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The human cytomegalovirus (HCMV) protein US6 inhibits the transporter associated with antigen process-
ing (TAP). Since TAP transports antigenic peptides into the endoplasmic reticulum for binding to major
histocompatibility class I molecules, inhibition of the transporter by HCMV US6 impairs the presentation of
viral antigens to cytotoxic T lymphocytes. HCMV US6 inhibits ATP binding by TAP, hence depriving TAP of
the energy source it requires for peptide translocation, yet the molecular basis for the interaction between US6
and TAP is poorly understood. In this study we demonstrate that residues 89 to 108 of the HCMV US6 luminal
domain are required for TAP inhibition, whereas sequences that flank this region stabilize the binding of the
viral protein to TAP. In parallel, we demonstrate that chimpanzee cytomegalovirus (CCMV) US6 binds, but
does not inhibit, human TAP. The sequence of CCMV US6 differs from that of HCMV US6 in the region
corresponding to residues 89 to 108 of the HCMV protein. The substitution of this region of CCMV US6 with
the corresponding residues from HCMV US6 generates a chimeric protein that inhibits human TAP and
provides further evidence for the pivotal role of residues 89 to 108 of HCMV US6 in the inhibition of TAP. On
the basis of these observations, we propose that there is a hierarchy of interactions between HCMV US6 and
TAP, in which residues 89 to 108 of HCMV US6 interact with and inhibit TAP, whereas other parts of the viral
protein also bind to TAP and stabilize this inhibitory interaction.

The major histocompatibility (MHC) class I antigen presen-
tation pathway plays a central role in the immune response to
viral infection. MHC class I molecules are expressed on the
plasma membranes of all nucleated cells and present peptides
derived from intracellular proteins to cytotoxic T lymphocytes
(CTLs). CTLs monitor these MHC class I molecules for pep-
tides derived from viral proteins and kill the infected cells. The
presentation of antigenic peptides to CTLs represents the end
point of a complex multistep pathway. The vast majority of
peptides presented by MHC class I molecules are generated by
the degradation of proteins in the cytosol by the proteasome
complex (38). These peptides are then translocated into the
lumen of the endoplasmic reticulum (ER) by the transporter
associated with antigen processing (TAP) (1). MHC class I
molecules are assembled in the ER by a process that involves
ER-resident chaperones (5). Peptide binding represents the
final step of MHC class I molecule folding and is facilitated by
the TAP-associated molecule tapasin, which links the nascent
MHC class I molecules to TAP to form the “peptide-loading
complex” (5). Only once they have bound peptides can MHC
class I molecules dissociate from this complex and exit the ER
for transport to the plasma membrane.

TAP is a member of the ATP binding cassette (ABC) family
of transporters, whose members couple ATP hydrolysis to the
translocation of a broad spectrum of different substrates across
cellular membranes (1, 29, 42). All ABC transporters have two
nucleotide-binding domains (NBDs) and two polytopic mem-

brane domains (29). The highly conserved NBDs of ABC
transporters bind and hydrolyze ATP energizing transport,
whereas the membrane domains translocate the substrate
across the membrane. TAP is a heterodimer, composed of the
TAP1 and TAP2 subunits (19), both of which have an N-
terminal polytopic membrane domain and a cytosolic C-termi-
nal NBD. The TAP1 membrane domain spans the membrane
10 times, with both the N and C termini in the cytosol (14, 39).
TAP2 is predicted to span the membrane nine times, with the
N terminus of the membrane domain in the ER lumen and the
C terminus in the cytosol (14, 39). The C-terminal six trans-
membrane domains of TAP1 and TAP2 combine to form the
core unit of the transporter that is responsible for peptide
binding and translocation, whereas the N-terminal transmem-
brane domains of TAP1 and TAP2 interact with tapasin (21,
22, 28, 36).

Since the vast majority of peptides presented to CTLs re-
quire translocation into the ER by TAP, it is not surprisingly
that many viruses interfere with this transport step (3, 8, 12, 17,
18, 23-25, 30, 35, 37, 41). Human cytomegalovirus (HCMV)
encodes the protein US6, which is an ER-localized type I
integral membrane glycoprotein that inhibits peptide translo-
cation by TAP (2, 15, 27). By inhibiting TAP, HCMV US6
decreases cell surface expression of MHC class I molecules and
hence reduces CTL killing (2, 15, 27). HCMV US6 does not
block peptide binding by TAP but inhibits ATP binding and
hydrolysis by the transporter (2, 15, 16, 26, 27). In effect,
HCMV US6 starves TAP of the energy source that it requires
for peptide translocation. The inhibition of ATP binding is an
indirect conformational effect, as only the ER luminal domain
of HCMV US6 is required to inhibit ATP binding by the
cytosolic TAP1 NBD (16, 26).
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How HCMV US6 binds to TAP and inhibits ATP binding
and peptide translocation by the transporter is poorly under-
stood. Therefore, in order to investigate the molecular basis
for the interaction between HCMV US6 and TAP, we per-
formed a systematic analysis of the HCMV US6 sequence. We
establish that residues 89 to 108 of the HCMV US6 luminal
domain are required for TAP inhibition, whereas other
HCMV US6 sequences stabilize the interaction with TAP. In
addition, we characterize the chimpanzee cytomegalovirus
(CCMV) US6 protein, which we show in contrast to its HCMV
orthologue, can bind but cannot inhibit human TAP. We dem-
onstrate that this is because CCMV US6 differs in its sequence
within the region that corresponds to residues 89 to 108 of
HCMV US6 and that substitution of these residues with those
from HCMV US6 generates a chimeric US6 protein that in-
hibits human TAP. Together, these data demonstrate that dis-
tinct regions of HCMV US6 are required for TAP inhibition
and for stabilization of the interaction between the viral pro-
tein and transporter.

MATERIALS AND METHODS

Materials. Unless otherwise stated, all reagents were supplied by Sigma.
DNA constructs. (i) HLA-B2705 and control constructs. pCR3-HLA-B2705

and pCR3-HLA-B2705-V5, which encode HLA-B2705 and a V5 epitope-tagged
HLA-B2705 (4), respectively, were kind gifts from A. Antoniou (University
College London); pcDNA3.1(�)Pac (16) was used as the control vector in
transfections.

(ii) Full-length HCMV US6 constructs. pcDNA3.1(�)Pac-US6 encodes
HCMV US6, with a FLAG epitope tag fused to the C terminus of US6 (16).
pEGFP-N1-HCMV US6 encodes a green fluorescent protein (GFP)-tagged
HCMV US6. To generate this construct, HCMV US6 was amplified with the
primers HUS6-5� and HUS6-3� no stop using pcDNA3.1(�)Pac-US6 as a tem-
plate; the resultant PCR product was cloned as a XbaI-EcoRI fragment into the
NheI-EcoRI sites of pEGFP-N1 (Clontech).

(iii) N-terminal HCMV US6 deletions. The constructs pcDNA3.1(�)Pac-
US6�N20 and pcDNA3.1(�)Pac-US6�N40 encode FLAG-tagged N-terminal
HCMV US6 deletions that lack the N-terminal 20 (US6�N20) and 40 residues
(US6�N40), respectively (16). Further N-terminal deletion constructs were gen-
erated with a C-terminal FLAG epitope tag, and these constructs were cloned
into pcDNA3.1(�)Pac-hGHSS (16) downstream of the human growth hormone
signal sequence (hGHSS) to replace the HCMV US6 signal sequence that was
removed in the construction of these deletions. HCMV US6�N80 was amplified
with the primers HUS6�N80-5� and HUS6-3�; HCMV US6�N90 was amplified
with the primers HUS6�N90-5� and HUS6-3�. The PCR products were cloned as
EcoRI-KpnI fragments into the same sites of pcDNA3.1(�)Pac-hGHSS to gen-
erate pcDNA3.1(�)Pac-US6�N80 and pcDNA3.1(�)Pac-US6�N90.

(iv) C-terminal HCMV US6 deletions. The constructs pcDNA3.1(�)PacUS6�
C39 and pcDNA3.1(�)PacUS6�C59 encode FLAG-tagged N-terminal deletions
that lack the C-terminal 39 (US6�C39) and 59 residues (US6�C59) of HCMV US6,
respectively (16). Further C-terminal deletion constructs were generated in which
the C terminus of the deletion was fused to a FLAG epitope tag. HCMV US6�
C49 was amplified by PCR with the primers HUS6-5� and HUS6�C49-3�;
HCMV US6�C79 was amplified with the primers HUS6-5� and HUS6�C79-3�.
The PCR products were cloned as XbaI-KpnI fragments into the NheI-KpnI
sites in pcDNA3.1(�)Pac to generate pcDNA3.1(�)Pac-US6�C49 and
pcDNA3.1(�)Pac-US6�C79.

(v) HCMV US6 tetra-alanine mutants. Tetra-alanine mutations were intro-
duced into HCMV US6, spanning residues 81 to 115. Mutagenesis was per-
formed using the Stratagene QuikChange site-directed mutagenesis kit per the
manufacturer’s instructions using pcDNA3.1(�)Pac-US6 as a template. To mu-
tate residues 81 to 84, 85 to 88, 89 to 92, 93 to 96, 97 to 100, 101 to 104, 105 to
108, 109 to 112, and 112 to 115 of HCMV US6, the sense oligonucleotides used
were HUS6 81-84, HUS6 85-88, HUS6 89-92, HUS6 93-96, HUS6 97-100, HUS6
101-104, HUS6 105-108, HUS6 109-112, and HUS6 112-115, respectively. In
each instance, the antisense oligonucleotide was the exact complement.

(vi) CCMV US6 constructs. The open reading frame of CCMV US6 was
amplified from CCMV genomic DNA (10) (a kind gift from A. Davison, Uni-
versity of Glasgow) by PCR with primers CUS6-5� and CUS6-3�. The resultant

product was cloned into pcDNA3.1(�)Pac as an EcoRI-BamHI fragment to
generate pcDNA3.1(�)Pac-CCMV-US6 encoding the CCMV protein with a
C-terminal FLAG epitope tag. The chimeric US6 construct was generated such
that the DNA encoding amino acid residues 97 to 101 of CCMV US6 was
replaced with that of residues 92 to 96 of HCMV US6. The CCMV US6 S99A
glycosylation mutant was generated by mutating serine 99 to an alanine, hence
abolishing the second predicted glycosylation site. The CCMV US6 N97D/S99D
mutant was generated by substituting CCMV US6 asparagine 97 and serine 99 to
aspartate residues. Mutagenesis was performed with the Stratagene QuikChange
kit using pcDNA3.1(�)Pac-CCMV-US6 as a template. The sense oligonucleo-
tides used for the US6 chimera, CCMV US6 glycosylation mutant, and CCMV
US6 N97D/S99D mutant were US6-chimera, CUS6-S99A, and CUS6-N97D/
S99D, respectively; the antisense oligonucleotides were the exact complement.

(vii) Oligonucleotides. The oligonucleotides used were as follows: HUS6-
5�, TATATCTAGAATGGATCTCTTGATTCGTCT; HUS6-3�, ATATGGT
ACCTTATTTATCATCATCATCTTTGTAATCGGAGCCACAACGTCGA
ATCCC; HUS6-3� no stop, CGGAATTCCGGAGCCACAACGTCGAAT
CCC; HUS6�N80-5�, ACACGAATTCACCTGTCAACGAGTCCGTCGG;
HUS6�N90-5�, GACCTCAGAATTCTGTGATTTGGATATTCATCCTAGCC;
HUS6�C49-3�, ACACGAATTCTTATTTATCATCATCATCTTTGTAATCCCA
AACGGCCCCGTCACAGAC; HUS6�C79-3�, ATATGGTACCTTATTTATCA
TCATCATCTTTGTAATCGACTCGTTGACAGGTCAGCCT; HUS6 81-84, AA
CCTTGAGGGTAGGCTGGCCGCTGCAGCAGTCCGTCGGCTACTGCC;
HUS6 85-88, AGGCTGACCTGTCAACGAGCCGCTGCGGCACTGCCCTG
TGATTTGGAT; HUS6 89-92, CAACGAGTCCGTCGGCTAGCGGCCGCT
GCTTTGGATATTCATCCTAGC; HUS6 93-96, CGGCTACTGCCCTGTGA
TGCGGCTGCTGCTCCTAGCCACCGGTTGTTA; HUS6 97-100, TGTGAT
TTGGATATTCATGCTGCCGCCGCGTTGTTAACGCT-TATGAAT; HUS6
101-104, TATTCATCCTAGCCACCGGGCGGCAGCGGCTATGAATAACT
GCGTCTGTG; HUS6 105-108, CACCGGTTGTTAACGCTTGCGGCTGCC
GCCGTCTGTGACGGGGCCGTTTG; HUS6 109-112, ACGCTTATGAATA
ACTGCGCCGCTGCCGCGGCCGTTTGGAACGCGTTTCG; HUS6 112-115,
GAATAACTGCGTCTGTGACGCGGCCGCTGCGAACGCGTTTCGCTTG
ATAG; CUS6-5�, ACACGAATTCACCATGCGGTACCTAGGACTTTTG;
CUS6-3�, ATATGGATCCTTATTTATCATCATCATCTTTGTAATCGGAG
CCGCAACGTCGGGAACT; US6-chimera, TCAGCCGTCTCCTGCCCTGC
GATCTGGATATCCACCCCAGCCACCGACTGCTGTT; CUS6-S99A, GTC
TCCTGCCCTGCAACGCCGCCGGCCTGCGGCCCAGCCACCG; and CUS6-
N97D/S99D, AGCCGTCTCCTGCCCTGCGACGCCGACGGCCTGCGGCCCA
GCCAC.

Antibodies. The following antibodies were used: ME1 (11), a monoclonal
antibody (MAb) that recognizes HLA-B2705 (a kind gift from S. Powis, Univer-
sity of St. Andrews); R.RING4C, a rabbit antipeptide antibody raised against the
C terminus of TAP1 (34); SV5-Pk1, a MAb that recognizes the V5 epitope tag
(Serotec); M2, a MAb that recognizes the FLAG epitope tag (Sigma); and a
rabbit anticalreticulin antibody (Calbiochem). Secondary antibodies were from
Jackson ImmunoResearch.

Cell culture and transfections. The cervical carcinoma HeLa-M cell line and
chimpanzee fibroblast cell line WES (American Type Culture Collection) were
grown in Dulbecco modified Eagle medium supplemented with 10% fetal calf
serum. For transfection, cells were plated into six-well dishes in 1.5 ml of medium
per well; the next day, 10 �l of 1 �g/ml polyethylenimine (Polysciences Inc.) in
20 mM HEPES (pH 7.4) and 2 �g of DNA were added to 1 ml of serum-free
medium, mixed by vortexing, incubated for 15 min, and added to the cells. In
cotransfection experiments, 0.5 �g of pCR3-HLA-B2705 was mixed with 1.5 �g
of either the control vector or US6 expression construct. Two milliliters of fresh
medium containing serum was added 24 h posttransfection, and the cells were
analyzed 48 h posttransfection. Stable transfectants of HeLa-M cells were se-
lected with 1.2 �g/ml puromycin and subcloned into 96-well plates. Clones
expressing the FLAG-tagged constructs were screened by immunoblotting with
the anti-FLAG epitope tag MAb M2.

Immunofluorescence microscopy. Prior to transfection, HeLa-M cells were
seeded onto glass coverslips in six-well dishes. Two days posttransfection, the
cells were washed twice with phosphate-buffered saline (PBS), fixed in PBS
containing 4% paraformaldehyde for 20 min, washed with PBS, and permeabil-
ized in PBS containing 0.1% Triton X-100 for 10 min. After a further three
washes with PBS, the coverslips were blocked with PBS containing 10% FCS for
1 h, then incubated with primary antibodies diluted into PBS for 1 h, washed with
PBS, and incubated with fluorophore-conjugated secondary antibodies for 1 h.
Cells were washed twice with PBS and rinsed in distilled water, and coverslips
mounted onto glass slides. Antibody fluorescence was visualized with a Zeiss
Axioplan 2 microscope.
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Endo H digestion of cell lysates. Cells were harvested by centrifugation at
400 � g in a benchtop centrifuge, washed once with PBS, and lysed at a density
of 2 � 107/ml into Tris-buffered saline (TBS), pH 7.4, 1% Triton X-100, 5 mM
iodoacetimide, and 1 mM phenylmethylsulfonyl fluoride. After 30 min on ice, the
lysate was spun in a microcentrifuge at 13,000 � g and 4°C for 10 min, and the
supernatant was retained. The supernatant was divided into two, and endogly-
cosidase H (Endo H) (New England BioLabs) was added to one of the samples
(according to the manufacturer’s instructions), and the other sample was mock
digested, before analysis by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE).

Immunoprecipitation of cell lysates. Cells were harvested by centrifugation at
400 � g in a benchtop centrifuge and washed once with PBS. Cells were lysed at
a density of 2 � 107/ml in TBS (pH 7.4), 1% digitonin (Wako), 5 mM iodoacetimide,
and 1 mM phenylmethylsulfonyl fluoride. After 30 min on ice, the lysate was spun
in a microcentrifuge at 13,000 � g at 4°C for 10 min, and the supernatant was
retained. M2-conjugated agarose beads were added to the supernatant and
mixed by rotation for 2 h. The agarose beads were then washed three times with
TBS containing 0.1% digitonin, once in TBS before the addition of SDS-PAGE
sample buffer and analysis by SDS-PAGE.

Flow cytometry. Transfectants were stained on ice with ME1 MAb in PBS and
0.1% bovine serum albumin, and antibody staining was visualized with a goat
anti-mouse Cy5-conjugated secondary antibody. Cells were fixed in PBS and 4%
formaldehyde prior to flow cytometric analysis. Cell-associated fluorescence was
analyzed with a Becton Dickinson FACSCalibur. The cell population was gated
to exclude debris, and 10,000 gated events were analyzed. For each sample, the
mean fluorescence value (MFV) of the total cell population including both
transfected and untransfected cells was determined using Cell Quest software.
The data were then normalized for each experiment by calculating the level of
HLA-B2705 expression as a percentage of the MFV of the positive control (cells
transfected with HLA-B2705 and control vector) after subtracting the MFV of
the negative control (cells transfected with control vector only).

ATP-agarose binding assay. ATP-agarose binding was performed as described
previously (16).

Peptide translocation assay. Peptide translocation with streptolysin O (SLO)-
permeabilized cells using a fluorescein-labeled peptide with the sequence CVN
KTERAY was performed as described previously (23).

Immunoblotting. Transfer of SDS-polyacrylamide gels onto polyvinylidene
difluoride (PVDF) membranes and incubation with specific antibodies was per-
formed as described previously (27).

RESULTS

HCMV US6 inhibits cell surface expression of the TAP-
dependent allele HLA-B2705. In order to delineate the se-
quence requirements for the interaction with and inhibition of
TAP by HCMV US6, we performed a systematic analysis of
the HCMV US6 sequence. To test whether the US6 mutants
generated in this study were functional, we developed a novel
transient-cotransfection flow cytometric assay to assess the in-
hibition of TAP. This assay utilized HLA-B2705, a MHC class
I allele that is dependent on TAP for peptide loading and cell
surface expression (9, 40). HeLa cells do not express HLA-
B2705 endogenously (6); correspondingly, only background
binding by the ME1 antibody, a conformation-specific antibody
that recognizes mature peptide-loaded HLA-B2705 (11), was
detected by flow cytometry when HeLa-M cells were trans-
fected with the control vector pcDNA3.1(�)Pac (Fig. 1A).
Cotransfection of a construct encoding HLA-B2705 with the
control vector resulted in the dramatic increase in the level of
binding of ME1 to a substantial proportion of the HeLa-M
cells, consistent with the expression of HLA-B2705 on the
plasma membranes of cells transfected with the HLA-B2705
cDNA (Fig. 1A). Typically, 40 to 60% of the HeLa-M cells
transfected with HLA-B2705 had an increased level of ME1
binding, indicating that the transfection efficiency was corre-
spondingly 40 to 60%. In contrast, when HeLa-M cells were
cotransfected with HLA-B2705 and HCMV US6, the cell sur-

face expression of HLA-B2705 was substantially reduced com-
pared to that of cells cotransfected with HLA-B2705 and the
control vector (Fig. 1A). Furthermore, when cotransfected
with a GFP-tagged HCMV US6, HLA-B2705 colocalized with
the ER-resident protein US6, whereas HLA-B2705 was local-
ized to the plasma membrane in cells cotransfected with the
control vector (Fig. 1B). This demonstrates that HCMV US6
does not block synthesis of HLA-B2705, but rather by inhibit-
ing TAP, US6 prevents peptide binding by HLA-B2705, which
is as a consequence retained in the ER. As such, we conclude
that cell surface expression of HLA-B2705 can be used as a
convenient and sensitive assay with which to assess TAP inhi-
bition by HCMV US6.

The N-terminal 80 residues of HCMV US6 are not required
for the inhibition of TAP. Previous studies have shown that the
luminal domain of HCMV US6 is sufficient to inhibit TAP and
that the N-terminal 40 residues of HCMV US6 can be deleted
without impairing function (15, 16). To further delineate the
sequence requirements for TAP inhibition by HCMV US6,
deletions lacking the N-terminal 20, 40, 80, and 90 residues of

FIG. 1. HCMV US6 inhibits cell surface expression of HLA-
B2705. (A) Analysis of the effect of HCMV US6 on the expression of
HLA-B2705 at the plasma membrane. HeLa-M cells were either trans-
fected with a control vector or cotransfected with a control vector and
the HLA-B2705 expression construct or cotransfected with HLA-
B2705 and HCMV US6. To detect cell surface expression of HLA-
B2705, the transfectants were stained with the ME1 MAb and a Cy5-
conjugated secondary antibody. Antibody fluorescence was quantified
by flow cytometry. The mean fluorescence value (MFV) for each of the
transfected cell populations is indicated. (B) Analysis of the localiza-
tion of HLA-B2705 in cells cotransfected with HCMV US6. HeLa-M
cells were transfected with V5 epitope-tagged HLA-B2705 expression
construct in combination with either a control vector or with HCMV
US6-GFP. The transfected cells were stained with the anti-V5 epitope
tag MAb SV5-Pk1, which detects the V5 epitope-tagged HLA-B2705
and an anti-mouse Texas red antibody. Antibody and GFP fluores-
cence was detected using a Zeiss Axioplan 2 microscope. The right
panels are merged images of the red and green channels where yellow
indicates colocalization; in these panels, the nuclei are also visualized
with 4�,6�-diamidino-2-phenylindole (DAPI) (blue). Bars, 5 �m.
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HCMV US6 were analyzed (Fig. 2A). By analyzing the dele-
tion constructs in transiently transfected cells, we were able to
extend the analysis of the HCMV sequence to include dele-
tions that lack the N-terminal 80 (HCMV US6�N80) and 90
(HCMV US6�N90) residues, which we had previously been
unable to express in stable cell lines (16). It was not practicable
to normalize the expression levels of the deletion constructs
analyzed in this study. The expression level of HCMV
US6�N40 was lower than that of the other N-terminal dele-
tions (Fig. 2C), but this deletion was nonetheless able to inhibit
the cell surface expression of HLA-B2705 to the same extent as
the full-length protein was (Fig. 2B). Furthermore, HCMV
US6�N90 was unable to reduce cell surface expression of

HLA-B2705, whereas HCMV US6�N80, which was expressed
at a comparable level, inhibited HLA-B2705 cell surface ex-
pression (Fig. 2B). This demonstrates that the N-terminal 80
residues are dispensable for TAP inhibition, while further de-
letion of the HCMV US6 sequence abolishes function. The
inability of HCMV US6�N90 to inhibit cell surface expression
of HLA-B2705 was not due to the mislocalization of this de-
letion. US6�N90 colocalized with the ER-resident chaperone
calreticulin (data not shown), although we cannot discriminate
between either the retention of HCMV US6�N90 in the ER
due to misfolding or the possibility that the protein with this
deletion was properly folded and retained by the same mech-
anism as that for the full-length protein.

FIG. 2. Distinct regions of HCMV US6 are required for TAP binding and inhibition. (A) HCMV US6 deletion constructs. The N-terminal
signal sequence of HCMV US6 is shown in italic type. Residue 1 corresponds to the N terminus after signal sequence cleavage. The N-linked
glycosylation site is shown in bold type, and the predicted transmembrane domain is underlined. Arrows indicate the positions of the N- and
C-terminal truncations. (B) Analysis of the effect of HCMV US6 N-terminal and C-terminal truncations on the cell surface expression of
HLA-B2705. HeLa-M cells were either transfected with a control vector or cotransfected with a control vector and the HLA-B2705 expression
construct or cotransfected with HLA-B2705 and each HCMV US6 truncation. Cell surface expression of HLA-B2705 in the transfectants was
quantified by flow cytometry. The level of HLA-B2705 expression is expressed as a percentage of the MFV of the positive control (cells transfected
with HLA-B2705 and control vector) after subtracting the MFV of the negative control (cells transfected with control vector only). Each bar
represents the level (mean � standard deviation [error bar]) of HLA-B2705 expression calculated from four independent experiments. Statistical
analysis was performed using the Mann-Whitney U test. Those samples with a significantly increased level (P � 0.05) of cell surface HLA-B2705
expression compared to that in cells cotransfected with the HCMV US6 and HLA-B2705 vectors are indicated by an asterisk. (C) Analysis of the
interaction between HCMV US6 truncations and TAP. HeLa-M cells were transfected with the control vector, full-length HCMV US6, or each
HCMV US6 deletion construct. US6 proteins were immunoprecipitated with the anti-FLAG epitope tag antibody M2 and resolved by SDS-PAGE,
transferred onto PVDF membranes, and probed with either TAP1-specific or M2 antibodies. The position of a background band present in all
samples that may correspond to the light chain of the M2 antibody is indicated by an asterisk.
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In parallel, we investigated whether these HCMV US6 de-
letions were able to interact with TAP (Fig. 2C). Cells were
transfected with each of the HCMV US6 N-terminal deletions
and US6 immunoprecipitated with M2, an antibody that is
specific for the C-terminal FLAG epitope tag present in each
deletion. TAP coimmunoprecipitated with all of the N-termi-
nal deletions, although substantially less TAP coimmunopre-
cipitated with HCMV US6�N90. Together, these data dem-
onstrate that the N-terminal 80 residues of US6 are not
required for either the interaction with, or the inhibition of,
TAP. Residues 81 to 90 of HCMV US6 are required for the
inhibition of TAP and may also stabilize the interaction be-
tween US6 and TAP.

The C-terminal 49 residues of HCMV US6 stabilize the
interaction with TAP but are not required for TAP inhibition.
C-terminal deletions were also used to evaluate the sequence
requirements for the interaction with and inhibition of TAP by
US6 (Fig. 2A). All proteins with deletions were expressed at
levels similar to that of the full-length protein with the excep-
tion of HCMV US6�C79, which was expressed at a lower level
(Fig. 2C). Transfection of either HCMV US6�C39, which cor-
responds to the luminal domain of US6, or HCMV US6�C49,
in which a further 10 residues have been deleted from the C
terminus of the protein, reduced cell surface HLA-B2705 ex-
pression to the same extent as the full-length protein did. In
contrast, in cells transfected with the HCMV US6�C59 or
US6�C79 deletion mutants, the level of cell surface HLA-
B2705 was significantly higher than in cells cotransfected with
full-length HCMV US6 (Fig. 2B). This demonstrates that the
C-terminal 59 residues of HCMV US6 are required for the
inhibition of TAP, and this observation is consistent with our
previous study (16). The inability of HCMV US6�C59 and
US6�C79 to inhibit TAP was not due to the mislocalization of
these proteins, as proteins with all of these C-terminal dele-
tions were localized to the ER (data not shown), although it is
possible that the nonfunctional proteins with HCMV US6 de-
letions may be misfolded and retained by the ER quality con-
trol machinery. However, despite inhibiting HLA-B2705 ex-
pression, TAP did not efficiently coimmunoprecipitate with
HCMV US6�C39 and no TAP was detected in HCMV
US6�C49 immunoprecipitates (Fig. 2C). These results show
that while the C-terminal 49 residues of HCMV US6 are dis-
pensable for TAP inhibition, these residues may be required to
stabilize the interaction between HCMV US6 and TAP.

Residues 89 to 108 of HCMV US6 are required for TAP
inhibition, but not for TAP binding and US6 oligomerization.
To define the minimum sequence requirements for TAP inhi-
bition, a double deletion mutant that lacked the N-terminal 80
and C-terminal 49 residues of HCMV US6 was constructed.
This construct encoded residues 81 to 115 of the HCMV US6
sequence, which corresponds to the core region of HCMV US6
required for TAP inhibition, as defined by the deletion analy-
sis. However, we were unable to detect the expression of this
protein (data not shown), suggesting that the simultaneous
deletion of these HCMV US6 N- and C-terminal sequences
results in an unstable protein. An alternative approach was
therefore employed to further dissect the sequence require-
ments for HCMV US6 function. A series of tetra-alanine sub-
stitutions were introduced into HCMV US6 spanning residues
81 to 115 (Fig. 3); all of these mutant proteins were expressed

at levels comparable to that of the wild-type HCMV US6 (Fig.
4B). However, the introduction of tetra-alanine mutations into
residues 89 to 108 of HCMV US6 significantly impaired the
ability of the viral protein to inhibit HLA-B2705 expression at
the plasma membrane (Fig. 4A).

Despite impairing the ability of HCMV US6 to inhibit HLA-
B2705 expression, the introduction of tetra-alanine substitu-
tions into residues 89 to 108 did not affect TAP binding (Fig.
4B). As such, TAP binding is in itself insufficient for effective
inhibition of the transporter, suggesting that residues 89 to 108
may be required to mediate an interaction either at a distinct
site on TAP or with another molecule. One formal possibility
was that the mutation of residues 89 to 108 prevents the oli-
gomerization of HCMV US6, which has been proposed to
enable HCMV US6 to interact simultaneously with multiple
sites on TAP (14). To test whether residues 89 to 108 are
required for HCMV US6 oligomerization, wild-type HCMV
US6 and the panel of tetra-alanine mutants were analyzed by
nonreducing SDS-PAGE (Fig. 4C). Wild-type HCMV US6
was resolved as a ladder of bands, consistent with the previ-
ously reported oligomerization of the protein (14). Likewise,
all of the tetra-alanine mutants were resolved as a ladder of
bands on nonreducing SDS-polyacrylamide gels, hence dem-
onstrating that mutation of residues 89 to 108 does not prevent
HCMV US6 oligomerization and by implication suggesting
that this region must perform another function that is required
for TAP inhibition.

CCMV US6 is localized to the ER but does not inhibit
HLA-B2705 expression. In order to further evaluate the se-
quence requirements for TAP inhibition and binding by
HCMV US6, we characterized the CCMV homologue of US6
(10). CCMV US6 shares 35.2% sequence identity with HCMV
US6, and like its HCMV orthologue, it is predicted to be a type
I integral membrane protein with an N-terminal signal se-
quence (Fig. 5). However, of the 20 residues that we have
defined as being crucial for TAP inhibition by HCMV US6,
only 13 of these amino acids are found in the corresponding

FIG. 3. Schematic representation of the HCMV US6 tetra-alanine
mutants. The N-terminal signal sequence of US6 is indicated by the
hatched box. The arrow indicates the predicted site for signal sequence
cleavage. Residue 1 corresponds to the N terminus after signal se-
quence cleavage. The N-linked glycan (the circled G), predicted trans-
membrane domain (TMD), and C-terminal epitope tag incorporated
into each construct (FLAG) are indicated.
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region of CCMV US6. The sequence divergence in this region
includes the presence of a consensus sequence for a second

N-linked glycosylation site (Asn-Ala-Ser) in residues 97 to 99
of CCMV US6, which is absent in the singly glycosylated
HCMV US6. When expressed in HeLa-M cells, CCMV US6
colocalized with calreticulin (Fig. 6A), consistent with the lo-
calization of this protein in the ER. After signal peptide cleav-
age, CCMV US6 is predicted to be 6 residues longer than
HCMV US6, but when resolved by SDS-PAGE, CCMV US6
was �3 kDa larger than HCMV US6 (Fig. 6B). This increase
in Mr is consistent with the addition of an N-linked glycan to
the second consensus N-linked glycosylation site in the CCMV
protein. The glycosylation status of CCMV US6 was investi-
gated with Endo H (Fig. 6B). Endo H can cleave oligosaccha-
rides from N-linked glycoproteins that are resident in the ER,
while glycoproteins whose N-linked glycan had been processed
in the medial Golgi apparatus are resistant to Endo H diges-
tion. After Endo H digestion, both CCMV US6 and HCMV
US6 were reduced to approximately the same size, suggesting
that the difference in electrophoretic mobility of the two pro-
teins was primarily due to the presence of additional N-linked
glycan in the CCMV protein (Fig. 6B). Furthermore, the cleav-
age of the N-linked glycans from CCMV US6 by Endo H
confirms the localization of the protein in the ER. Since
CCMV US6 was localized to the ER, we next tested whether
CCMV US6 could inhibit the cell surface expression of the
TAP-dependent allele HLA-B2705 in HeLa-M cells. Unlike its
HCMV orthologue, CCMV US6 did not affect the cell surface
expression of this MHC class I allele (Fig. 6C); from this, we
conclude that despite sharing significant sequence identity with
HCMV US6 and being localized to the ER, CCMV US6 is
unable to inhibit TAP in human cells.

Mutational analysis of CCMV US6. The inability of CCMV
US6 to inhibit human TAP provided an opportunity to use it as
a template for mutagenesis experiments in which to corrobo-
rate our findings on the sequence requirements for TAP inhi-

FIG. 4. Residues 89 to 108 of HCMV US6 are required for TAP
inhibition, but not TAP binding. (A) Analysis of the effect of HCMV
US6 tetra-alanine mutants on the cell surface expression of HLA-
B2705. HeLa-M cells were either transfected with a control vector or
cotransfected with a control vector and the HLA-B2705 expression
construct or cotransfected with HLA-B2705 and each tetra-alanine
HCMV US6 mutant. To detect HLA-B2705 cell surface expression,
the transfectants were stained with the ME1 MAb and a Cy5-conju-
gated secondary antibody; antibody fluorescence was quantified by
flow cytometry. The level of HLA-B2705 expression is expressed as a
percentage of the MFV of the positive control (cells transfected with
HLA-B2705 and control vector) after subtracting the MFV of the
negative control (cells transfected with control vector only). Each bar
represents the mean level of HLA-B2705 cell surface expression cal-
culated from four independent experiments. Error bars show the stan-
dard deviations. Statistical analysis was performed using the Mann-
Whitney U test. Those samples with a significantly increased level (P �
0.05) of cell surface HLA-B2705 expression compared to that of cells
cotransfected with the HCMV US6 and HLA-B2705 vectors are indi-
cated by an asterisk. (C) Analysis of the interaction between HCMV
US6 tetra-alanine mutants and TAP. HeLa-M cells were transfected
with either the control vector, full-length US6, or US6 tetra-alanine
construct. US6 proteins were immunoprecipitated with the anti-FLAG
epitope tag antibody M2, resolved by SDS-PAGE, transferred onto
PVDF membranes, and probed with either a TAP1-specific or M2
antibody. The position of a background band present in all samples
that may correspond to the light chain of the M2 antibody is indicated
by an asterisk.

FIG. 5. Alignment of the CCMV and HCMV US6 protein se-
quences. The HCMV and CCMV US6 protein sequences were aligned
using the Vector NTI Suite software (Invitrogen), and identical resi-
dues are highlighted in gray. The transmembrane domains and signal
sequences were predicted with PSORT II (32); the predicted signal
sequences for both proteins are shown in italic type. The cleavage site
is indicated by an arrow. Residue 1 corresponds to the N-terminal
residue of the protein after signal peptide cleavage. The predicted
transmembrane domains are underlined. Consensus sites for N-linked
glycosylation sites are shown in bold type, and residues 89 to 108 in
HCMV US6 and the corresponding region in CCMV US6 are boxed.
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bition by HCMV US6. Specifically, we sought to determine
whether the inability of CCMV US6 to inhibit human TAP was
due to the differences in the protein sequences within the
region that we have identified as important for TAP inhibition
by the HCMV US6. Residues 97 to 101 of CCMV US6 were
substituted with the equivalent residues from HCMV US6
(residues 92 to 96) to generate a chimeric US6 (Fig. 7A). The
resultant chimera, encoded a protein that was identical in the
region corresponding to residues 89 to 108 of HCMV US6 in
all but 2 of these 20 residues, whereas the remainder of the
sequence was that of the CCMV US6. In contrast to the
CCMV US6 protein, the chimeric US6 was able to inhibit cell
surface expression of the TAP-dependent allele HLA-B2705
(Fig. 7B).

To determine why the chimeric US6, but not CCMV US6,
was able to inhibit HLA-B2705 expression, we analyzed the
interaction of these proteins with TAP. Stable HeLa-M cell
lines expressing either the CCMV US6 or chimeric US6 pro-
tein were generated and compared to cells transfected with
HCMV US6. TAP was coimmunoprecipitated with each US6
protein, hence demonstrating that like the HCMV protein,
both the CCMV and chimeric US6 proteins interact with hu-
man TAP (Fig. 7C). Next TAP-dependent peptide transloca-
tion was assayed in the stable cell lines (Fig. 8A). In these
experiments, peptide translocation was assayed in SLO-perme-
abilized cells using a fluorescein-labeled peptide that incorpo-
rated an N-linked glycosylation consensus sequence (23). Pep-
tides that are translocated into the ER can be recovered on
agarose containing concanavalin A, and peptide translocation
was quantified by measuring fluorescein fluorescence. As pre-
dicted, the HCMV and chimeric US6 proteins inhibited pep-
tide translocation into the ER, whereas the level of peptide
translocation in cells expressing CCMV US6 was comparable
to that in untransfected HeLa-M cells. ATP binding and hy-
drolysis are essential for peptide translocation by TAP and is
inhibited by HCMV US6 (16, 20, 26, 31, 33). We therefore
analyzed whether CCMV US6 was able to inhibit ATP binding
by TAP. The ATP binding capacity of TAP was assayed with
ATP-agarose beads (20) (Fig. 8B). TAP binding to the ATP-
agarose beads was inhibited by HCMV US6, but not by CCMV
US6. Hence, despite interacting with human TAP, CCMV US6
cannot block ATP binding by the transporter, and correspond-
ingly, this explains why CCMV US6 is unable to inhibit peptide
translocation by TAP and hence the cell surface expression of
the TAP-dependent allele HLA-B2705. In contrast, the chi-
meric US6 protein was able to inhibit ATP-agarose binding by
TAP. Since the chimeric US6 is identical in all but two of the
amino acids corresponding to HCMV US6 residues 89 to 108
but otherwise has the same sequence as CCMV US6, these

FIG. 6. CCMV US6 localizes to the ER but does not inhibit cell
surface HLA-B2705 expression. (A) Analysis of the intracellular lo-
calization of CCMV US6 by immunofluorescence microscopy.
HeLa-M cells were transfected with either a control vector or with
CCMV US6 or HCMV US6. The transfected cells were stained with an
antibody specific for the ER marker calreticulin and the anti-FLAG
epitope tag monoclonal antibody M2, which detects the US6 proteins.
Calreticulin staining was detected with an anti-rabbit fluorescein iso-
thiocyanate (FITC) antibody, and FLAG staining was detected with an
anti-mouse Texas red antibody. Antibody fluorescence was visualized
using a Zeiss Axioplan 2 microscope. The right panels are merged
images of the red and green channels where yellow indicates colocal-
ization; in these panels, the nuclei are also visualized with 4�,6�-di-
amidino-2-phenylindole (DAPI) (blue). Bars, 5 �m. (B) Endo H di-
gestion of CCMV US6. HeLa-M cells were transfected with either a
control vector, HCMV US6, or CCMV US6. Cell lysates (L) were
immunoprecipitated with the anti-FLAG epitope antibody M2 and
either digested with Endo H (�) or mock digested (�). Samples were
resolved by SDS-PAGE, proteins transferred onto PVDF membranes
and probed with the anti-FLAG epitope tag antibody M2. The position
of a background band present in all samples that may correspond to
the light chain of the M2 antibody is indicated by the asterisk.
(C) Analysis of the effect of CCMV US6 on HLA-B2705 expression.
HeLa-M cells were either transfected with the control vector or co-
transfected with the control vector and the HLA-B2705 expression
construct or cotransfected with HLA-B2705 and the US6 constructs.
To detect HLA-B2705 cell surface expression, the transfectants were
stained with the ME1 MAb and a Cy5-conjugated secondary antibody;
antibody fluorescence was quantified by flow cytometry. The level of
HLA-B2705 expression is expressed as a percentage of the MFV of the

positive control (cells transfected with HLA-B2705 and control vector)
after subtracting the MFV of the negative control (cells transfected
with control vector only). Each bar represents the mean level of HLA-
B2705 expression calculated from four independent experiments.
Error bars show the standard deviations. Statistical analysis was per-
formed using the Mann-Whitney U test. The sample with a signifi-
cantly increased level (P � 0.05) of cell surface HLA-B2705 expression
compared to that of cells cotransfected with the HCMV US6 and
HLA-B2705 vectors is indicated with an asterisk.
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data provide further evidence for the crucial role of this region
of the HCMV protein in the inhibition of TAP.

One potential reason for the inability of CCMV US6 to
inhibit human TAP was the presence of an additional N-linked
glycan, which may interfere with the interaction between
CCMV US6 and TAP. This glycosylation site was therefore
abolished by substitution of serine 99 with alanine (Fig. 9A).
The mutant protein had a reduced Mr compared to that of the
wild-type CCMV protein (data not shown), consistent with the
loss of the glycosylation site; however, elimination of this gly-
cosylation site did not enable the CCMV protein to inhibit cell
surface expression of HLA-B2705 (Fig. 9B). This demonstrates
that the inability of CCMV US6 to inhibit TAP is not simply
due to steric interference caused by the N-linked glycan at this
position and that instead the amino acid sequence of this
region is critical for TAP inhibition.

To further evaluate the sequence requirements for TAP
inhibition, additional mutational analysis of CCMV US6 was
performed. There are multiple arginine residues within the
predicted ER exposed loops of TAP1 and TAP2 (39). Residues
92 and 94 of HCMV US6 correspond to aspartate residues but
are absent in CCMV US6, where the corresponding residues
are asparagine 97 and serine 99. These two HCMV US6 as-
partate residues may form salt bridges with the positively
charged arginine residues of TAP. To test whether these as-
partate residues are critical for TAP inhibition, we used

FIG. 7. A chimeric US6 inhibits cell surface expression of HLA-
B2705. (A) Schematic representation of the amino acid substitutions
introduced into CCMV US6 to generate the chimeric US6 molecule. The
schematic representations are set up as described in the legend to Fig. 3.
(B) Analysis of the effect of CCMV US6 and the chimeric US6 on cell
surface HLA-B2705 expression. HeLa-M cells were either transfected
with a control vector or cotransfected with a control vector and the
HLA-B2705 expression construct or cotransfected with HLA-B2705 and
each US6 construct. To detect HLA-B2705 cell surface expression, the
transfectants were stained with the ME1 MAb and a Cy5-conjugated
secondary antibody; antibody fluorescence was quantified by flow cytom-
etry. The level of HLA-B2705 expression is expressed as a percentage of
the MFV of the positive control (cells transfected with HLA-B2705 and
control vector) after subtracting the MFV of the negative control (cells
transfected with control vector only). Each bar represents the mean
level � standard deviation (error bar) of HLA-B2705 expression calcu-
lated from four independent experiments. Statistical analysis was per-
formed using the Mann-Whitney U test. The sample with a significantly
increased level (P � 0.05) of cell surface HLA-B2705 expression com-
pared to that of cells cotransfected with the HCMV US6 and HLA-B2705
vectors is indicated by an asterisk. (C) Analysis of the interaction between
chimeric and CCMV US6 with TAP. US6 proteins were immunoprecipi-
tated from stable cell lines that expressed either HCMV US6, CCMV
US6, or chimeric US6 constructs with the anti-FLAG epitope tag M2
antibody, resolved by SDS-PAGE, transferred onto PVDF membranes.
and probed with TAP1 and M2 antibodies. The position of a background
band present in all samples, which may correspond to the light chain of
the M2 antibody, is indicated by the asterisk.

FIG. 8. A chimeric US6 inhibits peptide translocation and ATP
binding by TAP. (A) Analysis of the effect of CCMV and chimeric US6
on peptide translocation by TAP. SLO-permeabilized cells were incu-
bated with the fluorescein-labeled peptide at 37°C for 10 min in the
absence (�) and presence (�) of ATP. The reaction was stopped by
the addition of ice cold 1% Triton X-100. Translocation into the ER
was quantified by measuring the recovery of glycosylated fluorescein-
labeled peptides on agarose containing concanavalin A. AFU, arbi-
trary fluorescence units. (B) Analysis of the effect of the CCMV US6
and chimeric US6 on ATP binding by TAP. Cell lysates were incubated
with ATP-agarose, and bound proteins were eluted and resolved by
SDS-PAGE. Proteins were transferred onto PVDF membranes and
probed with a TAP1-specific antibody.
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CCMV US6 as a template for mutagenesis and substituted
residues 97 and 99 with aspartate-generating CCMV US6
N97D/S99D (Fig. 10A). While the CCMV US6 N97D/S99D
mutant was able to reduce cell surface expression of HLA-
B2705, it was nonetheless functionally impaired in comparison
to the HCMV US6 protein (Fig. 10B). We therefore conclude
that while aspartate residues 92 and 94 contribute to the inhi-
bition of TAP by HCMV US6, other residues are also impor-
tant.

CCMV US6 does not inhibit the cell surface expression of
HLA-B2705 in the chimpanzee cell line WES. CCMV US6
does not inhibit human TAP and as a consequence cannot
inhibit expression of HLA-B2705 in the human cell line
HeLa-M. We therefore wondered whether CCMV US6 could
function as a TAP inhibitor in chimpanzee cells. HLA-B2705
was cotransfected with either HCMV or CCMV US6 into the
chimpanzee fibroblast cell line WES (Fig. 11). Transfection of
the control vector and HLA-B2705 resulted in an increase in
cell surface staining by the HLA-B2705-specific monoclonal
ME1 antibody, consistent with the expression of HLA-B2705

on the cell surface of the transfected cells. Cell surface expres-
sion of HLA-B2705 was reduced when WES cells were co-
transfected with HCMV US6, but not by CCMV US6. There-
fore, these data suggest that while HCMV US6 can inhibit
chimpanzee TAP, CCMV US6 cannot, and as such, these data
do not support a role for CCMV US6 as a TAP inhibitor in
chimpanzee cells.

DISCUSSION

In this study we have identified regions of HCMV US6 that
are required for the interaction with and inhibition of TAP.
We show that residues 89 to 108 of HCMV US6 are necessary
for efficient inhibition of TAP. However, mutation of these
residues does not impair TAP binding nor does it affect
oligomerization of HCMV US6. This demonstrates that TAP
binding and the oligomerization of HCMV US6 are by them-

FIG. 9. Mutation of the C-terminal N-linked glycosylation site does
not enable CCMV US6 to inhibit cell surface expression of HLA-
B2705. (A) Schematic representation of the amino acid amino acid
substitution introduced into CCMV US6 to generate the CCMV US6
S99A glycosylation mutant. The schematic representations are set up
as described in the legend to Fig. 3. (B) Analysis of the effect of CCMV
US6 and the chimeric US6 on cell surface HLA-B2705 expression.
HeLa-M cells were either transfected with a control vector or cotrans-
fected with a control vector and the HLA-B2705 expression construct
or cotransfected with HLA-B2705 and each US6 construct. To detect
HLA-B2705 cell surface expression, the transfectants were stained
with the ME1 MAb and a Cy5-conjugated secondary antibody; anti-
body fluorescence was quantified by flow cytometry. The level of HLA-
B2705 expression is expressed as a percentage of the MFV of the
positive control (cells transfected with HLA-B2705 and control vector)
after subtracting the MFV of the negative control (cells transfected
with control vector only). Each bar represents the mean level of HLA-
B2705 expression calculated from four independent experiments. Er-
ror bars show the standard deviations. Statistical analysis was per-
formed using the Mann-Whitney U test. Those samples with a
significantly increased level (P � 0.05) of cell surface HLA-B2705
expression compared to that of cells cotransfected with the HCMV
US6 and HLA-B2705 vectors are indicated by an asterisk.

FIG. 10. The substitution of residues 97 and 99 of CCMV US6 with
aspartate residues enhances the ability of CCMV US6 to inhibit cell
surface expression of HLA-B2705. (A) Schematic representation of
the amino acid amino acid substitutions introduced into CCMV US6
to generate the CCMV US6 N97D/S99D mutant. The schematic rep-
resentations are set up as described in the legend to Fig. 3. (B) Analysis
of the effect of the CCMV US6 N97D/S99D mutant on the cell surface
expression of HLA-B2705. HeLa-M cells were either transfected with
a control vector or cotransfected with a control vector and the HLA-
B2705 expression construct or cotransfected with HLA-B2705 and
each US6 construct. To detect HLA-B2705 expression, the transfec-
tants were stained with the ME1 MAb and a Cy5-conjugated secondary
antibody; antibody fluorescence was quantified by flow cytometry. The
level of HLA-B2705 expression is expressed as a percentage of the
MFV of the positive control (cells transfected with HLA-B2705 and
control vector) after subtracting the MFV of the negative control (cells
transfected with control vector only). Each bar represents the mean
level of HLA-B2705 expression calculated from four independent ex-
periments. Error bars show the standard deviations. Statistical analysis
was performed using the Mann-Whitney U test.
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selves insufficient for the inhibition of the transporter. This
conclusion is supported by the observation that CCMV US6
can also bind to human TAP and form oligomers (data not
shown) but does not inhibit the transporter. Residues 89 to 108
of HCMV US6 may therefore mediate an interaction with
TAP that is critical for inhibition of the transporter, whereas
other parts of HCMV US6 may stabilize this inhibitory inter-
action (Fig. 12). Indeed, deletion of the C-terminal 49 residues
of HCMV US6 results in a protein that can inhibit TAP but
that does not coimmunoprecipitate with TAP, suggesting that
the C terminus of HCMV US6 functions to stabilize the inter-
action between the viral protein and TAP. Although the C-
terminal 49 residues were dispensable in these experiments, in
which HCMV US6 was overexpressed, the C terminus of
HCMV US6 may play an important role in the context of
natural infection. Likewise, deletion of the N-terminal 90 res-
idues also reduces the amount of TAP that coimmunoprecipi-
tates with HCMV US6, suggesting that this region also stabi-
lizes the interaction between HCMV US6 and TAP.

Although the three-dimensional structure of HCMV US6 is
unknown, by comparison with HCMV US2, whose structure
has been solved, US6 has been proposed to have an immuno-
globulin fold (13). Immunoglobulin domains often mediate
protein-protein interactions, and it is conceivable that residues
89 to 108 may form a TAP binding surface analogous to the
MHC class I binding surface formed by US2. However, when
expressed in Escherichia coli, HCMV US6 has significant 	-he-
lical content, which would be inconsistent with an immuno-
globulin fold (26). Nonetheless, irrespective of the precise fold
assumed by HCMV US6, residues 89 to 108 are likely to form
a surface-exposed region that binds to TAP. The other se-

quences that stabilize the interaction of HCMV US6 with TAP
may either be required for the proper assembly of this TAP
binding site or alternatively they may also interact with
TAP. While our data cannot discriminate between these two
possibilities, a recent study has identified up to four binding
sites for HCMV US6 on the TAP heterodimer (14). As such,
the different regions of HCMV US6 may bind TAP at distinct
sites (Fig. 12). HCMV US6 can bind the N-terminal part of the
TAP1 and TAP2 membrane domains, but these interactions do
not result in the inhibition of peptide translocation (14), which
is analogous to HCMV US6 proteins that have mutations in
residues 89 to 108. The interaction of HCMV US6 with the
C-terminal parts of the TAP1 and TAP2 subunit membrane
domains is necessary for the inhibition of peptide translocation
(14). Intriguingly, the interaction of HCMV US6 with this
region of TAP2 cannot be detected by immunoprecipitation
(14), a result that is analogous to the effect of deleting the
C-terminal 49 residues of HCMV US6. As such, there are clear
parallels between our observations and those of Halenius et al.
(14), with both studies suggesting that TAP inhibition by US6
involves a hierarchy of interactions. We therefore speculate
that residues 89 to 108 of the HCMV US6 luminal domain
inhibit TAP by interacting with the C termini of the membrane
domains of TAP1 and/or TAP2 that are within the core trans-
porter domain of TAP, which is inhibited by HCMV US6 (21).
The C terminus of HCMV US6, and potentially residues 81 to
90, may interact with the N-terminal parts of the TAP1 and/or
TAP2 subunits. Interaction at these sites thus would be pre-
dicted to stabilize the interaction between the HCMV protein
and TAP but would not result in the inhibition of the trans-
porter.

In contrast to its HCMV orthologue, CCMV US6 was un-
able to inhibit human TAP. While CCMV US6 binds to human
TAP, it may not interact with the C-terminal regions of the
TAP1 and TAP2 membrane domains that constitute the core
transporter domain (21) and as a consequence cannot inhibit
peptide translocation. CCMV US6 could instead be a highly
species-specific inhibitor of chimpanzee TAP. Indeed, HCMV

FIG. 11. CCMV US6 does not inhibit cell surface expression of
HLA-B2705 in a chimpanzee cell line. Analysis of the effect of CCMV
US6 (A) and HCMV US6 (B) on the expression of HLA-B2705 at the
plasma membrane. WES chimpanzee fibroblasts were either trans-
fected with a control vector or cotransfected with a control vector and
the HLA-B2705 expression construct or cotransfected with HLA-
B2705 and each US6 construct. To detect cell surface expression of
HLA-B2705, the transfectants were stained with the ME1 MAb and a
Cy5-conjugated secondary antibody. Antibody fluorescence was quan-
tified by flow cytometry.

FIG. 12. Schematic representation of the interaction between
HCMV US6 and TAP. The relative positions of the functional HCMV
US6�N80 and �C49 truncations are indicated by arrows. The nucle-
otide binding domains of TAP (NBD), transmembrane domain of
HCMV US6 (TMD), and N-linked glycan of HCMV US6 (circled G)
are indicated. Residues 89 to 108 of HCMV US6 are required for the
inhibition of TAP, whereas residues 116 to 125 are not required for
TAP inhibition but stabilize the interaction between US6 and TAP. In
addition, residues 81 to 90 and the C-terminal 39 residues of HCMV
US6 may also contribute to the stabilization of the interaction between
US6 and TAP.
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US6 displays species specificity, in that it can inhibit human,
African green monkey, and rabbit TAP, but not rat and mouse
TAP (14). However, HCMV US6, but not CCMV US6, blocks
cell surface expression of cotransfected HLA-B2705 in the
chimpanzee cell line WES. Hence, our data do not support a
role for CCMV US6 as a TAP inhibitor in either human or
chimpanzee cells. This contrasts with the rhesus monkey cyto-
megalovirus protein Rh185, which despite having only 28.8%
sequence identity with HCMV US6 can inhibit peptide trans-
location by human TAP (35). If CCMV US6 is not a TAP
inhibitor, what is its function? Since CCMV US6 can bind to
TAP, it may recruit another viral protein that inhibits peptide
translocation. Alternatively, CCMV US6 may interfere with
other components of the peptide-loading complex, such as
tapasin; for example, the adenovirus protein E19 binds to TAP
and inhibits tapasin (7). Clearly, further work is required to
elucidate the function of CCMV US6. Nonetheless, the com-
parison of this CCMV protein with its HCMV orthologue has
provided valuable information about the sequence require-
ments for the binding and inhibition of TAP by HCMV US6.
In summary, we propose that distinct regions of HCMV US6
mediate a hierarchy of interactions with TAP, in which resi-
dues 89 to 108 form an inhibitory interaction with TAP that is
stabilized by other parts of the viral protein.
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