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Viruses remodel the host cell to optimize their replication both by
delivery of virion proteins into the cell and by de novo expression
of viral proteins. The HSV particle contains several proteins that
function to prepare the host cell for viral replication, including the
VP16 transcriptional activator protein and virion host shutoff
protein. HSV infection activates NF-«B pathways through Toll-like
receptor (TLR) 2 and non-TLR pathways, and NF-«B activity is
required for efficient viral replication. In a screen of the HSV
proteome, we observed that the HSV U 37 tegument protein
activates NF-«B signaling in a TLR2-independent manner. Expres-
sion of U 37 in transfected cells leads to IkB degradation and
activation of both reporter genes and the endogenous IL-8 gene.
This activation requires TNF receptor-associated factor 6 (TRAF6),
and U 37 contains a TRAF6-binding domain that is required for
interaction with TRAF6 and activation of NF-kB. A mutant virus
encoding U 37 with an altered TRAF6-binding site shows reduced
NF-kB activation in the early phase of infection. Therefore, the HSV
U.37 virion structural protein can activate NF-xB through TRAF6.
Activation of NF-«B by a virion tegument protein that is delivered
into the host cell cytoplasm during viral entry represents a mech-
anism for activation of this pathway by a virus.

host response | innate immunity | protein interactions

I nnate immune responses have evolved to detect general classes
of microbe-specific macromolecules and to mount a rapid
signaling response that serves both to block microbial replication
and to prime the more long-term and more specific adaptive
response. Microbes in turn have evolved mechanisms for evading
or blunting those innate responses so they can replicate to higher
levels. In some cases microbes have evolved to use the host innate
responses to their own advantages. For example, HI'V replicates
optimally in CD4* T cells activated by cytokines (1, 2). Epstein-
Barr virus, through its latency membrane protein 1, activates
NF-kB signaling pathways to promote the growth of B-
lymphoblastoid cells so that B cells can become its latent
reservoir (3, 4). Similarly, human T-cell leukemia virus Tax
protein causes growth and transformation of its host T cell
through chronic activation of NF-«B by binding to IkB-vy kinase
(IKKvy) and activating IKK activity (5, 6). Furthermore, HSV
grows optimally in cells where NF-«B signaling is activated (7-9).

HSV undergoes a lytic replication cycle at mucosal surfaces
and spreads into sensory neurons where it establishes a latent
infection for the lifetime of the individual (10). The virus is
cleared from the epithelium by the immune response, but the
virus manages to evade and blunt the innate and adaptive
immune responses to establish and maintain the latent infection.
As part of the host innate response, HSV infection activates
NF-«B signaling through Toll-like receptor (TLR) 2 (11, 12) and
non-TLR2 pathways (7). In HSV-infected keratinocytes the
induction of NF-«B is biphasic: The early wave occurs indepen-
dently of viral replication, whereas the second wave requires
gene expression (13). Soluble glycoprotein D (gD) can activate
NF-«B activity (14), but it is not known if gD on the virion
surface has the same activity. The NF-kB response induced by
HSV is only partly antiviral in nature, because optimal viral
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replication requires NF-«B activity (7, 8). NF-«B activation is
hypothesized to help activate transcription of at least some of the
viral immediate-early genes (13). In this study we investigated
one of the mechanisms of the early induction of NF-xB by
HSV-1.

Results

The HSV gene products that directly activate NF-«B through
TLR2 or non-TLR2 pathways, other than potentially gD, have
not been identified. To screen the HSV proteome for the
capacity to activate NF-kB, we cloned the ORFs of HSV-1 strain
KOS into a mammalian expression plasmid. Seventy HSV-1
ORFs were screened for their ability to activate an NF-«B
reporter gene in human embryonic kidney (HEK) 293 cells
expressing TLR2, and the viral U 37 gene product was one of the
most active (results not shown). The U 37 protein is a compo-
nent of the tegument layer of the HSV virion located between
the envelope and the capsid (10) and is essential for viral
replication (15). To our surprise, this signaling was independent
of TLR2 because Up37 also activated NF-kB reporter gene
expression in HEK293 cells that did not have the TLR2 gene
transfected into them [supporting information (SI) Fig. S1]. This
activity was dose dependent and was equivalent to that achieved
by the transfection of equal amounts of plasmid DNAs express-
ing adaptor protein myeloid differentiation factor 88 (MyD88)
or an NF-«B subunit, p65 (Fig. 14). Consistent with its ability to
activate the NF-kB reporter gene, U 37 activated the expression
of the endogenous IL-8 gene in HEK cells, similar to overex-
pression of MyD88, TRAF6, or p65 (Fig. 1B). U 37 triggered the
degradation of IkB in HEK cells, as observed with overexpres-
sion of the adaptor protein, MyD88 adapter-like protein (MAL)
(Fig. 10).

Activation of NF-«kB through TLR2 involves the engagement
of MyD88 and MAL, the recruitment of IL-associated kinase
(IRAK) 4 and IRAKI1, followed by the recruitment of TRAF6.
TRAF6 then complexes with TAK1-binding protein 2 (TAB2),
TGF-B activated kinase (TAK1), and TABI, which activate IKK
to phosphorylate IkB, causing its degradation and release of
NF-kB for nuclear translocation (16). To determine if these
signaling components were required for Up37 activation of
NF-«B, a panel of dominant-negative (DN) mutant forms of
signaling intermediates including MAL, MyD88, TRAKI,
TRAF6, TAB2, TAKI, IKK, and p65 were cotransfected with
U37 plasmid to test their ability to inhibit the activity of U 37.
We observed that overexpression of DN-p65 blocked the sig-
naling induced by Uy 37, just as it blocked signaling by overex-
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Fig. 1. Activation of NF-«B activity by HSV U 37. (A) Stimulation of NF-«B reporter gene expression by HSV-1 U, 37. Various amounts of U 37, p65, or MyD88
plasmid DNAs were cotransfected into HEK293 cells with 20 ng of NF-«B reporter plasmid and 5 ng of thymidine kinase control plasmid. At 24 h after transfection,
the firefly and Renilla luciferase activities were measured using the Promega dual-glo luciferase assay system. For each experimental sample the ratio of firefly
to Renilla luciferase activity was calculated (Relative Light Units) and normalized to the medium-alone value to give the NF-«B Fold Activation values shown. The
data points shown are the average of triplicate culture wells. (B) Stimulation of IL-8 production by U;37. The indicated amounts of U; 37, MyD88, p65, and TRAF6
plasmid DNAs were transfected into HEK293 cells. At 24 h after transfection, culture medium from 3 replicate wells per sample was collected and combined. IL-8
levels were measured with the BD OptEIATM human IL-8 ELISA KIT Il (BD Biosciences). (C) Effect of U 37 on IkB levels. HEK293 cellsin 15-cm plates were transfected
with 2 ug of MAL plasmid, empty vector plasmid, or U; 37 plasmid DNAs. Cells were collected at the times indicated, and the amount of kB in whole-cell lysates
was determined by Western blot analysis using anti-IkB antibody (Santa Cruz).

pression of MyD88 (Fig. 24). Similarly, DN-IKK eliminated the
NF-«B activation by U 37 but had no effect on p65 stimulation
of NF-«B (Fig. 2A4). Overexpression of DN-MAL or DN-MyDS§8
had no effect on Ur37 signaling, but overexpression of DN-
IRAKI, DN-TRAF6, DN-TAK1, or DN-TAB?2 inhibited U 37
activation of NF-«B to the same extent that it inhibited MyD88
activation (Fig. 2). To confirm that TRAF6 was needed for the
U 37 activation of NF-«kB, we examined the effect of U 37 in
TRAF6 knockout and WT mouse embryo fibroblasts (MEFs).
U 37 activation of NF-kB was ~5-fold lower in TR AF6 knock-
out MEFs than in WT MEFs (Fig. 2B). In total, these results
indicate that Up 37 activation of NF-«B uses a signaling pathway
similar to that of the TLR2 pathway starting from TRAF6 and
IRAKI.

We constructed a series of mutant U;37 genes to map the
essential portions of Up37 needed for NF-«B activation (Fig.
34). We observed that the C-terminal 123-aa residues were
essential for activation (Fig. 3). Analysis of the amino acid
sequence within this region identified a potential TRAF6-
binding motif of the general form PxExx(Ar/Ac) (17) within
Ur37: 10090PVEDDEj ¢4 (Fig. 3B). The U 37 sequence is iden-
tical to the TR AF6-binding motif in IRAK-M (18), strengthen-
ing the possibility that this sequence is a TRAF6-binding do-
main. We therefore tested whether U 37 interacts with TRAF6
through immunoprecipitation and pulldown assays using extracts
of cells transfected with a plasmid encoding a V5 epitope- and
his-tagged U 37 protein. When we immunoprecipitated TRAF6
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from the extracts, we observed coprecipitation of WT U 37 (Fig.
44). However, the U 37 E1101A mutant protein, in which the
essential glutamate residue of the putative TR AF6- binding site
was replaced by alanine, coimmunoprecipitated with TRAF6
only at very low levels (Fig. 44). A control HSV protein, U 17,
did not coprecipitate with TRAF6 (Fig. 44). In the reverse
experiment, when tagged Uy 37 was recovered by affinity puri-
fication, TRAF6 was pulled down very efficiently (Fig. 4B).
However, when the U 37 E1101A mutant protein was recovered
by affinity purification, very little TRAF6 was pulled down (Fig.
4B). Similarly, very little TRAF6 was pulled down by a control
HSV protein, U 24 (Fig. 4B). Therefore, U; 37 interacted with
TRAF®6, and the putative TR AF6-binding motif was required for
this interaction.

U137 associated with a complex that involved, in addition to
TRAF6, TABI1, TAB2, and TAKI1 because immunoprecipita-
tion of these proteins also coprecipitated U 37 (Fig. S2). Small
amounts of Up37 were coimmunoprecipitated with IRAK1,
indicating that it may be a minor component of the complex, but
UL37 was not associated with MyD88 or MAL. The interaction
of IRAKI1, TABI, TAB2, and TAK1 with U; 37 was dependent
on the TRAF6-binding motif in Uy 37, arguing that the associ-
ations of the other proteins with Up 37 were dependent on the
binding of U 37 to TRAF6.

To test the role of the TR AF6-binding site in NF-«B activa-
tion, we transfected the WT or mutant U 37 plasmids into HEK
cells with a reporter gene. WT U.37 activated the NF-«xB
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Identification of cellular signaling molecules needed for NF-«B activation by U 37. (A) Use of dominant-negative mutant genes. Plasmid DNAs (20 ng)

encoding dominant-negative mutant forms of MAL, MyD88, IRAK1, TRAF6, TAK1, TAB2, IKK, or p65 were cotransfected with 20 ng of U 37, MyD88, or p65
plasmid DNAs, together with 20 ng of NF-«B reporter plasmid DNA and 5 ng of control plasmid DNA into HEK293 cells. At 24 h after transfection, the NF-«B fold
activation was determined as in Fig. 1A. (B) Use of a TRAF6 knockout MEF cell line. WT MEF or TRAF6 knockout MEF cells were transfected with 100 ng of MyD88,
p65, U37, or empty vector plasmid, together with 100 ng of NF-«B reporter plasmid and 20 ng of control plasmid. At 24 h after transfection the NF-«B fold
activation was determined as in Fig. 1A.

11336 | www.pnas.org/cgi/doi/10.1073/pnas.0801617105 Liu et al.


http://www.pnas.org/cgi/data/0801617105/DCSupplemental/Supplemental_PDF#nameddest=SF2

Lo L

P

1\

BN AN PNASN D

UL37 Gene NF-xB Induction (%) Consensus P x E X X Ar/Ac)

WT(1123) 100 hl RAK-2 (1) 503-PE ETD D
I

:;:Jgo g hi RAK-2 (2) 554.P T E NG E
I

N5 — 7 il RAKM 475PVEDDE

N556 I 6 JuLa7 Hsv1 1099-P V E DD E |

N478 ————— 6 MAL .PPELRF

N34 6 188

NiT3 — 8 TRIF o50-P E E MS W

0692-1056  I——— W 48 TRAM 18P R E RT P

A752-1056 i 35

a2 10 - 1 RAK(1) 542-P Q E NS y

41102 = 1 RAK(2) 585-P V E SD E

£1-899 — 22 1RAK(3) 504P E E SD E

A1-692 F— 24 RIP2 194P P E NY E

1517 I 3

Fig. 3. The U 37 C terminus is essential for NF-xB activation and contains a TRAF6-binding domain consensus sequence. (A) Mutant U;37 genes. A panel of
C-terminal, N-terminal, and internal deletion mutations within the U;37 ORF was constructed as described in Materials and Methods. Plasmid DNAs encoding
these mutant proteins were transfected into HEK293 cells along with the NF-«B reporter plasmid and the thymidine kinase control plasmid. NF-«B fold activation
was determined as in Fig. 1A and expressed as the percentage of the WT NF-«B induction. (B) HSV-1 U 37 contains a potential TRAF6-binding site. The consensus

TRAF6-binding site motif has been described previously (17). TRAF6-binding sites are compiled from Refs. 17 and 24.

reporter plasmid; the E1101A mutant protein did not (Fig. 54).
Therefore, U 37 must interact with TRAF6 to activate NF-«xB
signaling. To test the role of Uy 37 in activation of NF-«B in
HSV-infected cells, we constructed a mutant HSV-1 strain that
encodes the E1101A mutant form of U 37. Cells infected with
a virus expressing WT U 37-GFP showed a biphasic induction
of NF-kB DNA-binding activity (Fig. 5B), as observed previ-
ously (13). NF-«B activity was induced to moderate levels from
1 to 4 h and then was highly activated from 6 h onward (Fig. 5B).
In contrast, the E1101A mutant virus (RF-1) showed a lower
level of NF-«B activation from 1 to 5 h after induction but
showed normal activation of NF-«B from 6 h onward (Fig. 5B).
Despite the lack of NF-kB induction by the mutant virus, normal
amounts of Up37 were incorporated into virus particles (X.L.
and D.M.K., results not shown).

We performed two additional lines of experimentation to
confirm that virion-associated Up37 can activate NF-«B in
infected cells. First, to ensure that the phenotypic defect in the
KGFP-RF1 mutant virus was caused by the U;37 gene mutation,
we repaired the mutation by replacing the £771014 mutant gene

with the WT U;37 gene. The rescued virus, KGFP-RF1-R,
induced WT levels of NF-«kB from 1 to 6 h after induction,
confirming that U 37 was responsible for the phenotype. Sec-
ond, to ensure that virion Uy 37 was responsible for the effect, we
infected cells with UV-inactivated viruses because UV-
inactivated HSV induces only early NF-kB activation (13).
U V-inactivated KGFP-U; 37 induced NF-«B DNA-binding ac-
tivity at reduced levels from 1 to 3 h after induction only (Fig.
5D). UV-inactivated KGFP-RF1 mutant virus activated NF-«B
DNA-binding activity at 1-6 h after induction to approximately
one-half that of the WT virus (Fig. 5D). In total, at least one-half
of the early virion-induced NF-kB DNA-binding activity was
induced by Uy 37.

Discussion

HSV activation of NF-kB occurs in two waves, the first being
independent of viral replication and the second requiring viral
gene expression (13). We found that the U 37 protein located in
the tegument layer between the virion lipid envelope and capsid
protein shell can activate NF-«B. Virion envelope proteins can
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Fig.4. Association of U 37 with TRAF6 is dependent on a motif similar to other TRAF6-binding proteins. HEK293 cells were transfected with 1 g of indicated
plasmid DNAs (encoding U 17, U 24, U 37, or U 37 E1101A proteins tagged with a V5 epitope and hisg tag) per well, and cell lysates were prepared for the
following studies. Full-length U 37 is denoted by a filled triangle. Faster-moving species probably are U, 37 breakdown products. (A) Immunoprecipitation with
anti-TRAF6 antibody. Expression of the HSV proteins was confirmed by Western blot analysis of whole-cell lysates with anti-V5 antibody (Left). Inmunopre-
cipitation of TRAF6 was performed with anti-TRAF6 antibody, which was confirmed by Western blot (Bottom Right). Although differing amounts of TRAF6 were
observed in the different lysates in this experiment, this variation was not observed consistently. Coimmunoprecipitation of the HSV proteins was tested by
Western blots of the immunoprecipitates with anti-V5 antibody (Top Right). (B) Pull-down of HSV proteins with metal affinity resin. (Top Left) Expression of HSV
proteins was confirmed by Western blot analysis with anti-V5 antibody. (Bottom Left) Levels of TRAF6 in each of the whole-cell extracts was determined by
Western blot analysis with anti-TRAF6 antibody. (Right) TYLON Metal Affinity Resin (Clontech) was used to recover HSV U 24, U;37, or U; 37 E1101A proteins from
whole-cell lysates. TRAF6 was detected in the pull-downs by Western blot analysis with anti-TRAF6 antibody. Percentage of TRAF6 pulled down: pcDNA, 1.5%;
Ui 24, 0.12%; U 37, 74%; U 37E1101A, 1%.
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Fig. 5. Mutational alteration of the U 37 TRAF6-binding motif abolishes NF-«B activation. (A) Transfection assay for NF-«B reporter gene activation. HEK293
cells were cotransfected with 20 ng of U 37, U 37 E1101A mutant, MyD88, or p65 plasmid DNAs with 20 ng of NF-«B reporter plasmid and 5 ng of control plasmid
DNAs. NF-«B fold activation was measured as described in Fig. 1A. (B) Infection assay for NF-kB DNA-binding activity. HelLa cells were infected with KGFP-U 37
or KGFP-RF1 (U 37E1101A) mutant virus at multiplicity of infection (MOI) = 16, and the infected cells were collected at the indicated time after infection. A
DNA-binding assay was used to measure NF-xB DNA-binding activity. Nuclear extracts were prepared and incubated with streptavidin-agarose beads coupled
with IFN positive regulatory domain Il (PRDII) oligonucleotides, and the bound p65 was collected and detected by Western blot using anti-NF-«B p65 antibody.
The p65 bands were quantified by scanning as a measure of NF-kB DNA-binding activity. (C) Induction of NF-kB DNA-binding activity by a repaired virus. HeLa
cells were infected with KGFP-U 37 virus, the mutant virus KGFP-RF1, or the repaired virus KGFP-RF1-R as described in B. At the times indicated, nuclear extracts
were prepared, and DNA-binding activity was measured as described in B. (D) Induction of NF-kB DNA-binding activity by UV-inactivated viruses. HeLa cells were
infected with KGFP-U37, UV-inactivated KGFP-U 37, or UV-inactivated KGFP-RF1 virus, and NF-«B DNA-binding activity was measured at the times indicated.

activate cytokine signaling by interaction with cell surface re-  virus Up47: 9oiPWESAPq7, and human herpes virus 8 or Ka-
ceptors (e.g., Ref. 14), but our observations provide evidence  posi’s sarcoma-associated herpes virus ORF63: 700)PPEQPPs.
that an internal virion protein delivered into the cytoplasm can ~ Human cytomegalovirus is known to activate NF-«B very early
activate NF-«B. Influenza virus capsid and matrix proteins (19)  in infection, probably because of effects of the virion particle
and HCV core protein (20) can activate NF-«B when overex-  (22). Thus, the U147 protein may be in part responsible for this
pressed, but there is no evidence that incoming virion proteins  effect. The conservation of this potential binding site in several
can activate signaling. Activation of NF-«B in HSV-infected cells herpes viruses argues that this function is important in herpes-
also may be stimulated by the gD in the virion envelope  viral replication or biology.
interacting with the Herpesvirus entry mediator surface receptor Details of the mechanism by which Ur37 activates NF-xB
(14), as observed in Fig. 5B from 1 to 2 h after induction. U 37 remain to be elucidated fully, but from our results we can
released into the cytoplasm then could induce the NF-«kB  propose the basic outline of this process. Up37 interacts with
activation that we observed from 2 to 5 h after induction (Fig. ~ TRAF6, and this interaction is required for NF-xB activation.
5B). The combination of gD and U;37 could explain the early Furthermore, U;37-induced signaling requires TAK-1 and
transient activation of NF-«B by UV-inactivated virions (13). T AB-2, and U 37 is in a complex with TRAF6, TABI, TAB2,
The later activation that we observed after 5 h after induction .4 TAK1. This finding argues that U;37 binds to and activates
cpuld invqlve ipfected cell protein.27 or proteins whose expres- TR AF6 signaling by promoting formation of the complex of
sion requires infected cell protein 27 (21). The HSV UL37 1 oteing, leading to IKK activation, I«B degradation, and NF-kB
protein has a virion structural and/or assembly role because itis , .jvation. The role of this function in viral replication and latent
essential for virion maturation (15), andilts ability to induce infection also remains to be defined. The mutant virus defective
NE-«B represents a p osmble.second fur}cuor.l. . for TR AF6 interaction shows an approximately 2-fold reduction
The interaction of HSV with NF-«B is quite complex in that in viral replication in Vero monkey cells (X.L. and D.M.K,,

th? VIrus and its gene prod}l cts both initiate and '1nh.1 bit NF-«B. unpublished results). Further studies of this mutant virus in cell
It is likely that the early activation by virion proteins is necessary . .
S . . . culture and animal model systems are needed to determine the
for full transcription of viral genes, whereas at later times viral . A .
role of this U 37 function in viral infection.

gene products act to down-regulate host innate responses that
Would serve to reduce viral _repllcatlon or 1nduc§ adgptlve Materials and Methods
immune responses. Conservation of the Up37 function in ho-
;no'logous gene's er.IC()lded lt.)y O.ther hherpe.sv.lruses Wou}lld Sllipp(;lrt (provided by Tak Mak, University of Toronto) were grown in Eagle’s DMEM
its importance in viral replication. Thus, it is notewort. y that the containing 10% FBS (vol/vol) supplemented with 200 units/ml penicillin and
UL37 homologs encoded by several other herpesviruses also 500 ug/ml streptomycin at 37°C in a humidified 5% CO, incubator. The
have putative TRAF6-binding domains. Th35§ homologs II}CIUde antibodies used were polyclonal rabbit and goat anti-human MyD88, MAL,
HSV-2 U37:100sPVEDDE 03, Cercopithecine herpesvirus 1  IRAK1, TRAF6, TAB1, TAB2, TAK1 (Santa Cruz), and mouse monoclonal anti-V5
(monkey B virus) Ur37: 1162PEEDDD) 67, human cytomegalo-  antibody (Invitrogen).

Cell Culture and Reagents. HEK293, WT MEF, and TRAF6 knockout MEF cells
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Plasmids and Viruses. The HSV expression plasmids used in this report were
constructed by PCR amplification of individual ORFs from HSV-1 strain KOS
genomic DNA and insertion into the pcDNA3.1 (Invitrogen) vector. These
constructs express the HSV proteins with V5 epitope and Hisg tags. All plasmid
inserts were sequenced at the Harvard-Dana-Farber Cancer Center sequencing
facility, and HSV protein expression was verified by transfection and detection
by Western blot analysis using anti-V5 antibody. The Stratagene QuikChange
Il Site-Directed Mutagenesis Kit (Stratagene) was used to construct the U;37
E1107TA mutant gene. Expression vectors for DN-TAB (TAB2-C), DN-TBK1,
DN-mTRAF6, and DN-IkB were provided by H. Sanjo at Osaka University,
Japan, by Makoto Nakanishi at Nagoya University, Japan, by Zhijian Chen at
the University of Texas Southwestern Medical Center (Dallas), and by Steven
Bachenheimer at the University of North Carolina, Chapel Hill (8). The HSV-1
recombinant viruses KGFP-U 37 and KGFP-U 37E1101A were constructed by
replacing the U 37 ORF with an ORF encoding a GFP-U 37 fusion protein or
with a GFP-U 37 E1101A mutant fusion protein, respectively, by homologous
recombination.

Reporter Assay. HEK293 cells were seeded into 96-well plates at 5 X 10* cells
the day before transfection. The cells were transfected with 20 ng of the NF-«B
firefly luciferase reporter plasmid and 5 ng of thymidine kinase promoter—
controlled Renilla luciferase reporter plasmid (Promega) together with the
indicated amounts of expression plasmids using Genejuice (Novagen) trans-
fection reagent. At 24 h after transfection, the firefly and Renilla luciferase
activities were measured using the Promega dual-glo luciferase assay system.
For each experimental sample the ratio of firefly to Renilla luciferase activity
was calculated (in Relative Light Units) and normalized to the medium-alone
value to give the NF-«B Fold Activation values shown.

IL-8 Secretion. HEK293 cells were plated at 5 X 104 cells per well in 96-well plates
on the day before transfection. The cells were transfected with the indicated
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