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Cytotoxic T lymphocytes eliminate infected cells upon sur-
face display of antigenic peptides on major histocompatibility
complex I molecules. To promote immune evasion, UL49.5 of
several varicelloviruses interferes with the pathway of major
histocompatibility complex I antigen processing. However,
the inhibition mechanism has not been elucidated yet.
Within the macromolecular peptide-loading complex we
identified the transporter associated with antigen processing
(TAP1 and TAP2) as the prime target of UL49.5.Moreover, we
determined the active oligomeric state and crucial elements of
the viral factor. Remarkably, the last two residues of the cytoso-
lic tail of UL49.5 are essential for endoplasmic reticulum (ER)-
associated proteasomal degradation of TAP. However, this
process strictly requires additional signaling of anupstreamreg-
ulatory element in the ER lumenal domain of UL49.5. Within
this new immune evasionmechanism, we show for the first time
that additive elements of a small viral factor and their signaling
across the ER membrane are essential for targeted degradation
of a multi-subunit membrane complex.

The survival of vertebrates strongly depends on an intact
immune system to defeat a wide range of pathogens. In this
respect, the major histocompatibility (MHC)3 class I antigen
presentation pathway plays an essential role in recognition and
elimination of virus-infected cells by cytotoxic T lymphocytes
(1, 2). Peptides originating from proteasomal protein degrada-
tion in the cytosol are translocated into the ER by the trans-

porter associated with antigen processing (TAP, ABCB2/3), a
heterodimeric ATP-binding cassette complex comprised of
TAP1 and TAP2 (3). Both subunits can be divided into a trans-
membrane domain, involved in peptide recognition and trans-
location, and a cytosolic nucleotide-binding domain, energiz-
ing the transport across the membrane by ATP binding and
hydrolysis (4, 5). The TAP core complex of 6 � 6 transmem-
brane helices is essential for ER targeting, membrane insertion,
heterodimerization, peptide binding, and translocation,
whereas the unique N-terminal domains provide independent
docking platforms for tapasin (6–8). Thereby a macromolecu-
lar peptide-loading complex (PLC) of TAP1, TAP2, and several
subcomplexes comprised of theMHC I heavy chain, �2-micro-
globulin, tapasin, the thiol-disulfide oxidoreductase ERp57,
and the lectin calreticulin is assembled (7). After peptide load-
ing ontoMHC I molecules in the ER, peptide-MHC complexes
dissociate from thePLCand traffic to the cell surface for inspec-
tion by cytotoxic T lymphocytes. To escape from immune sur-
veillance, viruses have evolved elaborate strategies in co-evolu-
tion with the adaptive immune system to inhibit the
presentation of viral peptides on the cell surface. Especially her-
pesviruses, which lead to lifelong persistence and repeated
reactivation, encode various gene products interfering at differ-
ent steps with MHC I antigen presentation (reviewed in Refs.
9–12).
The PLC is a prime target for viral interference; hence a vari-

ety of herpesvirus proteins have been described to block the
peptide supply to MHC I molecules. Four proteins, ICP47 of
herpes simplex virus 1/2 (HSV-1/2) (13, 14), US6 of human
cytomegalovirus (HCMV) (15–18), K3 ofmurine �-herpesvirus
68 (19, 20), and the recently identified protein BNLF2a of
Epstein-Barr virus (21) have been shown to interfere with PLC
function, employing entirely different strategies of inhibition.
Recently, the herpesvirus protein UL49.5 (known as glyco-

protein gN interacting with the glycoprotein gM), which can be
detected at the cell surface of virus-infected cells as well as in
the virion membrane (22, 23), was identified to mediate PLC
inhibition (24). Although conserved among �-, �-, and �-her-
pesviruses, only the UL49.5 homologs of the genus varicellovi-
rus are inhibitory (25). Interestingly, the late protein gM is not
directly involved inPLC inhibition but recruits the early protein
UL49.5 to the virion membrane during virus assembly in the
late stage of the infection (26). UL49.5 of bovine herpesvirus 1
(BHV-1), which efficiently inhibits bovine as well as human
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TAP (24), comprises a signal sequence, a short ER lumenal
domain (36 amino acids), a transmembrane region (23 amino
acids), and a short cytoplasmic tail of 16 amino acids (27). Inter-
estingly, UL49.5 inhibits peptide transport and is involved in
proteasomal degradation of components of the PLC in a proc-
ess that requires the cytosolic tail of UL49.5 (24). However, the
molecular mechanism is largely unknown.
Within the current study, we identified distinct domains and

critical elements of UL49.5, whose concerted action across the
ER membrane is essential for proteasomal degradation of the
multi-subunit PLC.

EXPERIMENTAL PROCEDURES

Cloning of UL49.5 Constructs—The full-length BHV-1
UL49.5 DNAwith a codon usage optimized to a lower GC con-
tent was obtained by de novo gene synthesis (Genscript). This
construct was used as a template for PCR amplification of
the UL49.5 variants. PCR was performed under standard
conditions using Phusion DNA polymerase. The following
reverse primers were used (restriction sites for EcoRI and
BamHI are underlined): 5�-CGCGGATCCTCAACCTCTA-
CCTCTACTC-3� (UL49.5); 5�-CGCGGATCCTCACAGAC-
GGAAGCACAGAC-3� (UL49.5�tail); always in combination
with the forward primer 5�-CCGGAATTCCGGATGCCAAG-
GTCC-3�. For the C-terminal truncations of the UL49.5 pro-
tein, the following reverse primers were used: 5�-CGCGGAT-
CCTCATCTACCTCTACTCTCC-3� (UL49.5�C1); 5�-CGC-
GGATCCTCAACCTCTACTCTCCTTC-3� (UL49.5�C2);
5�-CGCGGATCCTCATCTACT CTCCTTCTTGTTGG-3�
(UL49.5�C3); 5�-CGCGGATCCTCACTTCTTGTTGGGGC-
CAGAG-3� (UL49.5�C6); 5�-CGCGGATCCTCAGGGG CC-
AGAGGCGCCCATCA-3� (UL49.5�C9); and 5�-CGCGGAT-
CCTCAGGCGCCCATCAGACGGAAGC-3� (UL49.5�C12).
For the constructs, lacking N-terminal amino acids primers
were used, which contained the signal sequence of UL49.5. The
following forward primers were used for the amplification: 5�-
CGGAATTCATGCCAAGGTCCCCTCTGATCGTGGCTG-
TAGTGGCCGCTGCCCTGTTCGCTATCGTCCGTGGCA-
GGGACATGCGCAGAGAGGGTGCTATG-3� (UL49.5�N5);
5�-CGGAATTCATGCCAAGGTCCCCTCTGATCGTGGC-
TGTAGTGGCCGCTGCCCTGTTCGCTATCGTCCGTGG-
CAGGGACGCTATGGACTTCTGGAGC-3� (UL49.5�N10);
5�-CGGAATTCATGCCAAGGTCCCCTCTGATCGTGGCT-
GTAGTGGCCGCTGCCCTGTTCGCTATCGTCCGTGGCA-
GGGACAGCGCTGGATGCTACGCTC-3� (UL49.5�N15); 5�-
CGGAATTCATGCCAAGGTCCCCTCTGATCGTGGCTGT-
AGTGGCCGCTGCCCTGTTCGCTATCGTCCGTGGCAGG-
GACGCTCGTGGCGTGCCTCTG-3� (UL49.5�N20); 5�-CGG-
AATTCATGCCAAGGTCCCCTCTGATCGTGGCTGTAG-
TGGCCGCTGCCCTGTTCGCTATCGTCCGTGGCAGGG-
ACCTGAGCGAGCCGCCCCAG-3� (UL49.5�N25). PCR-
generated products were inserted into pIRES2-EGFP
(Clontech) via EcoRI and BamHI upstream of the internal ribo-
some entry site (IRES) element and enhanced GFP. The cys-
teine pointmutationswere introduced intowild typeUL49.5 by
site-directed mutagenesis. The following sense oligonucleo-
tides were used (exchanged nucleotides are underlined): 5�-
ACTTCTGGAGCGCTGGAGCCTACGCTGTG-3� (C21A)

and 5�-ACGCTTACGGTCTGGCCTTCCGTCTGATGG-3�
(C57A). To generate C-terminal EGFP fusion proteins, UL49.5
was amplified using the same forward primer as for the pIRES2-
EGFP constructs (see above). For UL49.5 and UL49.5�tail, the
reverse primers 5�-CGCGGATCCGCACCTCTACCTCTA-
CTC-3� and 5�-CGCGGATCCGCCAGACGGAA-3� were
used, respectively (BamHI restriction sites are underlined).
PCR products were inserted into the pEGFP-N1 vector via
EcoRI and BamHI. The identity of all constructs was verified by
DNA sequencing.
Cloning of BiFC Constructs—The yellow fluorescent protein

(YFP) was split into two fragments as described previously: an
N-terminal fragment (YN) consisting of amino acids 1–154,
and a C-terminal fragment (YC) comprising residues 155–238
(28, 29). BiFC expression vectors were kindly provided by Tom
Kerppola (University of Michigan Medical School). The halves
of YFP were subcloned into the expression vector pcDNA3.1.
The TAP1 gene was fused C-terminally to the YC fragment
connected by a flexible (GGSGGSGS) linker. The UL49.5 gene
was fused to the N terminus of the YN fragment connected by a
(GSGGSGGS) linker. The Shrew-1 gene was fused to the YN
fragment. This construct was kindly provided by Anna Starzin-
ski-Powitz (University of Frankfurt, Frankfurt, Germany) (30).
The identity of all constructs was verified by DNA sequencing.
Recombinant Baculoviruses—Full-length UL49.5 was ampli-

fied using the following primers (restriction sites are under-
lined): Fw, 5�-CCGGGATCCATGCCAAGGTCCCCTCTG-
3�, and Rv, 5�-CGCAAGCTTTCAACCTCTACCT CTACTC-
3�, and subsequently cloned into the expression vector
pFASTBacTM Dual (Invitrogen) via BamHI and HindIII.
Recombinant baculoviruses were generated using the Bac-to-
Bac� baculovirus expression system according to the manufac-
turer’s instructions (Invitrogen). The identity of all constructs
was verified by DNA sequencing.
Antibodies—For immunoblotting and immunoprecipitation,

the TAP1 (monoclonal antibody 148.3) and TAP2 (monoclonal
antibody 435.3) (31–33), as well as the polyclonal affinity-puri-
fied TAPL-specific (34) and GFP-specific (Dianova) antibodies
were used. For detection of UL49.5, two polyclonal rabbit sera
were used recognizing N-terminal (H11) and C-terminal
epitopes (H19) of UL49.5, respectively (26). The phycoerythrin
(PE)-coupled anti-human HLA-ABC (W6/32) and the mouse
IgG2a isotype control were purchased from eBioscience. The
monoclonal antibody directed against human �-actin was pur-
chased from Sigma-Aldrich.
Cell Lines and Transfections—Insect cells (Spodoptera frugi-

perda (Sf9))were grown in Sf900IImedium (Invitrogen) follow-
ing standard procedures. Baculovirus infection andmicrosome
preparation were performed as described (31). For co-infec-
tions a multiplicity of infection of 3 for the TAP constructs and
for the UL49.5 variants were used. HeLa cells were maintained
in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum and antibiotics at 37 °C in a 5% CO2
humidified atmosphere. The cells were transfected with the
expression vectors indicated in each experiment (1 �g of total
plasmid DNA per 4 � 105 cells) using FuGENE 6 (Roche
Applied Science) according to the manufacturer’s instructions.
Living or fixed cells were analyzed 48 h post-transfection. For
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stimulation, the cells were treated with 500 units/ml �-inter-
feron (Sigma) 24 h after transfection for 48 h. To analyze the
effect of a proteasomal inhibitor, the cells were treated with 20
�M Cbz-L3 (MG132; Sigma) 48 h after transfection for 24 h.
Retroviral Transduction—The human melanoma cell line

Mel JuSo (MJS) TAP1-GFP was transduced with recombinant
retrovirus encoding BHV-1 UL49.5 to generate theMJS TAP1-
GFP UL49.5 cell line (24).
Confocal Fluorescence Microscopy—Confocal microscopy of

living or fixed cells was performed using an LSM 510 instru-
ment (Carl Zeiss Jena). For immunostaining, cells were grown
on coverslips, fixed in 2% paraformaldehyde in phosphate-buff-
ered saline (PBS), and permeabilized with 0.1% Triton X-100.
After blocking with 5% bovine serum albumin, the cells were
first incubatedwith the unlabeled anti-calnexin antibody (clone
AF18, Dianova) and subsequently with the Cy3-labeled donkey
anti-mouse IgG (Dianova). GFP was excited at 488 nm, and
fluorescence emission was measured with a band pass filter
(505–530 nm). Cy3 fluorescence was analyzed at an excitation
of 543 nm and emission with a long pass filter (560 nm). YFP in
living cells was excited at 514 nm, and emission was measured
with a band pass filter at 530–600 nm. The nuclei were stained
with 4�,6�-diamino-2-phenylindole (0.125 �g/ml) for 1 h and
washed with PBS afterward. Fluorescence was analyzed at an
excitation of 405 nm and emission with a band pass filter at
420–480 nm.
Flow Cytometry—MHC I surface expression was analyzed

using the PE-coupled antibody W6/32, which recognizes pep-
tide-loadedMHC Imolecules. For one experiment 2� 106 cells
were trypsinized, washed with 1 ml of FACS buffer (2% fetal
bovine serum in PBS), and centrifuged at 1200 rpm for 3min at
4 °C. For blocking of unspecific binding sites, the cells were
incubated with 100 �l of FACS buffer containing 5% (w/v)
bovine serum albumin for 10 min on ice. After two washing
steps with FACS buffer, the corresponding antibody (1:5 in
FACS buffer) was added to the cells and incubated for 15 min
on ice, in the dark. Subsequently, the cells were washed twice
with FACS buffer and finally resuspended in 500 �l. The cells
were then analyzed using a FACSAria instrument (Becton
Dickinson). For each experiment 30,000 cells were evaluated.
Immunoprecipitation and Immunoblotting—Microsomes

prepared from Sf9 cells (750 �g of total protein) were solubi-
lized in 1 ml of lysis buffer (20 mM Tris/HCl, 150 mM NaCl, 5
mM MgCl2, 1% (w/v) digitonin (Calbiochem), pH 7.5) for 60
min on ice. Insoluble proteins were removed by centrifugation
at 100,000� g for 45min at 4 °C. Solubilized components of the
peptide-loading complex were co-immunoprecipitated on
Dynabeads� (M-280 sheep anti-mouse IgG; Dynal Biotech),
which were loaded with the TAP2-specific mouse monoclonal
antibody 435.3 prior to incubation with solubilized protein. As
negative control, Dynabeads� loaded with a Myc-specific anti-
body were used. Moreover, TAPL was immunoprecipitated
using Dynabeads� (M-280 sheep anti-rabbit IgG) loaded with a
TAPL-specific antibody (34). As control, beads loaded with a
GFP-specific antibodywere used. The beads were washed three
times with 1 ml of washing buffer (20 mM Tris/HCl, 150 mM
NaCl, 2 mM EDTA, 0.1% (w/v) digitonin; pH 7.5). The proteins
were eluted in SDS sample buffer (2% SDS, 50 mM Tris/HCl,

10% glycerol, 0.05% bromphenol blue, pH 8.0) for 5 min at
65 °C. After transfer of the supernatant into a fresh tube, dithi-
othreitol (300 mM) was added; protein complexes were dena-
tured for 20 min at 65 °C and separated by SDS-PAGE (12%).
After electrotransfer onto polyvinylidene difluoride mem-
branes, the blots were stained with the antibodies indicated,
followed by horseradish peroxidase-conjugated secondary
antibodies (Sigma), and protein amounts were quantified after
luminescence imaging (Lumi-Imager F1; Roche Applied
Science).
Transport Assay—Microsomes (150�g of total protein) were

resuspended in 50 �l of AP buffer (5 mM MgCl2 in PBS, pH
7.0) in the presence of 3 mM ATP. The transport reaction (50
�l) was started by adding 1 �M RRYQNST�L (�, fluoresce-
in-labeled cysteine) peptide for 3 min at 32 °C and termi-
nated with stop buffer (10 mM EDTA in PBS, pH 7.0) on ice.
After centrifugation, the membranes were solubilized in
lysis buffer (50 mM Tris/HCl, 150 mM NaCl, 5 mM KCl, 1 mM
CaCl2, 1 mM MnCl2, 1% Nonidet P-40, pH 7.5) for 30 min on
ice. N-core glycosylated, therefore transported, peptides
were recovered with concanavalin A-Sepharose beads

FIGURE 1. Interaction of UL49.5 with the TAP complex. A, model of the
BHV-1 UL49.5 protein. B, interaction of UL49.5 with TAP. Microsomes isolated
from insect cells expressing TAP1/2 and UL49.5 were solubilized with digito-
nin. Solubilized proteins were co-immunoprecipitated (IP) using a TAP2-spe-
cific antibody. To demonstrate the specificity of these interactions, micro-
somes isolated from insect cells expressing TAPL and UL49.5 were used for
co-immunoprecipitation with a TAPL-specific antibody. Subsequently, the
samples were analyzed by SDS-PAGE and immunoblotting with the corre-
sponding antibodies. As a negative control, a Myc-specific antibody (for the
TAP2 immunoprecipitation) and a GFP-specific antibody (for the TAPL immu-
noprecipitation) were used (mock precipitation). S, solubilized fraction; P,
immunoprecipitate (30 aliquots of S); �, mock precipitation (30 aliquots of
solubilized fraction). C, peptide transport in Sf9 microsomes. Equal amounts
of microsomes were used in peptide translocation assays with the fluoresce-
in-labeled peptide RRYQNST�L (�, fluorescein-labeled cysteine) in the pres-
ence of 10 mM ATP (filled bars) or apyrase (open bars) for 3 min at 32 °C. After
purification, the amount of transported peptides was quantified in a fluores-
cence plate reader. D, microsomes from Sf9-cells, co-expressing TAP1 and
UL49.5 or TAP2 and UL49.5, were used for immunoprecipitation via a TAP1- or
TAP2-specific antibody as described in B. Each time, a representative of min-
imum five independent experiments is shown.
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(Sigma) overnight at 4 °C. After washing with lysis buffer,
glycosylated peptides were eluted with methyl-�-D-man-
nopyranoside (200 mM) and quantified with a fluorescence
plate reader (�ex/em � 485/520 nm; Polarstar Galaxy, BMG
Labtech, Offenburg, Germany). Background transport activ-
ity was measured in the presence of apyrase (1 unit). All of
the measurements were performed in triplicate. To measure
TAP-dependent peptide transport in HeLa cells, the cells
were transiently transfected using the pIRES-EGFP-UL49.5
constructs. After 48 h, EGFP-positive cells (1 � 106) were
FACS-sorted and semi-permeabilized with 0.05% saponin
(Sigma) for 1 min at 25 °C in 50 �l of AP buffer. After wash-
ing, the cells were resuspended in a final volume of 100 �l of
AP buffer containing ATP (10 mM). The transport reaction
was initiated by adding 1 �M fluorescent peptide
RRYQNST�L for 3 min at 32 °C and terminated with stop
buffer on ice. After centrifugation, the cells were solubilized

in lysis buffer for 60 min on ice,
and N-core glycosylated peptides
were purified and quantified as
described above.

RESULTS

TAP1 and TAP2 Are the Prime
Target of UL49.5—The association
of UL49.5 with the PLCwas demon-
strated in a previous study (24);
however, the precise interaction
partners have not been identified.
To investigate the docking sites and
inhibition mechanism, UL49.5 of
BHV-1 was expressed in insect cells
together with TAP1 and TAP2.
Because of the lack of an adaptive
immune system, insect cells provide
several advantages for studying the
interaction and function of modula-
tors and individual subunits of the
PLC (31, 32, 35, 36). As shown in
Fig. 1B, UL49.5 was co-immunopre-
cipitated with TAP1 and TAP2
using a TAP2-specific antibody. To
confirm the specificity of these
interactions, UL49.5 was co-ex-
pressed together with TAPL, which
shares �40% amino acid sequence
identity with TAP1 and TAP2,
respectively. However, UL49.5
could not be co-immunoprecipi-
tated with TAPL. Thus, UL49.5
interacts specifically with the TAP
complex. As displayed in Fig. 1C,
UL49.5 inhibits peptide transloca-
tion into the ER lumen by TAP even
in the absence of all other subunits
of the PLC. Co-immunoprecipita-
tion studies with singly expressed
TAP subunits revealed independent

binding sites of UL49.5 at TAP1 and TAP2 (Fig. 1D). Notably,
UL49.5 also induces targeted degradation of the TAP complex
in insect cells (supplemental Fig. S1). Based on these data, we
demonstrate for the first time that TAP is the prime target of
UL49.5, which can bind independently to each TAP subunit.
Importantly, other components of the PLC including tapasin,
ERp57, calreticulin, and MHC I molecules are dispensable for
UL49.5-mediated inhibition of TAP.
Monomeric UL49.5 Is the Active Unit for TAP Inhibition—In

BHV-1-infected cells (26) as well as after heterologous expres-
sion in insect cells (Fig. 2A), UL49.5 forms disulfide-linked
homodimers. It comprises two cysteines that are highly con-
served among the varicellovirus family, Cys21 in the ER lumen
and Cys57 at the cytosolic face of the transmembrane helix (Fig.
1A). To investigate which cysteine is involved in dimer forma-
tion and essential for function, we examined single and double
cysteine mutants. The oligomeric state of UL49.5 was moni-

FIGURE 2. Monomeric UL49.5 is active in TAP inhibition. A, expression of cysteine mutants of UL49.5. Micro-
somes were isolated from Sf9 cells in the presence or absence of N-ethylmaleimide (NEM, 200 mM), which
prevents artificial dimer formation during sample preparation, and were subjected to SDS-PAGE and immu-
noblotting under oxidizing and reducing conditions. M, monomer; D, dimer (5 �g of protein/lane). B, interac-
tion of UL49.5 cysteine mutants with the TAP complex. Microsomes from insect cells expressing TAP1, TAP2,
and UL49.5 variants were solubilized with digitonin and co-immunoprecipitations (IP) were performed using a
TAP2-specific antibody, as described in the legend to Fig. 1. S, solubilized fraction; P, immunoprecipitate (30
aliquots of S); �, mock precipitation (30 aliquots of solubilized fraction). C, peptide transport in microsomes.
Equal amounts of microsomes were used in peptide translocation assays as described in the legend to Fig. 1, in
the presence of 10 mM ATP (filled bars) or apyrase (open bars). D, analysis of MHC I surface expression. After
transient transfection of HeLa cells with pIRES-EGFP-UL49.5 constructs, MHC I surface expression was analyzed
using the PE-coupled MHC I-specific antibody W6/32. As a negative control (c), fluorescence observed from
cells transfected with the empty vector was analyzed and set as 100%. Expression in HeLa cells was verified by
immunoblotting. Each time, a representative of minimum three independent experiments is shown. wt, wild
type.
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tored by nonreducing SDS-PAGE and immunoblotting (Fig.
2A). Dimer assembly was abolished in the C21Amutant as well
as in the doublemutant C21A/C57A, demonstrating that Cys21
is responsible for disulfide-mediated dimerization. Themutant
C57A did not affect dimerization. Noteworthy, the monomer-
dimer ratio differs in the presence and absence of N-ethylma-
leimide. This was expected as it reflects the artificial dimer for-
mation during sample preparation (oxidation).
To investigate whether dimerization is a prerequisite for

UL49.5 function, we analyzed the ability of cysteine mutants to
bind and to inhibit theTAP complex.We found that all cysteine
mutants bind to the TAP complex (Fig. 2B), inhibit TAP-de-
pendent peptide translocation into the ER lumen (Fig. 2C), and
cause down-regulation of MHC I surface expression in human
cells (Fig. 2D). Noteworthy, the expression level of all cysteine
mutants is comparable with wild type UL49.5. In addition, we
found in stably transduced human cells that dimeric as well as
monomeric UL49.5 bind to the TAP complex (supplemental
Fig. S2). Collectively, these data provide evidence that themon-
omer is the active unit for TAP inhibition.

The Extramembrane Domains of
UL49.5 Are Dispensable for TAP
Interaction—To analyze the inter-
action of UL49.5 with the PLC, we
established a BiFC assay. This
method makes use of two nonfluo-
rescent fragments (YC and YN) of
the YFP, which have no intrinsic
affinity for each other and comple-
ment a fluorophor only after inter-
action of the two fusion partners
(28, 29). In this study, the YC frag-
ment was fused to theN terminus of
TAP1 and the YN fragment to the C
terminus of UL49.5, separated by a
flexible glycine-serine linker. At
first, the expression and subcellular
localization of the fusion constructs
were analyzed on the basis of
fusions with EGFP in transiently
transfected human cells. All UL49.5
and TAP1 variants were correctly
targeted to the ER, as reflected by a
perinuclear staining, which colocal-
ized with that of the ER marker cal-
nexin (Fig. 3A). Similar results were
obtained from transient or stable
expression in different cell lines
(data not shown). In the BiFC
assays, co-transfection of YC-TAP1
and UL49.5-YN resulted in a fluo-
rescent signal in a perinuclear com-
partment, corresponding to the ER
(Fig. 3B). A similar fluorescence dis-
tribution was detected in cells co-
transfected with YC-TAP1 and
UL49.5�tail-YN. Various combina-
tions of split fusions of b-Jun, b-Fos,

or Shrew-1, the latter representing a type I membrane protein
similar to UL49.5, which was shown to interact with CD147
(30), did not result in a detectable fluorescence signal (Fig. 3, B
andC). As positive control, theHCMVproteinUS6 fused to the
YN fragment in combinationwith YC-TAP1 proved to comple-
ment YFP at the ER membrane. Notably, single expression of
the constructs did not complement a fluorescent YFP.
After confirming the specificity of the BiFC assay, we

screened various deletion mutants of UL49.5. As shown in Fig.
3C, both N- and C-terminally truncated UL49.5 variants inter-
act with the TAP complex (Fig. 3C). Thus the ER lumenal and
cytosolic domains of UL49.5 are independently dispensable for
TAP interaction. Complementation of fluorescent YFP further
attests the expression and ER targeting of the constructs. The
UL49.5-TAP interactions revealed by BiFC were confirmed in
different cell lines (e.g.HEK293T, MJS, and COS) and are con-
sistent with the co-immunoprecipitations detailed below.
In Vivo and in Vitro Screens for UL49.5 Function—We next

examined the activity of UL49.5 with respect to inhibition of
peptide translocation into the ER and MHC class I surface

FIGURE 3. BiFC screen. A, subcellular localization of EGFP fusion proteins. HeLa cells were transiently trans-
fected with UL49.5-EGFP constructs, and fixed cells were analyzed by confocal laser scanning microscopy after
staining with an anti-calnexin antibody. In the overlay, colocalization is marked in yellow (scale bar, 10 �m).
B, visualization of interactions between UL49.5 and the PLC using BiFC. YFP (YN) was fused to the C terminus of
UL49.5 variants and YFP (YC) was fused to the N terminus of TAP1. Yellow fluorescence was monitored in a
perinuclear compartment upon interaction of UL49.5 with TAP1. Nuclei were stained with 4�,6�-diamino-2-
phenylindole. The type I membrane protein Shrew-1 was used as a negative control (scale bar, 10 �m).
C, summary of the analyzed constructs within the BiFC interaction screen. The ER lumenal domain (open bars),
the transmembrane domain (black bars), and the C-terminal domain of UL49.5 (gray bars) are indicated. Each
time, a representative of minimum five independent experiments is shown. wt, wild type.
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expression in human cells. UL49.5 and the reporter EGFP were
translated from a single bicistronicmRNAusing an IRES.MHC
I surface expression of transfected EGFP-positive cells was
monitored by fluorescence-activated cell sorting (FACS).
UL49.5 induced down-regulation of MHC I surface expression
(�85%) similar to US6 from HCMV and ICP47 from HSV-1
(Fig. 4, A and B). Noteworthy, the transfection efficiency was
comparable for all constructs (supplemental Fig. S3). MHC I
surface expression of UL49.5-positive cells was rescued in the
presence of the proteasome inhibitor Cbz-L3, demonstrating
that the inhibitory functionofUL49.5 is linked to a proteasome-
dependent process (see below). By contrast, UL49.5�tail medi-
ated an MHC I down-regulation of only 60% (Fig. 4, A and B).
These results were confirmed in different cell lines (MJS,
COS-7, and HEK293T). For functional studies, UL49.5-trans-
fected cells were sorted and subsequently analyzed for TAP
inhibition using an in vitro transport assay. Consistent with the
observed MHC I down-regulation, wild type UL49.5 inhibited
peptide translocation into the ER (�90%), whereas the tail-less
factor caused a reduction of �60% (Fig. 4C). The expression
level of the UL49.5 constructs was in a similar range as shown
by immunoblotting (Fig. 5A). As a matter of fact, the ER lume-
nal domain of UL49.5 could not be expressed alone. Taken
together, an efficient in vivo and in vitro screening method has
been established that allows for analyzing TAP inhibition by
UL49.5 variants.
The Cytosolic C-terminal Tip of UL49.5 Is Essential for Tar-

geted Degradation of TAP—Because the short extramembrane
domains of the viral factor lack a defined tertiary structure,

systematically truncated variants of
UL49.5 were generated as an effec-
tive approach for the identification
of functionally relevant elements.
Strikingly, all C-terminal trunca-
tions caused a down-regulation of
MHC I surface expression compa-
rable with that of UL49.5�tail (Fig.
5A). Already the deletion of a single
C-terminal residue (Gly75) altered
MHC I surface expression to the
level of the tail-less mutant. Con-
sistent with this result, the removal
of one or two residues at the C ter-
minus prevents TAP degradation
(Fig. 5B). Notably, TAP1 and TAP2
are equally affected. In the presence
of the proteasomal inhibitor Cbz-
L3, the reduction of MHC I surface
expression caused by wild type
UL49.5 was reduced to the level of
the tail-less mutant (Fig. 5C), dem-
onstrating that the proteasomal
degradation of TAP limits the sup-
ply of antigenic peptides. However,
although inactive in TAP degrada-
tion, UL49.5�C3 interacts specifi-
cally with the TAP complex (Fig.
5D), demonstrating that the C-ter-

minal tip of UL49.5 is directly involved in proteasomal degra-
dation of TAP.
The ER Lumenal Domain of UL49.5 Is an Integral Element for

TAP Degradation—We next generated N-terminally truncated
variants of UL49.5 to explore the function of the ER lumenal
domain. For correct ER targeting and leader peptide process-
ing, the signal sequence and two additional residues down-
streamwere preserved. Similar expression levels and correct ER
targeting of the truncated proteins were confirmed by immu-
noblotting (Fig. 6A). It is worth mentioning that differences in
themolecular size of small membrane proteins (5–9 kDa), such
as UL49.5, cannot be resolved by Tricine SDS-PAGE. However,
increasing the molecular mass by split YFP (YN) fusion allows
for proving correct processing of the constructs (supplemental
Fig. S4). Only the UL49.5�N25, which places the cleavage site
close to the membrane interface, showed reduced leader pep-
tide processing (�50%). As a result, UL49.5 variants lacking 10
or more N-terminal residues were inactive in down-regulation
of MHC I surface expression (Fig. 6A). Strikingly, the UL49.5
variant lacking five N-terminal residues (UL49.5�N5) was
already drastically impaired tomediate degradation of the TAP
complex. These findings directly correlate with peptide trans-
location assays performed with FACS-sorted cells, which were
transfected with UL49.5 variants (Fig. 6C). Consistent with the
failure to inhibit TAP, these UL49.5 truncations did not induce
TAPdegradation (Fig. 6B). Remarkably, however, UL49.5�N10
still binds specifically to TAP (Fig. 6D). This result is in agree-
mentwith theBiFC analysis (Fig. 3C), which showed thatN-ter-
minally truncated UL49.5 interacted with TAP specifically.

FIGURE 4. Functional in vivo screen of UL49.5 mutants. A, down-regulation of MHC I surface expression. HeLa
cells were transiently transfected with pIRES-EGFP-UL49.5 constructs. MHC I molecules were stained with a
PE-coupled W6/32 antibody and transfected cells (EGFP expression) were analyzed (solid line). As negative
controls, fluorescence of cells transfected with the empty vector (dashed black line) and cells stained with the
isotope control (dashed gray line) were used. As positive controls, the US6 protein from HCMV and ICP47 from
HSV-1 were investigated. B, quantitative analysis of MHC I surface expression. Cells transfected with the empty
vector were used as a negative control (c) and set as 100%. C, inhibition of peptide transport. Transiently
transfected HeLa cells were sorted via their green fluorescence and semi-permeabilized, and an equal number
of cells (1 � 106) were used in peptide translocation assays as described in Fig. 1, in the presence of 10 mM ATP
(filled bars) or apyrase (open bars). In each case, a representative of minimum three independent experiments
is shown. wt, wild type.
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Based on these findings, the ER lumenal domain of UL49.5
plays a crucial role in inhibition as well as targeted degradation
of TAP. In particular, the region from residues 7 to 12 acts as a
critical regulatory element, which, in concertwith the cytosolic,
C-terminal tip of UL49.5, promotes TAP degradation. This
demonstrates that full activity of UL49.5 requires a multi-step
action of both the cytosolic C-terminal tip as well as the ER
lumenal element.

DISCUSSION

Homologs of UL49.5 are encoded by all herpesviruses
described to date (37); however, only proteins from the genus
varicellovirus affect PLC function. Interestingly, UL49.5
encoded byBHV-1 employs a dualmode of action; however, the
molecular details are not understood. Themajor findings of our
current study are: (i) the identification of TAP1 and TAP2
within the PLC as the prime target of UL49.5, (ii) the determi-
nation of the active entity of UL49.5, (iii) the identification of

residues within the ER lumenal and cytosolic domain of UL49.5
essential for inhibition and degradation of the PLC, and (iv) the
discovery of a unique concerted action of two compartmental-
ized elements of UL49.5 signaling across the ER membrane to
induce targeted degradation of TAP.
In this study, we implemented several new approaches to

dissect the function and inhibitory mechanism of UL49.5. We
employed effective in vivo screens, which revealed factors that
interact with the PLC and cause MHC I down-regulation and
combined these with in vitro assays (peptide translocation and
co-immunoprecipitation). Using mammalian and insect cells,
we thereby identified TAP as the prime target of UL49.5.
Importantly, no additional viral factors are required for the
unique action of UL49.5 on TAP function.
In early stages of infection, UL49.5 is present as a monomer

and as a disulfide-linked homodimer, whereas at later stages,
the glycoprotein M (gM) heterodimerizes with UL49.5 to pro-
mote maturation of infectious virions (22, 23). To identify the

FIGURE 5. The last C-terminal residues of UL49.5 are essential for TAP
degradation. A, down-regulation of MHC I surface expression. Transiently
transfected HeLa cells were analyzed as described in the legend to Fig. 2.
Expression level of the UL49.5 variants in HeLa cells was analyzed by immu-
noblotting. B, TAP degradation of C-terminal UL49.5 variants. After transient
transfection of HeLa cells with different pIRES-EGFP-UL49.5 constructs and
stimulation with interferon-� (500 units/ml), EGFP-positive cells were sorted
and subjected to SDS-PAGE and immunoblotting using antibodies against
TAP1 and TAP2. Cells transfected with the empty vector were sorted and used
as a control (c). C, effect of a proteasomal inhibitor. MHC I down-regulation
was analyzed in the presence and absence of the proteasomal inhibitor
Cbz-L3 (20 �M). Each time, a representative of minimum three independent
experiments is shown. D, interaction of C-terminal mutants with the PLC.
Co-immunoprecipitations (IP) with Sf9 microsomes using a TAP2-specific
antibody were performed as described in the legend to Fig. 1. S, solubilized
fraction; P, immunoprecipitate; �, mock precipitation. wt, wild type.

FIGURE 6. ER lumenal elements of UL49.5 are required for targeted deg-
radation of TAP. A, down-regulation of MHC I surface expression. Transiently
transfected HeLa cells were analyzed as described in the legend to Fig. 2.
B, TAP degradation by N-terminally truncated UL49.5. After transient trans-
fection of HeLa cells with the different UL49.5 variants and stimulation with
interferon-� (500 units/ml), the cells were sorted via their green fluorescence
and subjected to SDS-PAGE and immunoblotting as described in Fig. 5.
C, inhibition of peptide transport. Transiently transfected HeLa cells were
sorted on the basis of their green fluorescence and the same amount of cells
(1 � 106) was used in peptide translocation as described in Fig. 1, in the
presence of 10 mM ATP (filled bars) or apyrase (open bars). D, interaction of
N-terminal truncated variants with the PLC. Co-immunoprecipitations (IP)
with Sf9 microsomes using a TAP2-specific antibody were performed as
described in Fig. 1. S, solubilized fraction; P, immunoprecipitate; �, mock
precipitation. Each time, a representative of minimum three independent
experiments is shown. wt, wild type.
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active entity of UL49.5, we constructed cysteine mutants. We
demonstrate that monomeric UL49.5 is the active entity and
that the disulfide-linked homodimer is a structural rather than
a functional assembly. Interestingly, Cys21, which is required
for interactionwith gMat later stages of the infection cycle (26),
is also responsible for homodimer formation.
We furthermore studied binding sites of UL49.5 at the TAP

complex by co-immunoprecipitation and in vivo BiFC screens.
On the strength of these results, we conclude that UL49.5 can
bind independently to eachTAP subunit via its transmembrane
region. Because UL49.5 inactivates both human and bovine
TAP (38), it should bind to a conserved region within the TAP
complex. In fact, a high sequence conservation is found in the
coreTAP complex (6) amongmammalianTAPproteins (�80%
sequence identity), whereas the N-terminal domains are diver-
gent, between TAP1 and TAP2 as well as between TAP sub-
units of different species. However, the conserved amino acids
within core TAP subunits are evenly distributed, so that ab
initio no precise binding site can be deduced from sequence
alignments.
UL49.5 employs a unique strategy for immune evasion,

implying independent domains for specific functions. We thus
intended to identify and functionally dissect essential elements
required for inhibition and proteasomal degradation of the
TAP complex. Interestingly, sequence alignments of the vari-
celloviral UL49.5 proteins reveal a uniqueC-terminal extension
of the BHV-1 protein, suggesting an exclusive function of this
region (Fig. 7). We demonstrate that, upon removal of two res-
idues at the C terminus, UL49.5 is unable to induce proteaso-
mal degradation of the TAP complex, thus displaying the same

phenotype asUL49.5 lacking the entire cytosolic tail. In conclu-
sion, the cytosolic C-terminal tip of UL49.5 is essential for TAP
degradation. This finding is consistent with the observation
that fusion of any tag to the C terminus (e.g. His10 or YFP)
interferes with UL49.5 function, whereas the interaction with
TAP is preserved.4 However, it remains elusive how sequence
elements within the C-terminal tail of UL49.5 contribute to
proteasomal degradation (see below).
Based on these results we speculated that the cytosolic tail of

UL49.5 could function as a sole entity.However, replacement of
the C terminus of tapasin or human TAP1 by the cytosolic tail
of UL49.5 did not induce TAP degradation. Moreover,
exchange of the C-terminal tail of the varicella zoster homolog
ofUL49.5, which specifically interactswithTAP, did not induce
degradation of the PLC. Both unpublished findings, together
with our results from systematic truncations of the ER lumenal
domain led to the discovery of an additional element for pro-
teasomal degradation in the cytosol. Although specifically
bound to TAP via its transmembrane region, UL49.5�N10 fails
to block peptide translocation into the ER and subsequent anti-
gen presentation.
In summary, inhibition of antigen processing via MHC class

I is altered by deletion of the C terminus as well as by deletion of
the ER lumenal domain of UL49.5. Only if both elements are
present, is the viral factor active with respect to targeted degra-
dation of the TAP complex and MHC I down-regulation, indi-
cating an additive effect of both domains (Fig. 7). The “AND”
gate mechanism implies that two positive elements are needed
to set the degradation signal. This is reminiscent of the type-I
ER membrane protein US2 encoded by HCMV, which induces
proteasomal degradation ofMHC Imolecules. US2 binds newly
synthesizedMHC Imolecules via the ER lumenal domains (39),
whereas the transmembrane region and the cytosolic tail work
in concert to eliminateMHC Imolecules (40). For UL49.5 from
BHV-1, signaling is more complex, because it occurs across the
ER membrane interface. Different scenarios can be envisaged.
The most straightforward idea is that the C-terminal residues
of UL49.5 contribute to specific recognition of an E2/E3 ligase
or another component of the cellular ubiquitination machin-
ery. However, a yeast two-hybrid approach using parts of
UL49.5 as bait to screen cDNA libraries did not disclose a puta-
tive interaction partner so far, suggesting amore complexmod-
el.4 In our study we found a clear interdependency between
unique sequence elements of UL49.5 across the ERmembrane,
thus favoring the idea that the ER lumenal domain of UL49.5
stabilizes a transport intermediate of TAP. This event is com-
municated across the membrane to the C-terminal tip of
UL49.5, finally triggering proteasomal degradation of the TAP
complex. Actually, among all UL49.5 proteins active in TAP
inhibition (suid herpesvirus-1, equine herpesvirus-,1 and BHV-
1), two residues (9RXE11), deleted in the UL49.5�N10, which
can neither promote TAP inhibition nor proteasomal degrada-
tion, are highly conserved and might thus play an important
role within this process. Notably, deletion of only five amino
acids (UL49.5�N5) led to a significant, however somewhat less

4 S. Loch, F. Klauschies, C. Schölz, J. Koch, and R. Tampé, unpublished results.

FIGURE 7. Inhibition mechanism of UL49.5. UL49.5 binds to the TAP com-
plex via its transmembrane region. To inhibit TAP, the N-terminal region of
UL49.5 in the ER leads to a conformational arrest of the TAP complex, which is
communicated to the C-terminal tail of UL49.5 across the ER membrane. This
process requires an N-terminal sequence stretch between residues 7 and 12
and the last two C-terminal residues (underlined). Additive action of both
domains triggers proteasomal degradation of the TAP complex. Functionally
relevant sequences stretches within the N- and C-terminal domains of UL49.5
from BHV-1 are related to homologs of suid herpesvirus-1 and equine herpes-
virus-1. Conserved residues at the N terminus (9RXE11) are highlighted.
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pronounced phenotype. It remains elusive how exactly the deg-
radation is initiated and coordinated. We cannot make out
whether UL49.5 directly contributes to the degradation (by
recruiting additional cellular factors) or whether the degrada-
tion results from a collateral effect, where UL49.5 distorts the
structure of the PLC and, upon signal transmission drives the
degradation signal across the membrane, finally leading to ER-
associated degradation (Fig. 7). Whether UL49.5 itself and/or
specific components of the PLC are marked for degradation by
polyubiquitination still remains obscure but will be further
investigated in detail.
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FEBS Lett. 351, 443–447
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