylation of the RNA polymerase II carboxyl-
terminal domain in human cytomegalovirus-infected cells and in vitro by the viral UL97 protein kinase.
Virology 2004, 324, 184-193, d0i:10.1016/j.virol.2004.03.015.

Tamrakar, S.,; Kapasi, A.J.; Spector, D.H. Human -cytomegalovirus infection induces specific
hyperphosphorylation of the carboxyl-terminal domain of the large subunit of RNA polymerase II that is
associated with changes in the abundance, activity, and localization of cdk9 and cdk?. J. Virol. 2005, 79,
15477-15493, d0i:10.1128/]V1.79.24.15477-15493.2005.

Kapasi, A.J.; Spector, D.H. Inhibition of the cyclin-dependent kinases at the beginning of human
cytomegalovirus infection specifically alters the levels and localization of the RNA polymerase II carboxyl-
terminal domain kinases cdk9 and cdk7 at the viral transcriptosome. ]. Virol. 2008, 82, 394-407,
doi:10.1128/JV1.01681-07.

Kawaguchi, Y.; Matsumura, T.; Roizman, B.; Hirai, K. Cellular elongation factor 1delta is modified in cells
infected with representative alpha-, beta-, or gammaherpesviruses. J. Virol. 1999, 73, 4456-4460.
Kawaguchi, Y.; Kato, K.; Tanaka, M.; Kanamori, M.; Nishiyama, Y.; Yamanashi, Y. Conserved protein
kinases encoded by herpesviruses and cellular protein kinase cdc2 target the same phosphorylation site in
eukaryotic elongation factor 1delta. . Virol. 2003, 77, 2359-2368, doi:10.1128/jvi.77.4.2359-2368.2003.
Dell'Oste, V.; Gatti, D.; Gugliesi, F.; De Andrea, M.; Bawadekar, M.; Lo Cigno, I; Biolatti, M.; Vallino, M.;
Marschall, M.; Gariglio, M.; et al. Innate nuclear sensor IFI16 translocates into the cytoplasm during the
early stage of in vitro human cytomegalovirus infection and is entrapped in the egressing virions during
the late stage. J. Virol. 2014, 88, 69706982, doi:10.1128/JV1.00384-14.

Businger, R.; Deutschmann, J.; Gruska, I.; Milbradt, J.; Wiebusch, L.; Gramberg, T.; Schindler, M. Human
cytomegalovirus overcomes SAMHDI restriction in macrophages via pUL97. Nat Microbiol 2019, 4, 2260-
2272, d0i:10.1038/s41564-019-0557-8.

Baek, M.-C.; Krosky, P.M.; He, Z.; Coen, D.M. Specific phosphorylation of exogenous protein and peptide
substrates by the human cytomegalovirus UL97 protein kinase. Importance of the P+5 position. . Biol.
Chem. 2002, 277, 29593-29599, d0i:10.1074/jbc.M202312200.

Kuny, C.V.; Chinchilla, K.; Culbertson, M.R.; Kalejta, R.F. Cyclin-dependent kinase-like function is shared
by the beta- and gamma- subset of the conserved herpesvirus protein kinases. PLoS Pathog. 2010, 6,
€1001092, doi:10.1371/journal.ppat.1001092.

Muifioz-Wolf, N.; Lavelle, E.C. Innate Immune Receptors. Methods Mol. Biol. 2016, 1417, 1-43,
doi:10.1007/978-1-4939-3566-6_1.

Gariano, G.R.; Dell’Oste, V.; Bronzini, M.; Gatti, D.; Luganini, A.; De Andrea, M.; Gribaudo, G.; Gariglio,
M.; Landolfo, S. The intracellular DNA sensor IFI16 gene acts as restriction factor for human
cytomegalovirus replication. PLoS Pathog. 2012, 8, €1002498, doi:10.1371/journal.ppat.1002498.

Biolatti, M.; Dell’Oste, V.; Pautasso, S.; von Einem, J.; Marschall, M.; Plachter, B.; Gariglio, M.; De Andrea,
M.; Landolfo, S. Regulatory Interaction between the Cellular Restriction Factor IFI16 and Viral pp65
(pUL83) Modulates Viral Gene Expression and IFI16 Protein Stability. |. Virol. 2016, 90, 8238-8250,
doi:10.1128/JVI1.00923-16.

Zahn-Zabal, M.; Michel, P.-A.; Gateau, A.; Nikitin, F.; Schaeffer, M.; Audot, E.; Gaudet, P.; Duek, P.D.;
Teixeira, D.; Rech de Laval, V.; et al. The neXtProt knowledgebase in 2020: data, tools and usability
improvements. Nucleic Acids Res. 2020, 48, D328-D334, d0i:10.1093/nar/gkz995.



Microorganisms 2020, 8, 820 22 of 22

129. Sonego, M.; Pellarin, L; Costa, A.; Vinciguerra, G.L.R.; Coan, M.; Kraut, A.; D’Andrea, S.; Dall’Acqua, A.;
Castillo-Tong, D.C.; Califano, D.; et al. USP1 links platinum resistance to cancer cell dissemination by
regulating Snail stability. Sci Adv. 2019, 5, eaav3235, doi:10.1126/sciadv.aav3235.

@ @ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



