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Human herpesvirus 8 (HHV8) downregulates major histocompatibility complex (MHC) class I complexes
from the plasma membrane via two of its genes, K3 and K5. The N termini of K3 and K5 contain a plant
homeodomain (PHD) predicted to be structurally similar to RING domains found in E3 ubiquitin ligases. In
view of the importance of the ubiquitin-proteasome system in sorting within the endocytic pathway, we analyzed
its role in downregulation of MHC class I complexes in cells expressing K3. Proteasome inhibitors as well as
cysteine and aspartyl protease inhibitors stabilize MHC class I complexes in cells expressing K3. However,
proteasome inhibitors differentially affect sorting of MHC class I complexes within the endocytic pathway and
prevent their delivery to a dense endosomal compartment. In this compartment, the cytoplasmic tail of MHC
class I complexes is cleaved by cysteine proteases. The complex is then cleaved within the plane of the
membrane by an aspartyl protease, resulting in a soluble MHC class I fragment composed of the lumenal
domain of the heavy chain, �2-microglobulin (�2m), and peptide. We conclude that K3 not only directs
internalization, but also targets MHC class I complexes to a dense endocytic compartment on the way to
lysosomes in a ubiquitin-proteasome-dependent manner.

Antigen presentation via the major histocompatibility com-
plex (MHC) class I pathway is targeted for interference at
different stages by several viruses (26, 46). Virtually every her-
pesvirus studied encodes at least one gene product that nega-
tively affects MHC class I expression in the infected cell. Hu-
man herpesvirus 8 (HHV8), a gamma-2 herpesvirus, also
known as Kaposi’s sarcoma-associated herpesvirus (KSHV),
downregulates expression of MHC class I complexes at the cell
surface via two gene products, K3 and K5 (7, 22). Both genes
independently induce internalization of MHC class I com-
plexes from the plasma membrane, which ultimately results in
lysosomal degradation of MHC class I complexes. The speci-
ficity of K3 and K5 differs for different MHC class I alleles and
depends on the transmembrane domain of the class I molecule.
K3 induces internalization of HLA-A, -B, -C, and -E, while K5
induces internalization of HLA-A and -B and only a small
fraction of HLA-E. In addition, K5 downregulates B7-2 and
ICAM-1 (8, 21).

K3 shares 40% amino acid identity with K5 (30). Both genes
contain in their N terminus a variant of the C4HC3 zinc finger
domain class, termed the plant homeodomain (PHD)/leuke-
mia-associated protein (LAP) motif. It has been shown re-
cently that an intact PHD is required for MHC class I down-
regulation by K3 (28). While PHDs (for review, see reference
1) are similar to RING fingers and LIM (Lin11/Isl-1/Mec3)
domains, their function remains unknown. Structural analysis
by nuclear magnetic resonance of the PHD in the transcrip-

tional corepressor KAP-1 shows its structural similarity with
the prototype C3HC4 pattern RING fingers (6). Nicholas et al.
(39) have categorized the PHDs of K3 and K5 as the BKS
(bovine herpesvirus 4, KSHV, swinepox virus) subclass of the
prototypical PHD/LAP motif present in many cellular pro-
teins, such as human AF10 and MLLa.

RING finger-containing, E3 ubiquitin protein ligases partic-
ipate in transfer of ubiquitin to other proteins and to them-
selves (24). E3 ubiquitin protein ligases facilitate direct trans-
fer of activated ubiquitin from E2, the ubiquitin-conjugating
enzymes, to the substrate and confer specificity for this reac-
tion (16). Ubiquitin serves a widespread role in the regulation
of the fate of cellular proteins (5, 17, 33). There are at least two
major functions for ubiquitin modification. The best known
role is in targeting proteins for proteasomal degradation. It is
now clear that the functions of ubiquitin modification extend to
many other processes, notably the control of internalization of
surface receptors and the determination of their subsequent
fate (5, 18). KSHV K3 and K5 may utilize a pathway that
exploits the latter aspect of ubiquitin function.

The ubiquitin-proteasome pathway helps regulate internal-
ization and sorting into the endolysosomal compartment. The
connection between the ubiquitin machinery and regulated
receptor internalization from the plasma membrane is illus-
trated by Ste2p, a G protein-coupled receptor specific for
�-factor (19). Upon ligand binding, this receptor is monoubiq-
uitinated at the plasma membrane and rapidly internalized and
degraded by vacuolar hydrolases, a process in which Ent1 plays
a critical role. Ent1 binds ubiquitin directly and interacts with
clathrin, thus linking ubiquitin with the endocytosis machinery
(for review, see references 33 and 51). Moreover, the involve-
ment of the proteasome can be direct, as in the case of the

* Corresponding author. Mailing address: Department of Pathology,
Harvard Medical School, Building D2, Room 137, 200 Longwood
Ave., Boston, MA 02115. Phone: (617) 432-4776. Fax: (617) 432-4775.
E-mail: ploegh@hms.harvard.edu.

5522



c-Met receptor (23), or indirect, as in the case of the growth
hormone receptor (GHR) (48). The role of the proteasome in
endocytosis is not understood in any mechanistic detail.

Furthermore, the ubiquitin-proteasome system is involved in
sorting of proteins within compartments of the endocytic path-
way (12, 17). Sorting of the internalized receptor tyrosine ki-
nase ErbB1 into late endocytic compartments instead of recy-
cling endosomes is dependent on the RING-containing E3
ubiquitin-protein ligase, c-cbl (13, 50). Ubiquitination is also
involved in the distribution of proteins within the endocytic
compartment known as the multivesicular body. The internal
vesicles that characterize a multivesicular body derive from
invagination of its limiting membrane in a process that is in
some cases dependent on ubiquitin (25, 35).

Here we report results that indicate sorting of MHC class I
complexes within the endocytic compartment of cells express-
ing KSHV K3 to be dependent on the ubiquitin-proteasome
system. Furthermore, MHC class I complexes are sorted to a
dense endocytic compartment, where the MHC class I heavy
chain (HC) is cleaved in its cytoplasmic tail by a cysteine
protease and within its transmembrane domain by an aspartyl
protease.

MATERIALS AND METHODS

Cell lines and cell culture. BJAB is an Epstein-Barr virus-negative Burkitt’s
lymphoma cell line. BJAB cells stably transfected with pEF (BJAB) and pEF-K3
(K3-BJAB), as previously described (22), were grown in HEPES-buffered RPMI,
supplemented with 5% fetal calf serum, 5% calf serum, 50 U of penicillin per ml,
50 �g of streptomycin sulfate per ml, 2 mM L-glutamine, and 0.5 mg of Geneticin
per ml (GIBCO, Fredrick, Md.).

Plasmids and DNA constructs. The vectors pEF and pEF-K3 were previously
described (22). HLA-A 0201 (HLA-A2312) (amino acids [aa] 1 to 312) was
generated as described previously (43); HLA-A2322 (aa 1 to 322) and HLA-A2271

(aa 1 to 271) were generated with similar PCR primers to introduce a stop codon
at positions 323 and 272, respectively. HLA-A2275 has been described previously
(14).

Materials and inhibitors. The proteasome inhibitor carboxylbenzyl-leucyl-
leucyl-leucine vinyl sulfone (ZL3VS) was synthesized as described previously (3).
Epoxomicin and lactacystin were purchased from Affiniti Research Products,
Exeter, United Kingdom. Leupeptin and pepstatin A were purchased from
Sigma Chemical Co. (St. Louis, Mo.) and concanamycin B from Ajinimoto Co.
(Kanagawa, Japan).

Antibodies. Monoclonal antibody W6/32 recognizes properly folded class I
molecules (31). Rabbit anti-class I HC serum (HC70) was generated against the
bacterially expressed lumenal fragment of HLA-A2 and HLA-B27 (47). Rabbit
polyclonal p8 was generated against the cytoplasmic tail of HLA-A2 (exon 8),
anti-protein disulfide isomerase (PDI) rabbit polyclonal antibody was generated
against bacterially expressed PDI, and antihuman transferrin receptor antibody
was a gift from I. S. Trowbridge (The Salk Institute, La Jolla, Calif.). Monoclonal
antibody HC10, produced against free HLA-B HCs, was used for detection of
HCs in immunoblots (41). Monoclonal antibody against Rab9 was purchased
from Affinity BioReagents (Golden, Colo.). Monoclonal anti-�-adaptin AP-1
(clone 100/3; Sigma Chemical Co., St. Louis, Mo.) and rabbit polyclonal anti-C9
(�-3 subunit of 20S proteasome; gift from J. J. Monaco, University of Cincinnati,
Cincinnati, Ohio) antibodies were used as described above.

Pulse-chase analysis. Prior to the pulse, 106 cells per ml were incubated at
37°C for 1 h in starvation medium (cysteine- and methionine-free Dulbecco’s
modified Eagle’s medium [DMEM] supplemented with 5% fetal calf serum, 5%
calf serum) and either the specified inhibitor or the same volume of carrier alone
(DMSO or acetonitrile). Cells were pulse-labeled at 106 cells per 50 �l of
starvation medium with 500 �Ci of [35S]methionine-cysteine (1,200 Ci/mmol;
NEN-Dupont, Boston, Mass.)/ml for the specified time at 37°C. Following the
pulse, cells were chased at 106 cells per ml for the indicated times in starvation
medium containing 2.5 mM methionine and 0.5 mM cysteine. The indicated
inhibitors were present throughout the starvation, pulse, and chase. From 1 �
106 to 2 � 106 cells were taken at each time point and lysed on ice in 1 ml of
NP-40 lysis buffer (10 mM Tris [pH 7.8], 150 mM NaCl, 5 mM MgCl2, 0.5%

NP-40) supplemented with 1.5 �g of aprotinin per ml, 1 �M leupeptin, and 2 mM
phenylmethylsulfonyl fluoride (PMSF), followed by immunoprecipitation (de-
scribed below). Sodium dodecyl sulfate (SDS) lysis was carried out in 100 �l of
a mixture of 1% SDS, 50 mM Tris (pH 7.4), and 1 mM dithiothreitol (DTT). The
samples were vortexed vigorously to reduce viscosity and then heated. Prior to
immunoprecipitation, the SDS concentration was adjusted to 0.1% by addition of
NP-40 lysis buffer.

Immunoprecipitations and endo H and N-glycanase digestion. NP-40 lysates
were centrifuged for 10 min at 10,000 � g to remove cell debris. Nonspecifically
binding proteins were removed from the cell lysates by incubation with 4 �l of
normal mouse or rabbit serum per ml for 20 min followed by a 40-min incubation
with formalin-fixed heat-killed Staphylococcus aureus cells at 4°C with gentle
agitation. After centrifugation at 8,000 � g for 1 min, the supernatant was
transferred to a new tube. Immunoprecipitations were carried out by incubation
at 4°C with antiserum for 20 min followed by the addition of S. aureus for 40 min.
The pelleted immunoprecipitates were washed three times in washing buffer
(0.5% NP-40, 50 mM Tris [pH 7.4], 150 mM NaCl, 5 mM EDTA). For lysates
containing 0.1% SDS, SDS was added to the wash buffer to a final concentration
of 0.1%. The immunoprecipitates were released from the S. aureus cells by
addition of reducing sample buffer (4% SDS, 5% �-mercaptoethanol, 10% glyc-
erol, 0.025% bromophenol blue in 62.5 mM Tris [pH 6.8]) and subjected to
SDS-polyacrylamide gel electrophoresis (PAGE [12.5% polyacrylamide]) as de-
scribed previously (34). For reimmunoprecipitations, immunoprecipitates were
released in 100 �l of a mixture of 1% SDS, 50 mM Tris (pH 7.4), and 1 mM DTT
at 95°C for 1 min. The released material was immunoprecipitated as described
above after the addition of 1 ml of NP-40 lysis buffer. Treatment with endogly-
cosidase H (endo H) (New England Biolabs, Beverly, Mass.) and N-glycanase
(Roche/Boehringer Mannheim, Germany) was performed as suggested by the
manufacturers.

Na2CO3 extraction. A total of 10 � 106 BJAB or K3-BJAB cells were pulsed
for 30 min and chased for 2 h as described above. Cell pellets were resuspended
in 1.5 ml of homogenization buffer (0.25 mM sucrose, 1 mM EDTA, 2 mM
PMSF, 1.5 �g of aprotinin per ml, 1 �M leupeptin) and homogenized with four
strokes in a ball-bearing homogenizer (1-�m gap). Homogenates were incubated
on ice with 0.1 M Na2CO3 or buffer alone for 30 min, followed by centrifugation
at 150,000 � g for 1.5 h. The supernatant and pellet fractions were lysed in SDS,
followed by immunoprecipitation as described above.

In vitro transcription and translations. In vitro transcription was performed
as described previously (20). In vitro translations were performed for 1 h 30 min
at 30°C in a reaction mixture containing 17.5 �l of Flexi rabbit reticulocyte lysate
(Promega), 0.8 �l of KCl (2.5 M; Promega), 0.5 �l of amino acid mixture minus
methionine (1 mM; Promega), 2.5 �l of [35S]methionine (10 mCi/ml; translation
grade; NEN), 0.2 to 1 �l of the indicated mRNA, and 0.5 �l of canine pancreas
microsomal membranes, prepared as described previously (49). After transla-
tion, the reaction mixture was centrifuged at 10,000 � g for 10 min. The micro-
somal pellet was resuspended in 1� reducing sample buffer and subjected to
SDS-PAGE (12.5% polyacrylamide).

Percoll gradient fractionation. Cells were pulsed for 30 min and chased for 2 h
as described above in the presence of the specified inhibitors. Two-step Percoll
gradient fractionations were performed as described previously (10). Aprotinin
was included in the homogenization buffer at 1.5 �g/ml.

Characterization of subcellular fractions. Markers for various cellular com-
partments were used to determine their distribution in both gradients. Fractions
collected from the two-step Percoll gradients were analyzed by colorimetric assay
for �-hexosaminidase activity (37) and by immunoblotting for marker localiza-
tion. PDI (endoplasmic reticulum [ER]), AP-1 (Golgi), transferrin receptor
(early endosome and plasma membrane), and rab9 (late endosome) and the �-3
20S proteasome subunit were used as markers for immunoblotting. Biotin-JPM,
an active site covalent cysteine protease inhibitor, containing a biotin moiety
(JPM-biotin, synthesized in the laboratory as described previously [15]), was used
as a marker for lysosomes. For JPM-biotin labeling, fractions were lysed at pH
5.0.

Immunoblotting. One hundred microliters of each fraction collected from the
Percoll gradients was lysed by addition of 4� NP-40 lysis buffer and centrifuged
at 100,000 � g for 30 min to sediment the Percoll. The supernatant was boiled in
reducing sample buffer and subjected to SDS-PAGE (12.5% polyacrylamide).
After electrophoresis, proteins were transferred to a polyvinylidene difluoride
(PVDF) membrane and blocked in 5% milk in phosphate-buffered saline con-
taining 0.2% Tween. Primary antibody incubations were performed with the
specified antiserum. Secondary antibodies (horseradish peroxidase [HRP] con-
jugated; Southern Biotechnologies, Birmingham, Ala.) were used at a dilution of
1/10,000. JPM-biotin was detected with HRP-conjugated streptavidin (Amer-
sham, Life Science). Enhanced chemiluminescence (NEN) was used for visual-
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ization. The signal obtained was quantitated with ALPHAIMAGER software by
Alpha Innotech (San Leandro, Calif.).

Quantitation of immunoprecipitations. Quantitation of the immunoprecipita-
tions from Percoll gradient fractions was performed with a Storm PhosphorIm-
ager (Molecular Dynamics) and analyzed with ImageQuant software.

RESULTS

MHC class I HC stability in K3-expressing BJAB cells. We
analyzed, by pulse-chase analysis, the stability of MHC class I
HC in cells that stably express K3 (K3-BJAB). K3-BJAB cells
were pulsed with [35S]methionine for 30 min and chased for
the indicated times (Fig. 1). Detergent lysates were subjected
to immunoprecipitation with the W6/32 antibody, a pan-class I
antibody that recognizes the trimeric MHC class I complex
(HC, �2-microglobulin [�2m], and peptide), and the immuno-
precipitates were analyzed by SDS-PAGE. The level of HC
reactive with W6/32 increases from the 0- to the 30-min chase
point as the trimeric complexes assemble from their subunits.
The conversion of the single N-linked high-mannose glycan in
HC (HC-HM) to the complex oligosaccharide-containing form
(HC-C) occurs at approximately 30 min of chase (Fig. 1, com-
pare lanes 1 and 2 and 7 and 8) and results in resistance to
endo H digestion (data not shown). From this point on, HCs
are stable in BJAB cells transfected with a control plasmid
(Fig. 1, lanes 1 to 6). Maturation of HC appears unaffected in
K3-BJAB cells, as judged by acquisition of endo H resistance
(compare lanes 13 and 14). Most of the W6/32 reactive mate-
rial in BJAB (data not shown) and in K3-BJAB is endo H
resistant by 30 min of chase (Fig. 1, lanes 14 to 18). However,
recovery of full-length mature HC decreases over time in K3-

BJAB cells (Fig. 1, lanes 7 to 12). In addition, several HC
intermediates (described below) are present at one 1 h of chase
(Fig. 1, lane 9) in K3-BJAB cells. Five distinct HC intermedi-
ates of progressively lower apparent molecular weight are ob-
served at the 2-h chase point (Fig. 1, lane 11). All intermedi-
ates are sensitive to endo F (PNGase F) digestion, showing
that they have retained their N-linked glycan (Fig. 1; compare
lanes 7 to 12 with lanes 19 to 24). The intermediates are all
endo H resistant (Fig. 1; compare lanes 9 to 12 with lanes 15 to
18), indicating that they are generated in a post-Golgi com-
partment.

The ubiquitin-proteasome pathway is necessary for down-
regulation of MHC class I by KSHV K3. An intact ubiquitina-
tion machinery and proteasomal activity are required for
downregulation of some receptors from the plasma membrane,
as well as for sorting of proteins within the endocytic pathway.
In addition, RING domain-containing E3-ubiquitin protein
ligases are involved in sorting of vesicles within the endocytic
pathway. Since K3 contains a zinc finger domain in its N ter-
minus predicted to be structurally similar to RING-H2 do-
mains, we examined the effect of the covalent proteasome
inhibitor ZL3VS on downregulation of MHC class I by K3.

Stability of HC in BJAB and K3-BJAB cells was analyzed by
pulse-chase analysis in the absence or presence of 50 �M
ZL3VS. The inclusion of 50 �M ZL3VS results in increased
stability of full-length HC in K3-BJAB cells compared to that
in controls (Fig. 2A, compare lanes 9 and 12). In addition, 50
�M ZL3VS prevents generation of the lower-molecular-weight
HC species found in DMSO-treated or untreated K3-BJAB
cells at 2 h of chase (Fig. 2A; compare lanes 9 and 12).

FIG. 1. MHC class I HC maturation and stability in K3-BJAB cells. Properly folded MHC class I complexes were recovered by immunopre-
cipitation with the W6/32 antibody from NP-40 lysates of BJAB (lanes 1 to 6) and K3-BJAB (lanes 7 to 12) cells at the indicated chase points after
a 30-min pulse with [35S]methionine. Indicated are the HC-HM and HC-C forms of the MHC class I HC as well as the light chain, �2m. The
asterisks denote MHC class I HC fragments seen only in K3-BJAB cells. In lanes 13 to 18, the W6/32 immunoprecipitates were digested with endo
H, and in lanes 19 to 24, they were digested with N-glycanase (PNGase F). The open arrowhead indicates deglycosylated MHC class I HC. Note
that the MHC class I HC fragments marked by the asterisks are endo H resistant and PNGase F sensitive.
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Quantitation of full-length HC in control and K3-BJAB cells
illustrates the increased stability of full-length HC in K3-BJAB
cells treated with 50 �M ZL3VS (Fig. 2B, gray bars) compared
to the DMSO control (Fig. 2B, open bars). Treatment with 50
�M ZL3VS has no effect on the levels of HC recovered from
BJAB up to 2 h of chase. However, in K3-BJAB cells, 50 �M
ZL3VS restores the recovery of full-length HC (from 30% to
122%) to a level similar to that in BJAB (167%) at 2 h of chase.

This suggests that the ubiquitin-proteasome pathway is in-
volved in K3-mediated downregulation of HC. Of note, at no
time did we detect the occurrence of intermediates of higher
molecular weight, such as would be expected for ubiquitin-
conjugated forms of HC.

MHC class I HC fragments in K3-BJAB cells. The differ-
ence in size between the observed class I HC intermediates and
full-length HC cannot be due to their glycosylation state (Fig.
1) and therefore must be attributed to proteolytic cleavage,
because no other posttranslational modification produces this
type of change in mass. To characterize these intermediates,
we first recovered all W6/32 reactive complexes from the 2-h
chase point, which include the proteolytic intermediates, and
then fully denatured this material. The resulting free HCs were
then immunoprecipitated with antibodies that recognize either
the lumenal domain of unfolded HC (HC70) or the cytoplas-
mic tail of HC (p8) (Fig. 3). Both HC70 and p8 recover full-
length HC in this assay (Fig. 3, lanes 4 and 6, respectively). All
five of the W6/32 reactive HC intermediates seen at 2 h of
chase are recognized by the HC70 antiserum, while none of
them are recovered by p8 (Fig. 3, compare lane1 with lanes 3
and 5). The HC intermediates must therefore be fragments of
HC that lack the cytoplasmic tail. Their reactivity with W6/32
suggests that they contain an intact N terminus that is part of
a properly folded complex, since the entire lumenal domain is
required for association with �2m and generation of the W6/32
epitope.

In order to establish the location of the cleavage sites that
generate these HC fragments, we compared PNGase F-treated
HC fragments obtained from K3-expressing cells to endo H-
digested, in vitro-translated C-terminal truncations of HLA-A2
(Fig. 4). The C-terminal truncation sites are depicted diagram-
matically in Fig. 4. K3-mediated HC fragments 1 and 2 (Fig. 4,
lane 1) are approximately equal in size to HLA-A2 HC trun-
cated at aa 322 (Fig. 4, lane 2) and 312 (Fig. 4, lane 3),
respectively. Both HLA-A2322 and HLA-A2312 contain the en-
tire lumenal domain and transmembrane domain of HLA-A2
HC, while HLA-A2322 has 14 cytoplasmic tail residues and
HLA-A2312 has only 4. HC fragments 3, 4, and 5 (Fig. 4, lane
1) appear to have a higher apparent molecular weight than
HLA-A2 truncated at aa 275 (Fig. 4, lane 4) and 271 (Fig. 4,
lane 5), both of which lack the transmembrane domain. This
suggests that HC fragments 3, 4, and 5 contain the lumenal
domain and only part of the transmembrane domain of HC.

FIG. 2. Proteasome inhibitor ZL3VS stabilizes MHC class I HC in
K3-BJAB cells. (A) BJAB and K3-BJAB cells in the presence of
DMSO (lanes 1 to 3 and 7 to 9) or 50 �M ZL3VS (lanes 4 to 6 and 10
to 12) were pulsed for 15 min with [35S]methionine and chased for the
indicated times. Properly folded MHC class I HCs were recovered
from NP-40 lysates with the W6/32 antibody and subjected to SDS-
PAGE (12.5% polyacrylamide). (B) Quantitation of the autoradio-
gram in panel A, depicted as the percentage of full-length MHC class
I HC recovered at each time point. Open bars, DMSO treated; gray
bars, treated with 50 �M ZL3VS.

FIG. 3. MHC class I HC fragments in K3-BJAB cells lack the cytoplasmic tail. MHC class I complexes were immunoprecipitated from
K3-BJAB lysates after a 30-min pulse and 2 h of chase in the absence (lane 1) or presence (lane 2) of 50 �M ZL3VS. The immunoprecipitates
were boiled in SDS, and the released material was then immunoprecipitated with HC70 (lanes 3 and 4) or p8 (lanes 5 and 6). HC70 recognizes
the lumenal fragment of unfolded MHC class I HC; p8 recognizes the cytoplasmic tail of MHC class I HC.
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We reasoned that if HC fragments 3, 4, and 5 contain only
a small segment of the transmembrane anchor, they should be
either soluble or loosely associated with the membrane. Thus,
we examined whether fragments 3, 4, and 5 are extractable by
treatment with sodium carbonate (Fig. 5). After a 30-min pulse
and 2 h of chase, BJAB and K3-BJAB cells were homogenized
in the absence of detergent. The homogenates were treated
with 0.1 M Na2CO3 and centrifuged at 150, 000 � g to sedi-
ment all particulate matter. HC was immunoprecipitated from
the supernatant and pellet fractions after their extraction with
detergent. As expected, full-length HCs in BJAB and K3-
BJAB cells remain associated with the pellet fraction in both
the presence (Fig. 5, lanes 4 and 8) and absence (Fig. 5, lanes
2 and 6) of 0.1 M Na2CO3. HC fragments 1 and 2 are also
found in the pellet fraction, regardless of 0.1 M Na2CO3 treat-
ment (Fig. 5, lanes 6 and 8). However, HC fragments 3, 4, and
5 are found in the pellet fraction in the untreated homogenates
(Fig. 5, lane 6), but are released into the supernatant after
treatment with 0.1 M Na2CO3 (Fig. 5, lane 7). Thus, fragments
3, 4, and 5 are either soluble or only loosely associated with the
membrane.

Since generation of these HC fragments is sensitive to
ZL3VS, we examined the effect of other inhibitors on the
generation of HC fragments (Fig. 6). All cells were pretreated
for an hour prior to the pulse with the inhibitors indicated, and
HC was then recovered at 2 h of chase. A smaller amount of
full-length HC or its fragments is recovered from K3-BJAB
cells treated with DMSO than was recovered from BJAB cells
(Fig. 6, lanes 1 and 2). Treatment with 50 �M ZL3VS or 10 �M
epoxomicin, a structurally unrelated proteasome inhibitor,
suppresses the generation of HC fragments (Fig. 6, compare
lanes 3 and 4 to lane 2), and both agents yield an increase in

recovery of full-length HC. Similar results were obtained with
5 �M lactacystin (data not shown). The cysteine protease in-
hibitor leupeptin, at concentrations of 0.2 and 1 mM (Fig. 6,
lanes 5 and 6), and an inhibitor of the vacuolar H� ATPase,

FIG. 4. MHC class I HC fragments in K3-BJAB cells could be generated by cleavages within its cytoplasmic tail and transmembrane segment.
PNGase F-treated W6/32 immunoprecipitates from K3-BJAB cells at the 2-h chase point (lane 1, same as lane 23 in Fig. 1) were compared in
SDS-PAGE (12.5% polyacrylamide) with endo H-treated, in vitro-translated HLA-A2 HC truncated at aa 322, 312, 275, and 271. The panel on
the right side is a schematic representation of the HLA-A2 truncations (dark gray bars) and the estimated cleavage region (hatched area) of HC
intermediates (light gray bars).

FIG. 5. Some MHC class I HC intermediates in K3-BJAB cells are
soluble or loosely associated with membranes. BJAB or K3-BJAB cells
pulsed for 30 min and chased for 2 h were homogenized as described
for the Percoll gradient fractionations. The postnuclear supernatants
were treated on ice with 0.1 M Na2CO3 (lanes 3, 4, 7, and 8) or buffer
alone (lanes 1, 2, 5, and 6), followed by centrifugation at 150,000 � g
for 1.5 h. The supernatant (sup) and pellet fractions were lysed in SDS,
and the free MHC class I HC was immunoprecipitated with HC70.
Solid arrowheads indicate MHC class I HC fragments 1 and 2, which
remain associated with the pellet fraction after treatment with 0.1 M
Na2CO3. Open arrowheads indicate MHC class I HC fragments 3, 4,
and 5, which are released into the supernatant upon treatment with 0.1
M Na2CO3.
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concanamycin B at 10 nM (Fig. 6, lane 7), stabilize HC and
prevent generation of the fragments in K3-BJAB cells. The
only compound that we identified that selectively affects the
generation of some HC fragments is the aspartyl protease
inhibitor pepstatin. It inhibits generation of fragments 3, 4, and
5 only (Fig. 6, lane 8). Based on our site comparisons with in
vitro-translated HC (Fig. 4), we suggest that the cleavage(s)
executed by aspartyl protease(s) must be within the plane of
the hydrophobic transmembrane segment, in the manner of a
�-secretase-like cleavage.

Subcellular distribution of MHC class I in K3-expressing
cells as determined by subcellular fractionation. To determine
the subcellular distribution of MHC class I HC and its inter-
mediates 2 h 30 min after synthesis, BJAB and K3-BJAB cells
were pulsed for 30 min with [35S]methionine and chased for 2 h
with cold methionine, and cell homogenates were fractionated
with a two-step Percoll gradient (Fig. 7). Markers for various
cellular compartments were used to characterize their distri-
bution in the gradients at steady state (see Materials and Meth-
ods) (data not shown). In brief, equal levels of �-hexosamini-
dase activity are found in the top (lighter) and bottom (denser)
fractions of the 10% gradients for all cell lines. Markers ana-
lyzed by immunoblotting include PDI (ER), AP-1 (Golgi), �-3
20S proteasome subunit, transferrin receptor (early endosome
and plasma membrane), MHC class I HC (plasma membrane),
and rab9 (late endosome). At steady state, these markers are
found in the top fractions of the 10% gradient for all cell lines
examined. As expected at steady state, HC is mostly found in
the top fractions from BJAB cells (fractions 10 to 12 [data not
shown]), while a small amount of HC is found in the bottom
fractions of all the gradients from K3-BJAB cells (fraction 2,
data not shown). Biotin-JPM, an active site covalent cysteine
protease inhibitor containing a biotin moiety, was used as a
marker for lysosomes. Most JPM-biotin is detected in the top
fractions, while a small amount is seen in fraction 2 in both
BJAB and K3-BJAB cells (data not shown). Thus, lighter or-
ganelles, such as ER, Golgi, plasma membrane, and early en-
dosomes, are found at the top of the gradient, while denser

organelles, such as lysosomes are found at the bottom of the
gradient. The patterns for HC in K3-BJAB cells and JPM-
biotin in K3-BJAB and BJAB cells are very similar, suggesting
that in K3-BJAB cells, HC is delivered to lysosomes or a
prelysosomal, dense compartment.

FIG. 6. Effect of various proteasome and protease inhibitors on
MHC class I HC stability in K3-BJAB cells. MHC class I HCs were
recovered after a 30-min pulse and 2 h of chase, in the presence of the
indicated compound, from BJAB or K3-BJAB cells. The MHC class I
HC intermediates are labeled 1 to 5.

FIG. 7. Subcellular distribution of MHC class I HC within the
endocytic compartment in K3-BJAB cells. BJAB and K3-BJAB cells
were pulsed for 30 min and chased for 2 h, followed by homogenization
in the absence of detergent. Cell homogenates were loaded on a 27%
Percoll gradient, and 1-ml fractions were collected. The lighter frac-
tions with high �-hexosaminidase activity were loaded onto the 10%
Percoll gradient, and 1-ml fractions were collected. MHC class I com-
plexes were recovered by immunoprecipitation with the W6/32 anti-
body from each 10% Percoll gradient fraction (lanes 2 to 12 for BJAB,
lanes 14 to 24 for K3-BJAB). The bracket indicates the MHC class I
HC fragments seen in K3-BJAB cells. Lanes 2 and 14 correspond to
the bottom of the gradient, and lanes 12 and 24 correspond to the top
of the gradient.
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MHC class I complexes were immunoprecipitated from all
fractions from the 10% Percoll gradient with the W6/32 anti-
body and subjected to SDS-PAGE, and radiolabled HC was
detected by autoradiogram (Fig. 7). In BJAB cells, the majority
of HC is found at the top of the gradient (Fig. 7, lanes 10, 11,
and 12), with only trace amounts found at the bottom of the
gradient (Fig. 7, lane 2). In K3-BJAB cells, full-length HC is
distributed equally between the top and bottom of the gradient
(Fig. 7, lanes 23 and 14, respectively), while K3-dependent HC
fragments are found exclusively at the bottom of the gradient
(Fig. 7, lane14). This suggests that the K3-dependent HC frag-
ments are generated at a location corresponding to the denser
organelles in the endocytic pathway.

Given that the ubiquitin-proteasome pathway is involved in
sorting in the endocytic pathway and that various proteasome
inhibitors block MHC class I downregulation by K3, we exam-
ined the effect of ZL3VS on the distribution of HC in K3-
BJAB cells. To test whether proteasome inhibitor blocked
internalization of MHC class I from the plasma membrane, we
used cytofluorimetry to determine the surface level of MHC
class I in K3-BJAB cells treated with ZL3VS. K3-BJAB cells,
regardless of drug treatment, display an equivalent low level of
MHC class I at the surface, as do untreated K3-BJAB cells
(data not shown). The proteasome must therefore be involved
in a step subsequent to internalization from the plasma mem-
brane.

To determine where the proteasome inhibitor exerts its ef-
fect within the endocytic pathway, we analyzed the distribution
of HCs in K3-BJAB cells treated with ZL3VS by using a two-
step Percoll gradient (Fig. 8A) as described above. The distri-
bution of W6/32 reactive HC is not affected by ZL3VS in BJAB
cells. However, in K3-BJAB cells, the amount of total HC
found in the dense portion of the gradient decreases when cells
are treated with ZL3VS (15%) compared to the amount found
in DMSO-treated K3-BJAB cells (43%). In contrast, leupep-
tin, while stabilizing the level of HC in K3-BJAB cells, has no
effect on the distribution of HC in K3-BJAB cells in these
subcellular fractionations (Fig. 8B). The total amount of HC
found in the dense fraction from K3-BJAB cells, which consists
of full-length HC and the HC fragments (31%), equals the
total amount of HC found in the dense fraction from K3-BJAB
cells treated with leupeptin (31%), which consists of only full-
length HC. However, the total amount of HC found in the
dense fraction from K3-BJAB cells treated with ZL3VS (18%;
only full-length HC) is smaller than that seen in untreated
K3-BJAB cells. Thus, we conclude that the ubiquitin-protea-
some system is involved in the sorting of HC within the endo-
cytic pathway in the presence of K3. Moreover, once HC has
been sorted to the correct compartment within the endocytic
pathway, cysteine proteases are responsible for initiating the
generation of HC fragments.

DISCUSSION

The ubiquitin-proteasome system plays a critical role in reg-
ulation within the endocytic pathway. The structural similarity
of PHDs and RING-H2 domains found in E3 ubiquitin-protein
ligases suggests a connection between KSHV K3 and the ubiq-
uitin-proteasome system in downregulation of MHC class I
complexes. Our results indicate that active proteasomes are

required for degradation of MHC class I molecules by K3, as
inferred from its sensitivity to proteasome inhibitors. More
specifically, we show that an active proteasome is necessary in
sorting of MHC I complexes to a dense endocytic compart-
ment in cells that express K3. So far, we have been unable to
observe accumulation of ubiquitin-conjugated HC. While this
lack of obvious ubiquitin-conjugated intermediates might be
due to technical difficulties in detecting them, it is also possible
that some other protein is the prime target for ubiquitin con-
jugation.

Direct involvement of the proteasome in downregulation of
proteins from the plasma membrane is seen for the tyrosine

FIG. 8. ZL3VS and leupeptin differentially affect the subcellular
distribution of MHC class I HC in K3-BJAB cells. (A) Quantitation of
total MHC class I HC recovered in a W6/32 immunoprecipitation from
the 10% Percoll gradient fractions from BJAB (squares) or K3-BJAB
(circles) cells pulsed and chased in the absence (open symbols) or
presence (closed symbols) of 50 �M ZL3VS. Levels of MHC class I HC
are plotted for each fraction as the percent area under the curve within
each gradient. (B) Quantitation of total MHC class I HC at the top and
bottom of a 10% Percoll gradient of BJAB and K3-BJAB cells after a
30-min pulse and 2-h chase in the presence of the inhibitors indicated.
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kinase receptor c-Met, which is ubiquitinated at the plasma
membrane and subsequently degraded by the proteasome (23).
However, the proteolytic intermediates of MHC class I HC
that we observe in K3 cells are generated not by the protea-
some, but rather by cysteine and aspartyl proteases. Three
structurally different proteasome inhibitors stabilize MHC
class I HC in K3-BJAB cells, ruling out as a possible explana-
tion the inhibition of cysteine proteases by these inhibitors.
And while both proteasome inhibitors and cysteine protease
inhibitors result in a comparable level of stabilization of MHC
class I HC in pulse-chase experiments, they differentially affect
the distribution of MHC class I HC within endocytic compart-
ments. These observations effectively rule out inhibition of
cysteine proteases by proteasome inhibitors as an explanation
for our results.

Indirect involvement of the proteasome has been invoked in
downregulation of other surface receptors, such as the GHR.
A trans-acting protein appears to be the target of the ubiquitin-
proteasome system in ligand-induced downregulation of GHR,
while the lysine residues in the cytoplasmic tail of GHR, the
possible targets for ubiquitination, are not required for ligand-
induced downregulation (48). Likewise, rsp5 ubiquitin ligase, a
Nedd4 homolog in yeast, is required for downregulation of a
nonubiquitinated yeast chimeric receptor (11). Of note, Nedd4
is also involved in retrovirus particle release, which may be
considered a form of reverse vesicle budding (44). K3 may
remove HC from the plasma membrane in a set of reactions
that utilize this common mechanism of regulated vesicle bud-
ding. The ubiquitin-proteasome system might then target a
negative regulator of MHC class I endocytosis in K3-express-
ing cells. While our inability to detect any mono- or polyubiq-
uitination of MHC class I HC would fit this model, proteaso-
mal inhibition by proteasome inhibitors does not increase the
level of MHC class I at the cell surface in K3-BJAB cells, as
determined by fluorescence-activated cell sorter analysis (data
not shown). It is possible that a similar mechanism is utilized in
regulation of vesicle budding later in the endocytic pathway.

The epidermal growth factor receptor tyrosine kinase
ErbB-1 exploits a different ubiquitin-proteasome-dependent
sorting system (see review in reference 17). Sorting of inter-
nalized ErbB1 into late endocytic compartments instead of
recycling endosomes is dependent on the RING-containing E3
ubiquitin protein ligase, c-cbl. K3 might serve a function in
MHC class I sorting similar to that of c-cbl for ErbB-1, par-
ticularly if the PHDs are functionally and structurally homol-
ogous to RING-H2 domains.

The murine gammaherpesvirus 68-encoded K3 (MK3)
downregulates MHC class I complexes before they traverse the
secretory pathway (42). MK3 is homologous to K3 and K5 in
its PHD and overall structure. Thus, despite their different
sites of action, MK3 and KSHV K3 might share a general
mechanism. As in K3 cells, MHC class I complexes are stabi-
lized by proteasome inhibitors in cells expressing MK3 (4).
However, the MHC class I HC appears to be ubiquitinated in
MK3 cells. Removal of the cytoplasmic tail of MHC class I HC
or the three lysines in its cytoplasmic tail results in stabilization
of HC, while the apparent ubiquitination is not affected. It has
been difficult to establish the biochemistry of this ubiquitina-
tion reaction, and extremely long exposure times were required

for the autoradiographic detection of ubiquitin-conjugated
MHC class I HC.

Coscoy et al. report that the PHD of K5 can mediate ubiq-
uitination in vitro (9). They show that ubiquitinated polypep-
tides are present in an immunoprecipitation of HC from cells
expressing K3 and K5, but whether these in fact correspond to
ubiquitinated MHC class I HC or represent associated pro-
teins was not addressed. In addition, while the lysine residues
in the tail of MHC class I are important for downregulation of
HC by K5, the presence of ubiquitinated material in an immu-
noprecipitation of this mutant was not explored. Their results
suggest that the PHD of K3 and K5 might indeed mediate
ubiquitination of HC or an associated protein in cells and
support our proposal that the ubiquitin proteasome system is
involved in K3- and K5-mediated downregulation of MHC
class I. While we have had no difficulty in detecting ubiquitin-
conjugated class I HC under other circumstances in which
degradation of class I HC occurs (M. Furman and H. Ploegh,
unpublished observations), we have so far not detected ubiq-
uitin-conjugated HC in K3-BJAB cells. Differences in the ex-
perimental conditions used by Coscoy et al. (9) and the present
study may be responsible. It will be important to establish the
stoichiometry and sites of ubiquitin attachment to shed further
light on the underlying mechanism of K3-mediated downregu-
lation of MHC class I molecules.

Our findings share some similarity with recently published
examples of interleukin-2 receptor � (IL-2R�) and Ste6p
downregulation, where ubiquitin conjugation prevents recy-
cling of the receptors to the plasma membrane and mediates
endosomal sorting. Sorting of the a-factor transporter Ste6p to
the yeast vacuole is compromised in a Doa4 mutant (27). Doa4
removes ubiquitin from substrates destined for the lumen of
the vacuole and thus contributes to recycling of ubiquitin (45).
As a result, mutants in Doa4 have low levels of free ubiquitin.
The low ubiquitin levels in Doa4 mutant cells affect sorting of
Ste6 to the lumen of the vacuole, yet have no effect on the
internalization of Ste6 from the plasma membrane, an effect
very similar to that seen for proteasome inhibitors in MHC
class I downregulation in K3-BJAB cells. Transient treatment
of cells with proteasome inhibitors has been reported to result
in an acute depletion of the free ubiquitin pool (29), resulting
in a situation analogous to that of the Doa4 mutant. Likewise,
the ubiquitin-proteasome pathway is involved in sorting of the
IL-2R (36) to late endocytic compartments and not in inter-
nalization from the cell surface. While both Ste6p and IL-2R�
are ubiquitinated, it is possible that K3 or another protein is
the target for ubiquitination or that our assays are not sensitive
enough to detect a ubiquitinated intermediate for the class I
HC. Regardless, the stoichiometry of ubiquitin conjugation
could be a key parameter to determine, in most cases, where
ubiquitin conjugation has been invoked as the signal for recep-
tor sorting.

Once MHC class I complexes are sorted into a dense endo-
cytic compartment in K3 cells, the cytoplasmic tail of HC is
proteolytically cleaved by a cysteine protease. The transmem-
brane domain of MHC class I HC is subsequently cleaved
within the plane of the membrane by an aspartyl protease.
Similar cleavages have not been previously reported for MHC
class I or for any of the downregulation pathways used by a
virus. However, the proteolytic cleavages of HC seen in cells
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expressing K3 are reminiscent of the proteolytic pattern seen
for the yeast vacuolar hydrolase carboxypeptidase S during its
maturation in multivesicular bodies and the vacuole (25, 40).
Carboxypeptidase S is sorted from the secretory pathway to
late endosomes via the trans-Golgi network, and as late endo-
somes mature into multivesicular bodies, carboxypeptidase S-
containing structures are invaginated into the lumen of the
multivesicular body. Vesicles containing carboxypeptidase S
are then delivered to the vacuole, where the cytoplasmic tail
and transmembrane domain of carboxypeptidase S are cleaved,
yielding a soluble, mature form of carboxypeptidase S. During
this maturation process, the ESCRT-1 complex directs car-
boxypeptidase S to the budding multivesicular body vesicles via
monoubiquitination of the cytoplasmic tail of carboxypeptidase
S. The ESCRT-1 complex appears to recognize ubiquitinated
carboxypeptidase S via the ubiquitin conjugating (ubc)-like
domain of one of its components, the class E protein Vps23.
Vps23 is a ubiquitin E2 variant and thus resembles an E2, but
does not perform classical E2 functions. Interestingly, the hu-
man homolog of Vps23, Tsg101, has been implicated in retro-
virus budding (32) and in mediating protein delivery to late
endosomal compartments (2, 38). Of note, some transmem-
brane proteins destined for the lumen of the vacuole are sorted
in a ubiquitin-independent manner (35).

The multivesicular body also collects proteins derived from
the plasma membrane. Thus, even though MHC class I mole-
cules are not usually found in multivesicular bodies, K3 might
utilize a preexisting cellular pathway that sorts plasma mem-
brane constituents to the multivesicular body on their way to
the lumen of the lysosome. For example, K3 might mediate
monoubiquitination of MHC class I complexes directly or in-
directly and thus facilitate recognition of MHC class I com-

plexes by ESCRT-1. Alternatively, K3 or another associated
protein might be recognized as the cargo signal, directing
MHC class I into the vesicles of the multivesicular body. This
would bypass a requirement for monoubiquitination of MHC
class I molecules, which we have so far been unable to detect.
Either way, K3 might be part of ESCRT-1 or an ESCRT-1-like
complex. Analysis by immunofluorescence of MHC class I mol-
ecules and K3 in cells by others has failed to detect any colo-
calization (7, 22). However, high-resolution immunoelectron
microscopy would be required to determine the extent of co-
localization of MHC class I molecules and K3 in multivesicular
bodies.

Our findings indicate that KSHV K3 utilizes the ubiquitin-
proteasome pathway, after the initial internalization step, in
routing MHC class I complexes for destruction in lysosomes
(Fig. 9). We show that the HC of properly folded MHC class
I complexes is cleaved by cysteine and aspartyl proteases once
in this compartment. K3 might be the first viral protein de-
scribed to utilize ESCRT-1 or a similar complex in sorting
molecules within endocytic compartments.
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