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Abstract

Several viruses have been found to encode a deubiquitinating protease (DUB). These viral

DUBs are proposed to play a role in regulating innate immune or inflammatory signaling. In

human cytomegalovirus (HCMV), the largest tegument protein encoded by UL48 contains

DUB activity, but its cellular targets are not known. Here, we show that UL48 and UL45, an

HCMV-encoded inactive homolog of cellular ribonucleotide reductase (RNR) large subunit

(R1), target receptor-interacting protein kinase 1 (RIP1) to inhibit NF-κB signaling. Transfec-

tion assays showed that UL48 and UL45, which binds to UL48, interact with RIP1 and that

UL48 DUB activity and UL45 cooperatively suppress RIP1-mediated NF-κB activation. The

growth of UL45-null mutant virus was slightly impaired with showing reduced accumulation

of viral late proteins. Analysis of a recombinant virus expressing HA-UL45 showed that

UL45 interacts with both UL48 and RIP1 during virus infection. Infection with the mutant

viruses also revealed that UL48 DUB activity and UL45 inhibit TNFα-induced NF-κB activa-

tion at late times of infection. UL48 cleaved both K48- and K63-linked polyubiquitin chains of

RIP1. Although UL45 alone did not affect RIP1 ubiquitination, it could enhance the UL48

activity to cleave RIP1 polyubiquitin chains. Consistently, UL45-null virus infection showed

higher ubiquitination level of endogenous RIP1 than HA-UL45 virus infection at late times.

Moreover, UL45 promoted the UL48-RIP1 interaction and re-localization of RIP1 to the

UL48-containing virion assembly complex. The mouse cytomegalovirus (MCMV)-encoded

DUB, M48, interacted with mouse RIP1 and M45, an MCMV homolog of UL45. Collectively,

our data demonstrate that cytomegalovirus-encoded DUB and inactive R1 homolog target

RIP1 and cooperatively inhibit RIP1-mediated NF-κB signaling at the late stages of HCMV

infection.
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Author summary

Activation of NF-κB signaling leads to expression of proinflammatory cytokines and che-

mokines and plays a key role in regulating innate immune response and inflammation to

virus infection. HCMV upregulates and downregulates NF-κB signaling during the course

of infection. Upregulation of NF-κB signaling may promote viral gene expression or viral

dissemination, but its downregulation may be necessary for suppression of excessive

immune responses. Recently, it was demonstrated that viral late functions downregulate

TNFα- and IL-1β-induced NF-κB activation. However, the viral proteins involved and the

underlying mechanisms are not understood. In the present study, we demonstrate that

two HCMV proteins, the largest tegument protein harboring deubiquitinase activity and

the inactive homolog of cellular ribonucleotide reductase large subunit, cooperatively

inhibit RIP1-mediated NF-κB signaling at the late stages of infection. This study for the

first time identified RIP1 as a substrate of viral deubiquitinase and highlights the impor-

tance of the negative regulation of NF-κB during virus infection.

Introduction

Human cytomegalovirus (HCMV), which belongs to the β-herpesvirus subfamily, typically

causes asymptomatic infections in immunocompetent individuals. HCMV is ubiquitously

but latently distributed throughout the world. However, infection of pregnant women often

causes congenital infection, and reactivation from latent infection in immunocompromised

individuals can lead to life-threatening complications [1]. HCMV is a large, enveloped, dou-

ble-stranded DNA virus and its 235 kb genome encodes for at least 165 proteins [2]. A struc-

tural feature unique to herpesviruses is the presence of a protein layer, called the tegument,

between the capsid and the envelope. Upon initial fusion of the viral envelope with the host

cell plasma membrane, many of these tegument proteins are delivered into the cytoplasm and

the nucleus, where they perform diverse functions including activation of viral gene transcrip-

tion and antagonization of host intrinsic and innate immunity. Viral tegument proteins are

also thought to be involved in capsid transport and virion egress [1, 3, 4].

The herpesvirus deubiquitinase (DUB) was first discovered as an N-terminal fragment of

the 336 kDa UL36 tegument protein (also known as VP1/2) of herpes simplex virus-1 (HSV-1)

[5]. This DUB domain is conserved in the UL36 equivalents of other herpesviruses [6]. In-

terestingly, the herpesvirus DUBs bear no structural homology to known eukaryotic DUBs,

although the key amino acid residues in the active site are highly conserved [7]. The herpesvi-

rus DUBs appear to play a key role in regulating innate immune and inflammatory signaling.

HSV-1 UL36 and Kaposi’s sarcoma-associated herpesvirus (KSHV) ORF64 interact with and

deubiquitinate TRAF3 and RIG-I, respectively, inhibiting IRF3 activation [8, 9]. Epstein-Barr

virus (EBV) BPLF1 targets TRAF6 and inhibits its ubiquitination, downregulating NF-κB acti-

vation during lytic infection [10]. BPLF1 is also known to deubiquitinate PCNA and inhibit

trans-lesion synthesis at DNA damage sites [11].

In HCMV, the UL48-encoded tegument protein is a homolog of HSV-1 UL36 and pos-

sesses DUB activity. The UL48 DUB was identified using a suicide substrate probe specific for

ubiquitin-binding cysteine proteases in virus-infected cells [12]. This DUB, mapped to the first

~350 amino acids of the N-terminal region of pUL48, contains both ubiquitin-specific car-

boxyl-terminal hydrolase activity and isopeptidase activity that cleaves ubiquitin K11, K48,

and K64 linkages [13, 14]. Mutations in active site residues (C24 and H162) completely abolish

DUB activity, and the virus containing the UL48 (C24S) gene shows moderately reduced
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growth in culture cells, demonstrating that the DUB activity of HCMV can influence viral rep-

lication [14]. Like the UL36 DUBs of HSV-1 and Pseudorabies virus (PRV) [15, 16], the UL48

DUB has autocatalytic activity that regulates its own stability [17].The N-terminal DUB-con-

taining region from UL48 is required for virion stability and efficient virus entry, although the

associated DUB activity appears not to be critical [17]. Despite accumulating evidence that

DUB activity and the DUB-containing region of UL48 are required for efficient viral growth,

whether the UL48 DUB, like the equivalents of α and γ-herpesviruses, plays a role in regulation

of innate immune or inflammatory signaling is not known yet. UL48 contains the nuclear

localization signal (NLS) that is essential for viral growth [17, 18], suggesting a critical role of

UL48 in the nucleus or in routing of the capsid to the nuclear pore as seen in infection with

HSV-1 UL36 mutant virus [19, 20].

The nuclear factor-kappa B (NF-κB) transcription factors are critical regulators of host

cell’s early responses to viral infection [21]. HCMV infection can induce NF-κB’s transcrip-

tional activity, which subsequently drives expression of a number of different proinflammatory

cytokines and chemokines. There is increasing evidence that HCMV can inhibit NF-κB signal-

ing during lytic infection. This negative regulation may be necessary to suppress excessive

immune responses that are detrimental to viral infection. Although viral downregulation of

NF-κB signaling in the early stages of infection has been confirmed, it is believed that late virus

functions are critical to suppress NF-κB signaling. UL26 is an early viral protein that initially

localizes to the nucleus, but becomes cytoplasmic as the infection progresses and eventually

localizes to virion assembly sites [22, 23]. UL26 is known to antagonize NF-κB activation

induced by TNFα by attenuating IKK phosphorylation and subsequent IκBα degradation [24].

The HCMV UL45 gene encodes an inactive homolog of cellular ribonucleotide reductase

(RNR) large subunit (R1), which is contained in the tegument. The function of UL45 still

remains largely unknown. Analysis of the VR1814-derived bacmid (FIX-BAC) reconstituted

recombinant virus showed that the UL45-null mutant virus normally grows in endothelial cells

[25] but is defective in viral particle accumulation at low multiplicities of infection (MOI) and in

spreading in fibroblasts [26]. The growth defect of UL45-null virus did not appear to result from

a reduced dNTP supply [26]. In mouse CMV (MCMV), M45, a homolog of HCMV UL45,

interacts with mouse receptor-interacting protein kinase 1 (mRIP1) and inhibits mRIP1-me-

diated signaling pathways, including activation of NF-κB after stimulation of TNFR1 and TLR3

[27]. M45 also blocks mRIP1-independent NF-κB activation and cytokine production after

stimulation of IL-1R and TLRs and binds to and induces lysosomal degradation of NEMO by

targeting it to autophagosomes [28]. Furthermore, M45 is also known to inhibit cytosolic DNA

sensor DAI-mediated NF-κB activation through RIP homotypic interaction motif (RHIM)-

dependent interaction [29]. Meanwhile, M45 acts as a suppressor of virus-induced or TNFα-

induced cell death [30, 31]. M45 inhibits a caspase-independent form of programmed necrosis

(necroptosis), which depends on the adaptor kinase RIP3 and DAI [32, 33]. It is not known

whether UL45 has activity similar to M45 in regulating the host’s immune responses.

In this study, we identified RIP1 as a cellular target of HCMV-encoded deubiquitinase

UL48. We provide evidence that RIP1 is also targeted by UL45, an HCMV-encoded inactive

homolog of cellular RNR R1, and that UL48 and UL45 cooperatively suppress RIP1-mediated

NF-κB signaling at the late stages of viral infection.

Results

HCMV UL48 interacts with RIP1

Since RIP1 is a critical mediator of NF-κB signaling and K63-linked polyubiquitination of

RIP1 is an important process involved in this signaling, we tested whether the HCMV UL48
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deubiquitinase targets RIP1. When CoIP assays were performed in co-transfected 293T cells,

UL48 was found to interact with RIP1 (Fig 1A and 1B). RIP1 has three domains: the N-termi-

nal kinase domain (KD), the central intermediate domain (ID), and the C-terminal death

domain (DD) (Fig 1C). Three RIP1 deletion constructs (ΔKD, ΔID, and ΔDD) were employed

for similar CoIP assays to determine the UL48-binding region of RIP1. The results revealed

that both the intermediate and death domains of RIP1 are required for efficient RIP1 binding

(Fig 1D and 1E). The intermediate domain contains the TNFα-induced Lys63 (K63)-linked

polyubiquitination site (K377) [34] and the RHIM. To further investigate the effect of the

RHIM and ubiquitination of RIP1 on the pUL48-RIP1 interaction, RHIM-deleted (ΔRHIM)

and K377R mutants were also used in CoIP assays. The results showed that pUL48 still inter-

acts with these ΔRHIM and K377R mutant RIP1 proteins (Fig 1F and 1G). Taken together,

these results demonstrate that UL48 interacts with RIP1 through the intermediate and death

domains, but this interaction does not require presence of the RHIM and polyubiquitination

at K377 of RIP1.

Fig 1. Interaction of UL48 with RIP1 in CoIP assays. (A and B) 293T cells were co-transfected with

plasmid expressing HA-UL48 and Flag-RIP1 as indicated. At 24 h after transfection, total cell lysates were

immunoprecipitated with anti-HA (A) or anti-Flag (B) antibody, followed by immunoblotting with anti-flag (A) or

anti-HA (B) antibody. The protein levels of HA-UL48 and Flag-RIP1 proteins in total cell lysates were also

determined by immunoblotting. (C) The domain structure of RIP1 consists of the N-terminal kinase domain

(KD), the intermediate domain (ID), and the C-terminal death domain (DD). The TNFα-induced K63-linked

polyubiquitination site (K377) and the RHIM within the internal domain are indicated. (D to G) 293T cells

were co-transfected with plasmids expressing Myc-UL48 and HA-RIP1 (wild-type or mutants). At 24 h after

transfection, total cell lysates were immunoprecipitated with anti-Myc antibody, followed by immunoblotting

with anti-HA antibody. The levels of Myc-UL48 and HA-RIP1 proteins in total cell lysates were also determined

by immunoblotting. The amounts of wild-type and mutant HA-RIP1 proteins co-immunoprecipitated over the

input amounts of proteins in (D) were quantitated by counting using ImageJ (NIH) and the relative binding

efficiency is shown as a graph in (E). RIP1 ΔKD appeared as a doublet and the ratio was dependent on the

conditions of cell lysate preparation.

https://doi.org/10.1371/journal.ppat.1006423.g001
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UL48 inhibits RIP1-mediated NF-κB activation

Luciferase reporter assays were performed to investigate the effect of UL48 on RIP1-mediated

NF-κB activation. UL48 expression effectively inhibited RIP1-mediated NF-κB activation in

293T cells (Fig 2A). HCMV permissive HF cells were more sensitive to apoptotic cell death

induced by RIP1 overexpression than other cell types. Therefore, similar reporter assays were

performed in HF cells with co-transfection of CrmA, an inhibitor of caspases 1 and 8. The

results showed that the NF-κB activity induced by RIP1 expression was effectively inhibited by

UL48 in HF cells (Fig 2B). TNFα treatment of HF cells moderately increased NF-κB activity,

but this elevation was also inhibited by UL48 (Fig 2C). We next investigated whether the DUB

catalytic activity of UL48 is required for this suppression using the C24S mutant in which the

Cys24 active site was replaced with Ser [14]. The results of reporter assays showed that the

inhibitory effect of UL48(C24S) on RIP1-mediated and TNFα-induced NF-κB activation was

reduced to 30% to 60% that of wild-type UL48 (Fig 2D to 2F). The expression levels of wild-

type and C24S mutant UL48 proteins were comparable and the RIP1 modification (probably

ubiquitination) was reduced by wild-type UL48 but not by C24S mutant in transfected cells

Fig 2. Inhibition of RIP1-mediated NF-κB activation by UL48 in reporter assays. (A) 293T cells in six-

well plates were co-transfected using PEI with 0.1 μg of NF-κB-luciferase reporter plasmid, 0.5 μg of SV2-β-

galactosidase reporter plasmid in which β-galactosidase expression is driven by the SV40 promoter and

enhancer (for normalization), and 0.5 μg plasmids for HA-UL48 or HA-RIP1 as indicated. In all co-transfection

assays, empty vectors were used to make the total amount of DNA transfected equal. At 24 h after transfection,

total cell lysates were prepared and assayed for luciferase activity. (B and C) HF cells in six-well plates were co-

transfected using OmicsFect with 0.5 μg of NF-κB-luciferase reporter plasmid, 0.5 μg of SV2-β-galactosidase

reporter plasmid, and 1 μg plasmid for HA-UL48 or 0.5 μg HA-RIP1. Plasmid (0.5 μg) for CrmA (caspase

inhibitor) was added to avoid apoptotic cell death due to RIP1 overexpression in (B) and TNFα (50 ng/ml) was

added for 8 h before cell harvest in (C). (D) Luciferase reporter assays were performed in 293T cells as in (A)

including the C24S mutant of Myc-UL48. (E and F) HF cells were co-transfected using electroporation with 0.5 μg

of NF-κB-luciferase and 0.5 μg of SV2-β-galactosidase reporter plasmids and 0.5 μg of plasmids for Myc-UL48

(wild-type or C24S mutant), HA-RIP1, and CrmA as indicated. Total cell lysates were prepared 24 h after

transfection and assayed for luciferase activity. TNFα (50 ng/ml) was treated for 8 h before cell harvest in (F).

Luciferase activity was normalized with β-galactosidase activity. Shown are mean values with the standard errors

of luciferase activity of three independent assays.

https://doi.org/10.1371/journal.ppat.1006423.g002
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(S1A Fig). These results suggest that the DUB activity of UL48 is largely required for inhibition

of RIP1-mediated NF-κB activation.

Interaction of HCMV UL45 with RIP1

UL48 was first shown to interact with UL45, an inactive homolog of cellular RNR R1, in yeast

two-hybrid interaction assays [35]. We also observed this interaction in CoIP assays (Fig 3A

Fig 3. Interaction of UL45 with RIP1 in CoIP assays. (A to D) 293T cells were co-transfected with plasmids

expressing Myc-UL45, HA-UL48, or Flag-RIP1 as indicated. At 24 h after transfection, total cell lysates were

immunoprecipitated with anti-Myc (A and C), anti-HA (B), or anti-Flag (D) antibody and immunoblotting assays

were performed with anti-HA (A), anti-Myc (B and D), or anti-Flag (C) antibody. The protein levels of Myc-UL45,

HA-UL48, and Flag-RIP1 proteins in total cell lysates were also determined by immunoblotting. (E to H) 293T

cells were co-transfected with plasmids expressing Myc-UL45 and HA-RIP1 (wild-type or mutants). At 24 h after

transfection, CoIP assays were performed as in (A). The protein levels of Myc-UL45 and HA-RIP1 proteins in

total cell lysates were also determined by immunoblotting. The amounts of wild-type and mutant HA-RIP1

proteins co-immunoprecipitated over the input amounts of proteins in (E) were quantitated using ImageJ (NIH)

and the relative binding efficiency is shown as a graph in (F). (I to K) 293T cells were co-transfected with Myc-

UL45, HA-UL48, and Flag-RIP1 plasmids as indicated. At 24 h after transfection, total cell lysates were

immunoprecipitated with anti-Myc (I), anti-HA (J), or anti-Flag (K) antibody, followed by immunoblotting with anti-

HA, anti-Flag, or anti-Myc antibody, as indicated. The levels of Myc-UL45, HA-UL48, and Flag-RIP1 proteins in

cell lysates are also shown.

https://doi.org/10.1371/journal.ppat.1006423.g003
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and 3B) [17]. Given that UL48 interacted with both RIP1 and UL45 and that M45, an MCMV-

encoded homolog of UL45, interacted with mRIP1 [27, 31], the potential for interaction of

UL45 with RIP1 was also tested. The results of CoIP assays revealed that UL45 interacts with

RIP1 (Fig 3C and 3D).

CoIP assays using the mutant RIP1 constructs revealed that UL45 interacts with RIP1

through the intermediate domain (Fig 3E and 3F). The RHIM was reported to mediate the

interaction between M45 and mRIP1 [31]. However, the UL45-RIP1 interaction did not seem

to require the RHIM because UL45 did not contain an apparent RHIM, and a RHIM-deleted

RIP1mutant also effectively bound to UL45 (Fig 3G). Furthermore, the K377R mutant RIP1

still interacted with UL45, demonstrating that the UL45-RIP1 interaction does not require

polyubiquitination at K377 of RIP1 (Fig 3H). When UL45, UL48, and RIP1 were co-expressed,

both UL48 and RIP1 were co-precipitated when UL45 was immunoprecipitated (Fig 3I). Simi-

larly, UL45 and RIP1 were co-precipitated with UL48 (Fig 3J), and UL48 and UL45 were co-

precipitated with RIP1 (Fig 3K). These results suggest the possibility that both UL48 and UL45

simultaneously target RIP1 and that they may form a complex.

UL48 and UL45 cooperatively inhibit RIP1-mediated NF-κB activation

We investigated whether, like UL48, UL45 inhibits RIP1-mediated NF-κB activation. In

reporter assays performed in 293T and HF cells, NF-κB activity induced by RIP1 expression

was effectively inhibited by UL45 (Fig 4A and 4B). UL45 also inhibited NF-κB activation

induced by TNFα treatment in HF cells (Fig 4C). We further investigated whether UL48 and

UL45 cooperatively affect RIP1-mediated NF-κB activation. In reporter assays, co-expression

of UL48 and UL45 more effectively inhibited NF-κB activation by RIP1 than UL45 alone,

and this cooperative effect of UL48 and UL45 was largely diminished when the UL48(C24S)

mutant was used (Fig 4D and 4E; S1B Fig). This inhibitory effect of UL48 and UL45 was also

observed in TNFα-induced NF-κB activation in HF cells (Fig 4F). Collectively, our data dem-

onstrate that UL48 and UL45 may cooperate to inhibit RIP1-mediated NF-κB activation, and

that the deubiquitinating activity of UL48 contributes to this repression.

UL45 contributes to efficient accumulation of viral late proteins at low

MOI

To address the significance of the RIP1 targeting by UL48 and UL45 during HCMV infection,

recombinant Toledo viruses that do not express UL45 (UL45-null) or express HA-tagged

UL45 (HA-UL45) were produced using bacmid mutagenesis (S2 Fig). The growth curves of

wild-type, UL45-null, and HA-UL45 viruses were compared in HF cells at an MOI of 0.1 or 2.

The viruses released in the culture supernatants and associated with the cells were collected

and pooled at various time points after infection, and titers of the infectious progeny virions

were determined by infectious center assays. At an MOI of 0.1, the peak titers of UL45-null

virus on day 7 was seven-fold lower than those of wild-type and HA-UL45 viruses (Fig 5A,

left), while, at an MOI of 2, UL45-null virus produced about three-fold fewer progeny virions

on day 5 than wild-type and HA-UL45 viruses (Fig 5A, right). The results of immunoblotting

assays showed that the reduced growth of the UL45-null virus at low MOI correlated with the

low level accumulation of viral late proteins, such as the late forms encoded by UL44 and

the pp28 (encoded by UL99) true late protein (Fig 5B, left), while this difference was reduced

at an MOI of 2 (Fig 5B, right). We also observed the reduced accumulation of the SUMO-mod-

ified forms of IE2 in UL45-null virus infection, which was often observed in mutant viruses

with a moderate growth defect [14, 36]. Collectively, the analysis of UL45-null and HA-UL45

virus growth patterns suggests that UL45 contributes to viral growth in cultured cells at low
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MOI by affecting the late stages of the virus life cycle and that HA-UL45 virus has a similar

growth pattern as wild-type virus.

Formation of a complex containing UL48, UL45, and RIP1 during viral

infection

Since each of UL48, UL45, and RIP1 was co-precipitated with the other two proteins in co-

transfected cells, the possible formation of a complex containing these three proteins during

viral infection was investigated using HA-UL45 virus. When HF cells were infected with

HA-UL45 virus, immunoprecipitation of HA-UL45 co-precipitated both UL48 and RIP1 (Fig

6A) and immunoprecipitation of UL48 co-precipitated both HA-UL45 and RIP1 (Fig 6B). In a

control CoIP experiment, however, immunoprecipitation of abundant pp65 viral protein did

not co-precipitated UL48 and RIP1, although it unexpectedly pull-downed HA-UL45 (Fig

6C). These results suggest that RIP1 may exist in a protein complex containing UL48 and

UL45. Furthermore, the result of gel filtration chromatography demonstrated that in HA-

UL45 virus-infected cells, the RIP1 fractions shifted to higher molecular mass fractions

Fig 4. Cooperative inhibition of RIP1-mediated NF-κB activation by UL45 and UL48 in reporter assays.

(A) 293T cells in six-well plates were co-transfected using PEI with 0.1 μg of NF-κB-luciferase and 0.5 μg of

SV2-β-galactosidase (for normalization) reporter plasmids, and 0.5 μg plasmids for Myc-UL45 and HA-RIP1

as indicated. At 24 h after transfection, total cell lysates were prepared and assayed for luciferase activity. (B

and C) HF cells in six-well plates were co-transfected using OmicsFect with 0.5 μg of NF-κB-luciferase and

0.5 μg of SV2-β-galactosidase reporter plasmids and 1 μg plasmid for HA-UL45 or 0.5 μg HA-RIP1. Plasmid

(0.5 μg) for CrmA was added in (B) and TNFα (50 ng/ml) was added for 8 h before cell harvest in (C). (D) 293T

cells were co-transfected using PEI with NF-κB-luciferase and 0.5 μg of SV2-β-galactosidase reporter

plasmids and 0.1 μg of plasmids for Myc-UL45 and Myc-UL48 (wild-type or C24S mutant), or 0.5 μg of

HA-RIP1. (E and F) HF cells were co-transfected using electroporation with 0.5 μg of NF-κB-luciferase

reporter plasmid, SV2-β-galactosidase reporter plasmid, and plasmids for Myc-UL45, Myc-UL48 (wild-type or

C24S mutant), HA-RIP1, and CrmA, as indicated. Total cell lysates were prepared 24 h after transfection and

assayed for luciferase activity. TNFα (50 ng/ml) was treated for 8 h before cell harvest in (F). Luciferase

activity was normalized with β-galactosidase activity. Shown are mean values with the standard errors of

luciferase activity of three independent assays.

https://doi.org/10.1371/journal.ppat.1006423.g004
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compared to those in mock-infected cells, and that these high molecular mass fractions (>400

kDa) contained HA-UL45 and UL48 (Fig 6D). These results suggest that both UL48 and UL45

interact with RIP1, and a complex containing UL48, UL45, and RIP1 may be produced during

HCMV infection.

We also investigated the localization patterns of UL48, HA-UL45, and RIP1 in cells infected

with HA-UL45 virus. Human γ-globulin was used as a blocking agent for HCMV Fc receptors,

which are recognized by rabbit antibodies in virus-infected cells at the late stages of infection

(S3 Fig). When triple-label IFA was performed to visualize UL48, HA-UL45, and pp28 at 96 h

after infection, UL48 and HA-UL45 were largely colocalized with pp28 in the cytoplasmic

compartments, while a small fraction was also detected in the nucleus as punctate forms (Fig

7A). Since pp28 is localized in the cytoplasmic virion assembly complex (cVAC) [37], the asso-

ciation of UL48 and HA-UL45 with the cVAC was further investigated by co-staining GM130,

a Golgi-associated cellular marker for the cVAC [38]. The results demonstrated that UL48 and

HA-UL45 are largely colocalized with GM130 in the cVAC (Fig 7B). We next performed simi-

lar triple-label IFA to visualize UL48, HA-UL45, and RIP1 in virus-infected cells. In mock-

infected cells, endogenous RIP1 was detected at very low levels throughout the cells as a diffuse

form. However, in virus-infected cells, RIP1 was slightly stabilized and accumulated in the

Fig 5. Growth comparison of wild-type, UL45-null, and HA-UL45 Toledo. (A and B) HF cells in 12-well

plates were mock infected or infected with Toledo viruses (wild-type, UL45stop mutant, or HA-UL45) at an

MOI of 0.1 or 2. Virus titers in the culture supernatants were measured by infectious center assays. The time

course results shown represent the amounts of virus produced at the indicated sampling times. The results

are the averages of data from two independent assays, and titers at day 0 represent input inocula (A). The

total cell lysates from mock-infected or virus-infected cells were prepared at the indicated time points and

were subjected to SDS-PAGE and immunoblotting for IE1, IE2, p52 (UL44), pp28 (UL99), HA-UL45, and β-

actin (B).

https://doi.org/10.1371/journal.ppat.1006423.g005
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UL48 and HA-UL45-containing cVAC (Fig 7C). In two-color merge images, RIP1 appeared to

be more effectively colocalized with HA-UL45 than UL48 (S4 Fig). These IFA data indicate

that RIP1 is colocalized with UL48 and UL45 in the cVAC, supporting that UL48 and UL45

form a complex with RIP1 during viral infection.

UL48 and UL45 inhibit TNFα-induced NF-κB activation in the late stages

of infection

RIP1 plays a key role in NF-κB signaling after TNFα treatment and HCMV inhibits NF-κB

activation in the late stages of infection. Therefore, we investigated the effects of UL48 and

UL45 on TNFα-induced NF-κB activation in the late stages of infection. We previously

Fig 6. Association of HA-UL45 with UL48 and RIP1 during HA-UL45 virus infection. (A to C) HF cells

were mock infected or infected with HA-UL45 Toledo virus for 72 h at an MOI of 1. At 72 h after infection, total

cell lysates were immunoprecipitated with anti-HA (A), anti-UL48 (B), or anti-pp65 (UL83) antibody and

immunoblotting was performed with indicated antibodies. The protein levels of HA-UL45, pUL48, pp65, and

RIP1 in total cell lysates were determined by immunoblotting. (D) Gel filtration chromatography. HF cells were

mock infected or infected with HA-UL45 virus for 72 h at an MOI of 3. Total cell lysates were prepared and

loaded onto a Superose6 10/300 GL column (GE Healthcare) pre-equilibrated with CoIP buffer. The proteins

were eluted at 0.5 ml/min. Fifteen microliters of each fraction was analyzed by immunoblotting with anti-RIP1,

anti-HA, or anti-UL48 antibody. Apparent molecular mass was determined after column calibration with

standard proteins [thyroglobulin (669 kDa), ferritin (440 kDa), aldolase (158 kDa), conalbumin (75 kDa), and

ovalumin (44 kDa)] in the Gel Filtration Calibration Kit (GE Healthcare). The elution positions of these proteins

are indicated at the top.

https://doi.org/10.1371/journal.ppat.1006423.g006
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produced the DUB-defective UL48(C24S) mutant virus using the UL/b’ region-deleted Towne

strain [14], while the UL45-null mutant in this study was produced in the Toledo strain. As a

preliminary experiment, we compared the levels of NF-κB activation after TNFα treatment in

Fig 7. Colocalization of HA-UL45, UL48, and RIP1 in HA-UL45 virus-infected cells. (A to C) HF cells

were mock-infected or infected with HA-UL45 Toledo virus for 96 h at an MOI of 1. Cells were fixed with cold

methanol and then subjected to triple-label IFA with anti-HA, anti-pp28, and anti-UL48 antibodies (A), with

anti-HA, anti-UL48, and anti-GM130 antibodies (B), or with anti-HA, anti-UL48, and anti-RIP1 antibodies (C).

FITC-labeled anti-mouse IgG, Rhodamine/Red X-coupled anti-rabbit IgG, and Cy5-conjugated anti-rat IgG

antibodies were used for visualization. Hoechst stain was used to stain cell nuclei. The images were obtained

by confocal microscopy. Three side-by-side panels of signal-labeled images and a fourth panel with a merged

image (including DNA staining) are shown.

https://doi.org/10.1371/journal.ppat.1006423.g007

Targeting RIP by CMV-encoded DUB and inactive RNR R1 homolog

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006423 June 1, 2017 11 / 26

https://doi.org/10.1371/journal.ppat.1006423.g007
https://doi.org/10.1371/journal.ppat.1006423


cells infected with HCMV Toledo and Towne for different time periods. We found that phos-

phorylation of the NF-κB p65 subunit at serine residue 536 peaked 48 h after infection and

began to decrease from 72 h in both Toledo and Towne virus-infected cells, while the phos-

phorylated p65 levels were higher during Toledo virus infection than during Towne virus

infection (Fig 8A). The latter is consistent with the earlier reports demonstrating that the UL/

b’ region in the Toledo virus and other clinical isolates sensitizes cells to TNFα signaling by

upregulating cell surface expression of TNFR [39, 40].

Fig 8. Inhibition of TNFα-induced NF-κB activation by UL45 and UL48 in the late stages of infection.

(A) HF cells were mock infected or infected with HCMV Toledo or Towne viruses for the indicated time points

at an MOI of 3. Cells were treated with TNFα (50 ng/ml) for 10 min. The total cell lysates were prepared and

immunoblotting was performed with anti-p-p65(S536), p65, anti-IE1/IE2, or anti-β-actin antibody. (B and C)

HF cells were mock infected or infected with HCMV Toledo virus (HA-UL45 or UL45-null) (B) or Towne virus

[wild-type or UL48(C24S)] (C) for 72 h at an MOI of 3. Cells were treated with TNFα (50 ng/ml) for 5 or 15 min.

Total cell lysates were prepared and immunoblotting was performed with antibodies for p-p65(S536), p65, p-

IKKα/β, anti-IE1/IE2, HA-UL45, UL48, pp28, or β-actin. The levels of p65 and phosphorylated p65 were

quantitated using ImageJ (NIH) and the changes of the ratio of phosphorylated p65 over p65 are shown as

graphs.

https://doi.org/10.1371/journal.ppat.1006423.g008
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Since UL45 and UL48 are expressed with early-late kinetics, their effects on TNFα-induced

NF-κB activation were assessed 72 h after infection with wild-type or mutant viruses. In mock-

infected cells, TNFα treatment for 5 or 15 min increased phosphorylation of p65 and IKKα/β.

In Toledo virus infection, HA-UL45 virus less effectively upregulated TNFα-induced p65 and

IKKα/β phosphorylation compared to UL45-null virus, demonstrating that UL45 expression

inhibits TNFα-induced NF-κB activation (Fig 8B). In the case of Towne virus infection, wild-

type virus resulted in less TNFα-induced p65 and IKKα/β phosphorylation compared to UL48

(C24S) virus (Fig 8C). When we introduced the UL48(C24S) mutation in HA-UL45 Toledo

virus, similar higher levels of p65 and IKKα/β phosphorylation were observed in UL48(C24S)-

containing HA-UL45 virus compared to HA-UL45 virus (S5A and S5B Fig). In the experi-

ments using UL48(C24S) mutant viruses, the levels of UL48(C24S) were lower than those of

wild-type UL48. Therefore, it is not clear whether increased p65 and IKKα/β phosphorylation

in mutant virus infection was due to the lack of DUB activity or due to the reduced protein

level. However, since UL48(C24S) mutant protein that was expressed at a comparable level to

wild-type protein largely lost the NF-κB repressing activity in reporter assays (see Figs 2D and

S1A; Figs 4D and S1B), it is likely that the lack of UL48 DUB activity rather than the reduced

level of UL48(C24S) largely contributed to the increase of TNFα-induced NF-κB activation.

Supporting this idea, both HA-UL45 and RIP1 were still localized in the cVAC in HA-UL45/

UL48(C24S) virus-infected cells (S5C Fig). Collectively, our analysis of UL45 and UL48

mutant viruses demonstrate that both UL45 and UL48 are involved in inhibition of TNFα-

induced NF-κB activation in the late stages of infection.

Cooperative effect of pUL48 and pUL45 on RIP1 deubiquitination

The effect of UL45 and UL48 on TNFα-induced NF-κB activation was further investigated in

HF cells co-transfected with UL45 and UL48 expression plasmids (Fig 9A). TNFα treatment

increased phosphorylation of p65 in cells transfected with empty vector. However, TNFα-

induced p65 phosphorylation was significantly impaired in cells transfected with UL45 or

UL48. UL26, which was previously reported to antagonize NF-κB activation [24], also inhib-

ited TNFα-induced p65 phosphorylation, but UL45 and UL48 did so more effectively, suggest-

ing that UL45 and UL48 are potent inhibitors of NF-κB signaling.

To investigate the molecular mechanisms by which UL48 and UL45 inhibit TNFα-induced

NF-κB activation, we assessed the effect of UL48 and UL45 expression on the levels of K63-

linked polyubiquitination of RIP1. Co-transfection/ubiquitination assays were performed using

plasmids expressing ubiquitin (K63 only) or ubiquitin (K48 only) in which all lysine (K) residues

except K63 or K48 within ubiquitin are mutated to arginine to allow for the formation of only

K63-linked or K48-linked ubiquitin chains. We found that UL48 inhibited RIP1 polyubiquitina-

tion through the K63 or K48 linkages, while UL45 did not affect RIP1 polyubiquitination (Fig

9B). When UL48 and UL45 were co-expressed, UL45 increased the activity of UL48 to cleave

K63-linked polyubiquitin chains of RIP1 (Fig 9C). To address the role of UL45 in RIP1 ubiquiti-

nation in the context of viral infection, HF cells were infected with UL45-null or HA-UL45 virus

and ubiquitination levels of endogenous RIP1 were examined. The results showed that the ubi-

quitination level of RIP1 was higher in UL45-null virus infection than in HA-UL45 virus infec-

tion (Fig 9D). These results demonstrate that UL48 inhibits TNFα-induced NF-κB activation

through deubiquitination of RIP1 and that UL45 promotes this UL48 activity.

We also found using CoIP assays that the interaction of UL48 with RIP1 in co-transfected

cells was increased when UL45 was co-expressed, demonstrating that UL45 promotes the

binding of UL48 with RIP1 (Fig 10A). Furthermore, when HF cells were infected with HA-

UL45 virus, RIP1 was re-localized to the cVAC in all cells showing HA-UL45 in the cVAC;
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however, when cells were infected with UL45-null virus, this RIP1 re-localization to the cVAC

was not observed (Fig 10B). Taken together, these results demonstrate that UL48 inhibits

TNFα-induced NF-κB activation through deubiquitination of RIP1 and that UL45 promotes

the binding of UL48 with RIP1 and re-localization of RIP1 to the UL48-containing cVAC.

RIP1 targeting by viral DUB and R1 homolog is conserved in β-

herpesviruses

Since the DUB-containing tegument proteins and R1 homologs are conserved in other herpes-

viruses, we further investigated whether RIP1 is targeted by DUB and R1 encoded by other

Fig 9. Cooperative effect of UL48 and UL45 on RIP1 deubiquitination. (A) HF cells were transfected with

empty vector or plasmids expressing Myc-tagged UL45, UL48, or UL26 proteins via electroporation as indicated. At

24 h after transfection, cells were treated with TNFα (50 ng/ml) for 5 or 15 min. The total cell extracts were prepared

and immunoblotting was performed with anti-p65, anti-p-p65(S536), anti-Myc, and anti-β-actin antibody. (B and C)

293T cells were co-transfected with plasmids expressing Flag-RIP1, HA-Ub construct, Myc-UL45, or Myc-UL48 as

indicated. At 24 h after transfection, total cell lysates were immunoprecipitated with anti-Flag antibody, followed by

immunoblotting with anti-HA or anti-Flag antibody. The total protein levels of Myc-UL45, Myc-UL48, Flag-RIP1, and

HA-Ub conjugated proteins in cell lysates were also determined by immunoblotting. (D) HF cells were mock

infected or infected with Toledo viruses (HA-UL45 or UL45-null) at an MOI of 2. At 72 h after infection, total cell

lysates were immunoprecipitated with anti-RIP1 antibody and immunoblotting was performed with anti-ubiquitin

antibody. The protein levels of RIP1, IE1, IE2, HA-UL45, and β-actin in total cell lysates were determined by

immunoblotting.

https://doi.org/10.1371/journal.ppat.1006423.g009
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human α- and γ-herpesviruses. The results of CoIP assays using HSV-1 proteins showed that

UL36 (DUB) did not interact with RIP1, while UL39 (R1) bound to RIP1 as previously re-

ported [41] (S6A and S6B Fig). In similar assays using KSHV proteins, neither ORF64 (DUB)

nor ORF61 (R1) interacted with RIP1 (S6D and S6E Fig). Furthermore, the interaction be-

tween DUB and R1was not observed with HSV-1 and KSHV proteins in CoIP assays (S6C and

S6F Fig). These results demonstrate that targeting RIP1 by viral DUB occurs in HCMV but

not in HSV-1 and KSHV, whereas targeting RIP1 by viral R1 homolog is shared by both

HCMV and HSV-1.

We further examined whether the RIP1 targeting by viral DUB and R1 homolog is con-

served in β-herpesviruses. In CoIP assays with MCMV proteins, both M48 (DUB) and M45

(R1 homolog) interacted with mRIP1 (S7A and S7B Fig). Furthermore, M48 interacted with

M45 (S7C Fig), suggesting that the activity of viral DUB and R1 homolog to target RIP1 and

interact with each other may be preserved in β-herpesviruses (S7D Fig).

Discussion

In this study, we identified RIP1 as a cellular substrate of the HCMV-encoded UL48 DUB. We

showed that UL48 interacts with RIP1, cleaves its K48- and K63-linked polyubiquitin chains,

and inhibits NF-κB activation induced by RIP1 overexpression or TNFα treatment. The inhib-

itory action of UL48 on NF-κB signaling largely required its DUB activity, although the cata-

lytically inactive mutant protein still resulted in modest inhibition of NF-κB activation. Other

herpesvirus-encoded DUBs, such as HSV-1 UL36, KSHV ORF64, and EBV BPLF1, have been

Fig 10. Promotion of RIP1 binding of UL48 by UL45. (A) 293T cells were co-transfected with plasmids

expressing Myc-UL48, HA-UL45, or Flag-RIP1 as indicated. At 24 h after transfection, total cell lysates were

immunoprecipitated with anti-Myc antibody and immunoblotting assays were performed with anti-HA or anti-Flag

antibody. The total protein levels of Myc-UL48, HA-UL45, or Flag-RIP1 in cell lysates were also determined by

immunoblotting. The open circle indicates non-specific bands. (B) HF cells were mock infected or infected with

HCMV Toledo virus (HA-UL45 or UL45-null) for 120 h at an MOI of 1. Cells were fixed with cold methanol and

triple-label confocal IFA was performed with anti-HA, anti-UL48, and anti-RIP1 antibodies. FITC-labeled anti-

mouse IgG, rhodamine/Red X-coupled anti-rabbit IgG, and Cy5-conjugated anti-rat IgG antibodies were used for

visualization. Hoechst stain was used to stain cell nuclei. Three side-by-side panels of signal-labeled images and

a fourth panel with a merged image are shown.

https://doi.org/10.1371/journal.ppat.1006423.g010
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shown to target TRAF3, RIG-I, and TRAF6, respectively [8–10]. Therefore, our findings sup-

port a notion that the herpesvirus-encoded DUBs target key regulators of host innate immune

and inflammatory signaling. We found that MCMV M48 interacted with mRIP1, while HSV-1

UL36 and KSHV ORF64 did not interact with RIP1, and that the interaction between viral

DUB and R1 homolog was observed with MCMV proteins but not with HSV-1 and KSHV

proteins. These suggest that RIP1 targeting by viral DUB and the interaction between DUB

and R1 homolog may be conserved in β-herpesviruses.

We also showed that UL45, an inactive viral homolog of cellular RNR R1, interacts with

RIP1 and inhibits NF-κB activation mediated by RIP1 overexpression or TNFα treatment. In

MCMV infection, M45, a homolog of UL45, was shown to interact with mRIP1 to inhibit

mRIP1-mediated NF-κB activation or cell death. M45 interacted with mRIP1 in a RHIM

domain-independent manner and inhibited TNFα-induced activation of NF-kB, p38 MAPK,

and caspase-independent cell death [27]. A role of the RHIM-dependent interaction of M45

with RIP1 in suppressing cell death was also reported [31]. Furthermore, the M45 required

RHIM-dependent interaction with DAI and RIP3 in order to block DAI-induced NF-κB acti-

vation [29] and RIP3-mediated necroptosis [32, 33]. Our data demonstrate that HCMV UL45

interacts with RIP1 independent of the RHIM since UL45, which does not contain an apparent

RHIM, bound to a RHIM-deleted RIP1 mutant. Interestingly, unlike the R1 homologs en-

coded by α- and γ-herpesviruses, HCMV UL45 or other β-herpesvirus R1 homologs are cata-

lytically inactive due to the absence of most residues known to have a catalytic role [42]. Why

β-herpesviruses encode inactive R1 homologs is not fully understood. However, our findings,

together with the above-mentioned previous works with MCMV M45, point to the possibility

that the inactive R1 homologs of β-herpesviruses have been preserved to regulate RIP1-asso-

ciated activities. M45 was also reported to target NEMO and induce its lysosomal degradation

[28]. Whether UL45 also targets NEMO needs to be further investigated.

HCMV has been shown to suppress robust activation of NF-κB signaling during the late

stages of infection and viral early and late proteins appear to be involved in this regulation

[43–45]. Recently, UL26, an early protein, was found to inhibit NF-κB activation by attenuat-

ing IKK phosphorylation in TNFα-treated cells [24]. The results of the present study reveal

that UL48 and UL45, expressed at delayed-early or late times after infection, are potent sup-

pressors of NF-κB activation in the late stages of infection. In particular, the results of our

transfection assays demonstrated that UL48 and UL45 more effectively suppress TNFα-

induced NF-κB activation than UL26. Therefore, at least three viral proteins appear to downre-

gulate NF-κB signaling in the late stages of infection. We observed that infection with the

Toledo virus containing the UL/b’ region led to greater NF-κB activation after TNFα treat-

ment than infection with the Towne virus lacking this region. It has been shown that the

UL138 gene in the UL/b’ region is responsible for this greater sensitivity of Toledo by upregu-

lating cell surface expression of TNFR and this UL138 activity may contribute to TNFα-

induced reactivation of virus from latently infected cells [39, 40]. Notably, our results demon-

strated that the lack of UL45 expression or inactivation of UL48 DUB still increased TNFα-

induced NF-κB signaling in Toledo virus infection. HCMV appears to differentially regulate

NF-κB activation during the early and late phases of infection and between lytic and latent

infection. Therefore, it is not surprising at all that HCMV has been evolved to have several

genes that positively or negatively regulate NF-κB activation [46].

We demonstrated that, although UL48 and UL45 are separately capable of targeting RIP1

and inhibiting RIP1-mediated NF-κB signaling, they have a cooperative effect on the regula-

tion of NF-κB signaling. Although UL48 was previously shown to interact with UL45 in yeast

two-hybrid interaction assays and co-transfection/CoIP assays [17, 35], we for the first time

provide evidence that this interaction occurs in virus-infected cells. In co-transfection assays,
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UL45 increased the activity of UL48 to cleave K63-linked polyubiquitination of RIP1 and

interact with RIP1. More importantly, the ubiquitination level of endogenous RIP1 was higher

in the late stages of infection during UL45-null virus infection compared to infection with

HA-UL45 virus. One possible mechanism for the cooperative activity of UL45 is that UL45

binding to RIP1 alters RIP1 conformation or localization, converting it to a better substrate for

UL48 DUB activity. Indeed, we observed that UL45 promoted the RIP1 binging by UL48 in

co-transfected cells and re-localization of RIP1 to the UL48-containing cVAC in virus-infected

cells. It would also be intriguing to test whether UL45 targets other UL48 substrates and pro-

motes UL48’s DUB activity toward them.

Accumulation of deubiquitinated RIP1 in cells is a key step for the switch from pro-survival

to pro-apoptotic function of RIP1. Our observation that UL48 and UL45 cooperatively in-

crease the level of deubiquitinated RIP1 raises a question whether the expression of UL48 and

UL45 sensitizes cells to apoptosis. We investigated this possibility by comparing anti-Fas/

cycloheximide-induced cleavage of poly (ADP-ribose) polymerase (PARP) between wild-type

and UL48(C24S) mutant virus-infected HF cells. However, we did not observe higher level of

PARP cleavage by wild type virus than mutant virus. We reason this to the expression of strong

viral inhibitor of caspase-8-induced apoptosis (vICA) [47, 48] that works at downstream of

RIP1.

Both UL48 and UL45 are viral tegument proteins that are present within virions and deliv-

ered into host cells upon virus entry. Therefore, these proteins may also regulate NF-κB signal-

ing immediately after virus entry. The interaction of these proteins may also play a role in the

nuclear egress of the capsid or virion maturation in the cytoplasm, but this awaits further

investigation.

Materials and methods

Cell culture and virus

Primary human foreskin fibroblast (HF) (American Type Culture Collection; ATCC PCS-201-

010) and human embryonic kidney (HEK) 293T cells (ATCC) were grown in Dulbecco’s mod-

ified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum, penicillin (100 U/

ml), and streptomycin (100 μg/ml) in a 5% CO2 humidified incubator at 37˚C. Stocks of the

Towne wild-type and UL48(C24S) mutant viruses were prepared as described previously [14].

To produce UV-inactivated HCMV (UV-HCMV), the virus stock was irradiated with UV

light three times at 0.72 J/cm2 using a CL-1000 cross-linker (UVP). For infection experiments,

HF cells were infected with virus at specified multiplicities of infection (MOI). At the indicated

times, the growth medium was collected and combined with lysates prepared from the cell

layer by freezing and thawing three times, clarified by centrifugation, and stored at -70˚C until

assayed for infectivity.

Plasmids

The wild-type UL45 DNA (Towne strain) was cloned into pENTR vectors (Invitrogen). Plas-

mid expressing Myc-tagged UL45 was produced by transferring the DNA to a pCS3-MT (with

a 6Myc tag)-based destination vector using LR Clonase (Invitrogen). Plasmids expressing

Myc-tagged UL48 (wild-type or C24S mutant) were described previously [14]. Plasmid

expressing hemagglutinin (HA)-tagged UL48 was generated on a pSG5 background using

Gateway technology as previously described [17]. Plasmid for flag-tagged RIP1 was provided

by Jaehwan Song (Yonsei University). The wild-type RIP1 DNA was cloned into pENTR vec-

tors (Invitrogen). Plasmid for HA-tagged RIP1 was produced by transferring the DNA to a

pSG5-based destination vector using LR Clonase (Invitrogen). Plasmids encoding HA-tagged
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ΔKD, ΔID, ΔDD, ΔRHIM, and K377R mutant RIP1were generated by PCR in the same back-

ground. Plasmids expressing HSV-1 UL36 (pUL36-EGFP-N2) and KSHV ORF64 (pcDEF-

Flag-ORF64) were provided by Prashant Desai (Johns Hopkins University) and Kyung-Soo

Inn (Kyung Hee University), respectively. The HSV-1 UL39 and KSHV ORF61 genes were

PCR cloned from viral DNAs into pENTR vector and plasmids expressing myc-tagged pro-

teins were produced on a pCS3-MT-based destination vector using LR Clonase. pENTR vec-

tors containing mouse RIP1 and MCMV M45 were produced by PCR from pCMV2-Flag-

mRIP1 and pcDNA-M45-HA, respectively, that were provided by Wolfram Brune (Leibniz

Institute for Experimental Virology). pENTR vector containing MCMV M48 was also pro-

duced by PCR from pEGFP-N1-M48 that was gifted by Jason W. Upton (University of Texas

at Austin). pSG5 plasmids expressing HA-mRIP1 and HA-M45 and pCS3-MT plasmids

expressing Myc-M45 and Myc-M48 were produced by transferring the DNAs into appropriate

destination vectors using LR clonase. Plasmids for HA-Ub and CrmA were provided by Hon-

gtae Kim (Sungkyunkwan University) and Kyeong Sook Choi (Ajou University), respectively.

Antibodies

Mouse monoclonal antibody (MAb) 810R, which detects epitopes present in both IE1 and IE2,

was obtained from Millipore. Chicken egg yolk anti-UL45 IgY antibodies were gifted from

Andrea Gallina (University of Milano). Rabbit polyclonal antibody (PAb) raised against the

synthetic peptide corresponding to UL48 residues 278 to 295 (anti-UL48-N) was provided by

Wade Gibson (Johns Hopkins University School of Medicine) [14]. Mouse MAbs against p52

(encoded by UL44) and pp28 (UL99) were purchased from Advanced Biotechnologies. The

anti-pp65 (UL83) mouse MAb was purchased from Virusys. The anti-HA rat MAb (3F10)

either conjugated with peroxidase or labeled with fluorescein isothiocyanate (FITC), anti-HA

mouse MAb (12CA5), anti-HA rat MAb (3F10), and anti-Myc mouse MAb (9E10) conjugated

with peroxidase were purchased from Roche. The anti-flag mouse MAb M2 was obtained

from Sigma. Mouse MAbs for RIP1 (C-12) and p65 NF-κB subunit were purchased from

Santa Cruz Biotechnology and Ab Frontier, respectively. The anti-phospho-p65(S536) and

anti-phospho-IKKα/β rabbit MAbs were obtained from Cell Signaling Technology. Mouse

MAbs for α-tubulin and β-actin were purchased from Sigma. Rabbit PAbs against NF-κB p50

and HDAC2 were purchased from Upstate and Zymed, respectively. Secondary antibodies

such as FITC-labeled donkey anti-mouse IgG, Rhodamine Red-X-conjugated donkey anti-

mouse IgG, Rhodamine Red-X-conjugated donkey anti-rabbit IgG, and Cy5-conjugated don-

key anti-rat IgG were obtained from Jackson ImmunoResearch Laboratories, Inc.

Bacmid mutagenesis

The HCMV (Toledo strain) bacterial artificial chromosome (BAC) (Toledo-BAC) clone was

kindly provided by Hua Zhu (Rutgers-New Jersey Medical School). The Toledo BAC clones

encoding the UL45stop (UL45-null) and HA-tagged UL45 (HA-UL45) genes were generated

using a counter-selection BAC modification kit (Gene Bridges). Briefly, the rpsL-neo cassette

DNA was PCR-amplified using LMV1708/1731 primers containing homology arms consisting

of 50 nucleotides upstream and downstream of the target region plus 24 nucleotides homolo-

gous to the rpsL-neo cassette. The amplified rpsL-neo fragments with homology arms were

purified and introduced into E. coli DH10B containing the wild-type Toledo-BAC clone for

recombination by electroporation using a Gene Pulser II (Bio-Rad). The intermediate Toledo-

BAC constructs containing the rpsL-neo cassette were selected on Luria broth (LB) plates con-

taining kanamycin. Next, the UL45stop fragments for replacing the rpsL-neo cassette were

amplified by PCR using LMV1732/1733 primers. The amplified fragments were recombined
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into the Toledo-BAC DNA containing the rpsL-neo cassette, and the UL45-null Toledo-BAC

was selected on LB plates containing streptomycin. The HA-UL45 Toledo-BAC clone was also

generated from the UL45-null Toledo-BAC by the same method using LMV1494/1495/1733

primers. LMV primers used for bacmid mutagenesis were as follows: LMV1708, 5’-TCACTTT

ATTGAAATCTACCTGATTTCTTTGTTATTTTCCTCGTAAACTTGGCCTGGTGATGAT

GGCGGGATCG-3’; LMV1731, 5’- GCCGTCGGGAGACGGCGACTCGGGACGCCAACTG

ACGACGCCGCCACCACTCAGAAGAACTCGTCAAGAAGGCG-3’; LMV1732, 5’- TCAC

TTTATTGAAATCTACCTGATTTCTTTGTTATTTTCCTCGTAAACTTATGAATCCG

GCTGACGCGGA-3’; LMV1733, 5’-GCCGTCGGGAGACGGCGACTCGGGACGCCA-3’;

LMV1494, 5’-ATGTACCCATACGATGTTCCAGATTACGCTATGAATCCGGCTGACGC

GGACGAGGAACAGCGGGTGTCCT-3’; and LMV1495 5’-TCACTTTATTGAAATCTAC

CTGATTTCTTTGTTATTTTCCTCGTAAACTTATGTACCCATACGATGTTCC-3’.

Electroporation and production of virus stocks

Electroporation was used to introduce the Toledo-BAC DNA into HF cells. For each reac-

tion, HF cells (2 x 106) in 400 μl of resuspension buffer were mixed with 5 μg of Toledo-BAC

DNA, 2 μg of plasmid pCMV71 encoding pp71 to enhance activation of the major immediate-

early (MIE) promoter, and 1 μg of plasmid pEGFP-C1 to monitor electroporation efficiency.

Electroporation was done at 1300 V for 30 ms using a Microporator MP-100 (Digital Bio Tech-

nology), and the cells were transferred to T-25 plates. When the surviving cells reached conflu-

ence, cells were transferred at a dilution of 1:2 into new flasks.

Transient DNA transfection

293T cells were transfected via polyethylenimine (PEI) (Sigma). A mixture of plasmid DNA

and serum-free media was mixed with PEI. The volume of PEI used was based on a 3:1 ratio of

PEI (μg):total DNA (μg). The mixture was kept at room temperature for 20 min and then

added dropwise to cells. HF cells were transfected via OmicsFect (Omics Bio) or via electropo-

ration. Electroporation was performed at 1300 V for 30 ms using a Microporator MP-100

(Digital Bio). The transfection efficiency of HF cells using electroporation under these condi-

tions was about 50 to 60% (S1C Fig).

Coimmunoprecipitation (CoIP) assay

Cell lysates were harvested and prepared by sonication in 1 ml CoIP buffer (50 mM Tris-Cl

[pH 7.4], 50 mM NaF, 5 mM sodium phosphate, 0.1% Triton X-100, containing protease

inhibitors [Sigma]) using a Vibra cell microtip probe (Sonics and Materials) for 10 sec (pulse

on: l s, pulse off: 0.5 s). The clarified cell lysates were incubated for 16 h with the appropriate

antibody at 4˚C. A total of 30 μl of 50% slurry of protein A- and G-Sepharose (Amersham) was

added. After incubation for 2 h at 4˚C, the mixture were pelleted and washed several times

with CoIP buffer. Each sample was analyzed by SDS-PAGE and immunoblotting with the

appropriate antibody.

Immunoblot analysis

The DNA-transfected cells or virus-infected cells were harvested with phosphate-buffered

saline (PBS) and total cell extracts were prepared by boiling the cell pellets in sodium dodecyl

sulfate (SDS) loading buffer. Equal amounts of the clarified cell extracts were separated by

SDS-PAGE, and then transferred onto a nitrocellulose membrane (GE Healthcare Life Sci-

ences) or PVDF membrane (Millipore). The membrane was blocked for 1 h in PBST (PBS plus

Targeting RIP by CMV-encoded DUB and inactive RNR R1 homolog

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006423 June 1, 2017 19 / 26

https://doi.org/10.1371/journal.ppat.1006423


0.1% Tween 20 [Sigma]) containing 5% skim milk and then washed with PBST. After incuba-

tion with the appropriate antibodies, the proteins were visualized by standard procedures

using an enhanced chemiluminescence system (Roche) and x-ray film (Kodak).

Gel filtration chromatography

Cell extracts were prepared and loaded onto a Superose6 10/300 GL column (GE Healthcare)

pre-equilibrated with CoIP buffer. The proteins were eluted at 0.5 ml/min. Each fraction

(15 μl) was analyzed by immunoblotting with antibodies for RIP1, HA-UL45, and UL48.

Apparent molecular mass was evaluated after column calibration with standard proteins [thy-

roglobulin (669 kDa), ferritin (440 kDa), aldolase (158 kDa), conalbumin (75 kDa), and ovalu-

min (44 kDa)] in the Gel Filtration Calibration Kit (GE Healthcare).

Indirect immunofluorescence assay (IFA)

Cells were fixed in cold methanol for 5 min and rehydrated in cold PBS. Cells were first incu-

bated for 30 min with human γ-globulin (Sigma) (2 mg per ml) at 37˚C to block non-specific

binding of antibodies to HCMV-induced Fc receptors [49]. They were then incubated for 1 h

with primary antibodies in PBS at 37˚C and then for 1 h with appropriate secondary antibodies

labeled with FITC, Rhodamine Red-X, or Cy5. Antibodies were incubated together for triple

labeling. The slides were examined and photographed with a Carl Zeiss LSM710Meta confocal

microscope system.

Infectious center assay

Diluted samples were used to inoculate a monolayer of HF cells (1 x 105) in a 24-well plate. At

24 h post-infection, cells were fixed with 500 μl of cold methanol for 10 min. Cells were then

washed three times in phosphate-buffered saline (PBS), incubated with anti-IE1 rabbit PAb in

PBS at 37˚C for 1 h, followed by incubation with phosphatase-conjugated anti-rabbit IgG anti-

body in PBS at 37˚C for 1 h. Finally, the cells were gently washed in PBS and treated with

200 μl of developing solution (nitroblue tetrazolium/5-bromo-4-chloro-3-indolylphosphate) at

room temperature for 1 h according to the manufacturer’s instructions. The IE1-positive cells

were counted in at least three to five separate fields per well under a light microscope (200X

magnification).

Luciferase reporter assay

Cells were collected and lysed by three freeze-thaw steps in 200 μl of 0.25 M Tris-HCl (pH 7.9)

plus 1 mM dithiothreitol. Cell extracts were clarified in a microcentrifuge, and 20 μl of each

extract was incubated with 350 μl of reaction buffer A (25 mM glycyl-glycine [pH 7.8], 5 mM

ATP [pH 7.5], 4 mM EGTA [pH 8.0], 15 mM MgSO4) and then mixed with 100 μl of 0.25 mM

luciferin (Sigma) in reaction buffer A. A TD-20/20 luminometer (Turner Designs) was used

for a 10-s assay of the photons produced (measured in relative light units).

β-galactosidase reporter assay

Cells were collected and lysed by three freeze-thaw steps in 200 μl of 0.25 M Tris-HCl (pH 7.9)

plus 1 mM dithiothreitol. Cell extracts were clarified in a microcentrifuge. Each reaction mix

was prepared in a 96-well plate including 20 μl of extract plus 100 μl of Z-buffer (0.06 M

Na2HPO4, 0.04 M NaH2PO4, 0.01 M KCl, 0.001 M MgSO4, 0.05 M β-mercaptoethanol) plus

20 μl of o-nitrophenyl-β-D-galactopyranoside (ONPG [Sigma]; 4 mg/ml in sterile water).

Reactions were incubated at 37˚C until the yellow color developed. The reaction was stopped
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by adding 50 μl of 1 M Na2CO3. The β-galactosidase absorbance of each reaction was read at

420 nm.

Ubiquitination assays

293T cells were co-transfected with plasmids expressing target or effector proteins and plas-

mids expressing HA-ubiquitin. At 24 h after transfection, cell pellets were re-suspended with

2% SDS lysis buffer containing protease inhibitors (Sigma) and boiled for 10 min. Cell lysates

were diluted ten-fold with CoIP buffer and sonicated using a Vibra cell microtip probe. The

clarified cell lysates were incubated with 30 μl of 50% slurry of anti-Flag M2 affinity gel

(Sigma) for 16 h at 4˚C. The mixture was pelleted and washed several times with CoIP buffer.

The bound proteins were boiled and analyzed by SDS-PAGE and immunoblotting with the

appropriate antibody. To detect endogenous RIP1 ubiquitination in virus-infected cells, the

mock-infected or virus-infected cells were treated with 5 mM N-ethylmaleimide (NEM) for 30

min before they were harvested. Cells were lysed in PBS containing 1% SDS and 5 mM NEM

and then boiled for 10 min. Cell lysates were sonicated and immunoprecipitated with anti-

RIP1 antibody (BD Biosciences). For immunoblotting, proteins were transferred to PVDF

membranes and denatured using 6 M guanidine-HCl containing 20 mM Tris-HCl (pH 7.5), 1

mM PMSF, and 0.5 mM β-mercaptoethanol for 30 min at 4˚C. Ubiquitinated RIP1 was identi-

fied by HRP-conjugated anti-ubiquitin antibody (Biomol).

Statistical analysis

Samples were compared using Student’s t-test, and p-values <0.05 (�)<0.01 (��) and<0.001

(���) are indicated in the figures.

Supporting information

S1 Fig. The expression levels of transfected proteins in reporter assays. (A and B) The

expression levels of proteins in transfected 293T cells in Figs 2D and 4D are shown in (A) and

(B), respectively. (C) Images showing transfection efficiency of HF with a GFP-expressing plas-

mid using electroporation. Electroporation was performed using a Microporator MP-100

(Digital Bio Technology) at 1300 V for 20 ms.

(TIF)

S2 Fig. Generation of UL45 deletion mutant and HA-UL45 recombinant viruses. (A)

Strategy for the HCMV UL45 gene mutation. Three viruses were prepared from a Toledo

HCMV bacmid: wild-type virus, UL45 mutant virus with three stop codons in the N-terminal

region (UL45-null), and a recombinant virus encoding UL45 with an N-terminal HA-tag

(HA-UL45). The four inserted nucleotides for UL45-null virus and 30 nucleotides for HA-

UL45 virus are indicated in italics. (B) The Toledo-BAC clone encoding UL45stop and HA-

UL45 was produced using a counter-selection BAC modification kit (Gene Bridges) (see Mate-

rials and Methods). (C) Wild-type, UL45-null, and HA-UL45 bacmids were digested with

EcoRV and BamH1 and subjected to agarose gel electrophoresis. No apparent alteration of

restriction fragment patterns was found in UL45-null and HA-UL45 bacmids. (D) HF cells

were mock-infected or infected with wild-type, UL45-null, or HA-UL45 viruses at an MOI of

2. At 5 days after infection, total cell lysates were prepared and immunoblotted for HA-UL45,

UL45, IE1, IE2, and β-actin. (E) HF cells were mock-infected or infected with wild-type or

HA-UL45 viruses at an MOI of 1. Total cell lysates were prepared at indicated time points and

immunoblotting was performed as in (D).

(TIF)
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S3 Fig. A control IFA without primary antibody treatment. HF cells were mock-infected or

infected with HA-UL45 Toledo virus for 96 h at an MOI of 1 as in Fig 7. Cells were fixed with

cold methanol and then incubated with γ-globulin as a blocking agent, followed by incubation

with secondary antibodies (FITC-labeled anti-mouse IgG, Rhodamine/Red X-coupled anti-

rabbit IgG, and Cy5-conjugated anti-rat IgG antibodies). Hoechst stain was used to stain cell

nuclei. The images were obtained by confocal microscopy. Three side-by-side panels of signal-

labeled images and a fourth panel with a merged image (including DNA staining) are shown.

(TIF)

S4 Fig. Double-label merge images demonstrating colocalization among RIP1, UL48, and

HA-UL45 in HA-UL45 virus-infected cells. Enlarged double-label merge images were shown

for RIP1 and pUL48, RIP1 and HA-UL45, and pUL48 and HA-UL45 (with nuclear staining)

from Fig 7C.

(TIF)

S5 Fig. Effect of the UL48(C24S) mutation on TNFα-induced NF-κB activation in the late

stages of Toledo virus infection. (A) The HCMV (Toledo) bacmid containing the UL48

(C24S) gene was generated from the HA-UL45 bacmid using a counter-selection BAC modifi-

cation kit (Gene Bridges) as in S2A Fig. First, the rpsL-neo cassette DNA was PCR-amplified

using LMV2126/2127 primers containing homology arms and introduced into E. coli DH10B

containing the HA-UL45 Toledo-BAC by electroporation to produce the rpsL-neo cassette-

containing intermediate BAC constructs. Second, the UL48(C24S) fragments for replacing the

rpsL-neo cassette were amplified by PCR using LMV2128/2129 primers and introduced into

the rpsL-neo cassette-containing intermediates. The HA-UL45/UL48(C24S) Toledo-BAC

clone was selected on LB plates containing streptomycin. LMV primers used for bacmid muta-

genesis were as follows: LMV2126, 5’-GCTGCCACCAGGGCGACATCGCCCGCTTTGGA

GCGCGAGCGGGCAATCAAGGCCTGGTGATGATGGCGGGATCG-3’; LMV2127, 5’- CT

CGTTCCACCCAGGTGCAAGGCGTGTAGGAACATGATGCCGTTGCAGACTCAGAAG

AACTCGTCAAGAAGGCG-3’; LMV2128, 5’- GCTGCCACCAGGGCGACATCGCCCG-3’;

and LMV2129, 5’-CTCGTTCCACCCAGGTGCAAGGCGT-3’. (B) HF cells were mock-

infected or infected with HA-UL45 virus at an MOI of 2 or with HA-UL45/UL48(C24S) virus

at an MOI of 2 or 4 for 72 h. Cells were treated with TNFα (50 ng/ml) for 5 or 15 min. Total

cell lysates were prepared and immunoblotting was performed with antibodies for p-p65

(S536), p65, p-IKKα/β, anti-IE1/IE2, HA-UL45, UL48, pp28, or β-actin. Non-specific bands

were denoted by open circles. The levels of p65 and phosphorylated p65 were quantitated by

counting using ImageJ (NIH) and the changes of the ratio of phosphorylated p65 over p65 are

shown as a graph. (C) HF cells were infected with HA-UL45 or HA-UL45/UL48(C24S) viruses

for 96 h at an MOI of 1 and triple-label IFA was performed as in Fig 7C.

(TIF)

S6 Fig. Interaction of DUB and R1 encoded by HSV-1 and KSHV with RIP1. 293T cells

were co-transfected with plasmid expressing HA-RIP1 and plasmids expressing HSV-1 pro-

teins (UL36-EGFP and Myc-UL39) (A to C) or plasmids expressing KSHV proteins (Flag-

ORF64, or Myc-ORF61 (D to F) as indicated. At 24 h after transfection, total cell lysates were

immunoprecipitated with anti-HA or anti-Myc antibody and immunoblotting assays were

performed as indicated. The protein levels in total cell lysates were also determined by immu-

noblotting.

(TIF)

S7 Fig. Comparison of the interaction of viral DUB and R1 with RIP1 between MCMV and

HCMV. (A and B) 293T cells were co-transfected with plasmid expressing HA-RIP1 (mRIP1
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or hRIP1) and plasmid expressing Myc-tagged viral DUB (M48 or UL48) (A) or plasmid

expressing Myc-tagged viral R1 (M45 or UL45) (B), as indicated. At 24 h after transfection,

total cell lysates were immunoprecipitated with anti-Myc antibody and immunoblotting assays

were performed as indicated. The protein levels in total cell lysates were also determined by

immunoblotting. (C) 293T cells were co-transfected with plasmids expressing Myc-tagged

viral DUB (M48 or UL48) and HA-tagged viral R1 (M45 or UL45) as indicated. CoIP assays

were performed as in (A). (D) Summary of the activity of viral DUB and R1 homolog to target

RIP1 and interact with each other in different herpesviruses.

(TIF)

Acknowledgments

We thank Hua Zhu, Jaehwan Song, Hongtae Kim, Kyeong Sook Choi, Andrea Gallina, Wade

Gibson, Prashant Desai, Kyung-Soo Inn, Jason Upton, and Wolfram Brune for providing plas-

mids or antibodies.

Author Contributions

Conceptualization: KMK JHA.

Formal analysis: KMK SEO.

Funding acquisition: JHA.

Investigation: KMK SEO YEK.

Methodology: KMK THH JHA.

Writing – original draft: KMK JHA.

References
1. Mocarski ES, Shenk T., and Pass R. F. Cytomegaloviruses. In Knipe D. M., Howley P. M., Griffin D. E.,

Lamb R. A., Martin M. A., Roizman B., and Straus S. E. (ed.). Fields virology. 2007; 5th ed.( Lippincott

Williams & Wilkins, Philadelphia, PA.).

2. Stern-Ginossar N, Weisburd B, Michalski A, Le VT, Hein MY, Huang SX, et al. Decoding human cyto-

megalovirus. Science. 2012; 338(6110):1088–93. https://doi.org/10.1126/science.1227919 PMID:

23180859

3. Kalejta RF. Tegument proteins of human cytomegalovirus. Microbiol Mol Biol Rev. 2008; 72(2):249–65.

https://doi.org/10.1128/MMBR.00040-07 PMID: 18535146

4. Kalejta RF. Functions of human cytomegalovirus tegument proteins prior to immediate early gene

expression. Curr Top Microbiol Immunol. 2008; 325:101–15. PMID: 18637502

5. Kattenhorn LM, Korbel GA, Kessler BM, Spooner E, Ploegh HL. A deubiquitinating enzyme encoded by

HSV-1 belongs to a family of cysteine proteases that is conserved across the family Herpesviridae. Mol

Cell. 2005; 19(4):547–57. https://doi.org/10.1016/j.molcel.2005.07.003 PMID: 16109378

6. Schlieker C, Korbel GA, Kattenhorn LM, Ploegh HL. A deubiquitinating activity is conserved in the large

tegument protein of the herpesviridae. J Virol. 2005; 79(24):15582–5. PubMed Central PMCID:

PMC1316044. https://doi.org/10.1128/JVI.79.24.15582-15585.2005 PMID: 16306630

7. Schlieker C, Weihofen WA, Frijns E, Kattenhorn LM, Gaudet R, Ploegh HL. Structure of a herpesvirus-

encoded cysteine protease reveals a unique class of deubiquitinating enzymes. Mol Cell. 2007; 25

(5):677–87. https://doi.org/10.1016/j.molcel.2007.01.033 PMID: 17349955

8. Inn KS, Lee SH, Rathbun JY, Wong LY, Toth Z, Machida K, et al. Inhibition of RIG-I-mediated signaling by

Kaposi’s sarcoma-associated herpesvirus-encoded deubiquitinase ORF64. J Virol. 2011; 85(20):10899–

904. PubMed Central PMCID: PMC3187500. https://doi.org/10.1128/JVI.00690-11 PMID: 21835791

9. Wang S, Wang K, Li J, Zheng C. Herpes Simplex Virus 1 Ubiquitin-Specific Protease UL36 Inhibits Beta

Interferon Production by Deubiquitinating TRAF3. J Virol. 2013; 87(21):11851–60. https://doi.org/10.

1128/JVI.01211-13 PMID: 23986588

Targeting RIP by CMV-encoded DUB and inactive RNR R1 homolog

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006423 June 1, 2017 23 / 26

https://doi.org/10.1126/science.1227919
http://www.ncbi.nlm.nih.gov/pubmed/23180859
https://doi.org/10.1128/MMBR.00040-07
http://www.ncbi.nlm.nih.gov/pubmed/18535146
http://www.ncbi.nlm.nih.gov/pubmed/18637502
https://doi.org/10.1016/j.molcel.2005.07.003
http://www.ncbi.nlm.nih.gov/pubmed/16109378
https://doi.org/10.1128/JVI.79.24.15582-15585.2005
http://www.ncbi.nlm.nih.gov/pubmed/16306630
https://doi.org/10.1016/j.molcel.2007.01.033
http://www.ncbi.nlm.nih.gov/pubmed/17349955
https://doi.org/10.1128/JVI.00690-11
http://www.ncbi.nlm.nih.gov/pubmed/21835791
https://doi.org/10.1128/JVI.01211-13
https://doi.org/10.1128/JVI.01211-13
http://www.ncbi.nlm.nih.gov/pubmed/23986588
https://doi.org/10.1371/journal.ppat.1006423


10. Saito S, Murata T, Kanda T, Isomura H, Narita Y, Sugimoto A, et al. Epstein-Barr virus deubiquitinase

downregulates TRAF6-mediated NF-kappaB signaling during productive replication. J Virol. 2013; 87

(7):4060–70. PubMed Central PMCID: PMC3624234. https://doi.org/10.1128/JVI.02020-12 PMID:

23365429

11. Whitehurst CB, Vaziri C, Shackelford J, Pagano JS. Epstein-Barr virus BPLF1 deubiquitinates PCNA

and attenuates polymerase eta recruitment to DNA damage sites. J Virol. 2012; 86(15):8097–106.

PubMed Central PMCID: PMC3421674. https://doi.org/10.1128/JVI.00588-12 PMID: 22623772

12. Wang J, Loveland AN, Kattenhorn LM, Ploegh HL, Gibson W. High-molecular-weight protein (pUL48)

of human cytomegalovirus is a competent deubiquitinating protease: mutant viruses altered in its

active-site cysteine or histidine are viable. J Virol. 2006; 80(12):6003–12. https://doi.org/10.1128/JVI.

00401-06 PMID: 16731939

13. Tullman JA, Harmon ME, Delannoy M, Gibson W. Recovery of an HMWP/hmwBP (pUL48/pUL47) com-

plex from virions of human cytomegalovirus: subunit interactions, oligomer composition, and deubiquity-

lase activity. J Virol. 2014; 88(15):8256–67. Epub 2014/05/16. PubMed Central PMCID:

PMCPMC4135962. https://doi.org/10.1128/JVI.00971-14 PMID: 24829352

14. Kim ET, Oh SE, Lee YO, Gibson W, Ahn JH. Cleavage specificity of the UL48 deubiquitinating protease

activity of human cytomegalovirus and the growth of an active-site mutant virus in cultured cells. J Virol.

2009; 83(23):12046–56. Epub 2009/09/18. https://doi.org/10.1128/JVI.00411-09 PMID: 19759126

15. Bolstad M, Abaitua F, Crump CM, O’Hare P. Autocatalytic activity of the ubiquitin-specific protease

domain of herpes simplex virus 1 VP1-2. J Virol. 2011; 85(17):8738–51. Epub 2011/07/01. PubMed

Central PMCID: PMCPMC3165783. https://doi.org/10.1128/JVI.00798-11 PMID: 21715485

16. Huffmaster NJ, Sollars PJ, Richards AL, Pickard GE, Smith GA. Dynamic ubiquitination drives herpesvi-

rus neuroinvasion. Proc Natl Acad Sci U S A. 2015; 112(41):12818–23. Epub 2015/09/27. PubMed

Central PMCID: PMCPMC4611658. https://doi.org/10.1073/pnas.1512559112 PMID: 26407585

17. Kim YE, Oh SE, Kwon KM, Lee CH, Ahn JH. Involvement of the N-terminal deubiquitinating protease

domain of human cytomegalovirus UL48 tegument protein in autoubiquitination, virion stability, and

virus entry. J Virol. 2016; 90(6):3229–42. Epub 2016/01/15. PubMed Central PMCID:

PMCPMC4810636. https://doi.org/10.1128/JVI.02766-15 PMID: 26764006

18. Brock I, Kruger M, Mertens T, von Einem J. Nuclear targeting of human cytomegalovirus large tegument

protein pUL48 is essential for viral growth. Journal of virology. 2013; 87(10):6005–19. PubMed Central

PMCID: PMC3648141. https://doi.org/10.1128/JVI.03558-12 PMID: 23514890

19. Abaitua F O’Hare P. Identification of a highly conserved, functional nuclear localization signal within the

N-terminal region of herpes simplex virus type 1 VP1-2 tegument protein. J Virol. 2008; 82(11):5234–

44. PubMed Central PMCID: PMC2395207. https://doi.org/10.1128/JVI.02497-07 PMID: 18385239

20. Abaitua F, Hollinshead M, Bolstad M, Crump CM, O’Hare P. A Nuclear localization signal in herpesvirus

protein VP1-2 is essential for infection via capsid routing to the nuclear pore. J Virol. 2012; 86

(17):8998–9014. Epub 2012/06/22. PubMed Central PMCID: PMCPMC3416164. https://doi.org/10.

1128/JVI.01209-12 PMID: 22718835

21. Oeckinghaus A, Hayden MS, Ghosh S. Crosstalk in NF-kappaB signaling pathways. Nat Immunol.

2011; 12(8):695–708. https://doi.org/10.1038/ni.2065 PMID: 21772278

22. Stamminger T, Gstaiger M, Weinzierl K, Lorz K, Winkler M, Schaffner W. Open reading frame UL26 of

human cytomegalovirus encodes a novel tegument protein that contains a strong transcriptional activa-

tion domain. J Virol. 2002; 76(10):4836–47. https://doi.org/10.1128/JVI.76.10.4836-4847.2002 PMID:

11967300

23. Munger J, Yu D, Shenk T. UL26-deficient human cytomegalovirus produces virions with

hypophosphorylated pp28 tegument protein that is unstable within newly infected cells. J Virol. 2006; 80

(7):3541–8. PubMed Central PMCID: PMC1440364. https://doi.org/10.1128/JVI.80.7.3541-3548.2006

PMID: 16537622

24. Mathers C, Schafer X, Martinez-Sobrido L, Munger J. The human cytomegalovirus UL26 protein antag-

onizes NF-kappaB activation. J Virol. 2014; 88(24):14289–300. Epub 2014/10/03. PubMed Central

PMCID: PMCPMC4249132. https://doi.org/10.1128/JVI.02552-14 PMID: 25275128

25. Hahn G, Khan H, Baldanti F, Koszinowski UH, Revello MG, Gerna G. The human cytomegalovirus ribo-

nucleotide reductase homolog UL45 is dispensable for growth in endothelial cells, as determined by a

BAC-cloned clinical isolate of human cytomegalovirus with preserved wild-type characteristics. J Virol.

2002; 76(18):9551–5. https://doi.org/10.1128/JVI.76.18.9551-9555.2002 PMID: 12186938

26. Patrone M, Percivalle E, Secchi M, Fiorina L, Pedrali-Noy G, Zoppe M, et al. The human cytomegalovi-

rus UL45 gene product is a late, virion-associated protein and influences virus growth at low multiplici-

ties of infection. J Gen Virol. 2003; 84(Pt 12):3359–70. https://doi.org/10.1099/vir.0.19452-0 PMID:

14645917

Targeting RIP by CMV-encoded DUB and inactive RNR R1 homolog

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006423 June 1, 2017 24 / 26

https://doi.org/10.1128/JVI.02020-12
http://www.ncbi.nlm.nih.gov/pubmed/23365429
https://doi.org/10.1128/JVI.00588-12
http://www.ncbi.nlm.nih.gov/pubmed/22623772
https://doi.org/10.1128/JVI.00401-06
https://doi.org/10.1128/JVI.00401-06
http://www.ncbi.nlm.nih.gov/pubmed/16731939
https://doi.org/10.1128/JVI.00971-14
http://www.ncbi.nlm.nih.gov/pubmed/24829352
https://doi.org/10.1128/JVI.00411-09
http://www.ncbi.nlm.nih.gov/pubmed/19759126
https://doi.org/10.1128/JVI.00798-11
http://www.ncbi.nlm.nih.gov/pubmed/21715485
https://doi.org/10.1073/pnas.1512559112
http://www.ncbi.nlm.nih.gov/pubmed/26407585
https://doi.org/10.1128/JVI.02766-15
http://www.ncbi.nlm.nih.gov/pubmed/26764006
https://doi.org/10.1128/JVI.03558-12
http://www.ncbi.nlm.nih.gov/pubmed/23514890
https://doi.org/10.1128/JVI.02497-07
http://www.ncbi.nlm.nih.gov/pubmed/18385239
https://doi.org/10.1128/JVI.01209-12
https://doi.org/10.1128/JVI.01209-12
http://www.ncbi.nlm.nih.gov/pubmed/22718835
https://doi.org/10.1038/ni.2065
http://www.ncbi.nlm.nih.gov/pubmed/21772278
https://doi.org/10.1128/JVI.76.10.4836-4847.2002
http://www.ncbi.nlm.nih.gov/pubmed/11967300
https://doi.org/10.1128/JVI.80.7.3541-3548.2006
http://www.ncbi.nlm.nih.gov/pubmed/16537622
https://doi.org/10.1128/JVI.02552-14
http://www.ncbi.nlm.nih.gov/pubmed/25275128
https://doi.org/10.1128/JVI.76.18.9551-9555.2002
http://www.ncbi.nlm.nih.gov/pubmed/12186938
https://doi.org/10.1099/vir.0.19452-0
http://www.ncbi.nlm.nih.gov/pubmed/14645917
https://doi.org/10.1371/journal.ppat.1006423


27. Mack C, Sickmann A, Lembo D, Brune W. Inhibition of proinflammatory and innate immune signaling

pathways by a cytomegalovirus RIP1-interacting protein. Proceedings of the National Academy of Sci-

ences of the United States of America. 2008; 105(8):3094–9. PubMed Central PMCID: PMC2268590.

https://doi.org/10.1073/pnas.0800168105 PMID: 18287053

28. Fliss PM, Jowers TP, Brinkmann MM, Holstermann B, Mack C, Dickinson P, et al. Viral mediated redi-

rection of NEMO/IKKgamma to autophagosomes curtails the inflammatory cascade. PLoS Pathog.

2012; 8(2):e1002517. PubMed Central PMCID: PMC3271075. https://doi.org/10.1371/journal.ppat.

1002517 PMID: 22319449

29. Rebsamen M, Heinz LX, Meylan E, Michallet MC, Schroder K, Hofmann K, et al. DAI/ZBP1 recruits

RIP1 and RIP3 through RIP homotypic interaction motifs to activate NF-kappaB. EMBO reports. 2009;

10(8):916–22. PubMed Central PMCID: PMC2726668. https://doi.org/10.1038/embor.2009.109 PMID:

19590578

30. Brune W, Menard C, Heesemann J, Koszinowski UH. A ribonucleotide reductase homolog of cytomeg-

alovirus and endothelial cell tropism. Science. 2001; 291(5502):303–5. https://doi.org/10.1126/science.

291.5502.303 PMID: 11209080

31. Upton JW, Kaiser WJ, Mocarski ES. Cytomegalovirus M45 cell death suppression requires receptor-

interacting protein (RIP) homotypic interaction motif (RHIM)-dependent interaction with RIP1. J Biol

Chem. 2008; 283(25):16966–70. PubMed Central PMCID: PMC2427362. https://doi.org/10.1074/jbc.

C800051200 PMID: 18442983

32. Upton JW, Kaiser WJ, Mocarski ES. Virus inhibition of RIP3-dependent necrosis. Cell Host Microbe.

2010; 7(4):302–13. Epub 2010/04/24. https://doi.org/10.1016/j.chom.2010.03.006 PMID: 20413098

33. Upton JW, Kaiser WJ, Mocarski ES. DAI/ZBP1/DLM-1 Complexes with RIP3 to Mediate Virus-Induced

Programmed Necrosis that Is Targeted by Murine Cytomegalovirus vIRA. Cell Host Microbe. 2012; 11

(3):290–7. Epub 2012/03/20. https://doi.org/10.1016/j.chom.2012.01.016 PMID: 22423968

34. Ea CK, Deng L, Xia ZP, Pineda G, Chen ZJ. Activation of IKK by TNFalpha requires site-specific ubiqui-

tination of RIP1 and polyubiquitin binding by NEMO. Molecular cell. 2006; 22(2):245–57. Epub 2006/04/

11. https://doi.org/10.1016/j.molcel.2006.03.026 PMID: 16603398

35. Phillips SL, Bresnahan WA. Identification of binary interactions between human cytomegalovirus virion

proteins. J Virol. 2011; 85(1):440–7. Epub 2010/10/22. PubMed Central PMCID: PMCPMC3014197.

https://doi.org/10.1128/JVI.01551-10 PMID: 20962080

36. Kim ET, Kim YE, Huh YH, Ahn JH. Role of noncovalent SUMO binding by the human cytomegalovirus

IE2 transactivator in lytic growth. J Virol. 2010; 84(16):8111–23. Epub 2010/06/04. https://doi.org/10.

1128/JVI.00459-10 PMID: 20519406

37. Sanchez V, Sztul E, Britt WJ. Human cytomegalovirus pp28 (UL99) localizes to a cytoplasmic compart-

ment which overlaps the endoplasmic reticulum-golgi-intermediate compartment. J Virol. 2000; 74

(8):3842–51. Epub 2000/03/23. PubMed Central PMCID: PMCPMC111892. PMID: 10729158

38. Das S, Vasanji A, Pellett PE. Three-dimensional structure of the human cytomegalovirus cytoplasmic

virion assembly complex includes a reoriented secretory apparatus. J Virol. 2007; 81(21):11861–9.

https://doi.org/10.1128/JVI.01077-07 PMID: 17715239

39. Le VT, Trilling M, Hengel H. The cytomegaloviral protein pUL138 acts as potentiator of tumor necrosis

factor (TNF) receptor 1 surface density to enhance ULb’-encoded modulation of TNF-alpha signaling. J

Virol. 2011; 85(24):13260–70. PubMed Central PMCID: PMC3233134. https://doi.org/10.1128/JVI.

06005-11 PMID: 21976655

40. Montag C, Wagner JA, Gruska I, Vetter B, Wiebusch L, Hagemeier C. The latency-associated UL138

gene product of human cytomegalovirus sensitizes cells to tumor necrosis factor alpha (TNF-alpha) sig-

naling by upregulating TNF-alpha receptor 1 cell surface expression. J Virol. 2011; 85(21):11409–21.

Epub 2011/09/02. PubMed Central PMCID: PMCPMC3194957. https://doi.org/10.1128/JVI.05028-11

PMID: 21880774

41. Guo H, Omoto S, Harris PA, Finger JN, Bertin J, Gough PJ, et al. Herpes simplex virus suppresses

necroptosis in human cells. Cell host & microbe. 2015; 17(2):243–51. PubMed Central PMCID:

PMC4382104.

42. Lembo D, Brune W. Tinkering with a viral ribonucleotide reductase. Trends in biochemical sciences.

2009; 34(1):25–32. https://doi.org/10.1016/j.tibs.2008.09.008 PMID: 18990579

43. Baillie J, Sahlender DA, Sinclair JH. Human cytomegalovirus infection inhibits tumor necrosis factor

alpha (TNF-alpha) signaling by targeting the 55-kilodalton TNF-alpha receptor. J Virol. 2003; 77

(12):7007–16. https://doi.org/10.1128/JVI.77.12.7007-7016.2003 PMID: 12768019

44. Jarvis MA, Borton JA, Keech AM, Wong J, Britt WJ, Magun BE, et al. Human cytomegalovirus attenu-

ates interleukin-1beta and tumor necrosis factor alpha proinflammatory signaling by inhibition of NF-

kappaB activation. J Virol. 2006; 80(11):5588–98. https://doi.org/10.1128/JVI.00060-06 PMID:

16699040

Targeting RIP by CMV-encoded DUB and inactive RNR R1 homolog

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006423 June 1, 2017 25 / 26

https://doi.org/10.1073/pnas.0800168105
http://www.ncbi.nlm.nih.gov/pubmed/18287053
https://doi.org/10.1371/journal.ppat.1002517
https://doi.org/10.1371/journal.ppat.1002517
http://www.ncbi.nlm.nih.gov/pubmed/22319449
https://doi.org/10.1038/embor.2009.109
http://www.ncbi.nlm.nih.gov/pubmed/19590578
https://doi.org/10.1126/science.291.5502.303
https://doi.org/10.1126/science.291.5502.303
http://www.ncbi.nlm.nih.gov/pubmed/11209080
https://doi.org/10.1074/jbc.C800051200
https://doi.org/10.1074/jbc.C800051200
http://www.ncbi.nlm.nih.gov/pubmed/18442983
https://doi.org/10.1016/j.chom.2010.03.006
http://www.ncbi.nlm.nih.gov/pubmed/20413098
https://doi.org/10.1016/j.chom.2012.01.016
http://www.ncbi.nlm.nih.gov/pubmed/22423968
https://doi.org/10.1016/j.molcel.2006.03.026
http://www.ncbi.nlm.nih.gov/pubmed/16603398
https://doi.org/10.1128/JVI.01551-10
http://www.ncbi.nlm.nih.gov/pubmed/20962080
https://doi.org/10.1128/JVI.00459-10
https://doi.org/10.1128/JVI.00459-10
http://www.ncbi.nlm.nih.gov/pubmed/20519406
http://www.ncbi.nlm.nih.gov/pubmed/10729158
https://doi.org/10.1128/JVI.01077-07
http://www.ncbi.nlm.nih.gov/pubmed/17715239
https://doi.org/10.1128/JVI.06005-11
https://doi.org/10.1128/JVI.06005-11
http://www.ncbi.nlm.nih.gov/pubmed/21976655
https://doi.org/10.1128/JVI.05028-11
http://www.ncbi.nlm.nih.gov/pubmed/21880774
https://doi.org/10.1016/j.tibs.2008.09.008
http://www.ncbi.nlm.nih.gov/pubmed/18990579
https://doi.org/10.1128/JVI.77.12.7007-7016.2003
http://www.ncbi.nlm.nih.gov/pubmed/12768019
https://doi.org/10.1128/JVI.00060-06
http://www.ncbi.nlm.nih.gov/pubmed/16699040
https://doi.org/10.1371/journal.ppat.1006423


45. Montag C, Wagner J, Gruska I, Hagemeier C. Human cytomegalovirus blocks tumor necrosis factor

alpha- and interleukin-1beta-mediated NF-kappaB signaling. J Virol. 2006; 80(23):11686–98. https://

doi.org/10.1128/JVI.01168-06 PMID: 17005669

46. Kwon KM, Ahn JH. Differential regulation of NF-kB signaling during human cytomegalovirus infection. J

Bacteriol Virol. 2015; 45(2):159–64.

47. McCormick AL, Skaletskaya A, Barry PA, Mocarski ES, Goldmacher VS. Differential function and

expression of the viral inhibitor of caspase 8-induced apoptosis (vICA) and the viral mitochondria-local-

ized inhibitor of apoptosis (vMIA) cell death suppressors conserved in primate and rodent cytomegalovi-

ruses. Virology. 2003; 316(2):221–33. Epub 2003/12/03. PMID: 14644605

48. Skaletskaya A, Bartle LM, Chittenden T, McCormick AL, Mocarski ES, Goldmacher VS. A cytomegalo-

virus-encoded inhibitor of apoptosis that suppresses caspase-8 activation. Proc Natl Acad Sci U S A.

2001; 98(14):7829–34. Epub 2001/06/28. https://doi.org/10.1073/pnas.141108798 PMID: 11427719

49. Antonsson A, Johansson PJ. Binding of human and animal immunoglobulins to the IgG Fc receptor

induced by human cytomegalovirus. J Gen Virol. 2001; 82(Pt 5):1137–45. https://doi.org/10.1099/0022-

1317-82-5-1137 PMID: 11297688

Targeting RIP by CMV-encoded DUB and inactive RNR R1 homolog

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006423 June 1, 2017 26 / 26

https://doi.org/10.1128/JVI.01168-06
https://doi.org/10.1128/JVI.01168-06
http://www.ncbi.nlm.nih.gov/pubmed/17005669
http://www.ncbi.nlm.nih.gov/pubmed/14644605
https://doi.org/10.1073/pnas.141108798
http://www.ncbi.nlm.nih.gov/pubmed/11427719
https://doi.org/10.1099/0022-1317-82-5-1137
https://doi.org/10.1099/0022-1317-82-5-1137
http://www.ncbi.nlm.nih.gov/pubmed/11297688
https://doi.org/10.1371/journal.ppat.1006423

