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The human cytomegalovirus US3, an endoplasmic reticulum (ER)-resident transmembrane glycoprotein,
forms a complex with major histocompatibility complex (MHC) class I molecules and retains them in the ER,
thereby preventing cytolysis by cytotoxic T lymphocytes. To identify which parts of US3 confine the protein to
the ER and which parts are responsible for the association with MHC class I molecules, we constructed
truncated mutant and chimeric forms in which US3 domains were exchanged with corresponding domains of
CD4 and analyzed them for their intracellular localization and the ability to associate with MHC class I
molecules. All of the truncated mutant and chimeric proteins containing the luminal domain of US3 were
retained in the ER, while replacement of the US3 luminal domain with that of CD4 led to cell surface
expression of the chimera. Thus, the luminal domain of US3 was sufficient for ER retention. Immunolocal-
ization of the US3 glycoprotein after nocodazole treatment and the observation that the carbohydrate moiety
of the US3 glycoprotein was not modified by Golgi enzymes indicated that the ER localization of US3 involved
true retention, without recycling through the Golgi. Unlike the ER retention signal, the ability to associate with
MHC class I molecules required the transmembrane domain in addition to the luminal domain of US3. Direct
interaction between US3 and MHC class I molecules could be demonstrated after in vitro translation by
coimmunoprecipitation. Together, the present data indicate that the properties that allow US3 to be localized

in the ER and bind MHC class I molecules are located in different parts of the molecule.

The importance of cytotoxic T-lymphocyte (CTL)-mediated
immune responses in limiting and clearing viral infections has
been well documented for a number of viral systems (11).
Human cytomegalovirus (HCMV) causes benign but persistent
infections in immunocompetent individuals. This implies a bal-
ance between immune control of the virus and immune escape
by the virus (40). A number of viruses encode proteins that can
inhibit or abolish the surface expression of major histocompat-
ibility complex (MHC) class I molecules on infected cells.
HCMYV encodes an endoplasmic reticulum (ER)-resident gly-
coprotein, US3, that prevents intracellular transport of MHC
class I molecules (1, 22). HCMV US3 binds physically to MHC
class I heterodimers and sequesters them in the ER. There-
fore, the downregulation of MHC class I molecules by US3
very likely serves to protect HCMV-infected cells from CTL
recognition. The primary structure of the US3 protein (1)
consists of a signal sequence of 15 amino acids followed by a
luminal domain of 146 amino acids. This portion of the US3
protein is separated from a short cytoplasmic tail of 5 amino
acids by 20 membrane-spanning residues. The protein contains
an N-glycosylation site in the luminal domain.

At least two separate properties of the US3 protein make it
particularly interesting. First, a 7-kb region of the US part of
the HCMV genome encodes a family of eight type I glycopro-
teins of 20 to 30 kDa (21) (US2, US3, US6, and US7 to US11),
all of which share some degree of sequence homology (1, 6)
and are dispensable for viral replication (21). Despite their
structural relatedness, some members (US2, US3, US6, and
US11) of this family are independently capable of preventing
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MHC class I surface expression while the others (US7, USS,
US9, and US10) do not affect the intracellular transport of
MHC class I molecules (2). More interestingly, the molecular
mechanisms by which US2, US3, US6, and US11 downregulate
the cell surface expression of MHC class I molecules are quite
different. US2 and US11 induce the rapid export of MHC class
I molecules out of the ER into the cytosol, where they are
degraded by proteasomes (54, 55). US6 inhibits transporter
associated with antigen processing (TAP)-mediated peptide
translocation (2). It was therefore of interest to find out in what
properties US3 differs from the other proteins of the US family
with regard to its unique action on MHC class I molecules.
A second interesting property of the US3 protein is its cel-
lular localization. In general, ER proteins can reach their spe-
cific localization either by direct retention or by retrieval from
distal compartments in the secretory pathway. The mammalian
KDEL and yeast HDEL sequence at the carboxyl-terminal end
has been shown to function as an ER retention signal for ER
luminal proteins (32). The carboxyl-terminal dilysine motif
(KKXX or KXKXX) of type I transmembrane proteins has
also been characterized as an ER retention signal (20, 33). In
a manner analogous to the action of US3, the E19 protein of
adenovirus type 2 binds to MHC class I molecules, thereby
interfering with their cell surface expression. Its cytosolic tail
contains a dilysine motif which is both necessary and sufficient
for ER localization (19). It is widely believed that ER proteins
containing the K(H)DEL or dilysine motif are recognized by a
receptor in the Golgi and shuttled back to the ER (27, 38).
Some ER membrane proteins do not contain KKXX-like sig-
nals but seem to be restricted to the ER without undergoing
retrieval (15, 51). Since US3 does not contain any known ER
retention signals such as the carboxyl-terminal dilysine consen-
sus motif, the mechanism by which US3 becomes an ER resi-
dent is not yet clear. In this study, we examined whether the
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FIG. 1. Schematic representation of chimeras consisting of US3 and CD4.
The three letters represent the luminal, transmembrane (TM), and cytoplasmic
domains, respectively, and U refers to US3, C refers to CD4, and O indicates lack
of any domain. Each domain is shown as either a filled box (US3 origin) or an
open box (CD4 origin). Details of the constructions are described in Materials
and Methods.

ability of US3 to bind MHC class I molecules and to be re-
tained in the ER is vested in one or indifferent parts of the
molecule. We found that the luminal domain of the US3 pro-
tein is sufficient for retention in the ER and that the ER
localization of US3 involves true retention without recycling
through the Golgi. On the other hand, the transmembrane
domain, in addition to the luminal domain, was required for
the interaction of US3 with MHC class I molecules. Our results
also showed that US3 directly interacts with MHC class I
molecules in vitro.

MATERIALS AND METHODS

Cell lines and cell culture. HeLa cells were cultured in minimum essential
medium (Life Technologies, Rockville, Md.) supplemented with 10% fetal bo-
vine serum (HyClone, Logan, Utah), penicillin (50 U/ml), and streptomycin (50
pg/ml). HLA-A, -B, and -C-negative LCL 721.221 and tapasin-negative LCL
721.220 cells were cultured in RPMI 1640 medium (Life Technologies) (10, 16).
TAP1/TAP2-negative T2 (44) and calnexin-negative CEM-NKR (46) cells were
cultured in Iscove modified Dulbecco medium (Life Technologies).

Transfection and viral infection. The mammalian expression vector was trans-
fected into the cells by the calcium phosphate precipitation method (7). Recom-
binant vaccinia viruses expressing US3 were generated by homologous recom-
bination essentially as previously described (9) and plaque purified three times
on thymidine kinase-deficient 143B cells under bromodeoxyuridine (50 pg/ml)
selection. Cells were infected with recombinant vaccinia viruses at a multiplicity
of infection of 25 PFU/cell for 1 h in 500 pl of RPMI 1640 medium supplemented
with 10% bovine serum albumin (Sigma, St. Louis, Mo.) at 37°C.

Constructs. Plasmids expressing chimeric proteins were constructed as shown
in Fig. 1. Respective DNA fragments were obtained by either restriction diges-
tion or PCR amplification. Chimeric proteins are designated by three letters,
which refer to the luminal (extracellular), transmembrane, and cytoplasmic do-
mains. U, C, and O refer to US3, human CD4, and no domain, respectively. For
enzymatic manipulation, the unique restriction sites Bg/II and Clal were intro-
duced at the junctions between the luminal and transmembrane domains and
between the transmembrane and cytoplasmic domains of US3, respectively.
These caused the addition of three amino acids, YRL and ADI, at the junctions,
respectively. Chimera UCC is a cDNA that encodes the luminal domain of US3
(amino acids 1 to 161) attached to the transmembrane and cytoplasmic domains
of CD4 (amino acids 375 to 435). CUU is a cDNA that encodes the luminal
domain of CD4 (amino acids 1 to 374) fused to the transmembrane and cyto-
plasmic domains of US3 (amino acids 162 to 186). UUC contains the luminal and
transmembrane domains of US3 (amino acids 1 to 181), followed by the cyto-
plasmic domain of CD4 (amino acids 396 to 435). CCU contains the luminal and
transmembrane domains of CD4 (to amino acid 395), followed by the cytoplas-
mic domain of US3 (amino acid sequence RLRFI at positions 182 to 186). UCU
contains the luminal domain of US3 (amino acids 1 to 161), followed by the
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transmembrane domain of CD4 (amino acids 375 to 395) and the cytoplasmic
domain of US3 (amino acids 182 to 186). CUC contains the luminal domain of
CD4 (to amino acid 374), followed by the transmembrane domain of US3 (amino
acids 162 to 181) and the cytoplasmic domain of CD4 (amino acids 396 to 435).
UOO and UUO were constructed by introducing a stop codon at amino acid
positions 161 and 182, respectively. All constructs were confirmed by DNA
sequencing, and the constructs were subsequently subcloned into mammalian
cell expression vector pcDNA3.1 (Invitrogen, San Diego, Calif.).

Antibodies. MHC class I-specific antisera K455 and K355 were raised against
purified human class I heterodimers with human B,-microglobulin (B,m) or
human B,m, respectively (3). K455 recognizes the MHC class I heavy chain (HC)
and B,m in both assembled and nonassembled forms. K355 recognizes both free
and complexed B,m. Monoclonal antibody (MAb) W6/32 recognizes only the
complex of HC and B,m, and MAb OKT4 specifically reacts with human CD4
(24). Polyclonal antiserum detecting US3 was raised against the synthetic pep-
tides corresponding to the luminal NH,-terminal portion of the proteins (1).
Rabbit polyclonal antibody to PDI (SPA-890) was purchased from Stress Gen
(Victoria, British Columbia, Canada). Rabbit polyclonal antibody to p58 (25)
and mannosidase II (30) were kindly provided by Ralf F. Pettersson (Ludwig
Institute for Cancer Research) and K. Moremen (University of Georgia), re-
spectively. Fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit and
anti-mouse immunoglobulin G (IgG) were purchased from Sigma.

Metabolic labeling and immunoprecipitation. Cells were methionine starved
for 30 min in a methionine-free medium prior to pulse-labeling for 30 min using
[3*S]methionine (TranS-label; Amersham, Arlington Heights, I11.) at 0.1 mCi/ml.
The label was chased at various time points with minimum essential medium
containing 10% fetal bovine serum. After one wash with cold phosphate-buffered
saline (PBS), cells were lysed using 1% Nonidet P-40 (NP-40; Sigma) in PBS or
1% digitonin (Calbiochem) in PBS for 30 min at 4°C. After incubation with
primary antibody, the lysates were incubated with protein A-Sepharose beads
(Pharmacia, Uppsala, Sweden). The beads were washed four times with 0.1%
NP-40 or 0.1% digitonin, and the immunoprecipitates were eluted by boiling in
sodium dodecyl sulfate (SDS) sample buffer and separated by SDS-polyacryl-
amide gel electrophoresis (PAGE). The gel was dried, exposed to BAS film, and
analyzed by Phosphor Imaging System BAS-2500 (Fuji Film Company). For
endo-N-acetylglucosaminidase H (endo H) treatment, immunoprecipitates were
digested with 3 mU of endo H (Boehringer, Mannheim, Germany) for 16 h at
37°C in 50 mM sodium acetate (NaOAc; pH 5.6)-0.3% SDS-150 mM B-mer-
captoethanol. For endo-N-acetylglucosaminidase D (endo D) treatment, immu-
noprecipitates were washed and then boiled in 10 pl of 50 mM NaOAc (pH
5.6)-0.5% SDS. Then, 10 ul of 50 mM NaOAc (pH 5.6)-40 mM EDTA (pH
7.5)-3% Triton X-100-2 mU of endo D (Boehringer) was added and the mixture
was incubated overnight at 37°C.

In vitro transcription and translation. HLA-A2.1, B,m, and US3 proteins
were in vitro transcribed and translated by using a T7-coupled rabbit reticulocyte
lysate system (Promega) in accordance with the manufacturer’s instructions.
Each ¢cDNA was subcloned into plasmid pcDNA3.1 (Invitrogen). The reaction
was carried out in the presence of [**S]methionine and canine pancreatic micro-
somes. After the reaction, the microsomes were sedimented (10 min, 100,000 X
g) and lysed in 1% digitonin lysis buffer. Immunoprecipitation was done as
described above. For reprecipitation, immunoprecipitated material was dena-
tured in 1% SDS at 100°C for 10 min and, after dilution to 0.05% SDS with 1%
NP-40 in PBS, again immunoprecipitated with the respective antibodies.

Flow cytometric analysis and immunofluorescence. Expression of MHC class
I glycoproteins on the membrane was determined by flow cytometry (FACScali-
bur; Becton Dickinson, Mountain View, Calif.) after indirect immunofluores-
cence using anti-MHC class I MAb W6/32 and an FITC-conjugated goat anti-
mouse antibody. For immunofluorescent staining of permeabilized cells, HeLa
cells were fixed in 4% formaldehyde and permeabilized with 0.1% Triton X-100,
followed by incubation with the appropriate primary antibody for 1 h. Bound
antibody was visualized with an FITC-conjugated secondary antibody. Cell sur-
face staining of human CD4 was obtained with MAb OKT4, followed by sec-
ondary-antibody incubation. For treatment with nocodazole, cells on coverslips
were incubated with medium containing 20 pM nocodazole (5-mg/ml stock in
dimethyl sulfoxide) at 37°C in a CO, incubator.

RESULTS

The luminal domain of US3 is sufficient for its retention in
the ER. In order to identify the regions that are responsible for
the retention of US3 in the ER, we constructed truncated
mutant forms of US3 and a series of chimeras in which struc-
tural domains of US3 and human CD4, a plasma membrane
protein, were reciprocally exchanged (Fig. 1). Intracellular
transport of the chimeric glycoproteins was monitored by
assaying the sensitivity of their glycans to endoglycosidase
treatment after pulse-chase labeling. Endo H removes high-
mannose but not complex forms of N-linked glycans (52).
Sensitivity to endo H indicates that a protein did not reach at
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FIG. 2. Endo H sensitivity of glycoproteins synthesized in HeLa cells. Cells
transfected with plasmids encoding truncation mutants or chimeras were labeled
with [**S]methionine for 30 min and chased for 90 min with unlabeled methio-
nine. The expressed proteins were immunoprecipitated with the appropriate
antibodies. Immunoprecipitated proteins were then left untreated (—) or treated
with endo H (+) before analysis by SDS-PAGE and autoradiography. (A) Endo
H sensitivity of truncated mutants. (B) Endo H sensitivity of chimeras containing
the US3-derived luminal domain. (C) Endo H sensitivity of chimeras containing
the CD4-derived luminal domain. (D) Disulfide formation of chimeric mole-
cules. Labeled cells were lysed in the presence of 10 mM iodoacetamide. Immu-
noprecipitates were divided into two aliquots and either reduced with 200 mM
dithiothreitol (lanes 1 to 3 in each panel) or run under nonreducing conditions
(lanes 4 to 6 in each panel).

least the medial Golgi compartment. Transfected HeLa cells
were pulse-labeled with [**S]methionine and then chased for
90 min. The soluble truncation mutant forms UOO and UUO,
in which the transmembrane and cytoplasmic domains and the
cytoplasmic tail of US3 were deleted, respectively, remained
sensitive to endo H digestion (Fig. 2A). These results sug-
gested that the luminal domain of US3 is sufficient for reten-
tion in a premedial Golgi compartment, probably the ER. This
notion was further supported by the observation that UCC, in
which the luminal domain of CD4 was replaced with that of
US3, was retained in the ER, as indicated by endo H sensitivity
after a 90-min chase (Fig. 2B, lane 12). In line with these
results, chimeras having the luminal domain of US3 in com-
mon, UUC and UCU, were sensitive to endo H digestion after
the chase (Fig. 2B, lanes 4 and 8). In contrast, all of the
chimeras containing the luminal domain of CD4 (CCU, CUU,
and CUC) were resistant to endo H (Fig. 2C). The luminal
domain of human CD4 contains two N-linked glycans, and only
one of them becomes endo H resistant (49). In accordance
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with this, after endo H digestion of chased material, wild-type
CD4 and the chimeras revealed both endo H-resistant and
-sensitive forms. These results indicate that the luminal do-
main of US3 is sufficient for protein retention in the ER and
that both the transmembrane and cytoplasmic domains of US3
are not required for its retention in the ER.

Since misfolded proteins are usually retained in the ER
independently of the presence of a specific retention signal
(17), it was important to establish that the luminal domain of
US3 in the various chimeric constructs was able to maintain its
proper conformation. To test for proper conformation, we
performed different experiments. First, we examined the mo-
bility of chimeras by SDS-PAGE under nonreducing condi-
tions. As under reducing conditions (Fig. 2D, lanes 1 to 3 in
each panel), wild-type US3 and all of the chimeras also ran as
monomers under nonreducing conditions (lanes 4 to 6 in each
panel), suggesting that the chimeras did not form disulfide-
bridged aggregates indicative of misfolded proteins. It is pos-
sible that the chimeric proteins form large aggregates, which
may not enter the gel. However, as we did not detect any ag-
gregates during our pulse-chase protocol under nonreducing
conditions (data not shown), we believe that the chimeric pro-
teins do not aggregate. Interestingly, when nonreduced, the
chimeras migrated with slightly faster mobility than when re-
duced (compare lanes 1 to 3 with lanes 4 to 6, respectively). This
implies the existence of an intramolecular disulfide bond(s)
which could maintain a more compact structure of the protein
under nonreducing conditions. Second, since the ER chaper-
ones calnexin and calreticulin are known to be involved in the
quality control of several glycoproteins (17), we examined if
the chimeric proteins were bound to ER chaperones. None of
the chimeric proteins, which were pulse-chased for 90 min, was
coimmunoprecipitated by either an anticalnexin or an anti-
calreticulin antibody (data not shown). Taken together, these
results, although not conclusive, support the idea that reten-
tion of these chimeras in the ER was not due to misfolding.

To further ascertain whether the luminal domain of US3 has
ER retention properties, the subcellular localization of chime-
ras was examined by indirect immunofluorescence microscopy.
In agreement with our previous observation (1), wild-type US3
expressed in HeLa cells exhibited strong perinuclear staining
along with staining of the reticular network extending through-
out the cytoplasm, characteristic of the ER (Fig. 3A). Similar
ER fluorescence patterns were observed for cells expressing
chimeras UUO, UOO, UUC, UCU, and UCC (Fig. 3A), sup-
porting the above-described biochemical finding that the sugar
chains of the chimeric proteins were sensitive to endo H di-
gestion. In contrast, in nonpermeabilized cells, fluorescent
staining of CD4 with MAb OKT4 revealed typical surface
labeling (Fig. 3B). Fluorescence could be detected on cells
transfected with CUC, CUU, or CCU c¢DNA with or without
permeabilization, indicating that the expressed chimeric pro-
teins were transported to the cell surface. Taken together,
these findings demonstrate that the luminal domain of US3
functions as a retention signal in the ER.

ER localization of US3 arises from true retention without
recycling through the Golgi or the ER-Golgi intermediate com-
partment. The above data still do not discern between US3’s
being strictly retained in the ER and its being transported
beyond the ER and then returned to the ER, as occurs with
many ER-resident proteins (39). To address this question, cells
expressing US3 glycoproteins were treated with nocodazole.
Nocodazole disrupts microtubules, leading to disintegration of
the Golgi and interruption of traffic among the Golgi, the
ERGIC (the ER-Golgi intermediate compartment), and the
ER (28). The intracellular distribution of US3 was compared
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FIG. 3. Intracellular localization of chimeric proteins. (A) HeLa cells ex-
pressing chimeric proteins were permeabilized and immunostained with anti-
US3 antibodies, followed by FITC-conjugated goat anti-rabbit IgG. (B) Cells
were fixed, permeabilized with Triton X-100 (lower panel) or not permeabilized
(upper panel), and immunostained with anti-CD4 MAb OKT4, followed by
FITC-conjugated anti-mouse IgG. Shown are representative fields from multiple
independent transfections. Transfection efficiencies were generally 30 to 50%.

with that of PDI, an ER-resident marker that contains a KDEL
signal for retrieval. After treatment with 20 uM nocodazole for
5 h, the staining pattern of PDI disappeared from the ER
whereas much of the immunoreactive PDI was concentrated in
large spots (Fig. 4A). Under the same conditions, the US3 stain-
ing pattern (Fig. 4A) remained unchanged in the ER. As expect-
ed, the ERGIC marker p58 (25) exhibited perinuclear staining
without treatment, which changed to more punctate staining
after treatment with nocodazole (Fig. 4A). In the presence of
nocodazole, the distribution of Man II, a Golgi marker, also
changed from a compact juxtanuclear to a punctate perinuclear
pattern (Fig. 4A). Therefore, we believe that the US3 glycopro-
teins do not cycle between the ER and the Golgi complex.

To further support this notion, we looked for the modifica-
tions that their glycans had potentially acquired in the compart-
ment into which they had transited. In pulse-chase experiments
(Fig. 2A), we showed that the US3 glycoprotein remained
sensitive to endo H, suggesting that it did not reach the medial
Golgi compartment, where the modification of glycoproteins
to endo H-resistant forms occurs. To rule out the possibility
that the US3 glycoprotein reached the cis Golgi compartment
and then was recycled back to the ER, immunoprecipitates were
digested with endo D. As shown in Fig. 4B, glycosylated US3
was resistant to endo D (lanes 3 and 6) while it was again sus-
ceptible to endo H digestion (lanes 2 and 5). In contrast, PDI,
a positive control, was susceptible to both endo D (lanes 3 and
6) and endo H digestion (Fig. 4C, lanes 2 and 5). Since glyco-
proteins become sensitive to endo D after being processed by
a-mannosidase 1A, which is located in the cis Golgi (4), these
results suggested that the US3 glycoproteins did not reach the
cis Golgi compartment. Taken together, these results led us to
conclude that the US3 glycoproteins are strictly retained in the
ER and do not cycle through the Golgi or the ERGIC.

Both the luminal and transmembrane domains of US3 are
required for binding to MHC class I molecules. We had pre-
viously demonstrated that US3 physically associates with MHC
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FIG. 4. Static retention of US3 in the ER. (A) Effect of nocodazole treat-
ment on the intracellular distribution of US3. Subconfluent HeLa cells grown on
coverslips were infected with vaccinia virus recombinant US3 at a multiplicity of
infection of 10 PFU/cell. At 2 h postinfection, the cells were incubated for an
additional 5 h in the presence (right) or absence (left) of 20 uM nocodazole.
Cells were then fixed, permeabilized with Triton X-100, and labeled with anti-
US3, anti-PDI (ER), anti-p58 (ERGIC), or anti-Man II (Golgi) antibody. Note
the changes in the staining pattern of PDI after treatment of the cells with
nocodazole, while the ER-like staining pattern of US3 remains unchanged. (B
and C) Insensitivity of US3 to endo D digestion. HeLa cells infected with
vaccinia virus recombinant US3 were pulse-labeled with [>*S]methionine for 30
min and chased for 90 min. Cell lysates were immunoprecipitated either with
anti-US3 antibody (B) or with anti-PDI antibody (C); this was followed in the
indicated cases by treatment with endo D or endo H and analysis by SDS-PAGE.
r, endo D or H resistant; s, endo D or H sensitive.
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FIG. 5. Coimmunoprecipitation of chimeric proteins with MHC class I mol-
ecules. Cells transfected with the indicated cDNAs were labeled with [*>S]me-
thionine for 30 min and lysed with 1% digitonin lysis buffer. The antibodies used
for immunoprecipitation were MAb W6/32 (A and B, lanes 1 to 4, respectively;
C, lanes 1 to 5), an anti-US3 antibody (A and B, lanes 5 to 8, respectively), and
MAb OKT4 (C, lanes 6 to 10).

class I heterodimers (1). This prompted us to determine which
parts of the US3 protein are crucial for its association with
MHC class I molecules. HeLa cells were transfected either
with different US3/CD4 hybrid gene constructs or with various
truncated US3 mutants, labeled with [**S]methionine, and sol-
ubilized with digitonin. Possible complex formation between
mutant proteins and MHC class I molecules was monitored by
coimmunoprecipitation using appropriate antibodies in com-
parison to the wild-type protein. As can be seen in cells ex-
pressing wild-type US3 (Fig. 5A, lane 4), an additional band of
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22 kDa which was not observed in mock-transfected cells (lane
1) coprecipitated with MHC class I molecules. Interestingly,
the truncated mutants and chimeras exhibited different capac-
ities to form complexes with MHC class I molecules. Using
anti-HC antibody, coprecipitation with MHC class I molecules
was observed only for chimeras containing both the luminal
and transmembrane domains of US3 (UUO and UUC) (Fig.
5A, lane 3, and 5B, lane 3, respectively), suggesting that the
cytoplasmic tail of US3 is not directly involved in the interac-
tion with MHC class I molecules. Neither the luminal domain
(UOO and UCC) nor the transmembrane domain (CUC) of
US3 alone could independently mediate the association with
MHC class I molecules (Fig. SA, lane 2, 5B, lane 4, and 5C,
lane 3, respectively). In accordance with this result, replace-
ment of either the luminal or the transmembrane domain of
US3 with the corresponding domain of CD4 abolished the
association between the two molecules (Fig. 5C, lane 5, CUU,
and 5B, lane 2, UCU, respectively). These results demonstrate
that both the luminal and transmembrane domains of US3 are
required for its interaction with MHC class I molecules. In the
reciprocal experiment using anti-US3 antibody, no materials
corresponding to MHC class I molecules were coprecipitated
(Fig. 5A, lanes 5 to 8, and 5B, lanes 5 to 8). We assume that
binding of the anti-US3 antibody could be prevented by the
binding of MHC class I molecules to the respective epitope.
Considering that the anti-US3 antibody was raised against the
peptide sequences corresponding to the luminal segment of
US3 (residues 78 to 97) (1), it is conceivable that this region
could play an important role in the US3 binding of MHC class
I molecules. Alternatively, the antibody could displace MHC
class I molecules during the immunoprecipitation procedure.

Lack of coprecipitation does not always correlate with lack
of transport inhibition, as has been seen at least with adeno-
virus E19 (48), the functional homolog to US3. To examine
whether the binding of the chimeras to MHC class I molecules
correlated with the downregulation of the cell surface expres-
sion of MHC class I molecules, the identical sets of transfec-
tants were subjected to fluorescence-activated cell sorter anal-
ysis. Cell surface expression of MHC class I molecules was
lower only on cells transfected with cDNAs encoding either
UUO or UUC (Fig. 6). In contrast, all of the mutant cell lines
in which coprecipitation had been undetectable expressed nor-
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proteins. HeLa cells were transiently transfected with the individual cDNAs
encoding chimeric proteins. After 48 h, the cell surface expression of MHC class
I molecules was monitored by flow cytometry using MAb W6/32. Open areas
represent the staining of mock-transfected cells, and filled areas represent the
staining of cDNA-transfected cells.
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mal levels of MHC class I molecules on the cell surface. Both
the coimmunoprecipitation and fluorescence-activated cell
sorter data are therefore in agreement. Thus, we conclude that
the luminal and transmembrane domains of US3 are required
for binding of MHC class I molecules and subsequently cause
downregulation of MHC class I molecules on the cell surface
whereas the cytoplasmic domain of US3 is dispensable.

US3 directly interacts with MHC class I molecules. Assem-
bly of MHC class I molecules is initiated in the ER, where
unfolded MHC class I molecules associate with the ER-resi-
dent chaperone calnexin (35). Subsequent binding of the MHC
class I part to B,m then causes dissociation of calnexin (43).
The MHC class I-B,m heterodimer then associates with TAP
(36, 50). In this process, tapasin, another ER-resident chaper-
one, plays an important role in bridging MHC class I to TAP
(42). To explore the possibility that calnexin, tapasin, or func-
tional TAP plays a role in the association of US3 with MHC
class I molecules, we infected calnexin-negative CEM-NKR,
tapasin-negative LCL 721.220, and TAP1/TAP2-negative T2
cells with recombinant vaccinia virus expressing US3. Possible
association between US3 and MHC class I was assessed by
coimmunoprecipitation. Because of variation in infection effi-
ciency between the cell lines, quantitative assessment of US3
coimmunoprecipitation was difficult. Nonetheless, after per-
forming several experiments, it became obvious that the co-
precipitation of US3 protein with the MHC class I molecules
was maintained in all of the mutant cell lines analyzed (Fig. 7A,
lanes 2, 4, and 6). These results, therefore, indicate that at least
calnexin, tapasin, or TAP1/TAP2 is not essential for the inter-
action of US3 with MHC class I molecules. Furthermore, a
direct interaction between US3 and MHC class I molecules
can also be demonstrated in vitro (Fig. 7B). HLA-A2.1 cDNA
was in vitro transcribed and translated together with B,m and
US3 in the presence of canine microsomes. After centrifugal
sedimentation, the pellet fraction was lysed in detergent. Im-
munoprecipitation with MAb W6/32 recovered A2.1 associ-
ated with B,m, together with US3 (lane 1), as evidenced by
reprecipitation of the relevant polypeptides with K455, anti-
US3 antibody, or K355 (lanes 2, 3, and 4, respectively). These
results thus support the notion that US3 directly binds to MHC
class I molecules without further components being involved.

Another interesting finding was that the US3 glycoprotein
expressed in these cell lines remained sensitive to endo H
digestion upon a 90-min chase (Fig. 7C). This suggests that the
ER retention of US3 is at least not mediated via interactions
with calnexin, tapasin, or TAP, all representatives of ER-res-
ident proteins, but is most likely mediated by its own signal.

DISCUSSION

We have shown earlier that US3, a glycoprotein of HCMYV,
specifically binds to MHC class I molecules in the ER, inhib-
iting their transport to the cell surface (1). Since CTLs recog-
nize antigens associated with MHC class I molecules, US3 may
allow infected cells to evade virus-specific CTLs by preventing
antigen presentation of MHC class I molecules. This function
may play a crucial role in the establishment of persistent and
latent infections, as well as in an acute viral infection. Two
properties of US3 enable it to block cell surface expression of
MHC class I complexed with HCMV peptides (1, 22). First,
US3 is retained in the ER, the mechanism of which is still
unknown. A second key property of the US3 protein is that it
can bind to MHC class I molecules. Therefore, the identifica-
tion of retention signals and the elucidation of the structural
requirements for US3 to be able to bind to MHC class I
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FIG. 7. Identification of minimal requirements for the association of US3
with MHC class I molecules and retention of US3 in the ER. (A) Calnexin-,
tapasin-, or TAP-deficient cells were infected with US3-expressing recombinant
vaccinia virus for 1 h, incubated for 2 h, and then labeled with [*>S]methionine
for 30 min. The labeled cells were lysed with digitonin, and the lysate was
subjected to coimmunoprecipitation using MAb W6/32. (B) Proteins were in
vitro transcribed and translated in the presence of [*>S]methionine using a rabbit
reticulocyte lysate supplemented with canine pancreatic microsomes. Immuno-
precipitation (IP) was done as described in Materials and methods. (C) The
labeled cells were chased for 90 min and lysed with detergent. The lysates were
then treated with anti-US3 antibody, and the immunoprecipitates were digested
with endo H and analyzed by SDS-PAGE.
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molecules are important for the understanding of mechanisms
of viral pathogenesis and protein compartmentalization.

In our study, we identified the signal for ER retention of the
US3 protein in its luminal domain. The ER localization of US3
is accomplished by static retention: no recycling through the
Golgi. The luminal domain of US3 is necessary and sufficient
for ER retention. Interestingly, though, the association of US3
with MHC class I molecules requires the transmembrane do-
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main in addition to the luminal domain of US3, while lack of
the cytoplasmic domain does not affect US3 binding. Our in
vitro data also establish that US3 directly interacts with MHC
class I molecules.

The HCMV US3 glycoprotein is a functional and structural
homolog of the adenovirus E3/19K gene product (E19), al-
though there is no amino acid sequence homology between
them. The proteins are similar in size, and they are ER-resi-
dent type I transmembrane glycoproteins featuring a short
cytoplasmic tail and a bulky luminal domain. Compared to E19,
however, our data show that the MHC class I binding function
and the ER retention function of US3 are assigned to different
regions of the protein. The cytoplasmic domain of E19 medi-
ates ER retention through a carboxyl-terminal dilysine motif
(KKXX) (37), which is also present in other ER proteins (19).
This motif allows retrieval of the protein from the Golgi and
transfer to the ER in a coatomer-dependent manner (26).
Although the cytoplasmic tail of US3 lacks a conventional
dilysine motif, there is the carboxyl-terminal sequence RLRFI
that might function as a retrieval motif similar to KXKXX,
since diarginine motifs could play an analogous role (53). How-
ever, our data argue against this view. The transfer of the cy-
toplasmic tail of US3 to a plasma membrane reporter protein,
CD4, did not confer ER targeting on the chimeric protein
(CCU). Furthermore, unlike E19, immunolocalization of the
US3 glycoproteins and our analysis of their glycans confirmed
that this protein is strictly retained in the ER. Generally, the
retention signals of resident ER membrane proteins have been
localized within the transmembrane or the cytoplasmic domain
(12, 18, 20, 31, 41). In contrast to these proteins, we identified
the luminal domain as containing the retention signal of the
US3 glycoprotein. To our knowledge, this is the first time that
an ER localization motif of a type I transmembrane glycopro-
tein has been mapped to the luminal domain.

There are several possible mechanisms by which the luminal
domain of US3 could mediate ER retention. First, although
US3 does not contain any of the known linear sequences sig-
naling for ER retention, it is possible that the signal consists of
a “patch signal” made up of several interacting regions, as has
been suggested for export signals (29). Second, another possi-
ble way to achieve protein retention in a membrane organelle
is the formation of oligomers too large to be included in trans-
port vesicles (45). Oligomerization as a mechanism for reten-
tion has been suggested for some Golgi proteins (8) and p63,
a protein localized in the cis Golgi network (47). Although
little is known about the structural properties of US3, the US3
protein may be able to form multimers by “kin recognition,” as
is the case with N-acetylglucosaminyltransferase I, a Golgi
transmembrane protein (34). The formation of homodimers
may facilitate further oligomerization of US3, which then
could result in the apparent immobilization of US3 in the ER.
Third, proteins can also be retained in the ER indirectly by
interaction with ER-resident proteins. For example, luminal
chaperones, including BiP, calnexin, and calreticulin, interact
with newly synthesized proteins in the ER lumen and mediate
transient or stable retention of proteins that are devoid of
intrinsic ER retention-retrieval sequences (17). As the bulk of
the US3 protein is on the luminal side of the ER membrane,
there is every opportunity for US3 to interact with these ER-
resident proteins. However, our attempt to identify tapasin,
calnexin, or TAP as such a partner protein was unsuccessful.

We analyzed US3-derived chimeras for the ability to interact
with MHC class I molecules. In contrast to the adenovirus E19
glycoprotein, in which the luminal domain is sufficient to bind
to MHC class I molecules (13, 14), our findings document that
the interaction of US3 with MHC class I engages both intact
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luminal and transmembrane domains of US3. Neither the lu-
minal nor the transmembrane domain of US3 alone could
mediate association with MHC class I molecules. This finding
is consistent with the idea that both domains represent a dis-
tinct functional and structural unit such that the absence or
replacement of either domain alters the tertiary structure of
this unit, thus abrogating binding to MHC class I molecules.
Stated another way, the binding site in US3 for MHC class 1
molecules is not a simple linear sequence but rather is embod-
ied in the tertiary structure of the luminal and transmembrane
regions of US3. Another possible scenario is that the trans-
membrane region of US3 simply plays a structural role, allow-
ing the luminal domain of US3 to extend out from the ER
membrane and be exposed correctly to MHC class I molecules.
However, this does not really provide an appropriate explana-
tion. If the transmembrane domain functioned in this manner
in the binding of MHC class I molecules, we would have found
that the chimeric proteins UCU and UCC, which contain mem-
brane regions derived from CD4, were associated with MHC class
I molecules. At present, we have no experimental data favoring
any one of these possibilities. In any case, it seems obvious that
unique properties present in the transmembrane region of US3
but not in that of CD4 are critically involved in the binding of
MHC class I molecules. In the context of the conserved struc-
tural features among the US proteins (1), it is interesting that
the luminal domain of US3 contains two cysteine residues
sandwiching a glycosylation site. This structural feature is also
present in E19 of adenovirus, where it has been shown to be
essential for the binding of MHC class I molecules (47). De-
letion studies and site-directed mutagenesis experiments may
reveal whether this structural feature is crucial for the binding
of US3 to MHC class I molecules.

It remains unclear which structure of the MHC class I mol-
ecules is recognized by US3 and whether US3 displays differ-
ential binding preferences among different MHC class I alleles.
The al and a2 domains of the hypervariable regions of MHC
class I molecules, which form the peptide-binding cleft, do not
appear to interact with US3 based on results we obtained in a
previous study in which we demonstrated that US3 does not
block the ability of MHC class I molecules to bind peptides in
the ER (1). We recently reported that US3 is capable of bind-
ing HLA-G, a nonclassical MHC class I molecule, as well as
HLA-C alleles and HLA-A and -B (23). In extending our
considerations to include our observations with other MHC
molecules, we propose that the US3 glycoprotein has a broad
ability to bind MHC class I alleles. It is thus likely that the o3
domain of HCs, a region highly conserved between different
alleles (5), is the primary site of interaction with US3.

In summary, we provide evidence that the properties of
intact US3 protein to bind MHC class I molecules and to be
retained in the ER are encoded in different parts of the mol-
ecule. The region of US3 conferring ER targeting was mapped
to the luminal segment of the protein, while the structures
responsible for the association of US3 with MHC class I mol-
ecules are embedded in the luminal and transmembrane do-
mains of the molecule.
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