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Research Update (Minireview)

Functions of Herpesvirus-Encoded Homologs of the Cellular
Ribonucleotide Reductase Large Subunit
*

Ki Mun Kwon and Jin-Hyun Ahn

Department of Molecular Cell Biology, Sungkyunkwan University School of Medicine, Suwon, Korea
Deoxyribonucleotides (dNTPs) are important for the efficient growth of DNA viruses. Therefore, many DNA viruses
have strategies for the upregulation of cellular dNTP levels. Both α- and γ-herpesviruses encode functional homologs of
cellular dNTP anabolic enzymes, including the class I ribonucleotide reductase (RNR) large (R1) and small (R2) subunits,
whereas β-herpesviruses modulate host cells to induce genes that increase dNTP levels. Interestingly, β-herpesviruses
still express the nonfunctional RNR R1 subunit. However, it is not clear why β-herpesviruses still carry inactive R1
homologs. Recently, the R1 homologs of herpesviruses have been shown to inhibit innate immune signaling pathways.
In particular, both functional and nonfunctional R1 homologs target receptor-interacting protein kinase 1 (RIP1) and inhibit
RIP1-mediated signaling pathways to promote viral replication. Here, we summarize recent findings on the activity of
herpesviral R1 homologs and discuss their roles in the regulation of innate immune signaling pathways.
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Ribonucleotide reductases (RNRs) catalyze a rate-limiting

INTRODUCTION

step in de novo deoxyribonucleotide (dNTP) synthesis and
are essential for DNA replication and the repair of both

Human herpesviruses consist of three subfamilies: α-, β-,

eukaryotic cells and DNA viruses (1, 2). All RNRs share a

and γ-herpesviruses. Human α-herpesviruses include herpes

common catalytic mechanism and are grouped into three

simplex virus type-1 (HSV-1), HSV-2, and Varicella-Zoster

classes (3). Class I reductases comprise a large R1 subunit

virus (VZV). Human β-herpesviruses include human cyto-

and a small R2 subunit. The large R1 subunit contains both

megalovirus (HCMV), human herpesvirus-6 (HHV-6), and

the catalytic site for ribonucleotide reduction and allosteric

HHV-7. Epstein-Barr virus (EBV) and Kaposi's sarcoma-

sites for substrate specificity. The small R2 subunit contains

associated herpesvirus (KSHV) belong to the human γ-

an iron center-derived tyrosyl free radical, which is required

herpesviruses. All herpesviruses share common character-

for substrate activation. The substrate activation reaction

istics, including similar virion structures and the ability to

requires oxygen and an external electron donor. Class II

establish persistent and latent infection.

reductases contain a single subunit and use thioredoxin or
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Figure 1. Distribution and organization of herpesvirus R1 proteins. (A) Unlike human α- and γ-herpesviruses, human β-herpesviruses
lack genes encoding the RNR R2 subunit and thymidine kinase and encode a nonfunctional RNR R1 subunit and dUTPase. (B) The
C-terminal region of β-herpesvirus R1 proteins shares homology with other viral counterparts, but lacks most of the residues known to
have a direct catalytic role. The proposed nucleotide-binding site (GxGxxG) and the catalytically active sites, i.e., five cysteines and two
tyrosines (2), are shown. NF: nonfunctional.

glutaredoxin as electron donors. Like class I reductases,

expressed at late stages of infection and is associated with

class III enzymes consist of two dimeric proteins. However,

virus particles. The M45-deleted mutant viruses do not re-

class III reductases are anaerobic enzymes and use formate

plicate in endothelial cells and grow poorly on macrophages,

as an electron donor.

but exhibit nearly normal growth in fibroblast cells (8).

Since dNTP supplementation is important for the efficient

Recently, several reports have shown that M45 interacts

growth of DNA viruses, herpesviruses have developed strat-

with mouse receptor-interacting protein kinase 1 (RIP1).

egies for the upregulation of cellular dNTP levels. Both α-

Both RIP1 and M45 have the RIP homotypic interaction

and γ-herpesviruses encode functional homologs of cellular

motif (RHIM). However, the requirement for the RHIM in

dNTP anabolic enzymes, including thymidine kinase, deoxy-

M45-RIP1 binding is controversial (9, 10). Several studies

uridine triphosphate pyrophosphatase (dUTPase), and class

analyzing M45-RIP1 interactions have indicated that M45

I RNRs, which are essential for virus replication (4~7) (Fig.

functions as an RIP1 inhibitor. RIP1 is an attractive target

1A). β-herpesviruses, such as HCMV, murine cytomegalo-

for the inhibition of viral infection, since it mediates various

virus (MCMV), HHV-6, and HHV-7, have developed ways

signaling pathways. M45 inhibits the activation of NF-κB

to modulate host cells to induce genes required to increase

after the stimulation of tumor necrosis factor (TNF) receptor

dNTP levels. Therefore, they do not carry most genes en-

1 (TNFR1) and Toll-like receptor 3 (TLR3) by inhibiting the

coding enzymes involved in dNTP synthesis, such as the

K63-linked poly-ubiquitination of RIP1, a process that is

genes for thymidine kinase and the RNR R2 subunit. Intri-

required for the recruitment of the IKK complex (10). Fur-

guingly, however, β-herpesviruses still encode nonfunctional

thermore, M45 inhibits NF-κB activation mediated by the

homologs of dUTPase and the RNR R1 subunit (Fig. 1B).

cytosolic DNA sensor DAI and RIP1 via RHIM-dependent

Why β-herpesviruses still encode these nonfunctional homo-

interactions (11). In addition, M45 inhibits RIP1-independent

logs, devoid of enzymatic activity, is a long-standing question.

NF-κB activation and cytokine production after IL-1R and

Here, we summarize recent findings on the function of

TLR stimulation and binds to and induces lysosomal degra-

herpesviral RNR R1 homologs in the regulating regulation

dation of NEMO by targeting it to autophagosomes (12).

of immune signaling pathways.

Interestingly, Krause et al. recently showed that the virion-

MCMV M45
In MCMV infection, M45, an inactive R1 homolog, is

associated M45 protein mediates rapid NF-κB activation
immediately after viral entry (13). Meanwhile, M45 acts as
a suppressor of virus-induced or TNFα-induced cell death
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by targeting RIP1 (9, 10). M45 also inhibits necroptosis, a

cell signaling immediately after viral entry. UL45 appears

caspase-independent form of programmed necrosis, which

to be associated with the capsid by binding to UL48. This

requires the adaptor kinase RIP3 and DAI (14, 15). Taken

capsid-associated activity of UL45 may also play a role in

together, M45 functions as an inhibitor of RIP1-mediated

the nuclear egress of the capsid or virion maturation in the

signaling pathways during virus infection.

cytoplasm, but this awaits further investigation.

HSV-1 ICP6 and HSV-2 ICP10

CLOSING REMARKS

In the case of human α-herpesviruses, the HSV-1 ICP6
and HSV-2 ICP10 RNR R1 proteins target both RIP1 and

Efficient supplementation of dNTPs is critical for DNA

RIP3 in a RHIM-dependent manner and inhibit TNFα-

virus replication. Thus, many DNA viruses have strategies

induced necroptosis (16). Although these R1 proteins of

for increasing cellular dNTP biosynthesis. Both α- and

α-herpesviruses have catalytic activity for ribonucleotide

γ-herpesviruses encode functional equivalents of cellular

reduction, they also act as suppressors of cellular immune

nucleotide anabolic enzymes to increase dNTPs levels. β-

signaling. Unlike MCMV M45, HSV-2 ICP10 does not

herpesviruses do not carry these genes, but instead up-

affect TNFα-induced NF-κB activation, although it has the

regulate cellular nucleotide biosynthesis machinery genes. It

RHIM and interacts with RIP1 in a RHIM-dependent manner

has been unclear why β-herpesviruses encode nonfunctional

(17). The effect of HSV-1 ICP6 on TNFα-induced NF-κB

R1 homologs. However, accumulating evidence indicates

activation is not yet understood.

that the herpesvirus-encoded R1 homologs can regulate

HCMV UL45

innate immune signaling pathways. HSV-1 ICP6, HSV-2
ICP10, and MCMV M45 target RIP1 in a manner dependent

In HCMV, UL45 encodes a nonfunctional cellular R1

on the RHIM, and downregulate RIP1-mediated signaling.

homolog that lacks some residues required for catalytic

MCMV M45 also binds to NEMO and inhibits NF-κB

activity. The function of UL45 remains largely unknown.

activation and cytokine production independent of RIP1 via

The UL45-null mutant is defective in the accumulation of

the lysosomal degradation of NEMO. Future studies should

virus particles and growth in human fibroblasts at low

address whether the regulation of innate immune signaling

multiplicities of infection (MOI) (18). Both the wild-type

by R1 is common to all herpesviruses. Additional analyses

virus and UL45-null mutant induce the synthesis of cellular

of R1 mutant in the different viral replication cycles are

RNR subunits and upregulate dNTP levels with similar

necessary to reveal their exact functions in virus infection.

efficiency, indicating that they are indeed unrelated to dNTP
production. Fas-induced apoptosis is minimally increased
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