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Human cytomegalovirus (HCMV) glycoprotein US2 causes degradation of major histocompatibility complex
(MHC) class I heavy-chain (HC), class II DR-� and DM-� proteins, and HFE, a nonclassical MHC protein.
In US2-expressing cells, MHC proteins present in the endoplasmic reticulum (ER) are degraded by cytosolic
proteasomes. It appears that US2 binding triggers a normal cellular pathway by which misfolded or aberrant
proteins are translocated from the ER to cytoplasmic proteasomes. To better understand how US2 binds MHC
proteins and causes their degradation, we constructed a panel of US2 mutants. Mutants truncated from the N
terminus as far as residue 40 or from the C terminus to amino acid 140 could bind to class I and class II
proteins. Nevertheless, mutants lacking just the cytosolic tail (residues 187 to 199) were unable to cause
degradation of both class I and II proteins. Chimeric proteins were constructed in which US2 sequences were
replaced with homologous sequences from US3, an HCMV glycoprotein that can also bind to class I and II
proteins. One of these US2/US3 chimeras bound to class II but not to class I, and a second bound class I HC
better than wild-type US2. Therefore, US2 residues involved in the binding to MHC class I differ subtly from
those involved in binding to class II proteins. Moreover, our results demonstrate that the binding of US2 to
class I and II proteins is not sufficient to cause degradation of MHC proteins. The cytosolic tail of US2 and
certain US2 lumenal sequences, which are not involved in binding to MHC proteins, are required for degra-
dation. Our results are consistent with the hypothesis that US2 couples MHC proteins to components of the
ER degradation pathway, enormously increasing the rate of degradation of MHC proteins.

Human cytomegalovirus (HCMV) is a betaherpesvirus that
can cause serious disease in children and patients who are
immunosuppressed or immunodeficient. HCMV can infect di-
verse cell types, including epithelial, glial, and endothelial cells,
fibroblasts, and monocytes/macrophages, and generally repli-
cates slowly in most cells. The virus establishes a latent state in
monocytes/macrophages (37). Periodic reactivation and repli-
cation occurs in the face of robust, fully primed host immunity.
HCMV survives and spreads to other hosts, in part, by inhib-
iting recognition by T lymphocytes and natural killer cells (re-
viewed in references 22, 23, and 41).

The S component of the HCMV genome includes a region,
US2-US11, that encodes eight membrane glycoproteins of sim-
ilar size and showing limited homology one to another (20, 24;
N. R. Hegde, R. A. Tomazin, T. W. Wisner, C. Dunn, J. M.
Boname, D. M. Lewinsohn, and D. C. Johnson, unpublished
data). These glycoproteins provide fascinating examples of di-
verse and, in some cases, redundant evasion of cellular immu-
nity. The first notions about the functions of US2-US11 glyco-
proteins came from studies involving HCMV mutants that
identified genes at either end of this region, US2 and US11,
which downregulated major histocompatibility complex
(MHC) class I proteins (24). Subsequent studies showed that
four of the US2-US11 glycoproteins inhibit the MHC class I
antigen presentation pathway (reviewed in references 22, 23,

and 41). Expression of either US2, US3, US6, or US11 in cells
by transfection or by using virus vectors reduces the cell surface
MHC class I (2) and inhibits recognition by CD8� T-cell
clones (Hegde et al., unpublished), whereas the expression of
US7, US8, US9, or US10 does not. US2 and US11 promote
proteasome-mediated degradation of class I proteins (24, 25,
43, 44), and US2 causes degradation of HFE, a nonclassical
MHC class I protein that regulates iron uptake (4). US3 causes
retention of class I complexes in the endoplasmic reticulum
(ER) (1, 26). US6 inhibits the transporter associated with an-
tigen processing (TAP), reducing the access of antigenic pep-
tides into the lumen of the ER (2, 19, 28). Recent studies
indicate that all eight membrane glycoproteins expressed from
this region—US2, US3, US6, US7, US8, US9, US10, and
US11—are retained in the ER or Golgi and do not reach the
cell surface (2, 20, 28).

Two of the glycoproteins from US2-US11 can also inhibit
MHC class II antigen presentation to CD4� T cells. When
glycoproteins US2-US11 were independently expressed in class
II-expressing cells, US2 and US3 inhibited recognition by
CD4� T-lymphocyte cells, whereas other glycoproteins from
US2-US11 were not effective (40; Hegde et al., unpublished).
US2 targets MHC class II HLA-DR-� and DM-� chains, as
well as class I proteins, for destruction by the proteasome (40)
and shows some limited preference for MHC class I when US2
is limiting (N. R. Hegde, unpublished data). US3 disrupts the
class II pathway by inhibiting the association of invariant
chains with class II DR-�/� dimers in the ER, so that class II
proteins are mislocalized and not loaded with peptides in en-
dosomal or lysosomal compartments (Hegde et al., unpub-
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lished). Thus, US2 and US3 act at different stages of the class
II pathway, as is the case with the HCMV inhibitors of the class
I pathway.

Normally, MHC class II proteins present exogenous or ex-
tracellular antigens that are taken up by phagocytosis or en-
docytosis into so-called “professional” antigen-presenting cells.
However, given that US2 and US3 are expressed as membrane
glycoproteins in the cytoplasm of HCMV-infected cells, we
proposed that US2 and US3 act to inhibit class II-mediated
presentation of endogenous, intracellular viral antigens (23,
40; Hegde et al., unpublished). Thus, during HCMV infection
of class II-expressing cells, such as endothelial cells, glial cells,
epithelial cells, or monocytes/macrophages, endogenous viral
antigens would normally be presented to CD4� T cells, and
this can be blocked by US2 and US3 (C. Dunn, D. M. Lewin-
sohn, and D. Johnson, unpublished data). This may be espe-
cially important since the assembly of HCMV involves exten-
sive targeting of viral proteins to endosomes, so that there is
likely large-scale delivery of viral antigens to MHC class II
antigen loading compartments (reviewed in reference 22).

The molecular mechanisms by which HCMV US2 and US11
cause degradation of the MHC class I and II proteins are not
yet completely characterized. It appears that binding of MHC
proteins by US2 and US11 triggers a normal cellular pathway,
termed ER-associated degradation (ERAD), that removes ab-
errant or misfolded ER proteins (reviewed in references 6 and
21). There is retrotranslocation of class I heavy chains (HC)
and class II DR-� into the cytoplasm through the Sec61 pro-
teinaceous pores, followed by proteasome-mediated degrada-
tion (40, 43, 44). Compared to the normal rate of catabolism of
MHC molecules, the US2-triggered process is very rapid. A
deglycosylated form of class I HC accumulates in a soluble
form in the cytoplasm of US2-expressing cells treated with
inhibitors of the proteasome (43, 44). In the US11-induced
pathway, there is a requirement for polyubiquitination of class
I HC for degradation (27, 36). It appears that ubiquitination
does not trigger retrotranslocation, since ubiquitination of the
HC cytoplasmic domain is not required to initiate this process
(35). However, there are some differences in the molecular
mechanisms by which MHC proteins are degraded by US2.
Class II DR-� chains remain associated with ER membranes in
cells expressing US2 and treated with proteasome inhibitors
(40) and do not accumulate in a deglycosylated form (40). We
suggested that proteasomes are necessary for extraction of
class II proteins from the ER membrane, supporting the view
that proteasomes involved in this process are tethered onto the
ER membrane.

In order to further study interactions between US2 and class
I and II proteins, we constructed a panel of US2 mutants.
Removal of just the cytoplasmic domain or the cytoplasmic and
transmembrane domains of US2 led to a loss of degradation of
both class I HC and class II DR-� proteins without affecting
the binding to these proteins. Chimeric glycoproteins consist-
ing of US2 and US3 sequences were also able to bind to MHC
proteins but not mediate their degradation. Therefore, binding
of US2 to both class I and II proteins is not sufficient to
promote retrotranslocation and degradation. These data are
consistent with the hypothesis that US2 bridges MHC proteins
to other cellular factors that promote degradation through the
ERAD pathway.

MATERIALS AND METHODS

Cells. U373-MG, a human astrocytoma cell line (ATCC, Rockville, Md.) was
grown in Dulbecco modified Eagle medium (Mediatech, Herndon, Va.) supple-
mented with 10% fetal bovine serum (HyClone, Logan, Utah) and penicillin-
streptomycin (BioWhittaker, Walkersville, Md.). U373-CIITA-HIS16 cells, de-
noted here as His16, were derived from U373-MG cells by stable transfection
with the human class II transactivator (CIITA) gene (40) and were propagated
in Dulbecco modified Eagle medium lacking histidine and supplemented with
10% fetal bovine serum and 0.5 mM histidinol (Sigma, St. Louis, Mo.).

Antibodies. The mouse anti-class I monoclonal antibodies (MAbs) W6/32
(correctly assembled MHC I) (33) and HC10 (HC) (38) and the rabbit anti-class
I heavy-chain serum (�-HC) (3) have been described previously. MAb specific
for HLA-DR-� (DA6.147) (17), DR-� (HB10A) (8), DM-� (5C1) (9), or invari-
ant chain (PIN.1) (34) were obtained from Peter Cresswell (Yale University,
New Haven, Conn.). Rabbit antipeptide sera (US2N) specific for US2 have been
described previously (40). A second polyclonal serum (�-US2) was prepared
against the entire ectodomain of US2 by expressing US2 in insect cells. Briefly,
the US2 signal sequence (residues 1 to 20) was replaced with the bee mellitin
signal sequence and the transmembrane and cytoplasmic domains were removed
so that US2 residues 21 to 155 were fused to a C-terminal epitope derived from
herpes simplex virus glycoprotein D (gD; amino acids [aa] 263 to 284) that is
recognized by MAb DL6 (11). This recombinant gene was introduced into
baculovirus by using the BAC-to-BAC baculovirus expression system (Life Tech-
nologies, Rockville, Md.). The fusion protein was purified to homogeneity from
Tn-5 insect cells infected with this baculovirus by using a DL6-affinity column as
described previously (11) and then injected into rabbits as described elsewhere
(40).

Construction of recombinant adenoviruses (Ads) expressing truncated forms
of US2. Wild-type, full-length US2 was expressed by using a replication-defective
(E1�) Ad vector as described previously and denoted Adtet-US2 (40). Other
recombinant Adtet vectors expressing truncated versions of US2 were con-
structed by using 293-cre4 cells that express the cre recombinase (7) and a shuttle
plasmid, pAdtet7, that contains loxP sites (18). The US2 carboxy-terminal trun-
cation mutants US2-186 (aa 1 to 186) (12), US2-160 (aa 1 to 160) (14), US2-150
(aa 1 to 150) (42), US2-140 (aa 1 to 140) (15), US2-130 (aa 1 to 130), US2-120
(aa 1 to 120), and US2-110 (aa 1 to 110) were constructed by inserting a stop
codon into US2 sequences present in pCDNA 3.1(�) (Invitrogen, Carlsbad,
Calif.). US2 mutants Kb21-199 (14), Kb28-199, Kb40-199, Kb50-199, and Kb60-
199 are comprised of the murine MHC class I heavy chain H-2Kb (Kb) signal
sequence (aa 1 to 20) fused to amino-terminal truncations of US2 from aa 21 to
199, aa 28 to 199, aa 40 to 199, aa 50 to 199, or aa 60 to 199. These truncations
were then ligated to the Kb signal peptide (pSP72; Invitrogen). The chimeric
cDNAs were then subcloned into plasmid pCDNA 3.1(�), followed by insertion
into plasmid pAdtet7 downstream of an HCMV immediate-early promoter ele-
ment that is regulated by a tetracycline transactivator element (16). 293-cre4 cells
were cotransfected with these pAdtet7-derived shuttle plasmids and DNA de-
rived from cells infected with psi5, an Ad vector that contains loxP sites flanking
the DNA packaging sequences (18). We used cre-mediated recombination be-
tween pAdtet-US2 plasmids and psi5 DNA to produce Ad vectors, which were
then passaged twice on 293-cre4 cells to remove psi5 helper viruses. For char-
acterization or expression of US2, U373 or His16 cells were coinfected with the
Adtet-US2 constructs (expressing truncated US2) and Adtet-trans, an Ad vector
that expresses the tetracycline transactivator protein (18) by using an Adtet-US2/
Adtet-trans ratio of 5:1.

Construction of Ad vectors expressing US2/US3 chimeric glycoproteins. Two
chimeric US2/US3 fusion proteins were engineered, inserting US3 sequences
into US2, based on previous analyses suggesting that these glycoproteins con-
tained three relatively homologous regions (hr) (1). US2/3-hr1 mutant contains
US3 hr1 sequence (Fig. 6) inserted in place of US2 hr1 sequence (from I47 to
V66). This chimera was engineered by using two rounds of PCR in a procedure
adapted from the method of Morrison and Desrosiers (32). In the first PCR, the
partial 5� and 3� fragments of US2/3-hr1 were amplified with four primers:
5�us2wt (5�-CGGGATCCATGAACAATCTCTGGAAAGCCTGG-3�; BamHI
site underlined), 5�us2/3#1 (5�-GCTGGTTCCATATGGGCATGCTGTACTT
CAAGGGGAGGATGTCGGGCAACATGAGTCGGTTCG-3�), 3�us2wt (5�-
GCTCTAGATCAGCACACGAAAAACCGCATCC-3�; XbaI site underlined),
and 3�us2/3#1 (5�-GCATGCCCATATGGAACCAGCATTGGTTCTCCTCCA
CTTGAAACCAGGGATGCTTGG-3�). The primers 5�us2/3#1 and 3�us2/3#1
overlap and encode the hr1 region of US3. The PCR products were gel purified
and used as templates for the second round of PCR amplification, together with
the outside primers 5�us2wt and 3�us2wt. The final product was digested with
BamHI and XbaI and ligated into pUC19 (New England Biolabs, Boston, Mass.).
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The presence of the mutated region hr1 was confirmed by sequencing. The
chimeric protein US2/3-hr2 has the hr2 domain of US2 (from V94 to V111)
replaced with hr2 of US3 (Fig. 6). US2/3-hr2 was constructed with the ExSite
PCR-based site-directed mutagenesis kit (Stratagene) with the primers 5�-TCC
GCGCTCATCATGGTGGTACTGCTCGTCGTCGGCGTCTACGTACAG-3�
and 5�-GCCTATTTCGAGTGGAACATCGGTGGGATGCCGATCTTCGAG
ACGC-3�. The hr3 domain of US2 (132RCVP135) was deleted by ExSite PCR-
based site-directed mutagenesis with the primers 5�-GTTCCCCTACACTAGA
CCGAC-3� and 5�-GAACTGCGAGTGGATTACACG-3�. The US2/3-hr2 and
US2�hr3 sequences were subcloned into the pUC19 plasmid, verified by se-
quencing, and then inserted into pAdtet7 for recombination into Ad vectors as
described above.

Radiolabeling of cells and immunoprecipitation of proteins. His16 cells (6 �
106 to 7 � 106 cells) were infected with Ad vectors and then labeled with
35S-labeled methionine and cysteine (Promix; Amersham Pharmacia Biotech,
Piscataway, N.J.) as described previously (40). Briefly, the cells were coinfected
with Adtet-US2 or Ad vectors expressing mutant forms of US2 and in addition,
Adtet-trans with, respectively, 100 and 20 PFU/cell (where plaques were deter-
mined on 293 cells). After 12 to 18 h, the cells were detached from the plates with
trypsin-EDTA, washed twice with medium lacking methionine and cysteine,
starved for 60 to 90 min in this medium, and then incubated in this medium
supplemented with 35S-labeled methionine and cysteine (100 to 1,000 �Ci/ml)
for 1 to 30 min. The label was chased by incubating cells in medium containing
10-fold excess methionine and cysteine (2 mM). The cells were washed and lysed
with NP-40–DOC lysis buffer (50 mM Tris-HCl, pH 7.5; 100 mM NaCl; 1%
Nonidet P-40 [Calbiochem, San Diego, Calif.]; 0.5% sodium deoxycholate [Sig-
ma]; 1 mg of bovine serum albumin/ml; 1 mM phenylmethylsulfonyl fluoride
[Sigma]) and a cocktail of protease inhibitors (40). The cell extracts were then
immunoprecipitated by mixing with the appropriate antibody for 2 h, followed by
incubation with protein A-agarose beads (Amersham Pharmacia Biotech) for an
additional 2 h. For endoglycosidase H (endo H) treatment, immunoprecipitated
proteins were incubated with 0.5 mU of recombinant endo Hf (New England
Biolabs) for 16 h at 37°C in 50 mM sodium acetate (pH 5.6) containing 0.3%
sodium dodecyl sulfate (SDS) and 150 mM �-mercaptoethanol.

Sequential immunoprecipitations. His16 cells (6 � 106 to 7 � 106 cells) were
coinfected for 12 to 16 h with Adtet-US2 mutants and Adtet-trans by using 10
and 2 PFU/cell, respectively. The cells were then starved for methionine and
cysteine for 60 to 90 min as described above in media supplemented with 35 �M
proteasome inhibitor carboxybenzyl-leucyl-leucyl-leucine vinyl sulfone (ZL3VS)
(5). The cells were radiolabeled with 1 mCi of 35S-labeled methionine and
cysteine/ml for 20 min in presence of ZL3VS. Cell extracts were prepared by
using Tris saline (50 mM Tris-HCl, pH 7.5; 100 mM NaCl) containing 1%
digitonin (Calbiochem). Samples were precleared by incubation with nonspecific
rabbit polyclonal serum and protein A-agarose and then centrifuged. The extract
was split and a fraction immunoprecipitated directly with anti-US2 antibodies.
Other fractions were immunoprecipitated with anti-class I MAb W6/32 or anti-
class II MAb DA6.147 for 2 h. The antigen-antibody complexes were captured by
the addition of protein A-agarose beads for 2 h and washed with buffer contain-
ing 0.1% digitonin and 1 mM phenylmethylsulfonyl fluoride (Sigma). The pro-
teins were next eluted by the addition of Tris saline–1% SDS, followed by boiling
for 10 min. The eluted proteins were diluted 10-fold with Tris saline containing
0.5% NP-40, and the remaining primary antibody was captured by incubation
with protein A-agarose for 2 h. A second immunoprecipitation was then per-
formed by the addition of rabbit polyclonal anti-US2 sera for 2 h, followed by
incubation with protein A-agarose for another 2 h.

Electrophoresis and autoradiography. Immunoprecipitated proteins were
eluted by the addition of Laemmli SDS sample buffer (4% SDS; 2% �-mercap-
toethanol; 100 mM Tris-HCl, pH 6.8; 20% glycerol) and boiled for 5 min.
Proteins were then subjected to electrophoresis in SDS-polyacrylamide gels, and
then the gels were fixed in 30% acetic acid–10% methanol and incubated with
Enlightning (New England Nuclear, Beverly, Mass.). The gels were dried and
exposed to X-ray film (Eastman Kodak Company, Rochester, N.Y.) or analyzed
by using a PhosphorImager BAS 2500 (Molecular Dynamics, Sunnyvale, Calif.).

RESULTS

Expression of C- and N-terminal truncated mutants of
HCMV US2. A series of truncated forms of US2 were con-
structed by removing N- and C-terminal residues. These mu-
tant US2 molecules were expressed by using recombinant Ad
vectors, as in previous studies (29, 40, 45). Ad vectors are

replication-defective (E1�) viruses and do not express detect-
able quantities of Ad proteins. In contrast to transfected cells,
these Ad vectors allow variable protein expression in different
cells with no pressure for cells to adapt to expression of for-
eign, often toxic, viral proteins.

Figure 1A depicts a panel of US2 mutants truncated from
the C terminus. US2 1-186 lacks 13 aa which constitute the
cytoplasmic domain of the protein, US2 1-160 lacks the cyto-
plasmic domain and predicted transmembrane domain, and
1-150, 1-140, 1-130, 1-120, and 1-110 are deleted sequentially

FIG. 1. Expression of HCMV US2 C-terminal truncated proteins.
(A) Schematic representation of C-terminal mutants of HCMV US2.
Wild-type US2 (residues 1 to 199) contains an N-terminal signal se-
quence (SS) of 20 aa, followed by an ER-lumenal domain that includes
a glycosylation site (Asn68) and a disulfide bridge between Cys52 and
Cys133. The lumenal domain is followed by a predicted transmembrane
domain (from residues 162 to 185) and a 14-residue cytosolic tail
(residues 186 to 199). (B) Wild-type (WT) US2 and US2 mutants were
expressed in His16 cells by infecting cells with Ad vectors for 12 to
16 h; the cells were radiolabeled with 35S-labeled methionine and
cysteine for 5 min, and US2 proteins were immunoprecipitated with
rabbit polyclonal anti-US2 sera. Molecular sizes of marker proteins of
28.1 and 20.9 kDa are indicated on the left. (C) His16 cells infected
with Ad vectors expressing various US2 were radiolabeled for 30 min,
and then US2 proteins were immunoprecipitated and either treated
with endo H (�) or not treated with endo H (�).
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of 10 additional amino acids. The expression of these proteins
was examined in His16 cells, U373 glial cells transfected with
the CIITA transactivator so as to express MHC class II pro-
teins (40). Cells were infected with Ad vectors, radiolabeled,
and US2 immunoprecipitated with anti-US2 polyclonal anti-
bodies. Glycoproteins smaller than wild-type US2 were de-
tected in every case, although the expression of the smaller
forms of US2 1-130, 1-120, and 1-110 was frequently lower
than with wild-type US2 (Fig. 1B and C). When cells were
radiolabeled with [35S]methionine in a short pulse, e.g., 5 min
(Fig. 1B) or for longer periods in the presence of the protea-
some inhibitor ZL3VS (Fig. 4A), there were two protein spe-
cies detected with wild-type and mutant US2 proteins. The
faster-migrating species were much less abundant, especially
with wild-type US2 and 1-186, when cells were labeled for
longer periods without proteasome inhibitor (Fig. 1C). More-
over, the more slowly migrating species was converted to the
faster-migrating band by endo H (Fig. 1C). Therefore, the
faster-migrating protein lacked N-linked oligosaccharides.

A second panel of mutants truncated from the N terminus
was constructed by replacing the US2 signal sequence (resi-
dues 1 to 20) with the signal sequence of the mouse MHC class
I HC molecule Kb. US2 sequences 21-199, 28-199, 40-199,
50-199, and 60-199 were fused onto the Kb signal sequence
(Fig. 2A). Although there is evidence that the US2 signal
sequence is not cleaved (14), the Kb signal sequences in these
N-terminal truncation mutants appeared to be cleaved, since
Kb21-199 was significantly smaller than wild-type US2 (Fig. 2B
and C). The deletion mutants Kb50-199 and Kb60-199 were not
stable in cells and were not characterized further. Kb21-199,
which contains all US2 coding sequences except the native
signal sequence, appeared as two protein species when cells
were labeled in a short pulse, as observed with wild-type US2
(Fig. 2B). There were also two protein bands with Kb40-199,
and less so with Kb28-199. Again, the upper band in each case
was modified with N-linked oligosaccharides and was sensitive
to endo H (Fig. 2C).

The cytosolic domain of US2 is necessary for degradation of
MHC class I HC and class II DR-� proteins. Wild-type and
C-terminal truncated forms of US2 were expressed in His16
cells by infection with Ad vectors, and the effects on MHC class
I HC and class II DR-� were assessed. Cells were radiolabeled
for 1 min, the label was chased for 15 or 30 min, and MHC
class I HC or class II DR-� proteins were immunoprecipitated
from cell lysates. Note that there was some acquisition of
DR-� immunoreactivity for the MAb DA6.147 during the
chase periods (Fig. 3A, lanes 2 and 10, and B, lane 2), as
described previously (40). To control for the effects of Ad
proteins, cells were infected with similar amounts of the Ad
vector expressing the transactivator protein (Adtet-trans). In
most experiments, infection of these cells with Adtet-trans or
other Ad vectors increased the expression of class I and II
proteins compared to uninfected cells, probably through inter-
feron induction of MHC expression. Expression of wild-type
US2 caused marked loss of both HC and DR molecules (Fig.
3). Previous results showed that the other components of DR
complex, DR-� and the invariant chain Ii, are not degraded in
cells expressing US2 (40) and that losses of DR-� and Ii bands
are caused by loss of DR-� because the class II complex was
immunoprecipitated with DA6.147, a DR-�-specific MAb.

Mutant 1-186 showed little or no effect on class I or II proteins
in this experiment (Fig. 3A, lanes 5 and 6), although in other
experiments in which high levels of 1-186 were expressed there
was some limited degradation of both class I and II proteins.
Mutants 1-160, 1-150, 1-140, 1-130, 1-120, and 1-110 produced
no obvious degradation of class I HC and class II DR even at
the highest levels of expression (Fig. 3A). We concluded that
US2 proteins lacking just the 13 aa comprising the cytoplasmic
domain or the cytoplasmic and transmembrane domains are
largely inactive in promoting degradation of DR-� and class I
HC (see Table 1 for summary).

FIG. 2. Expression of HCMV US2 N-terminal truncated proteins.
(A) Schematic representation of a panel of US2 mutants truncated
from the N terminus. The native signal sequence of US2 was replaced
with the murine MHC class I Kb signal sequence. (B) Expression of
N-terminal truncated mutants of US2 in His16 cells infected with Ad
vectors and radiolabeled for 5 min with 35S-labeled methionine and
cysteine. US2 proteins were immunoprecipitated with rabbit poly-
clonal anti-US2 sera. Note that Kb50-199 and Kb60-199 were not
stable, and the expression was not shown. (C) Cells infected with Ad
vectors expressing mutant US2 proteins were radiolabeled for 30 min,
US2 immunoprecipitated, and then either treated (�) or not treated
(�) with endo H.
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The signal sequence and N-terminal residues of US2 are not
required for MHC protein degradation. US2 N-terminal trun-
cation mutants Kb21-199, Kb28-199, and Kb40-199 were ex-
pressed in cells by using Ad vectors, and the degradation of
class I HC and class II DR-� was examined. Kb21-199, in which
only the native US2 signal sequence was replaced, behaved like
wild-type US2 (Fig. 3B, lanes 5 and 6). Similarly, Kb28-199
caused degradation of both HC and DR-� (Fig. 3B, lanes 7 and
8), although in most experiments there was reduced activity
compared with Kb21-199. The mutant Kb40-199 was much less
active, producing limited degradation of class I and II proteins

(Fig. 3B, lanes 9 and 10). We concluded that the extreme
N-terminal residues of US2, certainly aa 1 to 28, including the
native signal sequence (residues 1 to 20) are not required for
the degradation of HC and DR-�. The wild-type US2 signal
sequence is apparently not cleaved, at least in some cells (14),
but our results show that the US2 signal sequence can be
replaced by a heterologous signal sequence which is cleaved
without affecting its function. We have no direct evidence that
there was cleavage of Kb28-199 or Kb40-199 but, based on the
cleavage of Kb21-199, this is likely the case.

Binding of US2 truncation mutants to class I and II pro-
teins. To examine whether US2 mutant proteins could bind to
MHC class I and II proteins, we performed sequential immu-
noprecipitation experiments. Cells were infected with Ad vec-
tors expressing mutant US2 molecules; cell extracts were then
immunoprecipitated with antibodies specific for MHC class I
HC (W6/32) or class II DR-� (DA6.147). Precipitated proteins
were denatured and immunoprecipitated in a second round
with polyclonal antibodies specific for US2. In parallel, US2
was precipitated directly from cell lysates with anti-US2 anti-
bodies to control for levels of US2 expression in the cells.
Wild-type US2 was found in MHC class I and class II com-
plexes precipitated from cells, although at lower levels in class
II complexes (Fig. 4B and C). This finding may relate to the
affinities or steric effects of the primary antibodies. Alterna-
tively, since the cells were labeled in a 20-min pulse, the class
II complexes that assemble slowly may acquire US2 in a de-
layed fashion.

C-terminal truncations of US2, 1-186, and 1-160 were im-
munoprecipitated with anti-class I HC and anti-DR-� antibod-
ies at levels similar or identical to those observed with wild-
type US2 (Fig. 4B and C). Mutants 1-150 and 1-140 bound
detectable but lower levels of class I HC and class II DR
complexes (Fig. 4B and C). There was no detectable binding of
US2 1-130, 1-120, and 1-110 to either class I or II proteins (Fig.
4B and C). The glycosylated forms of wild-type and mutant
US2 proteins, the slower-migrating bands, were preferentially
bound to class I and class II proteins (Fig. 4B and C). The

FIG. 3. Degradation of class I and II proteins by US2 C- and
N-terminal truncation mutants. His16 cells were infected for 12 to 16 h
with Adtet-trans alone or coinfected with Adtet-trans (Trans) and
AdtetUS2 (wild-type US2 [US2wt]) or Ad vectors expressing US2
mutants: 1-186, 1-160, 1-150, 1-140, 1-130, 1-120, or 1-110 (A) or
Kb21-199, Kb28-199, or Kb40-199 (B). The cells were radiolabeled with
35S-labeled methionine and cysteine for 1 min, and then the label was
chased for 15 or 30 min. The cell extracts were immunoprecipitated
with MAb HC10 (anti-class I HC, upper panels) or DA6.147 (anti-class
II DR-�, lower panels).

TABLE 1. Class I and class II binding and degradation properties
of US2 mutantsa

US2 or US2 mutant (residues)
Binding Degradation

Class I Class II Class I Class II

US2 wild type ���� ��� ���� ����
1-186 ���� ��� � �
1-160 ���� ��� � �
1-150 �� �� � �
1-140 �� � � �
1-130 � � � �
1-120 � � � �
1-110 � � � �
Kb21-199 ���� ��� ���� ����
Kb28-199 ���� ��� ��� ���
Kb40-199 ��� � � �
US2/3-hr1 (47–66) ���� ��� � �
US2/3-hr2 (94–111) � ��� � �
US2 �hr3 (132–135) � � � �

a The binding and degradation of class I and class II molecules by wild-type
and mutant forms of US2 was quantified by phosphorimager analysis of the gels
shown in Fig. 3, 4, and 5.
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strong binding of 1-186 and 1-160 to class I and class II com-
plexes was especially interesting given that these mutants were
unable to affect the degradation of class I or II proteins.

Similar experiments were performed to test binding of US2
mutants truncated from the N terminus. Kb21-199, Kb28-199,
and Kb40-199 all bound to class I HC and class II DR com-
plexes (Fig. 5B and C). Note that degradation of class I and II
proteins by Kb40-199 was markedly reduced (Fig. 3B). As
observed above, only the glycosylated forms of the N-terminal
US2 mutants were able to bind HC and DR-�. In summary,
certain mutant forms of US2, e.g., 1-186, 1-160 and Kb40-199,
can bind well to class I and class II proteins but are unable to
cause their degradation (see Table 1 for summary).

Analysis of chimeric US2/US3 proteins. To characterize fur-
ther the lumenal domains of US2 which contact MHC proteins
directly, we constructed chimeras composed largely of US2

with short sequences replaced by homologous sequences from
HCMV US3. US2 and US3 can bind to both class I and class
II proteins, US2 causes degradation of both MHC proteins,
whereas US3 causes ER retention of class I and mislocalizes
class II (1, 26; Hegde et al., unpublished). Fruh and coworkers
noted that US2 and US3 display more extensive homology in
three regions, termed hr1 (residues 47 to 66 in US2), hr2
(residues 94 to 111 in US2) and hr3 (residues 132 to 135 in

FIG. 4. Sequential immunoprecipitation of US2 C-terminal trun-
cation proteins with MHC class I and II proteins. His16 cells were
infected with Ad vectors expressing US2 proteins for 12 to 16 h,
incubated with 35 �M proteasome inhibitor ZL3VS for 60 to 90 min,
and then radiolabeled with 35S-labeled methionine and cysteine for 20
min in the presence of ZL3VS. Cell extracts were made with 1%
digitonin buffer, and US2 was immunoprecipitated directly with poly-
clonal anti-US2 antibodies (A), class I HC was precipitated with MAb
W6/32 (B), or class II complexes were precipitated with MAb DA6-
147. In panels B and C, the class I or II complexes were denatured in
1% SDS and reprecipitated with anti-US2 antibodies. FIG. 5. Sequential immunoprecipitation of US2 N-terminal trun-

cations with MHC class I and II proteins. His16 cells were infected
with Ad vectors for 12 to 16 h and incubated with ZL3VS for 60 to 90
min, and the cells were labeled for 20 min and then lysed in 1%
digitonin buffer. (A) An aliquot of the samples was immunoprecipi-
tated directly with polyclonal anti-US2 antibodies. (B) MHC class I
was precipitated with MAb W6/32, and precipitated proteins were
denatured and reprecipitated with polyclonal anti-US2 antibodies.
(C) Class II complexes were immunoprecipitated with MAb DA6.147,
and the precipitated proteins were denatured and reprecipitated with
anti-US2 antibodies.
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US2) (1). Thus, proteins with these regions exchanged are
more likely to fold correctly. By characterizing these chimeric
mutants we sought to further characterize regions of US2 that
can couple class I and II proteins to cellular molecules that
cause ER degradation.

Using PCR, chimeric US2/US3 proteins were constructed:
(i) US2/3-hr1 is largely US2 except that US3 hr1 sequences (aa
39 to 59) replace those of US2 (aa 47 to 66); (ii) US2/3-hr2 has
US3 hr2 sequences (aa 85 to 102) replacing US2 hr2 sequences
(aa 94 to 111) (Fig. 6A). For hr3, US2 and US3 sequences are
short (4 aa) and largely identical and, therefore, we con-
structed a US2 mutant deleted of residues 132 to 135, includ-
ing cysteine 133. These glycoproteins were expressed by using
recombinant Ad vectors that expressed proteins of the ex-
pected size; again, doublets were observed (Fig. 6B). The slow-
er-migrating species was converted to a species comigrating
with the lower band by endo H treatment (not shown).

Degradation of class I HC and DR-� was not observed with
the chimeric proteins US2/3-hr1 and US2/3-hr2 and with the
deletion mutant US2�hr3 (Fig. 6C). The binding of the chi-
meric US2/3 glycoproteins was studied as described above by
sequential immunoprecipitation. Binding of mutant US2/3-hr1
to class I HC was observed, and in all experiments the amount
of US2 present in class I immunoprecipitates was greater than
that observed with wild-type US2 (Fig. 7B). This apparently
does not relate to wild-type US2-mediated degradation of class
I and concomitant loss of US2 because the labeling was per-
formed in the presence of a proteasome inhibitor, ZL3VS, that
abolishes proteolysis of both class I and US2 (40). Moreover,
expression of US2/3-hr1 was not higher than and the binding of
US2/3-hr1 to class II was not different from that of wild-type
US2 (Fig. 7C). Thus, US2/3-hr1 apparently binds with higher
affinity to class I compared to wild-type US2. Mutant US2/3-
hr2 was not able to bind to class I but bound to class II
complexes as well as wild-type US2 (Fig. 7B and C). Mutant
US2�hr3 bound to class I HC and class II complexes poorly or
not at all. Note that US2�hr3 lacks residues 132 to 135, in-
cluding Cys133, which is involved in a disulfide bridge with
Cys52 (13), and may be folded aberrantly. The results with
US2/3-hr1 and -hr2 were quite striking because these chimeric
proteins displayed preferences for class I versus class II pro-
teins, something not previously observed.

DISCUSSION

US2 causes rapid proteasome-mediated degradation of
MHC class I HC, HFE (a nonclassical MHC class I protein),
and class II DR-� and DM-� proteins (4, 40, 43, 44). Binding
of US2 to class I triggers association of class I HC with the
Sec61 translocon so that there is retrotranslocation into the
cytoplasm and proteolysis by the proteasome (44). US2 simi-
larly causes MHC II DR-� to be rapidly degraded, but in this
case there is evidence that proteasomes are required for the
retrotranslocation process (40). The requirement for active
proteasomes is similar to observations involving the free DR-�
chain, destabilized in the absence of its partner DR-�, which is
degraded by proteasomes, but remains present in the mem-
brane when proteasomes are blocked (10). It appears that
proteasomes anchored onto the cytosolic surface of the ER
play an active role in extracting MHC proteins from the ER

membrane. However, little is known about how retrotranslo-
cation is triggered, apart from the binding of US2 to MHC
proteins and the association of HC with Sec61 (44). It appears
likely that US2 bridges MHC proteins to other cellular pro-
teins that are regulatory or structural components of the
ERAD pathway.

We have defined here US2 sequences important for binding
to and degradation of class I HC and class II DR-�. These
studies have provided new insights into the mechanism by

FIG. 6. Expression of US2/3 chimeric proteins and degradation of
class I and II proteins. (A) Schematic representation of US2 and US3
including the homologous sequences: hr1, hr2, and hr3. US2/3-hr1
contains hr1 of US3 introduced into US2 in place of US2 hr1. US2/3-
hr2 has hr2 of US3 introduced into US2 in place of US2 hr2. US2�hr3
has a deletion of 4 aa (RCVP) in the hr3 region. (B) Expression of
US2/3 chimeric proteins. His16 cells were infected with Ad vectors, the
cells were radiolabeled for 5 min with 35S-labeled methionine and
cysteine, and US2/3 proteins were immunoprecipitated with anti-US2
antibodies. (C) Degradation of class I and II proteins by US2/3 chi-
meric proteins. His16 cells were infected with Ad vectors and labeled
with 35S-labeled methionine and cysteine for 1 min, and then the label
chased for 15 or 30 min. MHC class I HC (upper panel or class II
complexes (lower panel) were immunoprecipitated with MAb HC10 or
DA6.147, respectively.
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which US2 functions. A mutant in which the 20-aa US2 signal
sequence was replaced by another signal sequence was not
compromised for degradation of class I or II proteins. There is
evidence that the US2 signal sequence is not cleaved, at least
in some cells (14). However, the Kb signal sequence was
cleaved. Thus, removal of this signal sequence and exposure of
residue 21 does not reduce functional properties of US2. Kb28-
199 which is missing 8 additional amino acids also bound class
I and II proteins and caused their degradation, but with re-
duced activity. There was a more extensive loss of function in
Kb40-199. We conclude that the extreme N terminus of US2, at
least as far as residue 27, is not required for binding and
degradation of both MHC proteins. A �-sheet structure, be-
ginning at residue 45, has been described for US2 (13). Dele-
tion of residues 1 to 27 or even of residues 1 to 39 should not
affect this structure. However, Kb40-199 caused little degrada-
tion of MHC proteins, although the protein bound to both
class I and II. Therefore, the N terminus of US2 between 27

and 39 is apparently required for a process other than binding
MHC proteins or, alternatively, this region strengthens binding
to both MHC class I and II proteins in cells.

Removal of the small cytoplasmic domain of US2 in 1-186
reduced the degradation of class I and II proteins by 	90%.
The mutant 1-160, lacking both the transmembrane and cyto-
plasmic domains lost all degradation activity. In other studies,
US2 1-186 produced by in vitro translation did not degrade
class I HC (12). Thus, US2 must be anchored in the ER
membrane and retain cytosolic sequences in order to cause
degradation. US2 1-186 and 1-160 mutants were especially
interesting because both bind well to class I and II proteins.
We concluded that these membrane-bound and soluble US2
molecules can bind efficiently and tightly to class I and II
proteins but cannot cause their degradation. Therefore, bind-
ing of US2 to MHC substrates is not sufficient for degradation.
A similar conclusion was drawn from studies of a class I HC
protein lacking all but four of the residues making up the
cytoplasmic domain (39). US2 mutants of this type should be
useful in ongoing efforts to identify cellular components of the
ERAD pathway.

Our studies indicate that the majority of the lumenal domain
of US2, including residues 28 to 160, is required for efficient or
tight binding to both class I and II proteins, but smaller frag-
ments, including aa 40 to 140, may be able to bind less tightly.
These observations compare well with the recently described
structure of a fragment of US2 (residues 15 to 140) bound to
soluble class I HLA-A2 (13). US2 sequences, including resi-
dues 43 to 137, formed an immunoglobulin G-like fold and
interacted along a face of US2 including contact residues 71,
72, 73, 75, 76, 77, 86, 87, 88, 120, 125, and 130. Mutant 1-130
should contain all of these contact residues, but the truncation
probably affects the correct folding of the protein through the
loss of Cys133 involved in a disulfide bond with Cys52 (13).
Mutant US2�hr3 carries a similar deletion of Cys133 and can-
not bind class I or II proteins, further supporting an essential
role for the disulfide bond.

Analysis of US2/US3 chimeras provided additional informa-
tion on binding of US2 to class I and class II proteins. Class I
HC, class II DR-�, and DM-� share only 25 to 30% amino acid
identity, yet US2 binds to all three of these proteins and causes
their degradation (40). Other proteins with similar homology,
DR-� and DM-�, are not affected. US2/3-hr2, which contains
US3 sequences in place of US2 domain hr2 (residues 94 to
111), was able to bind class II DR-� normally, yet could not
bind class I HC. Chimera US2/3-hr1 in which US2 residues
(i.e., residues 47 to 66) were replaced with homologous US3
sequences bound class I HC better than wild-type US2, but
there was no change in the binding of class II. Neither of these
chimeras could cause degradation of either class I or II pro-
teins. This is the first evidence that US2 sequences involved in
binding to class I HC are subtly different from those involved
in binding to class II. We note that most other US2 mutations
affected binding to class I and II proteins equally.

In a recent publication, Rehm et al. (33a) were unable to
find evidence that US2 could cause degradation of class II
proteins in dendritic cells (DCs) infected with an Ad vector
expressing US2 (33a). In general, Ad vectors express trans-
genes poorly in DCs, and our efforts to deliver functional
quantities of US2 or other US2-US11 proteins into DCs and

FIG. 7. Binding of chimeric US2/3 chimeras to MHC I and II
proteins. His16 cells were infected for 12 to 16 h with Ad vectors
expressing chimeric proteins, and cells were incubated with ZL3VS for
60 to 90 min then radiolabeled for 20 min. (A) Digitonin cell extracts
were immunoprecipitated directly with anti-US2 antibodies. (B) Cell
extracts were immunoprecipitated with anti-class I HC (W6/32), de-
natured, and then immunoprecipitated with anti-US2 antibodies.
(C) Cell extracts were immunoprecipitated with anti-class II MAb
DA6.147 and then immunoprecipitated with anti-US2 antibodies.
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other blood-derived adherent cells, including monocytes/mac-
rophages, have not met with substantial success (R. Tomazin,
J. A. Nelson and D. C. Johnson, unpublished results). DCs
express relatively high levels of MHC class I and II proteins.
Rehm et al. observed no obvious reductions in cell surface
class I or class II proteins in DCs infected with AdUS2 by using
1,200 PFU/cell. In order to make conclusions about the effects
of US2 on class II proteins, it was important to determine that
US2 affected class I proteins. There was an extensive loss of
class I HC in uninfected DCs during chase periods, and it
appeared that US2 did not add significantly to the loss of HC.
Similarly, US2 had little or no effect on class II DR-� in DCs.
Although the authors concluded that US2 caused degradation
of HC and was not effective with class II proteins, we con-
cluded that US2 was expressed at insufficient levels in these
cells to cause degradation of either class I or II proteins. These
authors did observe deglycosylated forms of class II-� in US2-
expressing DCs and suggested that this was further evidence
that US2 did not affect class II proteins. However, this view
fails to take into account our observations that deglycosylated
intermediates of class II-� do not accumulate in US2-express-
ing cells treated with proteasome inhibitors (40). Therefore,
general conclusions about US2’s effects on II proteins based on
these studies of DCs are not warranted.

HCMV infects a broad assortment of cells in vivo. It appears
unlikely to us that US2 acts to reduce class I or II antigen
presentation in professional antigen-presenting cells or in
monocytes/macrophages or DCs. Rather, we believe that other
cells, e.g., endothelial, epithelial, or even glial cells, that ex-
press lower levels of both class I and II proteins may be more
plausible targets of these proteins. Once infected by HCMV,
these cells would present endogenous viral antigens and be
subject to the antiviral effects of CD4� T cells. Obviously, cells
will differ, not only in the quantities of MHC proteins but also
in other cellular factors. The recent suggestion that U373 cells
are somehow not appropriate for studies of HCMV’s effects on
class II proteins (33a) fails to recognize several observations:
(i) that HCMV infects glial cells in vivo (44) and causes fre-
quent neurologic damage in children and (ii) that glial cells
naturally express low levels of class II proteins, can present
antigens to CD4� T cells (40), and can be readily induced to
express higher levels of class II. Moreover, it must also be kept
in mind that US2 does not act in isolation; HCMV infection
leads to the expression of other viral proteins that can inhibit
the class II pathway, including US3 that causes mislocalization
of class II complexes preventing peptide loading (Hegde et al.,
unpublished), and unidentified inhibitors of class II transcrip-
tion (30, 31).

Considerable care must also be taken in interpreting nega-
tive results involving the binding of US2 to class II proteins. A
soluble US2 (aa 15 to 140) produced in bacteria did not bind
to truncated forms of class II DR or DM proteins in gel shift
assays, whereas this US2 did bind to a soluble form of HLA-A2
(15). Soluble US2 was also unable to bind to HLA-B7 and
-B27, yet these class I alleles are degraded in mammalian cells
(15). This US2 was extracted from inclusion bodies of bacterial
cells and refolded in vitro and could be abnormally folded or
else lacking important posttranslational modifications. The
binding of our US2 1-140 mutant to both class I and II proteins
in cells was reduced compared to the binding of 1-160, sug-

gesting that sequences outside the region from residues 15 to
140 stabilize interactions with both class I and II proteins.
Moreover, we presented evidence here that binding to class I
and class II can involve different US2 sequences.

There is now extensive evidence that US2 effectively initiates
degradation MHC class II proteins in cells, as well as class I
proteins. In human His16 cells that express similar quantities
of class I and II proteins, there was some preference, i.e., 1.5-
to 2.5-fold, for degradation of class I versus class II when US2
was limiting, but both class I HC and class II DR-� were
rapidly and extensively (	90%) degraded when US2 was ex-
pressed at higher levels (N. Hegde and D. C. Johnson, unpub-
lished data). Similarly, DR-� and DM-� were efficiently de-
graded in HeLa cells transfected with just the DR-� or DM-�
DNAs, whereas DR-�, DM-�, and Ii remained unharmed
(Hegde and Johnson, unpublished). The expression of US3,
US8, US9, and US10 in a variety of cell types has no effect on
the stability of class I or class II proteins and other ER-resident
proteins, whereas US2 leads to the degradation of DR-� in
every case (Hegde et al., unpublished; Hegde and Johnson,
unpublished). However, the best evidence for US2’s effects on
MHC class II proteins involves the inhibition of class II-medi-
ated presentation to CD4� T lymphocytes. The original results
involved anti-tuberculosis antigen CD4� T cells (40) and have
been extended to include other US2-US11 glycoproteins, in-
cluding US3, US8, US9, US10, and US11 (Hegde et al., un-
published). Only US2 and US3 diminished presentation to
anti-tuberculosis antigen CD4� T cells. Moreover, anti-
HCMV gB CD4� T cells have recently been isolated, and these
clones are unable to recognize gB in His16 or Neo6 cells that
also express US2 or US3 (Dunn et al., unpublished).

Not only are MHC proteins degraded after US2 binding, but
US2 itself is also degraded by proteasomes (44). It is not clear
whether retrotranslocation and degradation of US2 occurs si-
multaneously with that of MHC proteins or in a separate step.
Cells treated with proteasome inhibitors display two forms of
US2: glycosylated and unglycosylated molecules, with the latter
lacking N-linked oligosaccharides (40, 42, 44). The unglycosy-
lated form of wild-type US2 is unstable and is not observed
when cells are labeled for longer periods or in chases in the
absence of proteasome inhibitor. Here, we observed that mu-
tant forms of US2 that did not cause degradation of MHC
proteins (e.g., 1-186, 1-160, 1-150, or Kb40-199) accumulated in
significant quantities as unglycosylated species in the absence
of proteasome inhibitors. In contrast, US2 molecules that me-
diated degradation displayed rapid and preferential loss of the
unglycosylated US2. Thus, the retrotranslocation of MHC
molecules and proteasome-mediated degradation of these sub-
strates must occur in order that unglycosylated US2 is de-
graded by the proteasome. One possibility is that unglycosy-
lated US2 is an intermediate in the degradation pathway, there
is deglycosylation of US2 as part of this process, followed by
rapid proteolysis of US2 and MHC proteins. When degrada-
tion of MHC substrates does not occur, in the case of mutants,
deglycosylated US2 accumulates and is more stable. Therefore,
the degradation of US2 apparently occurs simultaneously with
that of MHC proteins or the two processes are coupled.

In summary, our observations provide several important new
insights into how US2 functions. First, certain mutations af-
fected binding to class II, and not class I, or showed enhanced
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binding of class I. Therefore, the surfaces of US2 involved in
contacting class I and II differ to some extent. Second, ungly-
cosylated US2 appears to be an intermediate in the degrada-
tion pathway and is apparently degraded simultaneously or
synchronously with MHC proteins. Third, binding of US2 to
MHC substrates is not sufficient for degradation; other pro-
cesses or proteins must be involved. It is likely that degradation
occurs by the triggering of a normal cellular process, with
MHC proteins being perceived as misfolded or aberrant by ER
proteins that monitor quality. Thus, US2 likely bridges MHC
proteins to these ERAD proteins and US2 sequences outside
those required to bind class I and II appear to be involved in
these connections. Consistent with this hypothesis, expression
of US2 in cells with 30- to 40-fold differences in the amount of
class II DR-� leads to similar levels of degradation when US2
is constant (Hegde and Johnson, unpublished). This view is
consistent with the notion that proteins other than Sec61 and
class II are limiting for degradation of MHC proteins in cells.
US2 and US2 mutants will be valuable tools for the identifi-
cation and characterization of cellular proteins involved in
ERAD.
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