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To persist in the presence of an active immune system, viruses encode proteins that decrease expression of
major histocompatibility complex class I molecules by using a variety of mechanisms. For example, murine
gamma-2 herpesvirus 68 expresses the K3 protein, which causes the rapid turnover of nascent class I
molecules. In this report we show that certain mouse class I alleles are more susceptible than others to
K3-mediated down regulation. Prior to their rapid degradation, class I molecules in K3-expressing cells exhibit
impaired assembly with 3,-microglobulin. Furthermore, K3 is detected predominantly in association with class
I molecules lacking assembly with high-affinity peptides, including class I molecules associated with the peptide
loading complex TAP/tapasin/calreticulin. The detection of K3 with class I assembly intermediates raises the
possibility that molecular chaperones involved in class I assembly are involved in K3-mediated class I regulation.

The outcome of virus infection is affected by the status of the
host’s immune system, and therefore, to coexist with their
hosts, viruses express proteins specifically designed to compro-
mise antiviral host defense mechanisms. These immune eva-
sion strategies improve opportunities for viral infection in na-
ive individuals and facilitate virus persistence in the presence
of active immune responses. One target of these viral proteins
implicated in immune evasion is antigen presentation to CD8"
T cells (17, 27, 36). More specifically, viruses have evolved
diverse and elaborate mechanisms to prevent the expression of
class I/peptide complexes on the cell surface and thus block
detection of infected cells by cytolytic CD8" T cells. Recent
studies have characterized several interesting and distinct
mechanisms whereby viral proteins block class I/peptide ex-
pression. These mechanisms include (i) interfering with anti-
gen processing (12, 22), (ii) blocking peptide transport into the
endoplasmic reticulum (ER) (1, 10, 18, 49), (iii) dislocation of
assembled class I from the ER (21, 25, 46, 47), (iv) retrieval of
class I to the ER (2, 5, 20), and (v) targeted degradation of
class I from post-ER compartments (31, 35, 39, 51, 52).

Although mechanistically diverse, several of the pathways by
which viral proteins impair class I expression share common
features. For example, many exploit host cell proteins and
normal degradation pathways. In this regard, studies of viral
proteins have led to unique insights into class I biogenesis
under physiologic as well as pathogenic conditions. Although
not well documented to date, a logical target of virus proteins
might be ER chaperone proteins implicated in class I assembly.
Several molecular interactions associated with class I assembly
in the ER have been defined. Prior to assembly with B,-micro-
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globulin (B,m), class I heavy chains are detected in association
with calnexin (8, 29). After ,m assembly, the heavy-chain/B,m
heterodimers are associated with the complex of TAP/tapasin/
calreticulin/ERp57, commonly referred to as the peptide load-
ing complex (34). Once peptide binds to the heavy-chain/B,m
complex to complete the assembly, the fully assembled class I
heterotrimer dissociates from the peptide loading complex
(32). Subsequent to dissociation from the loading complex,
class I molecules transit through the Golgi to the cell surface
for display of peptides to CD8* T cells. Although their indi-
vidual roles are not completely defined, collectively these
ER proteins facilitate class I assembly. Thus, viral proteins
could block association of ER chaperones with class I and
impair full assembly, or virus proteins could use these ER
molecules to target class I molecules for early destruction prior
to full assembly.

A recent report on the K3 protein of murine gamma her-
pesvirus 68 (YHV68) suggests that it down regulates class I by
a novel pathway and thus is likely to provide insights into class
I assembly (44). Stevenson et al. reported that K3 protein is
sufficient to down regulate class I expression and abolish CTL
recognition (44). Interestingly, K3 was found to inhibit both
mouse and human class I molecules, but only in mouse and not
human cells. Thus, K3 requires a species-specific interaction
with a host protein(s) other than class I. This species-specific
protein required for K3-mediated down regulation of class I
has not been identified. In addition, Stevenson et al. demon-
strated that K3 induces the rapid ER degradation of the mouse
class I molecule D" (44). However, no physical association
between K3 and class I was demonstrated. In contrast to
YHV68 K3, the homologous gene products of Kaposi’s sarco-
ma-associated herpesvirus (KSHV), namely, KSHV K3 and
KSHYV K5, were reported not to affect assembly and transport
of class I (7, 19). Alternatively, they down regulated class I by
increasing their cell surface turnover by inducing rapid endo-
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cytosis. Thus, the fact that two genetically related and highly
homologous K3/5 gene products promote class I down regula-
tion by such dramatically different mechanisms suggests dis-
tinct pathways exploiting different host proteins.

In this report we demonstrate that yYHV68 K3 down regu-
lates certain mouse alleles more efficiently than others. Anal-
yses of the susceptible class allele, LY, indicated that K3 is in
steady-state association predominantly with class I molecules
lacking high-affinity peptide ligands. Furthermore, in the pres-
ence of K3, nascent L heavy chains exhibit impaired assembly
with B,m, an event that could be detected prior to the onset of
class I heavy-chain turnover. Surprisingly, K3 was also detected
with L bound to the peptide loading complex of TAP/tapasin/
calreticulin/ERp57, and K3 association did not prevent peptide
binding to L? in cell lysates. The association of K3 with various
class I assembly intermediates provides a unique opportunity
to investigate the role of ER molecular chaperones in the
targeting of class I molecules for destruction by a viral protein.

MATERIALS AND METHODS

Antibodies and peptides. The monoclonal antibody (MAb) 64-3-7 (immuno-
globulin G2b [IgG2b]) is specific for open forms of LY and other molecules
tagged with this epitope (40, 41, 50). MAD 30-5-7 (IgG2a) is specific for folded
forms of L4 (23, 40, 41), and MAD 28-14-8 detects LY independently of al/a2
conformation (23). MAbs 11-4-1 (30) and 15-5-5 (33) were used for detection of
KX and DY, respectively, and were obtained from the American Type Culture
Collection (Rockville, Md.). MAbs B8-24-3 and B22-249 (13) were used for the
detection of K® and DP, respectively, and were also obtained from the American
Type Culture Collection. Armenian hamster MAb 5D3 to mouse tapasin and
rabbit antibodies to mouse TAP (503) have been described (14). Antibodies to
K3 (3209) were produced in rabbits immunized with the N-terminal YHV68 K3
peptide SMDSTGEFCWICHICHQPEGPLKRFCGCK. For secondary blotting
reagents, the following antibodies were used: goat anti-mouse y2b-biotin (Caltag
Laboratories, San Francisco, Calif.), donkey anti-rabbit biotin, and goat anti-
Armenian hamster biotin (both from Jackson ImmunoResearch, West Grove,
Pa.). The human cytomegalovirus (HCMV) peptide YPHFMPTNL (38) binds
LY, and CW3 (RYLKNGKETL, derived from HLA-Cw3) (26) was used as a
nonbinding control. Peptides were synthesized on an Applied Biosystems (Foster
City, Calif.) model 432A peptide synthesizer. Purity was assessed by reverse-
phase high-pressure liquid chromatography and mass spectrometry.

Cell lines and flow cytometry. The mouse L-cell line L-Ld (KX, DX, LY) (27)
and B6/WT-3 (K®, D) (37) were maintained in RPMI 1640 or Dulbecco’s
modified Eagle medium (Life Technologies, Gaithersburg, Md.). Media were
supplemented with 10% bovine calf serum or fetal calf serum (HyClone Labo-
ratories, Logan, Utah) plus 2 mM L-glutamine, 0.1 mM nonessential amino acids,
1.25 mM HEPES, 1 mM sodium pyruvate, and 100 U of penicillin and strepto-
mycin per ml (all from the Tissue Culture Support Center at Washington Uni-
versity School of Medicine). Where appropriate, Geneticin (Life Technologies)
was added to a final concentration of 0.6 mg/ml. To analyze cells for surface
expression of class I molecules, cells were stained with 20 pl of culture super-
natant containing the appropriate MADb by standard methods. Staining was
visualized with fluorescein isothiocyanate (ICN, Costa Mesa, Calif.)-conjugated
or phycoerythrin (Pharmingen)-conjugated goat anti-mouse IgG. The data col-
lected on a FACSCalibur (Becton Dickinson, San Jose, Calif.) were expressed in
the form of histograms as fluorescence values (x axis) plotted against cell num-
bers (y axis) by using CellQuest Software (Becton Dickinson).

DNA constructs and transfections. To create a K3 expression vector, the K3
gene was PCR amplified from a yHV68 genomic subclone (coordinates 24733 to
25335 [45]). The PCR product was cloned into pIRESneo (Clontech, Palo Alto,
Calif.). DNA sequence analysis of the complete open reading frame confirmed
the correct sequence. Transfections were performed with FuGene 6 (Roche
Diagnostics, Indianapolis, Ind.). Stable transfectants were cloned by limiting
dilution. The eYFP.K3 construct was made by subcloning a Sa/l/BamHI frag-
ment of K3 into the Sall/BamHI sites of peYFP.C1 (Clontech). It encodes a
fusion protein with the N terminus being eYFP and the C terminus being K3
separated by a 29-residue linker (SGLRSRAQASNSAVDLQAAALVIQHEEVS).

Immunoprecipitations and Western blots. Cells were lysed in 10 mM Tris-
buffered saline, pH 7.4 (TBS), containing 1% digitonin (Wako, Richmond, Va.)
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with 20 mM iodoacetamide (IAA) and 0.2 mM phenylmethylsulfonyl fluoride
(Sigma). Saturating amounts of the primary antibody were added to the lysis
buffer and subjected to immunoprecipitations as previously described (16).
Briefly, lysates were centrifuged to remove cell debris and nuclei, supernatants
were added to protein A-Sepharose CL-4B (Amersham Pharmacia, Uppsala
Sweden) for 60 min on ice, and protein A-bound material was washed in 0.1%
digitonin in TBS with 20 mM IAA. Immunoprecipitates were eluted from protein
A by boiling for 5 min in lithium dodecyl sulfate sample buffer (Invitrogen,
Carlsbad, Calif.). Samples were electrophoresed on either Tris-glycine or Tris-
acetate prepoured polyacrylamide gels (Invitrogen) and transferred to Immo-
bilon-P transfer membranes (Millipore, Bedford, Mass.). After overnight block-
ing in 10% milk—phosphate-buffered saline (PBS)-0.05% Tween 20, membranes
were incubated in a dilution of antibody for 2 h, washed three times with
PBS-0.05% Tween 20, and incubated for 1 h with the appropriate biotin-conju-
gated secondary reagents (described above). Following three washes with PBS—
0.05% Tween 20, membranes were incubated for 1 h with streptavidin-conju-
gated horseradish peroxidase (Zymed, San Francisco, Calif.), washed three times
with PBS-0.3% Tween 20, and incubated with enhanced chemiluminescence
reagents (Amersham Pharmacia Biotech, Piscataway, N.J.). Western blots were
then developed on BioMax-MR film (Eastman Kodak, Rochester, N.Y.).

Pulse-chase experiments. After a 30-min preincubation in Met/Cys-free me-
dium (Dulbecco’s modified Eagle medium with 5% dialyzed fetal calf serum),
L-Ld or L-Ld+K3 cells (at ~20 X 10° cells/ml) were pulse-labeled with Express
[3*S]Met/Cys labeling mix (Perkin Elmer Life Sciences, Boston, Mass.) at 250 to
300 wCi/ml for 10 min. Cells were then washed extensively, an aliquot was
removed for the zero time point, and the remaining cells were placed back in
culture at 37°C for various times. In certain experiments, labeling and chase were
performed in the presence of lactacystin (Alexis Biochemical, San Diego, Calif.)
and N-acetyl-Leu-Leu-Nle (ALLN) (Calbiochem, La Jolla, Calif.). For immu-
noprecipitations, labeled cells were lysed in 1% NP-40 (Sigma) dissolved in TBS
with 20 mM IAA and 5 mM phenylmethylsulfonyl fluoride. Postnuclear lysates
were precleared over protein A-Sepharose CL-4B for 30 min on ice. Lysates were
then transferred to protein A-Sepharose pellets containing the appropriate pre-
bound MADs. After binding for 45 min on ice, protein A pellets were washed 4
times with 0.1% NP-40 in TBS, and bound proteins were eluted by boiling in 10
mM Tris-Cl, pH 6.8, with 0.5% sodium dodecyl sulfate (SDS) and 1% 2-mer-
captoethanol. Eluates were mixed with an equal volume of 100 mM sodium
acetate, pH 5.4, and digested (or mock digested) overnight with 1 mU of en-
doglycosidase H (Endo H; ICN) that was reconstituted in 50 mM sodium acetate,
pH 5.4. Samples were subjected to SDS-polyacrylamide gel electrophoresis
(PAGE) on 4 to 20% Tris-glycine gradient gels (Invitrogen). Gels were treated
with Amplify (Amersham), dried, and exposed to BioMax-MR film.

RESULTS

Down regulation of class I by YHV-68 protein K3 is allele
specific. To determine whether different mouse class I alleles
are variably affected by K3, we expressed K3 in L-Ld cells.
L-Ld is a mouse fibroblast cell line expressing the endogenous
K* and D* alleles as well as LY, which was introduced by
transfection. To initially test K3-mediated class I regulation, a
YFP-K3 construct encoding a fusion protein with YFP linked
to the N terminus of K3 was produced for transient-transfec-
tion assays. As shown in Fig. 1, transient expression of K3
resulted in a >2-fold reduction of expression of L and D* but
only a 29% reduction of K* expression. This preliminary evi-
dence suggested that class I was down regulated over a range
of K3 expression levels and that this regulation was class I
allele specific. To confirm and extend these findings, we also
produced L-Ld cell lines that stably express K3. As shown in
Fig. 2, stable expression of K3 resulted in a 15- to 20-fold
reduction in expression of L* and D* proteins, whereas only a
2-fold reduction of K* protein expression was observed. In-
deed, in some assays no difference in K* expression was ob-
served in the presence and absence of K3 (data not shown).
These assays provide evidence that LY and D* proteins are
more susceptible to K3 downregulation than K* proteins. It is



2798 YU ET AL.

YFP only YFP-K3
- -
= =
- s
=1 =
A
Ld  Fg Eoy
= @
- -
o 1 . C
2 g T A
109 10" 102 103 10 102 10% 10
FLi-H FLi-H
- -
= =
o ] -
=3 =
Dk L4 T
= [l
2 T
- - LS
AR . i - AP T T e e
0% 10" 102 107 10 108 10T 102 103 10
FLI-H FLIH
- -
= =
- e
E =
Kk FL Ty
@ =
= =
o = Class |
= =

[T T I ST
FLIH
YFP >

FIG. 1. Class I allele-specific down regulation by K3. Surface ex-
pression of KX, DY, and L® on L-Ld cells after transient transfection
with YFP-K3 was assessed. The vertical line through each panel sep-
arates transfected from nontransfected cells, and the numbers repre-
sent the mean fluorescence of class I expression. LY, D¥, and K*
molecules were detected with MAbs 30-5-7, 15-5-5, and 11-4-1, respec-
tively.

important to note that surface L molecules expressed in the
presence or absence of K3 were found to be comparably in-
ducible with exogenous peptide and displayed similar levels of
peptide occupancy (data not shown). Thus, K3 sharply reduces
the level of surface L molecules without affecting the overall
quality of their peptide loading.

To further probe the nature of the class I allele-specific
regulation by K3, the H2°-derived fibroblast cell line B6/WT-3
was transfected with K3. As shown in Fig. 2, expression of both
K® and D" was sharply reduced in the presence of K3. Impor-
tantly, the level of K3 expression in this cell line was compa-
rable to that expressed in the L-Ld+XK3 line (data not shown).
Thus, of the class I alleles tested thus far, K* appears to be the
most resistant to K3-mediated downregulation. Interestingly,
K* molecules assemble with peptide and transit to the Golgi
exceedingly fast compared with other mouse class I molecules
(4, 43, 48). This finding suggests a kinetic model, whereby
relative resistance to K3 down regulation of alleles such as K*
could be explained by their rapid assembly, thus escaping K3
targeted destruction. Alternatively, structural disparities be-
tween class I alleles could also influence targeting by K3.

The K3 protein is associated with L heavy chains lacking a
high-affinity peptide. To determine whether K3 is associated
with LY, lysates of L-Ld cells with and without K3 expression
were analyzed by immunoprecipitation and Western blotting.
L“ was selected for these studies because it is highly susceptible
to K3 regulation, and MAbs 30-5-7 and 64-3-7, which distin-
guish L heavy chains with and without a bound high-affinity
peptide, respectively, are available (23, 40, 41, 50). As shown in
Fig. 3 approximately equal amounts of both conformers of L¢
were detected in lysates of L-Ld cells lacking K3 expression. By
contrast, in lysates from two independent clones of L-Ld+K3
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(1D9 and 1G7), a 6- to 10-fold reduction of 30-5-7* conform-
ers (with high-affinity peptide) and 64-3-7"* conformers (lack-
ing a high-affinity peptide) was detected (Fig. 3). Thus, K3
expression severely reduces the steady-state level of LY de-
tected in cell lysates. To determine whether K3 was in physical
association with these class I molecules, precipitates of L¢ were
blotted with a rabbit serum to K3. The results shown in Fig. 3
demonstrate that K3 was readily detected in anti-L¢ precipi-
tates in both L-Ld+K3 cell lines. Interestingly, K3 was found
to be predominantly associated with open forms of LY as de-
tected with MADb 64-3-7.

The K3 protein impairs $,m assembly and induces the
rapid turnover of nascent L? heavy chains. To monitor the
effect of K3 on class I assembly and turnover, pulse-chase
analyses were performed with L-L.d and L-Ld+K3 cells. Sam-
ples were initially compared to determine the amount of as-
sembly with B,m in the presence or absence of K3, since 3,m
association is one of the earliest events in class I assembly. The
comparisons shown in Fig. 4A were from precipitates of cells
pulsed for 10 min followed by no chase period (the zero time
point). As shown in Fig. 4A, L heavy chains in the presence of
K3 displayed sharply reduced ,m association, compared with
substantial B,m association in the absence of K3. In data not
shown, B,m association with LY was maximal after the 10-min
pulse and did not increase at later time points. Furthermore
after the 10-min pulse, comparable amounts of L heavy chain
were detected in both L-Ld and L-Ld+K3 cells (Fig. 4A).
Thus, there was no appreciable K3-induced degradation within
the first 10 min. The implication of these combined findings is
that K3 impairs assembly with 3,m prior to inducing degrada-
tion of the LY class I heavy chains.

To compare the rate of turnover of L heavy chains in the
presence and absence of K3, L-Ld+K3 and L-Ld cells were
pulsed for 10 min and chased for various amounts of time.
These comparisons were done on 64-3-7" forms of L, since
they are the primary form of LY detected in the presence of K3
(Fig. 3). Furthermore, in the absence of K3, 64-3-7* L mol-
ecules are known to bind B,m prior to peptide (41). As shown
in Fig. 4B, L turnover (half-life [¢,,,]) in the presence of K3
was about 15 min, compared with L in the absence of K3,
which displayed no detectable turnover during the 1-h time
course. As also shown in Fig. 4B, the fast degradation of L in
the presence of K3 occurred with immature (Endo H-sensitive)
forms, indicating that K3 affects ER-resident class I molecules.
Indeed, published studies have demonstrated that the rate of
oligosaccharide maturation of LY in the absence of K3 (¢,,) is
about 3 h (4, 43). Thus, subsequent to inhibiting assembly (or
promoting disassembly) with B,m, K3 induces the rapid turn-
over of nascent LY molecules, an event that occurs before
peptide binding and prior to their expected transit from the
ER.

The K3 protein is associated with the peptide loading com-
plex. After assembly with 3,m and prior to binding high-affinity
peptides, class I molecules are detected in association with the
peptide loading complex of TAP/tapasin/calreticulin/ERp57
(6, 32). Since the residual LY molecules detected in the pres-
ence of K3 lack evidence of high-affinity peptide binding, we
next asked whether K3 might affect the association of L* with
the loading complex. To assess loading complex association, LY
precipitates were blotted with antibodies to TAP and tapasin.
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FIG. 2. Class I expression in cells with or without stable expression of K3. L-Ld cells and their K3 transfectants and B6/WT-3 cells and their
K3 transfectants were analyzed for surface class I expression. Expression of the indicated class I allele with (dashed line) or without (solid thick
line) stable expression of K3 is shown in each panel. Background staining is shown with solid thin lines. LY, D¥, K*, K", and D" molecules were
detected with MAbs 30-5-7, 15-5-5, 11-4-1, B8-24-3, and B22-249, respectively.
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FIG. 3. K3 displays steady-state association with open forms of
class I. Precipitates were formed with MAb 64-3-7 (open L¢ conform-
ers) or MAD 30-5-7 (folded L¢ conformers). Blotting antibodies were
anti-LY (MAb 64-3-7), anti-yHV68 K3 (3209); anti-TAP (503), and
anti-tapasin (MAb 5D3).

As shown in Fig. 3, the L molecules expressed in the presence
of K3 displayed high levels of TAP/tapasin association. Indeed,
the data in Fig. 3 suggest that a higher percentage of L
molecules is associated with the TAP/tapasin complex in the
presence than in the absence of K3. This observation is con-
sistent with K3 preferentially targeting class I molecules before
they associate with the peptide loading complex. To determine
whether K3 remains associated with L while bound to TAP/
tapasin, TAP was precipitated and then these precipitates were
blotted with antibodies to K3. As shown in Fig. 5A, significant
levels of K3 were detected in association with TAP. To deter-
mine whether K3 affected the interaction of TAP with tapasin,
the anti-TAP precipitates from K3-positive and -negative cells
were blotted with antibody to tapasin. As shown in Fig. 5A, K3
expression had little if any affect on TAP/tapasin association or
the steady-state level of TAP and tapasin in these cells (data
not shown). Also in data not shown, K3 was found to be
associated with calreticulin and tapasin. Thus, K3 is detected in
association with TAP/tapasin/calreticulin, three components of
the class I peptide loading complex. The implication of these
findings is that K3 association with open forms of class I does
not prevent their binding to the loading complex.
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FIG. 4. K3 effects on class I assembly and stability. (A) L-Ld and
L-Ld+K3 cells were pulse-labeled with [**S]methionine for 10 min.
Cell lysates were precipitated with MAD 28-14-8, and precipitates were
treated with Endo H and subjected to SDS-PAGE and autoradiogra-
phy. Results from 28-14-8 precipitations are shown here, since this
MAD yields a stronger ,m signal than 64-3-7. However, the same
disparity in B,m assembly between L-Ld and L-Ld+K3 cells was also
observed with 64-3-7 precipitates (not shown). (B) Pulse-chase analysis
of newly synthesized L molecules in L-Ld and L-Ld+K3 cells. Cells
were pulse-labeled with [**S]methionine for 10 min and then chased
for the indicated times. Cell lysates were precipitated with MAb 64-
3-7, incubated overnight with or without Endo H, and then separated
by SDS-PAGE and exposed to X-ray film. The percent remaining is
the fraction of H-chain signal at each time point, relative to time zero,
for the L-Ld+K3 samples. Band quantitation was performed with
ImageQuant software (Molecular Dynamics, Sunnyvale, Calif.).

K3 association does not prevent peptide-induced folding of
class I in cell lysates. Class I molecules normally bind peptide
while associated with the peptide loading complex. Thus, the
association of K3 with class I while it is bound by TAP/tapasin
raises the possibility that K3 association prevents the binding
of high-affinity peptides. To test this theory, a high-affinity L
peptide ligand was added to cell lysates to induce the folding of
LY as detected by the loss of 64-3-7% conformers. Indeed,
previous studies using this in vitro assay have shown that nas-
cent (Endo H-sensitive), B,m-assembled, TAP/tapasin-associ-
ated class I molecules undergo preferential peptide-induced
folding (6, 15, 24, 28, 40, 41). Thus, this in vitro assay mimics
several known features of peptide-induced folding of class I in
the ER. To determine whether K3 prevents peptide binding to
LY, peptide was added to cell lysates of L-Ld and L-Ld+K3
cells, and then lysates were precipitated with MAb 64-3-7. For
these studies, the HCMV peptide YPHFMPTNL was used,
since it is known to bind L with a high affinity (38), and the
peptide RYLKNGKETL was used as a control, since it does
not bind LY (26, 28). As shown in Fig. 5B, peptide addition
resulted in the loss of LY as detected by MAb 64-3-7, which is
specific for the open conformer, in both the presence and
absence of K3. Thus, peptide-induced L folding was not pre-
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vented in K3-expressing cells. To determine whether K3-asso-
ciated L molecules specifically underwent folding, these pre-
cipitates were blotted with antibodies to K3. As shown in Fig.
5B, K3-associated 64-3-7" LY molecules also disappeared with
the addition of peptide. Thus, these data provide evidence that
K3 association with class I does not prevent peptide binding.

K3 does not induce the accumulation of deglycosylated in-
termediates of L even in the presence of proteasome inhibi-
tors. To compare K3-mediated degradation with class I deg-
radation mediated by HCMV proteins US2 and USII,
inhibitors of the proteasome were included in a pulse-chase
experiment. Previous studies demonstrated that US2 and US11
proteins induce the accumulation of deglycosylated, 40-kDa
breakdown intermediates of class I heavy chains in the pres-
ence of proteasome inhibitors (46, 47). To determine whether
K3 also induces the accumulation of deglycosylated forms of
class I, synthesis of LY was compared in the presence or ab-
sence of proteasome inhibitors. For the experiment whose
results are shown in Fig. 6A, a mixture of lactacystin, a specific
proteasome inhibitor (3, 9), and ALLN, a proteasome inhibitor
with broader activity, was used. As shown in Fig. 6A, compar-
ison between the 0- and 3-h chase times demonstrated the
expected loss of LY as detected by MAb 30-5-7* (folded LY),
MADb 28-14-8 (total L), or MAb 64-3-7 (open L) in L-Ld+K3
cells. Furthermore, treatment with the mixture of lactacystin
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FIG. 5. (A) K3 displays steady-state association with TAP/tapasin.
Precipitates were formed using anti-TAP antibody 503, and blotting
antibodies were anti-K3 (3209), anti-LY (MADb 64-3-7), and anti-tapa-
sin (MAb 5D3). (B) K3 association does not prevent peptide binding
to L% Cell lysates from L-Ld and L-Ld+K3 were incubated with the
indicated dilution of the HCMV peptide (YPHFMPTNL) or the CW3
peptide (RYLKNGKETL) for 2 h on ice prior to precipitation with
MADb 64-3-7. Blotting antibodies were anti-L (MAb 64-3-7) and an-
ti-K3 (3209).



VoL. 76, 2002

.2 .
o T
A =1 b 3
Chase time (hr) + -+ - + EndoH
0-untreated .*
3 - untreated — -
0-inhibitors .*
3 - inhibitors

“ -
e

EFFECT OF K3 ON CLASS I MOLECULES 2801

© «©
B N < Y <
w Y . Y
(=] o] (=] o]
(3] N (3] N
03 03 0 3 0 3 Chasetime (hr)
et - -
- e — S
L-Ld+K3 L-Ld

FIG. 6. Effect of K3 on oligosaccharide maturation of LY after 3 h in the presence or absence of proteasome inhibitors. (A) L-Ld+K3 cells were
pulse-labeled for 10 min and then chased for 3 h. For proteasome inhibitor-treated samples, cells were preincubated in 80 wM lactacystin plus 250
M ALLN for 30 min prior to labeling and then chased in the continuous presence of inhibitors. This dose of inhibitors was determined to be
optimal (data not shown). Cell lysates were then precipitated with the indicated MAD and digested or mock digested with Endo H. Arrows indicate
expected migration of deglycosylated L heavy chains. (B) L-Ld and L-Ld+K3 cells were pulse-labeled for 10 min and then chased for 3 h. After
immunoprecipitation, all samples were treated with Endo H prior to SDS-PAGE.

and ALLN partially prevented turnover of L? in the presence
of K3. Similar partial reversals of K3-mediated L turnover
were also observed when cells were treated with only lactacys-
tin (data not shown). Thus, K3 induced degradation of class I
appears to be mediated, at least in part, by the proteasome.
More conclusively, however, no deglycosylated L heavy chains
were detected in the presence or absence of proteasome in-
hibitors, even after 3 h (Fig. 6A). Therefore, unlike HCMV
proteins US2 and US11, yHV68 protein K3 does not induce
the accumulation of deglycosylated heavy chains in the pres-
ence of proteasome inhibitors. Indeed, after 3 h LY molecules
remained predominantly Endo H sensitive in the presence of
K3 (Fig. 6A). In comparison, L? molecules synthesized in the
absence of K3 attained about 50% Endo H-resistant forms
after 3 h (Fig. 6B), consistent with their previously reported
ER-to-Golgi transit times (4, 43). Thus, in the presence of K3,
most remaining L molecules, including ones that accumulate
in the presence of proteasome inhibitors, retain high levels of
mannose glycans, indicating that within 3 h they do not transit
to the Golgi and are not deglycosylated.

DISCUSSION

We demonstrate here that yHV68 protein K3 targets L
class I heavy chains and induces their rapid degradation (¢, =
15 min). This observation is in complete agreement with pre-
vious observations of K3-mediated turnover of D" molecules
studied by Stevenson and colleagues (44). Here we also show
that prior to degradation, L heavy chains lack appreciable
B,m assembly in the presence of K3 but display a high level of
B,m assembly in the absence of K3. Thus, B,m disassembly
occurs prior to detectable degradation of heavy chains. This
block of B,m assembly is dramatic and could be explained by
either preventing assembly in the ER or removing L? from the
ER prior to assembly. If the former model is correct, then K3
could either sterically block or dislodge B,m from the heavy

chain. Alternatively, K3 might block heavy chain interaction
with calnexin or calreticulin, ER chaperones implicated in oli-
gomeric assembly of glycoproteins (16). However, if assembly
is prevented by K3 purging of heavy chains from the ER, then
this event must occur very rapidly, because 3,m assembles with
LY in less than 10 min. Interestingly, these features of YHV68
K3-mediated degradation are similar to those of HLA class I
regulation mediated by the US2 protein of HCMV (21, 47).
Indeed, in comparison with previously described viral proteins,
the mechanism by which yYHV68 K3 downregulates class I
would appear to be most similar to that of the US2 protein of
HCMV.

US2, like K3, induces the rapid turnover of class I heavy
chains, and in the presence of US2, class I heavy chains display
impaired B,m assembly (21, 47). By a mechanism commonly
referred to as dislocation, US2 removes class I molecules from
the ER to the cytosol. Recently, dislocation was shown to
involve the Sec61 complex of proteins, implying that the same
complex that translocates nascent proteins from the cytosol to
the ER appears to be involved in US2-induced dislocation
(47). Furthermore after arrival in the cytosol both the US2
protein and class I heavy chains are deglycosylated, where they
accumulate in the presence of proteasome inhibitors. Thus,
US2-targeted degradation occurs in the cytosol and is medi-
ated by N-glycanase and proteasome. Interestingly, US2 pro-
tein in the ER is detected in physical association with fully
assembled class I (W6/32") heterotrimers (47). Indeed, fully
assembled HLA-A2 heterotrimers were used to refold Esche-
richia coli-expressed US2 protein to obtain cocrystals (11).
Analyses of these cocrystals revealed that US2 bound to the
class I heavy chain at a junction between the peptide binding
region and the a3 domain, a unique interaction site distinct
from known ER chaperone binding sites. Furthermore, US2
binding did not significantly alter HLA-A2 conformation, sug-
gesting that it may be an adapter protein that requires other,
yet-to-be-defined host proteins involved in the dislocation
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pathway (11). Although we do not know whether K3 also
engages a dislocation pathway, distinctions between K3- and
HCMV US2-mediated regulation of class I are noteworthy and
suggest important mechanistic differences.

The structural difference between US2 and K3 proteins sug-
gests different modes of interaction with class I molecules.
US2 is a type I, transmembrane, 24-kDa glycoprotein, with
N-linked sugars suggesting predominant ER residence (21,
47). Furthermore, the predicted ER luminal domain (residues
1 to 164 of a total of 199) was found to form an Ig-like fold of
seven B-strands that directly binds to the fully assembled class
I molecule (11). By comparison, YHV68 K3 is a 24-kDa protein
predicted to transect the membrane twice, with an overall
domain structure unlike that of US2 but very similar to that of
KSHYV proteins K3 and KS5. The yHV68 K3 and the KSHV
K3/K5 homologues each have N termini containing a highly
conserved C4HC3 zinc finger-like motif, followed by two pre-
dicted transmembrane segments connected by a very short
(about 16-residue) domain. The C-terminal domains of these
viral K3/K5 homologues contain no apparent structural motifs
and vary from one another considerably. Furthermore, it has
been predicted that the C- and N-terminal K3/K5 domains
extend into the cytosol, whereas the short sequence between
the transmembrane segments is in the ER lumen. The length
of K3 luminal domain would preclude its interaction with the
ectodomain of class I similar to US2. In support of this con-
clusion, we have introduced an epitope tag (of nine additional
residues) into the lumen domain of K3 without disrupting its
ability to down regulate class I expression (unpublished obser-
vation). Alternatively, the K3 protein could interact with class
I through its transmembrane or cytosolic domains, or K3 could
bind to class I through an intermediary host protein. In any
case K3 is very likely to interact with class I in a manner distinct
from that defined for US2 (11).

The forms of class I associated with K3 and US2 appear to
be different. Glycosylated forms of US2 are detected predom-
inantly in complex with fully assembled class I heterotrimers in
the ER (47). However, US2 is also associated with the Sec61
complex, suggesting that US2 may also bind nascent class I
heavy chains and reverse the process by which they are trans-
located into the ER. Thus, US2 appears to associate with both
incompletely and fully assembled class I molecules. By com-
parison, we show here that K3 is detected in steady-state as-
sociation with predominantly class I heavy chains lacking pep-
tide or B,m, and K3 is clearly associated with class I molecules
bound to TAP and other members of the peptide loading
complex. Unfortunately, there are no reports of whether US2-
bound class I molecules are detected in association with TAP.
However, published results thus far indicate that both US2 and
K3 associate with class I molecules in multiple stages of as-
sembly. An unresolved question with both US2 and K3 is that
of which class I assembly intermediate(s) is the primary target
for destruction. Interestingly, human class I molecules transi-
tion through a fully assembled (W6/32") form before US2-
induced degradation (47). By contrast, incompletely assembled
L¢ (64-3-7") molecules disappear in K3-positive cells during a
time frame when no loss of 64-3-7" LY occurs in K3-negative
cells (Fig. 4). Thus, K3 appears to be capable of directly tar-
geting incompletely assembled LY. However, it is important to
note that the few folded (30-5-7*) L molecules expressed in
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the presence of K3 are turned over more quickly than folded
L‘ molecules in the absence of K3 (Fig. 6). Thus, K3 may be
capable of also targeting fully assembled class I molecules.

At later time points, deglycosylated forms of US2 are de-
tected in association with deglycosylated free class I heavy
chains which accumulate and in the presence of proteasome
inhibitors (47). By contrast, we detected no deglycosylated
class I molecules in cells expressing K3 as monitored in steady-
state comparisons, in pulse-chase experiments, or when cells
were treated with proteasome inhibitors (Fig. 3 and 6). Thus,
there are potential differences between the US2 and K3 path-
ways in terms of both the class I interaction in the ER and the
targeted degradation in the cytosol. The molecular basis of
these differences and the question of whether species-specific
factors (human versus mouse) are involved warrant future in-
vestigation.

The association of K3 with TAP and the peptide loading
complex is intriguing and raises questions of functional sig-
nificance. Our data indicate that K3 does not block association
of class I with TAP/tapasin as a mechanism to prevent class I
assembly. Alternatively, K3 could exploit TAP/tapasin as a
means to target class I molecules for destruction. However, K3
expression does not result in the rapid turnover of TAP/tapasin
(Fig. 3 and 5). Therefore, K3 does not appear to interact
directly with TAP/tapasin, suggesting that K3 can remain
bound to class I while it is associated with TAP/tapasin. Asso-
ciation of K3 with TAP/tapasin is surprising in light of the fact
that B,m assembly is a prerequisite for optimal heavy-chain
association with TAP/tapasin (42) and K3 shows predominant
association with B,m-free heavy chains. Thus, we suspect that
the class I/K3 complexes associated with the peptide loading
complex represent the few class I molecules that assemble with
Bom.

In summary, we show here that K3 is predominantly de-
tected in association with incompletely assembled class I mol-
ecules, including ones bound to TAP and other members of the
peptide loading complex. These findings raise the possibility
that K3 may block interaction of class I heavy chains with
certain molecular chaperones to impair their assembly with
B,m or that K3 may use molecular chaperones to help target
incompletely assembled class I molecules for destruction.
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ADDENDUM IN PROOF

J. M. Boname and P. G. Stevenson (Immunity 15:627-636,
2001) recently reported that the K3 protein of yHV68 associ-
ates with newly synthesized D molecules, resulting in ubiqui-
tination of the class I heavy chain.
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