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The U21 open reading frame from human herpesvirus-7
encodes a membrane protein that associates with and redirects
class I MHC molecules to the lysosomal compartment. The
mechanism by which U21 accomplishes this trafficking excur-
sion is unknown. Here we have examined the contribution of
localization, glycosylation, domain structure, and the absence of
substrate class I MHC molecules on the ability of U21 to traffic
to lysosomes. Our results suggest the existence of a cellular pro-
tein necessary for U21-mediated rerouting of class I MHC
molecules.

Human herpesvirus-6 and -7 (HHV-6 and -7)* are B-herpes-
viruses most closely related to human cytomegalovirus. HHV-6
and -7 possess almost entirely collinear genomes and share
many biological properties; both viruses infect T-lymphocytes,
although they can infect other cell types as well, and both can
cause high fever and exanthem subitum (roseola), although
HHV-6 is the most common cause of this childhood disease (1,
2). Almost all of the population is seropositive for both viruses.
Infection with HHV-6 occurs by the age of 2, whereas HHV-7
infection usually occurs slightly later (3). The cells infected with
HHV-6 and -7 exhibit cytomegaly and are prone to syncytium
formation, features reminiscent of those seen in human cyto-
megalovirus infection.

Like all other herpesviruses, HHV-6 and -7 remain latent or
establish persistent infections. To do so, they must avoid detec-
tion and elimination by the immune system. Viral immune eva-
sion strategies include restriction of viral gene expression,
infection at immunoprivileged sites, obstruction of antiviral
cytokine function, and interference with antigen presentation
(for review see Ref. 4). Notably, all of the herpesviruses thus far
examined employ the latter strategy of interfering with viral
antigen presentation to cytotoxic T lymphocytes. Some herpes-
viral proteins interfere with proteolysis of antigens or peptide
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transport into the ER (5-7). Others retain class I molecules in
the ER, mediate their destruction through ER-associated deg-
radation, enhance the internalization of class I molecules, or
divert class I molecules to lysosomes for degradation (8-17).
Judging from the number and molecular diversity of these strat-
egies, the removal of class I MHC-peptide complexes from the
cell surface must be evolutionarily advantageous to these
viruses as a means of escaping immune detection and thriving
in a host.

Because so many of the viral immunoevasins affect traffick-
ing or stability of class I MHC molecules, in previous work, we
took a biochemical approach to examine the maturation and
stability of class I molecules in HHV-7-infected T cells (11).
We found that class I MHC stability was indeed decreased in
HHV-7-infected T cells and that a 55-kDa viral glycoprotein
coimmunoprecipitated with class I MHC molecules. We
identified this associated protein as the product of the
HHV-7 U21 open reading frame. HHV-7 U21 lacks homol-
ogy to any other gene product or domain, with the exception
of the U21 encoded by HHV-6. U21 is a type I membrane
protein that binds to newly synthesized, properly folded
MHC class I molecules in the ER, shortly after their synthe-
sis. In previous studies, we expressed the U21 open reading
frame in U373 astrocytoma cells, in the absence of viral con-
text. Expression of U21 in U373 cells resulted in a dramatic
redistribution of class I molecules to lysosomes and a com-
mensurate reduction of class I molecules on the plasma
membrane (see Fig. 2) (10, 11).

We first hypothesized that the lumenal domain of U21
bound to class I MHC molecules, and the cytoplasmic tail of
U21 contained the lysosomal targeting information necessary
to reroute the two molecules to the lysosomal compartment.
We tested this hypothesis by expressing a U21 molecule lacking
its cytoplasmic tail in U373 cells. We found, to our surprise, that
the cytoplasmic tail of U21 was not necessary for the ability of
U21 to divert class I molecules to lysosomes (18). The tailless
U21 molecule could divert class ] MHC molecules to lysosomes,
as could the lumenal domain of U21 fused to the transmem-
brane and the cytoplasmic tail of a heterologous type I mem-
brane protein, CD4 (18). Thus, the lumenal domain of U21 is
not only responsible for associating with class I molecules, but it
also contains the information necessary to induce rerouting of
class I MHC molecules to the lysosomal compartment. In the
current study, we examine some of the molecular properties
that govern U21-mediated diversion of class I MHC molecules
to the lysosomal compartment.
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EXPERIMENTAL PROCEDURES

Plasmids and shRNA Constructs—For the generation of
B,-microglobulin (8,m) shRNA in human U373-MG cells, a
19-nucleotide region of the human 8,m cDNA was cloned into
pRETRO (19). The selected 19-nucleotide sequence is as fol-
lows (the numbers in parentheses indicate human B,m
nucleotide coordinates, where 1 represents the adenosine of the
start codon): TTGTGGAGCTTGTTGAATT (286-304). All
c¢DNAs of U21 were cloned into the retroviral vectors pLNCX
(Clontech), pHAGE-MCS (for K562 cells), or pHAGEpuroMCS
(PPM). The lentiviral vector pHAGE was generously pro-
vided by Drs. Gustavo Mostoslavsky and Richard Mulligan
(Harvard Medical School, Boston, MA) (19). The U21Ngppiia
tandem tag construct consists of amino acids 1-358 of U21
followed by a streptavidin-binding protein tag and an HA
epitope tag, separated by a tobacco etch virus protease cleavage
site (SBPHA) (20). The U21Ngppi4 KDEL construct contains
an additional aaggatgaactgtga (KDEL) sequence following the
HA portion of the tag. The HLA-A2-HA construct contains
amino acids 1-336 of HLA-A2, followed by an HA tag and a
stop codon. The murine H-2K® chimera was constructed by
fusing the cytoplasmic tail of HLA-A2 to the transmembrane
region of H-2K”. The amino acid sequence at the junction of the
two molecules is as follows: VAVLVVLGAAIVTGAVVAFVR-
RRSSDRRGGSYSQAASSDSAQGSDVSLTACRV*, where the
underline indicates the transmembrane sequence of H-2K", the
plain type indicates the cytoplasmic tail of the HLA-A2 mole-
cule, the bold type indicates the three lysines in the cytoplasmic
tail of HLA-A2 that were mutated to arginines. The asterisk
represents the stop codon.

Cell Lines—U373 astrocytoma cells were cultured in DMEM
including 5% fetal bovine serum and 5% newborn calf serum in
the presence or absence of puromycin (375 ng/ml) (Sigma-
Aldrich, St. Louis, MO) or geneticin (500 wg/ml) (Invitrogen,
Carlsbad, CA). Expression of the viral protein U21 and its vari-
ants in U373, HeLa, or K562 cells was carried out via retrovirus-
mediated gene transfer. U373 astrocytoma cells were infected
with retroviruses encoding HHV7-U21, a small hairpin RNA
directed against f2m (shf,m), U21Ngpp 2 KDEL, HHV-6A
U2lggpras HHV-6B  U2lgupn, HHV-7  U2lguppa,
U21Ngppar HHV-6A U21,,, and the U21 glycosylation
mutants. In most cases, the neomycin-resistant clones exhib-
ited some heterogeneity of expression level, so clonal cell lines
were analyzed, rather than pooled neomycin-resistant clones,
so that cell populations appeared fairly uniform and are repre-
sentative of >80% of the cells examined. The cell lines express-
ing HHV-7, -6A, and -6B U2145p;;4 are described in Ref. 10.
Cell lines expressing sh3,m were characterized and described
in detail in Ref. 21. The myeloid K562 cells were spinoculated
twice with a lentivirus encoding HHV7-U21.

Antibodies—W6/32 is a mAb that recognizes assembled,
B,m-associated HLA-A, -B, or -C molecules. Anti-Giantin was
purchased from Covance (San Diego, CA). Immunofluores-
cence studies were performed either with a polyclonal antibody
(HA.11) directed against the HA epitope tag (Affiinity
BioReagents, Golden, CO) or the anti-HA mAb 12CA5.
Anti-HA immunoprecipitation experiments were performed
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with the 12CA5 mAb. Alexa Fluor 488- and 594-conjugated
secondary antibodies were purchased from Molecular Probes
(Eugene, OR). In some instances, Alexa 594-conjugated Fab
fragments (Zenon; Invitrogen) were used to label lamp2 mAbs.
Anti-lamp2 mAD was the generous gift of Dr. T. August (Johns
Hopkins Medical School, Baltimore, MD). A phycoerythrin-
conjugated anti-HLA-A,B,C mAb (BD Pharmingen, Franklin
Lakes, NJ) was used in flow cytometry experiments. Polyclonal
anti-protein-disulfide isomerase antiserum was generously
supplied by Dr. H. Ploegh (Whitehead Institute, MIT, Boston,
MA). The polyclonal antibody MCW50 is a rabbit polyclonal anti-
body that was raised against native GST fused in frame to the
cytoplasmic tail of U21. The mAb Y3, directed against H-2KP, was
generously supplied by Dr. P. Cresswell (Yale University School of
Medicine, New Haven, CT). The rabbit polyclonal antibody
GM130 was purchased from BD Transduction Laboratories.
Pulse-Chase Experiments—The cells were detached with
trypsin and incubated with methionine- and cysteine-free
DMEM for 30 min at 37 °C. The cells were labeled with 350
wCi/ml of [**S]-Express label (1175Ci/mmol; PerkinElmer Life
Sciences, Waltham, MA) at 37 °C for the indicated times and
chased with complete DMEM supplemented with nonradiola-
beled methionine and cysteine to a final concentration of 1 mm
at 37 °C. The cells were lysed in Nonidet P-40 lysis buffer (50
mM Tris-HCl, pH 7.4, 0.5% Nonidet P-40, 5 mm MgCl,, 150 mm
NaCl). The lysates were centrifuged for 5-10 min at 16,000 X g
at 4 °C in an Eppendorf centrifuge to pellet nuclei and debris,
followed by immunoprecipitation with specific antiserum and
protein A-agarose (RepliGen Corporation, Waltham, MA).
Immunoprecipitates were normalized to equal trichloroacetic
acid-precipitable **S-labeled protein. The immunoprecipitates
were washed five times with Nonidet P-40 wash buffer (50 mm
Tris-HCI, pH 7.4, 0.5% Nonidet P-40, 5 mm EDTA, 150 mm
NaCl) and subjected to SDS-PAGE. Leupeptin (200 um) (EMD
Biosciences, Inc., Gibbstown, NJ) and folimycin (20 nm) (con-
canamycin A) (EMD Biosciences, Inc.) were added to the cells
45 min prior to the pulse and were also included in the pulse and
chase medium at the same concentrations. In some experi-
ments, tunicamycin (Sigma) was added to the starvation
medium at a final concentration of 10 ug/ml for 45 min and to
the pulse and chase medium at the same final concentration.
Peptide:N-glycosidase F (PNGase F) or and endoglycosidase H;
(New England Biolabs, Beverly, MA) were added to the immu-
noprecipitates according to the vendor’s instructions.
Immunoblotting—The cells were washed and lysed as
described above. The cell lysates were assayed for protein con-
centration in triplicate using the Pierce BCA protein assay kit
(Thermo-Fisher, Rockford, IL). For immunoblotting of cell
lysates, equal concentrations of protein from each sample was
subjected to SDS-PAGE. The separated proteins were trans-
ferred to BA-85 nitrocellulose membrane (Whatman, Florham
Park, NJ). Equal loading was further confirmed using Ponceau S
staining of the nitrocellulose membrane. The membrane was
simultaneously probed with HC10 (anti-class I MHC) and
HA.11, followed by HRP-conjugated secondary antibody (Bio-
Rad, Hercules, CA). The bands were visualized using the Pierce
SuperSignal chemiluminescence reagents (Thermo-Fisher).
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FIGURE 1. W6/32 coimmunoprecipitates soluble U21N¢gp,,4-tagged molecules. g, hypothetical schematic
depiction of U21 and class | MHC binding and depiction of the soluble U21Nggp,,4 molecule. b, U373, U21, and
U21Nggppa cells were labeled with [**SImethionine for 90 min, lysed, and recovered with W6/32, directed
against properly folded class | MHC molecules. Migration positions of U21, U21Nggp, and class I heavy chain
(HC) molecules are indicated. Note that this figure depicts a hypothetical interaction between U21 and class |
molecules; interaction domains, if any, are unknown. /P, immunoprecipitation.

this question, we generated a solu-
ble form of U21 lacking a trans-
membrane domain (U21N), fused
to a tandem affinity tag (SBPHA),
comprised of a 46-amino acid
streptavidin-binding protein do-
main and an HA epitope tag sepa-
rated by a tobacco etch virus prote-
ase cleavage site (20). The entire tag,
including spacer amino acids, is 78
amino acids long (Fig. 1a).

To determine whether the solu-
ble U21Ngppya molecule could
associate with class I MHC mole-
cules, we performed coimmunopre-
cipitation experiments from cells
expressing U21Ngpp4. We recov-
ered class I MHC molecules from
U373 control cells, U21 cells, and
U21Ngpppya cells with W6/32, an
antibody directed against properly
folded class I MHC molecules. In

Ab: W6/32 (a-class | MHC)
cells: U21

FIGURE 2. Soluble U21Nggpya diverts class | molecules intracellularly. Immunofluorescent detection of
class | MHC (W6/32) (panels a, b, and ¢), U21Nggpa (panel d), and lamp2 (panel e). The arrows denote points of

colocalization.

Immunofluorescence Microscopy—Immunofluorescence was
performed as described (18) and followed by Alexa 488- or
Alexa 594-conjugated secondary antibodies. Tunicamycin
(New England Biolabs, Beverly, MA) was added to the cells at a
final concentration of 5 ug/ml 10 h prior to fixation.

Flow Cytometry—Flow cytometry was performed as de-
scribed (18), using phycoerythrin anti-human class I MHC
(anti-HLA-A,B,C).

RESULTS

The Soluble Lumenal Domain of U21 Can Bind to and
Reroute Class I Molecules to Lysosomes—To extend our knowl-
edge of the ability of U21 to reroute class I MHC molecules to
lysosomes, we next asked whether a soluble, secreted form of
U21 could also divert class I molecules to lysosomes. To address
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U21Ngpppa cells, a diffuse polypep-
tide of ~65-75 kDa was recovered
with class I molecules that is absent
in immunoprecipitations from
U373 control cells or U21-express-
ing cells (Fig. 1b, compare lane 3
with lanes 1 and 2). Immunoblot-
ting confirmed the identity of this
polypeptide as U21Ngpp;a (data
not shown). As would be predicted
of a soluble U21Nggpi14 molecule, it
is secreted into the medium (data
not shown), which, together with
its ability to bind to class I MHC
molecules, suggests that the solu-
ble U21Ngppia molecule is folded
properly. In addition, soluble
U21Ngppa migrates diffusely in
this SDS gel. We believe this dif-
fuse migration to be due to com-
plex-type oligosaccharide modifi-
cations that occur as the secreted U21Nggp . molecule
makes its way through the secretory pathway.

The 78-amino acid SBPHA tag increases the size of the U21
molecule by only 8 amino acids, because the chimera lacks its
cytoplasmic tail (50 amino acids) and transmembrane domain
(20 amino acids). Thus, U21Ngppi should closely comigrate
with U21. However, soluble U21Ngppy4 exhibits aberrantly
slow mobility in SDS-polyacrylamide gels (Fig. 10, lane 3).

To determine whether the soluble U21Nggpi;4 could divert
class I MHC molecules to the lysosomal compartment, we
examined the localization of class I MHC molecules in cells
expressing soluble U21Ngpp 4 (Fig. 2). For comparison, we
show class I MHC localization on the cell surface in control
U373 cells (Fig. 2a) and localization of class l MHC molecules in
the lysosomal compartment in U21 cells (Fig. 2b). In cells

cells: U21N-SBPHA

Ab: a-lamp2
cells: U21N-SBPHA
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cell§: U21
Ab: W6/32

cells: U21-HA
Ab: o-HA

cells: U21-HA
Ab: GM130 a-Golgi

FIGURE 3. Localization of U21 in HelLa cells. a and b, Hela cells infected with a U21-encoding puromycin-
resistant lentivirus were double-labeled with W6/32 (anti-class | MHC) (a) and anti-U21 (b) prior to selection in
puromycin. White arrowheads in b and e denote puncta barely visible in 1-2% of cells labeled with anti-U21.
Pink arrows in a and d denote corresponding puncta visible with W6/32. c and f, merged images. d-f, enlarged
images of the bottom cell in a-c, with arrowheads. g and h, U373 cells stably expressing HA-tagged U21 were
double labeled with GM130, a marker of the cis-Golgi (g), and an anti-HA antibody (12CA5) (h). i, merged image.
The white arrowheads in h denote the nuclear envelope, which is contiguous with the ER. Ab, antibody.

expressing soluble U21Nggppi;4, We observe a combination of
these two phenotypes; there are intense perinuclear puncta that
are never evident in control U373 cells (Fig. 2, c versus a), yet
there is slightly more class  MHC labeling of the cell surface in
U21Ngpppia cells when compared with U21 cells (Fig. 2, ¢ versus
b). We attribute greater surface expression of class I molecules
in U21Nggppya cells to the freedom of soluble U21 from mem-
brane constraint: U21Ngpp 4 may exist in the ER lumen at
lower effective concentration near the membrane, in the vicin-
ity of class I MHC molecules. To confirm that the puncta we
observe in U21Ngpppq 4 cells are indicative of lysosomal localiza-
tion, we performed colocalization experiments with the lysoso-
mal marker lamp2 and found that the puncta colocalize (Fig. 2,
compare ¢ and e). Thus, in addition to associating with class I
MHC molecules, soluble U21Ngppya can also divert class I
molecules to a lysosomal compartment, albeit less efficiently
than membrane-constrained U21.

We also examined the steady state localization of the
U21Ngpp 4 molecules themselves, using an antibody directed
against the HA epitope within the SBPHA tag. As with most
secreted proteins, at steady state, soluble U21Ngpp,,,4 is local-
ized in the secretory pathway, primarily in the ER (Fig. 2d).
Strangely, despite its ability to bind to and reroute class I MHC
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molecules to the lysosomal com-
partment, soluble U2IN molecules
localize to a different intracellular
compartment than the class I MHC
molecules they reroute.

U21 and Class I MHC Molecules
Localize Differently—Initially when
we expressed full-length U21, we
found that class I MHC molecules
were redistributed to the lysosomal
compartment (Fig. 2) (11). We first
hypothesized that U21 escorted
class I MHC molecules to a lyso-
somal compartment, and we fully
expected U21 to colocalize with
class I molecules in lysosomes.
Without an antibody directed
against U21, we resorted to tagging
U21 at its C terminus with an HA
tag (U21,,,). Expression of U21;,
also resulted in the rerouting of class
I MHC molecules to the lysosomal
compartment. Interestingly, how-
ever, when we examined the local-
ization of the HA-tagged U21 mole-
cules themselves, we found U21,,,
localized in the ER and secretory
pathway (data not shown). Because
the U21;;, molecule was tagged, we
were unable to rule out the possibil-
ity that the epitope tag impaired its
normal trafficking and localization.
To better ascertain the steady state
localization of U21, we have now
raised a polyclonal antibody to the
cytoplasmic tail of U21.

To examine the localization of U21, we expressed nontagged
full-length U21 in U373 or HeLa cells using retrovirus-medi-
ated gene transfer and examined U21 and class I MHC localiza-
tion using immunofluorescence microscopy. We performed
double-label immunolocalization experiments with anti-U21
and W6/32. Like the HA-tagged U21, nontagged U21 was local-
ized to the biosynthetic compartments of ER and Golgi (Fig. 3,
b and e), whereas class I MHC molecules were located in lyso-
somes (Fig. 3,  and d).

Interestingly, a few of the cells labeled with U21 also exhib-
ited faint puncta that colocalize with class I MHC molecules, in
addition to the overwhelming ER and Golgi pattern (Fig. 3, b
and e, white arrows coincident with pink arrows in a and d).
Although visible colocalization of U21 and class I molecules is
infrequent and difficult to see, we hypothesize that the steady
state abundance of U21 in the biosynthetic pathway “outshines”
the U21 that ultimately travels to the lysosomal compartment.
One possible explanation for the relative difference in colocal-
ization between U21 and class I molecules is that U21 may be
more exquisitely sensitive to lysosomal proteases than class I
molecules; thus, U21 may be less visible in the lysosomes at
steady state. If this were the case, we would expect that incuba-
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90 (data not shown). We therefore

placed a KDEL ER retrieval signal on
the C terminus of the soluble
U21Nggpiia- As shown in Fig. 2, sol-
uble U21Nggpi;a also diverts class I
MHC molecules to the lysosomal
compartment, albeit less efficiently
than U21 containing an integral
membrane domain.

To determine whether our solu-
ble U21Nggpia-KDEL molecules

U21N
JSBPHA EndoH®
KDEL
~HC EndoH"
—HC EndoH®

1 12
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were successfully localized in the
ER at steady state, we performed
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FIGURE 4. U21Nggpna-KDEL retains class | molecules in the ER.a, U373 or U
with [>*S]methionine for 10 min and chased for the indicated times. Class |

W6/32, digested with EndoH, and resolved by SDS-PAGE. The EndoH-sensitive and -resistant forms of the class
I heavy chain (HC) and U21Nggpa-KDEL are indicated. b, HA-tagged U21 was recovered from U21Nggp,4 and
U21Nggppa-KDEL cells digested with EndoH and resolved by SDS-PAGE. The asterisks denote a nonspecific

contaminating polypeptide.

tion of the cells in lysosomal protease inhibitors might stabilize
U21 and class I molecules in lysosomes, and this is indeed the
case (10).

To better illustrate the localization of U21 in the Golgi, we
performed a double labeling experiment with GM130, a Golgi
marker, and HA-tagged U21 (Fig. 3, g—i). U21 in the perinuclear
region colocalizes with GM130. ER (and nuclear envelope)
localization is also visible (Fig. 34, arrowheads).

ER-tethered U21 Cannot Reroute Class I Molecules to Lyso-
somes—The steady state distribution of U21 is puzzling: how can
U21 be located primarily in the ER, whereas the class I molecules
with which it associates are concentrated in lysosomes? Can U21
somehow modify class I molecules in the ER, rendering them com-
petent to travel to the lysosome without U21 accompaniment? Is
the continued association of U21 with class I molecules necessary
for diversion of class I molecules to lysosomes?

To determine whether U21 is capable of directing class I
molecules to lysosomes while itself remaining in the ER, we
placed an ER localization signal on the cytoplasmic tail of U21.
There are two types of ER localization signals, both of which
signal the retrieval of ER-resident proteins from the cis-Golgi,
returning them to the ER (22, 23). A C-terminal cytoplasmic
KKXX motif mediates retrieval of transmembrane proteins via
cytoplasmic recognition of the ER retrieval signal, and a C-ter-
minal KDEL sequence, found on soluble proteins, is the signal
for retrieval of soluble proteins from the cis-Golgi (22, 24 -26).
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pulse-chase  experiments  with
U21Ngpppa-KDEL cells. At each
chase point, we recovered class I
molecules with W6/32 and digested
half of the immunoprecipitates with
endoglycosidase H (EndoH), which
cleaves N-linked glycans, but only if
they have not progressed beyond
the early Golgi. When a glycopro-
tein travels beyond the medial
Golgi, it becomes resistant to
EndoH digestion. Thus, assessment
of EndoH sensitivity is a way to
monitor the progress of a glycopro-
tein as it traverses the secretory pathway. Immunoprecipitation
of class I molecules with W6/32 recovers U21Ngppiia-IKKDEL
molecules (Fig. 4a, compare lanes 4 — 6 with lanes 1-3), demon-
strating that the truncated KDEL-fused U21Nggpi;4 molecules
associate with class I MHC molecules.

In U21Nggpa-KDEL cells, approximately half of the class I
molecules remain EndoH-sensitive at 30 min (compare acqui-
sition of EndoH resistance; Fig. 4a, lanes 10—12 versus lanes
7-9). If U21Ngpp1a-KDEL were expressed in every cell at levels
comparable with the expression levels of class I MHC mole-
cules, we would expect all of the class I MHC molecules to
remain EndoH-sensitive. The U21Nggp.-KDEL cells, how-
ever, are pooled neomycin-resistant cells expressing heteroge-
neous levels of U21Ngpp .- KDEL molecules. The EndoH-re-
sistant class I molecules present in lanes 11 and 12 likely
represent class I molecules from cells with low levels of
U21Ngppa-KDEL expression.

All of the ER-tethered U21Ngppi;4-KDEL molecules that
coprecipitate with the anti-class I MHC antibody are EndoH-
sensitive (Fig. 4a, compare lanes 10—12 with lanes 4—6). Like-
wise, all of the class I molecules associated with the KDEL-
retained version of U21Nggpi;4 are EndoH-sensitive (Fig. 4b,
compare class I heavy chain molecules in lanes 7 and 8 with
lanes 5 and 6). Thus, the KDEL sequence successfully results in
the steady state localization of U21N molecules in the ER; when
U21 is localized in the ER, the class I MHC molecules with

chase time, min

U21N .
JSBPHA EndoH
« KDEL

-HC EndoH
| —~HC EndoH®

21Nggppa-KDEL cells were pulsed
molecules were recovered with
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cells: U21
Ab: W6/32

cells: U2,

Ab: W6/32

cells: control U373
Ab: W6/32 (a-class | MHC)

cells: control U373 cells: U21

Ab: PDI

FIGURE 5. Class | MHC molecules in U21-KDEL cells are retained in the ER. Top panels, control U373 cells,
U21-, U21Nggppa- and U21Nggppya-KDEL-expressing cells were immunolabeled with W6/32 to examine class |
localization. Bottom panels, for comparison, these cells were labeled with anti-protein-disulfide isomerase (PDI)

as a marker for ER immunolabeling. Ab, antibody.

cells: U21
Ab: W6/32 (a-class | MHC)

cells: U21 B,m™
Ab: W6/32

FIGURE 6. Cells deficient in 8,m lack W6/32 reactivity. Immunofluorescent
detection of class | MHC molecules in U21-expressing (a) or U21 + sh3,m (b)
U373 astrocytoma cells with the conformation-specific W6/32 antibody.

which it associates are also retained in the ER, suggesting that to
divert class I MHC molecules, U21 must accompany them out
of the ER and travel with them through the Golgi.

To examine the localization of class I molecules in
U21Nggpiia-KDEL cells, we performed double-label immuno-
fluorescence localization experiments, using W6/32 to examine
the localization of class I MHC molecules and an antibody
directed against the ER-resident protein, protein-disulfide
isomerase, to mark the ER. Control U373 cells express class I
MHC molecules on their cell surface, and protein-disulfide
isomerase is distributed in the reticular pattern characteristic of
the ER (Fig. 5, 2 and b). For comparison, in cells expressing U21,
class I MHC molecules are localized to lysosomes (Fig. 5c).
Class I MHC molecules in cells expressing soluble U21Nggpa
are present in lysosomes and on the cell surface (Fig. 5¢). How-
ever, when U21Nggp,; 4 molecules are retained in the ER with a
KDEL sequence, class I MHC molecules also remain in the ER
(Fig. 5, g and h), corroborating the pulse-chase experiments
shown in Fig. 4 and suggesting that W6/32-reactive class I mol-
ecules are bound by U21 in the ER and that U21 must be able to
leave the ER with class I MHC molecules to effect their diver-
sion to lysosomes.

Is U21 Retained in the ER?—The observation that the major-
ity of U21 is present in the ER at steady state (Fig. 3b) prompted
us to delve more deeply into the trafficking of U21: is U21
retained in the ER until it binds to a class | MHC molecule, or is
it synthesized and immediately routed to lysosomes, regardless
of whether it is bound to class I? To address this question, we
examined U21 trafficking in the absence of class I molecules.
Because most nucleated cells express both alleles of three dif-
ferent class I MHC genes (HLA-A, -B, and -C), rather than
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knock down all six of the class I
heavy chains, we employed retrovi-
rally encoded RNAI to knock down
the class I MHC light chain, 8,m. In
the absence of B,m, class I heavy
chain molecules cannot fold prop-
erly, and any remaining unfolded
class I molecules are unable to bind
to U21 (18). The resulting reduction
in W6/32-reactive class I MHC
molecules is illustrated in Fig. 6,
where W6/32 labeling of U21-ex-
pressing cells (Fig. 6a) is depicted at
the same exposure as U21 cells lack-
ing B,m (Fig. 6b). Immunoblots
confirmed knockdown of B,m to undetectable levels (21).

If U21 must first associate with class I molecules to leave the
ER, we reasoned that U21 might accumulate in the ER when
folded class [ MHC molecules are unavailable. To compare U21
trafficking in cells lacking B,m, we performed pulse-chase and
EndoH analysis of U21 in cells expressing U21 and lacking 8,m
(Fig. 7). At each chase point, we recovered U21 and class I mol-
ecules with either an antibody directed against U21 (Fig. 7a) or
W6/32 (Fig. 7b), and half of the immunoprecipitates were
digested with EndoH.

As expected, in the absence of B,m, class I molecules cannot
be recovered in immunoprecipitation with the conformation-
specific anti-class I MHC antibody W6/32 (Fig. 7b, compare
lanes 1-3 with lanes 7-9), nor can they be coprecipitated with
U21 molecules (Fig. 7a, compare lanes 1-3 with lanes 7-9) (18).
Of note, however, we must recover enough nonlabeled folded
class I molecules with W6/32 to coprecipitate some labeled U21
(Fig. 7b, lanes 8, 9, 11, and 12).

In both U21 cells and U21 cells lacking 3,m, U21 molecules
become EndoH-resistant at the later chase points (Fig. 7a, lanes
5,6, 11, and 12). After 120 min, the amount of U21 remaining
EndoH-sensitive was reduced by about 3-fold, both in U21 cells
and in U21 cells lacking B,m. Thus, U21 appears to have a
similar half-life and to leave the ER with similar kinetics,
regardless of whether folded class I MHC molecules are pres-
ent, suggesting that the trafficking of U21 is not dependent
upon its association with class I molecules. Fig. 7b shows the
reciprocal immunoprecipitation with W6/32. Note that some
folded class I MHC molecules remain in the cells with knocked
down $,m, because a small amount of labeled U21 is coimmu-
noprecipitated with nonlabeled class l MHC molecules (Fig. 7,
lanes 7-12).

As an alternative approach to 3,m depletion, we also per-
formed a pulse-chase experiment recovering U21 from U21-
expressing K562 cells. K562 cells are a myeloid-derived cell line
lacking class I MHC molecules. For comparison, we recovered
U21 from U21-expressing U373 cells. As previously shown,
when we recover U21 from U21-expressing U373 cells, class I
heavy chain molecules coimmunoprecipitate (Fig. 7¢, lanes
1-4). From U21-expressing K562 cells, although comparable
amounts of U21 are recovered, no coprecipitating class I heavy
chain molecules are observed (Fig. 7c, lanes 5-8). Just as in the
U373-U21 cells lacking B,m, U21 molecules in K562 cells

cells: U21N -KDEL

Ab: We/32 “oF A

#|cells: U21Ng,,-KDEL
Ab: PDI
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a IP: a-U21

U21 cells U21/ B,m kd cells

the ability of U21 to redirect class I
MHC molecules to the lysosomal

+ Endo H + Endo H

compartment (18) (Fig. 2, ¢ and e).

chase time, min: 0 40 120" 0 40 120" 0 40 120" 0 40 120

u21[u q: o

S e — U21(EndoH®)

Because the cytoplasmic tail of U21
proved unnecessary, we next asked
whether the lumenal domain of
U21, through association with the
lumenal portion of class I MHC
molecules, might induce a confor-
mational change that is transduced
through the lipid bilayer, such that
the cytoplasmic tail of the class I
heavy chain could then contain or
receive a signal to traffic to lyso-
somes. There is some suggestion of

:l U21(EndoH")

class IHC C *
EndoHS HC — =
1 2 3 4 5 6 7 8 9 10 11 12
b IP: W6/32 (a-class | MHC)
U21 cells U21/ B,m kd cells
+ Endo H + Endo H

precedent for this phenomenon: in

chase time, min: 0 40 120" 0 40 120 ' 0 40 120" 0 40 120

1995, Little et al. (27) raised an anti-
body directed against the cytoplas-
mic tail of class I heavy chain mole-
cules. They were surprised to find

— %%

u21- o - . >

i that the antibody recognized class I
S .

class | HC [ ” U21(EndoH") heavy chains only when the lumenal
EndoH® HC — portion of the molecule was
1 2 3 4 5 6 7 8 9 10 1 12 unfolded, suggesting that the con-
formation of the lumenal domain of
c IP: o-U21 +Endo H the class I molecule influences the
conformation of its cytoplasmic tail.

Cells: U373-U21 K562-U21 U373-U21 K562-U21 ! ytop

. I I 1 1
Chase (min) 0 45 120 360 0 45 120 360

ek o

class | HCI: -~ e

-

1.2 3 4 5 6 7 8 9 10 11 12

their EndoH-sensitive and -resistant counterparts are noted.

become EndoH-resistant at the later chase points (Fig. 7¢, com-
pare lanes 13—16 with lanes 9—12). Thus, in K562 cells as well,
U21 appears to have a similar half-life and leave the ER with
similar kinetics, regardless of whether class I MHC molecules
are present, suggesting that the trafficking of U21 is not
dependent upon its association with class I molecules.

Does U21 Modify the Cytoplasmic Tail of Class I Molecules?—
Because lysosomal trafficking generally involves a cytoplasmic
lysosomal sorting signal, we initially hypothesized that U21
might contain a sorting signal within its cytoplasmic tail. We
have shown that the cytoplasmic tail of U21 is not necessary for
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FIGURE 7. EndoH sensitivity of U21 is unchanged when folded class | molecules are unavailable. U21-
expressing or U21 + shB,m (B8,m kd) U373 astrocytoma cells were pulsed with [**S]methionine for 15 min and
chased for the indicated times. Immunoprecipitates (IP) with either anti-U21 (a) or W6/32 (b) were divided, and
half of the recovered material was treated with endoglycosidase H, as noted. U21 and class | heavy chains (HC)
are noted, as are migration of EndoH-sensitive and EndoH-resistant forms of U21. Of note, EndoH-sensitive
U21, which loses four N-linked glycans, migrates slightly more slowly than EndoH-sensitive class | MHC, so that
the two bands are indistinguishable from one another (lanes 4). The double asterisk in b denotes a possible
contaminating cross-reactive polypeptide (visible in lanes 5, 7, 8, 10, and 11). ¢, U21-expressing U373 or K562
cells were pulsed and chased and treated with EndoH as described above. U21, class | MHC heavy chains, and

We therefore hypothesized that if
U21 binding renders the cytoplas-
mic tail of the class I heavy chain
molecule able to contain or receive a

U21(EndoH") signal for trafficking to lysosomes,

then U21 should not be able to

- s reroute tailless class I molecules to

U21(EndoH") lysosomes. To test this hypothesis,

—class IHC ~ we replaced the cytoplasmic tail of
(EndoH™)

the class I HLA-A2 heavy chain
molecule with an HA epitope tag
and examined the subcellular local-
ization of this tailless HLA-A2 mol-
ecule in cells that expressed U21
(see Fig. 8a).

Newly synthesized class I MHC
heavy chains require associated
B,m light chains to fold properly.
We have found that when we over-
express class I MHC molecules in
cells, the endogenous 3,m appears limiting: often, class I mol-
ecules are inappropriately localized in the ER, where they likely
remain unfolded. When we simultaneously infect the cells with
a retrovirus encoding 3,m, the overexpressed HLA molecules
are able to traffic to the cell surface (data not shown). For this
reason, we include 8,m with every transduction of HLA-A2
molecules.

The HA-tagged HLA-A2-HA molecule behaved similarly to
full-length HLA molecules. In control U373 cells expressing the
tailless HLA-A2-HA molecule, the labeling pattern with W6/32
and anti-HA antibodies is virtually indistinguishable (Fig. 8, b

15 16
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Ab: W6/32 (a-class | MHC)
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FIGURE 8. Tailless HLA-A2 molecules are rerouted by U21. g, cartoon depicting the HLA-A2-TMHA fused
molecules expressed in U373 cells in the absence or presence of U21. The HLA-A2 molecules consist of the
transmembrane region of HLA-A2 and the membrane-proximal RRKSS sequence, followed by an HA tag. b-e,
immunofluorescent detection of endogenous and HA-tagged class | MHC molecules with W6/32 (b and d) and
an anti-HA polyclonal antibody (HA.11) (c and e). The cells and antibodies are noted. Ab, antibody.
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G pattern in Fig. 8 (b and d), immuno-
y & y precipitation of HA-tagged A2 mol-
ecules resulted in the recovery of
U21 molecules (Fig. 9, lanes 13 and
14). Likewise, when U21 molecules
were immunoprecipitated from
cells expressing the tailless A2-HA
molecules, both endogenous HLA
as well as HLA-A2-HA molecules
were recovered (Fig. 9, lanes 15-22).
Thus, neither the cytoplasmic tail
of U21 nor the cytoplasmic tail of
class I MHC heavy chain mole-
cules appears to be necessary for
U21-mediated diversion of class I
MHC molecules to the lysosomal
compartment.

Ourtail-deleted HA-tagged HLA-
A2 molecule consists of an HA tag
fused to the membrane-proximal
RRKSS sequence of the cytoplasmic
tail (Fig. 84). These 5 amino acids
were retained to allow the class I
heavy chain to properly insert into
the membrane (28). Recently, this
membrane-proximal lysine (in bold
type) in the tail of class I heavy chain

U373 U373
A2HA  A2HA
u21

u21 u21
0 40" 0 40'70 40" 0 40" "o 40" 0 20" 0 40' "o T

U21—

HC — e i
A2HA—

—_——— - ——

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

antibody; IP, immunoprecipitation.

and c). Likewise, when U21 is expressed in these cells, the label-
ing for the tailless HLA-A2-HA molecules was almost indistin-
guishable from that of HLA-A, -B, and -C with W6/32 (Fig. 8, d
and e).

The tailless HLA-A2-HA molecules behaved indistinguish-
ably from endogenous class I MHC molecules in immunopre-
cipitation experiments as well. In immunoprecipitations with
W6/32, we recovered both endogenous class I heavy chains as
well as the more quickly migrating tailless A2-HA molecules
(Fig. 9, lanes 1-8). The identity of the tailless A2-HA was con-
firmed in immunoprecipitations with an anti-HA antibody (Fig.
9, lanes 9—14), and as suggested by the immunofluorescence
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FIGURE 9. Tailless HLA-A2 molecules associate with U21. U373 or U373 cells expressing U21, A2HA, or A2HA
and U21 were pulsed with [>**S]methionine for 15 min and chased for 0 and 40 min, as noted. Class | molecules
were recovered with W6/32 or 12CA5 (anti-HA). U21 molecules were recovered with MCW50. The migration
positions of U21, class | heavy chain molecules (HC), and the chimeric tailless HLA-A2HA molecules are indi-
cated. The asterisk (lanes 17 and 18) denotes a possible breakdown product present only in the U21 cells. Ab,

|0 4 ”,0- 40 | molecules was found to be targeted
by the Kaposi’s sarcoma-associated
herpesvirus (KSHV) K5 ubiquitin
ligase (29). Ubiquitination of this
lysine residue was shown to be
important for endocytosis of
HLA-A2 molecules. We therefore
hypothesized that U21 association
with the class I heavy chain mole-
cule might change the conforma-
tion of the cytoplasmic tail in such a
way as to make this membrane-
proximal lysine available for ubig-
uitination by a cellular ubiquitin
ligase. The cellular MARCH (mem-
brane-associated RING-CH) ubigq-
uitin ligases, for example, discov-
ered by virtue of their homology to
the KSHV K3 and K5 ubiquitin
ligases, would be excellent candidates for such a cellular partner
for U21 (30).

To explore the possibility that U21-mediated trafficking of
class I molecules to lysosomes depends upon the presence of
lysines in the cytoplasmic tail of the class I MHC molecule,
we mutated the three lysines in the cytoplasmic tail of
HLA-A2 (3K—3R). To distinguish the mutant class I mole-
cules from endogenous HLA molecules, we fused the mutant
3K—3R tail of HLA-A2 to the cytoplasmic and transmem-
brane regions of murine H-2K" (Fig. 10a). We have shown
that murine H-2K" is efficiently diverted to lysosomes by
U21 (31).

: |
3

-b -

—HC
— o

19 20 21 22
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lLcells: U373-K>-A2tail3K3R
| Ab: a-H-2K®
A%

cells: U373-KP-A2tail3K3R
Ab: a-U21

cells: U373-K>-A2tail3K3R, U21
[Ab: a-U21 !

FIGURE 10.U21 reroutes H-2KP-HLA-A2-tail 3K3R chimeric molecules. g, cartoon depicting the H-2KP-HLA-
A2-tail 3K—3R chimeric molecules expressed in U373 cells in the absence or presence of U21. b-g, U373 cells
expressing H-2KP-A2tail-3K3R without (b-d) or with (e-g) U21 were labeled with Y3 anti-H-2KP tail mAb and
the anti-U21 polyclonal antibody MCW50, as indicated. The merged images are shown in d and g. Ab, antibody.

a célls: U21
Ab: a-lamp2
IP: W6/32 (a-class | MHC) b
+ Tunicamycin A
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FIGURE 11. Tunicamycin interferes with U21-mediated diversion of class | molecules to lysosomes.
a, U373 cells or U373 cells expressing U21 were labeled with [**SImethionine for 15 min in the absence or
presence of tunicamycin, as noted. Class | MHC molecules were recovered with W6/32. The glycosylated and
nonglycosylated class | heavy chain (HC) and U21 molecules are noted. b-e, low magnification U21 cells
immunolabeled with anti-lamp2 (b and d) or class | MHC (W6/32) (c and e) after 6 h in the absence (b and ¢) or

unknown cellular protein (protein
X) that mediates sorting. One possi-
bility is that this cellular protein has
affinity (at least in part) for the
N-linked glycan moieties in the
lumenal portion of U21.

To determine whether the N-
linked glycans are important for the
ability of U21 to divert class I mole-
cules to lysosomes, we incubated
U21 cells in the presence of tunica-
mycin, a cell-permeable inhibitor of
N-linked glycosylation. Because gly-
cosylation is involved in proper pro-
tein folding, we were initially con-
cerned with whether, in the
presence of tunicamycin, U21 and
class I molecules would achieve
their proper conformation. U21
associates exclusively with properly
folded class I molecules (18). There-
fore, if U21 and class I molecules can
associate in the presence of tunica-
mycin, then they must be folded
properly. Indeed, in tunicamycin-
treated cells, nonglycosylated U21
molecules are recovered in immu-
noprecipitations with W6/32, sug-
gesting that tunicamycin does not
affect the folding of class I mole-
cules (Fig. 11a, compare lanes 3 and
4 with lanes 1 and 2).

We next examined class I MHC
localization in U21 cells after incu-
bation for 6 h in tunicamycin. In
tunicamycin-treated cells, class I

presence (d and e) of tunicamycin. Ab, antibody; IP, immunoprecipitation.

When H-2K" molecules fused to the lysine-less HLA-A2
3K—3R cytoplasmic tail are expressed in U373 cells, they local-
ize to the plasma membrane (Fig. 105). When U21 is introduced
into these cells, the chimeric K”-A2 3K—3R molecules are relo-
calized to the lysosomal compartment (Fig. 10e). Double label-
ing of these cells with our anti-U21 Ab demonstrates U21
expression (Fig. 10, c and f). Thus, mutation of the lysines in the
cytoplasmic tail of HLA-A2 did not impair the ability of U21 to
reroute chimeric murine-human class I molecules, and we may
therefore rule out ubiquitin conjugation of the cytoplasmic tail
as a requirement for U21-mediated trafficking of class I MHC
molecules to lysosomes.

Is Glycosylation of U21 Important?—U21 from HHV-7 con-
tains four N-linked glycans. N-Linked glycans have been dem-
onstrated to be important for the intracellular trafficking of
several integral membrane proteins (32—34). Because the cyto-
plasmic tails of both U21 and class I MHC molecules are not
responsible for diversion of class I molecules to the lysosomal
compartment, we hypothesize that the lumenal domain of U21
must contain a signal or sequence that is recognized by an
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MHC molecules no longer appeared

intense, punctate and perinuclear,
and more labeling was apparent at the cell surface (Fig. 11,
compare c and e), suggesting that glycosylation of U21 is impor-
tant for diversion of class I molecules to lysosomes. The caveat
to this experiment, although it is suggestive, is that tunicamycin
prevents glycosylation not only of U21 and class I MHC mole-
cules but also of every other glycoprotein in the cell. In addition
to possible mediation of intracellular trafficking, glycosylation
is also important for proper protein folding. Of note, however,
localization of the lysosomal membrane protein lamp2 is not
affected by tunicamycin treatment (Fig. 11, b and d), suggesting
that tunicamycin treatment does not prohibit sorting of all
membrane proteins to lysosomes.

Still, we could not be sure that tunicamycin does not affect
proper folding of other cellular proteins necessary for U21-medi-
ated diversion of class  MHC molecules to lysosomes. Thus, these
tunicamycin experiments are only suggestive of a role for N-glyco-
sylation in U21-mediated diversion of class I MHC molecules to
lysosomes. The better experiment to address the role of glycosyla-
tion in U21 function is to mutate the four N-linked glycosylation
consensus sites in U21, preventing glycosylation of U21 alone.
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Ab: o-class | MHC (W6/32)
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Ab: o-HA
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Ab: a-HA
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FIGURE 12. Mutation of the N-linked glycosylation consensus site in HHV6-U21 affects U21-mediated
rerouting of class | molecules to lysosomes. a- d, double-label immunolocalization of class | MHC molecules
using W6/32 in cells expressing HHV-6A U21 or HHV6A U21 with its sole N-linked glycosylation site mutated to
glutamine (N164Q), as noted. The SBPHA-tagged HHV6 U21 molecules are labeled with an anti-HA Ab (HA.11).
e and f, flow cytometric analysis to detect surface class | MHC molecules in U373 cells (black traces) and U373
cells expressing HHV6 U21 or HHV6 U21 Asn — GIn (gray traces), as noted. The dotted traces in e and frepresent
cells incubated in the absence of phosphatidylethanolamine-conjugated anti-HLA-A, -B, or -C. Ab, antibody.

In constructing U21 molecules with mutated N-glycosyla-
tion sites, the possibility existed that mutation of a particular
amino acid(s) would detrimentally affect overall folding of the
U21 molecule. Because glycosylation is not necessary for the
association of U21 with class I MHC molecules (Fig. 11), we
reasoned that, as an indicator of proper conformation, muta-
tion of the N-glycosylation sites in U21 should result in a U21
molecule that retains its ability to associate with class I mole-
cules. However, when we mutated the four N-linked glycosyla-
tion sites in HHV7 U21 (4N—Qgppia) and expressed the
mutant molecule in U373 cells, we could not coimmunopre-
cipitate class I MHC molecules with the U21 4N—Qggpiia
mutant (data not shown), suggesting the possibility that muta-
tion of the asparagines in some way disrupted proper confor-
mation of the U21 molecules.

Fortuitously, HHV-6A U21, which is ~30% identical to
HHV-7 U21 at the amino acid level and also functions to
reroute class I MHC molecules to lysosomes (10), conserves
only one of the four N-linked glycosylation sites (Fig. 13a).
HHV-6B U21, which is ~90% identical to HHV6A U21, con-
serves two of the four N-linked glycosylation sites of HHV-7
U21 (10). Thus, rather than engineer mutations at all four sites
in HHV-7 U21, we mutated the single conserved NXS glycosyl-
ation site in HHV-6A U214 at position 164 to glutamine
(N164Q). In addition, we generated a separate mutation of ser-
ine 166 to alanine (S166A) (data not shown). For these experi-
ments, we used the SBPHA-tagged form of HHV-6A U21, so
that we could detect expression and localization of the mutant
U21 molecules using an anti-HA antibody. This HHV-6A
U21g5p114 Molecule contains the U21 lumenal and transmem-
brane domain, but the cytoplasmic tail is replaced by the
SBPHA tag. We have previously shown that the SBPHA-tailed
molecules function similarly to the nontagged version in their
ability to reroute class I MHC molecules to lysosomes (10).
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We wused retrovirus-mediated
gene transfer to stably express
these molecules in U373 astrocy-
toma cells. When we expressed the
N164Q mutant of HHV-6A U21,
the localization of class  MHC mol-
ecules did not change: class I mole-
cules were localized on the cell sur-
face (Fig. 12, compare ¢ with 4,
where d shows adjacent U21gppi14-
expressing and nonexpressing
cells). We obtained identical results
with the S166A mutant (data not
P shown). To analyze the entire pop-
,-"i } ulation of these cells as a whole, we
w  performed flow cytometric analysis
of surface class I expression (Fig. 12,
e and f), where the black trace
shows class I MHC levels on the
surface of control U373 cells and
the gray trace shows surface
down-regulation of class I MHC
molecules in cells expressing either
HHV-6A U21¢pp4 (Fig. 12e) or the
HHV-6A U214g5p:4 N164Q mutant (Fig. 12f).

To ensure that each of these cell populations expressed sim-
ilar levels of the U214y 4 and U21gpp14 N164Q molecules, we
performed immunoblotting with anti-HA and anti-class I
heavy chain antibodies (Fig. 13b). Lane 2 shows class I heavy
chains from control cells. For comparison, HHV7 and HHV6B
U21gppia are shown in lanes 3 and 4. HHV7 U2lgppia iS
expressed at somewhat higher levels and migrates more slowly,
reflecting its four N-linked glycans (Fig. 13, b, lane 3, and a).
HHV6B U214, is heterogeneously glycosylated with either
one or two glycans (Fig. 130, lane 4), and HHV6A U21¢pp,4
migrates at a position identical to HHV6B U214p5:;4 With one
N-glycan (lane 5). Both the N164Q and S166A mutants are
expressed and migrate at a position commensurate with the
predicted size for nonglycosylated U21 (Fig. 135, lanes 6 and 7).
The four HHV6 U21g4p144 proteins are expressed at similar
levels in these stable cell lines, corresponding with the HA
expression we observed in our microscopic evaluation of the
cells (10).

We were concerned that the N164Q mutation might inter-
fere with proper folding of the U21 molecule, rendering the
mutated molecule unable to associate with class I molecules. To
examine whether U21 N164Q could associate with class I mol-
ecules, we performed coimmunoprecipitation experiments
with W6/32 to recover class I and associated U21 N164Q, as
well as the reciprocal immunoprecipitation with an anti-HA
antibody to recover U21 N164Q and associated class I MHC
molecules. We recovered properly folded class I MHC mole-
cules using the W6/32 antibody and treated half of the immu-
noprecipitates with PNGase:F to demonstrate the mobility shift
in the molecules in the absence of their N-linked glycans. From
control U373 cells, we immunoprecipitate the class I heavy
chain at ~43 kDa and observe a ~2.5-kDa shift after PNGase:F
treatment, corresponding to the single N-linked glycan on the
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FIGURE 13. The HHV6A U21 glycosylation site mutants are expressed and can associate with class |
MHC molecules. g, cartoon depicting the different U21 chimeric molecules expressed to assess the
potential role of N-linked glycans. U21 molecules are as noted, in red (HHV7), pink (HHV6B), and magenta
(HHV6A). The U21HA molecule consists of full-length HHV6A U21 with an appended C-terminal HA tag. All
other molecules have their cytoplasmic tails replaced with an SBPHA tag, as depicted. b, immunoblot of
cells expressing HHV-7, HHV6B, and HHV6A U21 molecules, as well as HHV6A U21 glycosylation mutants.
All of the cells express the chimeric U215 Versions of U21, but they are not noted in the figure because
of space constraints. The membrane was probed with anti-HA and anti-class | MHC heavy chain (HC'°). The
migration position of HHV-7 U21 with four N-linked glycans (U27%7) is noted, as is the position of non-
glycosylated U21 (U21°) and the singly glycosylated class | MHC heavy chain (HC"'). The asterisk denotes
alikely proteolytic fragment of HHV-7 U21SBPHA that is reactive with the HA.11 Ab (lane 3). The molecular
weight standards are shown in lane 1. ¢, immunoprecipitation (IP) of class | MHC molecules from [**SIme-
thionine-labeled cells (40-min pulse) expressing HHV-7, HHV6B, and HHV6A U21 molecules, as well as
HHV6A U21 glycosylation mutants. All of the cells express the chimeric U214gp44 Versions of U21, but they
are not noted in the figure because of space constraints. The migration position of HHV-7 U21 with four
N-linked glycans (U277%) is noted, as is the position of nonglycosylated U21 (U27°) and the singly glyco-
sylated class | MHC heavy chain (HC""). Class | MHC molecules were recovered from cells with W6/32, and
half of the immunoprecipitates were digested with PNGase:F and resolved by SDS-PAGE. The migration
position of deglycosylated class | heavy chains (HC®) and U21 (U219) is indicated. d, immunoprecipitation
of HA-tagged U21 from [**SImethionine-labeled cells (40-min pulse) expressing HHV-7, HHV6B, and
HHV6A U21 molecules, as well as HHV6A U21 glycosylation mutants and HHV6A,,, molecules. For HHV6B
U21¢gpna cells, half of the immunoprecipitates were subject to PNGase treatment, as described above
(lanes 5 and 6). The migration positions of U21 and class | heavy chains are noted, as in b and c.
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class I heavy chain (Fig. 13¢, com-
pare lanes I and 2). From U373 cells
expressing HHV7 U2lgppa, We
recovered class I molecules as well
as coprecipitating U21gpp1;4. The
shift in mobility after PNGase:F
treatment reflects the four N-linked
glycans on HHV7 U21 (Fig. 13c,
lanes 3 and 4). From cells expressing
HHV6B and HHV6A U2lgsppia
the pattern is similar, although
HHV-6B U2lggp;4 is heteroge-
neously glycosylated on its two
N-linked glycosylation sites, leading
to its migration as a doublet; it
migrates as a single ~53-kDa
polypeptide after PNGase:F treat-
ment (Fig. 13¢, lanes 5 and 6). We
have described the heterogeneously
glycosylated nature of HHV6B U21
in a previous study (10). HHV6A
U21 contains only a single N-linked
glycan, and when the asparagine is
mutated, recovery of class I MHC
molecules with W6/32 coprecipi-
tates a polypeptide that migrates at
precisely the same mobility as the
deglycosylated HHV6A U21lgppiia
(Fig. 13¢, lanes 8 and 9). Predictably,
PNGase:F treatment does not result
in a mobility shift of the mutant U21
N164Q molecule, whereas class I
heavy chain molecules shift appro-
priately (Fig. 13c, lane 10). These
results suggest that the N164Q
mutant is able to associate with class
I MHC molecules. Of note, how-
ever, we recovered less labeled
U21gppia N164Q from U2lggppia
N164Q cells than from cells
expressing the nonmutant form of
U2lgppna (Fig. 13¢, compare lanes
5, 7, and 9), although all three of
these cell lines express equal steady
state levels of each protein (Fig. 135,
lanes 4—6). 1t is possible that the
Asn — GIn mutation affects the
trafficking of the U21 protein
through the secretory pathway such
that the percentage of pulse-labeled
U21 associated with pulse-labeled
class I molecules is different in these
cells. It is also possible that the
Asn — GIn mutant may diminish
the ability of U21 to associate with
class I MHC molecules.

We also performed reciprocal
immunoprecipitations, recovering
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the U2lgppya molecules with an anti-HA antibody. As
expected, from control U373 cells we recover nothing with the
anti-HA antibody (Fig. 13c, lane 1). Recovery of HHV7
U21gpppy4 results in coprecipitation of class I MHC molecules
(Fig. 13d, lane 2). As a control to demonstrate the similarity
between full-length U21 and the U2lgppi, molecules, we
included immunoprecipitations from cells expressing the
HHV6A U21-HA molecule, which contains an HA tag at the
end of its cytoplasmic tail (Fig. 13a). This HHV6A U21,;, mol-
ecule migrates faster than HHV6A U21gppi;4, because the
SBPHA tag is larger than the cytoplasmic tail (Fig. 13d, lane 3).
Of note, the HHV6A U21,,,, HHV6A U214 N164Q, and
the HHV6B U214gp1;4 all coprecipitate a similar amount of
class I MHC heavy chain molecules (Fig. 13d, lanes 3-5), sug-
gesting that they are similarly capable of association with class I
MHC molecules. An incompletely digested HHV6B U2145p1;4
is shown for comparison, to illustrate that the migration posi-
tion of the deglycosylated U21 corresponds to the migration
position of the N164Q mutant (Fig. 13, d, lane 6, and c, lanes 6,
8, and 9). These experiments thus suggest that the proper gly-
cosylation of U21 is necessary for its ability to reroute class I
MHC molecules to the lysosomal compartment but not for its
association with class I MHC molecules themselves.

DISCUSSION

The mystery of how this viral integral membrane protein can
reroute class | MHC molecules to the lysosomal compartment
has yet to be solved, but the experiments described herein bring
us closer to an understanding of its mechanism. Here we show
that U21 can reroute class I MHC molecules to the lysosomal
pathway even as a soluble protein, without being constrained
within the membrane by its transmembrane domain.

We show for the first time the immunolocalization of U21.
We were surprised to find that, rather than localize in the lyso-
somal compartment, U21 is largely localized in the ER and bio-
synthetic compartment. This is in contrast to the gp48 immu-
noevasin from murine cytomegalovirus (MCMYV); like U21,
gp48 binds to class I MHC molecules and diverts them to lyso-
somes. Unlike U21, gp48 colocalizes in lysosomes with the class
I MHC molecules it reroutes (14). Steady state distribution of
U21 in the ER prompted the question of whether U21 could
have its effects upon class I molecules without ever leaving the
ER.

Using a fused KDEL ER retrieval signal, we demonstrated
that when U21 is prevented from leaving the ER, class I mole-
cules colocalize with U21 in the ER; thus, U21 and class I must
leave the ER together en route to the lysosomal compartment.
Thus, the normal steady state localization of U21 in the ER does
not reflect its movement within the cell as it works to reroute
class I MHC molecules. It is possible, for example, that our
anti-U21 Ab can recognize U21 while it is in the ER but cannot
easily recognize U21 that is en route to lysosomes, perhaps
because of its association with a cellular protein that effects its
trafficking to the lysosomal compartment. Alternatively, steady
state localization of U21 in the ER may result from U21 being
actively retained in the ER until association with a class I mol-
ecule renders it competent to leave. To examine this possibility,
we asked whether the trafficking of U21 was altered in the

NOVEMBER 19, 2010+VOLUME 285+-NUMBER 47

Mechanism of U21-mediated Trafficking

absence of properly folded class I MHC molecules. We found
that U21 leaves the ER normally, regardless of the presence of
class I molecules.

The process of trafficking of integral membrane proteins to
the lysosomal pathway is generally mediated by proteins that
recognize various cytoplasmic sorting signals. The lamp pro-
teins, for example, which comprise perhaps as much as 70% of
the total lysosomal membrane protein content, contain tyro-
sine-based sorting signals in their cytoplasmic tails that are rec-
ognized by the clathrin adaptor proteins AP-1 and AP-3. These
adaptor protein complexes mediate sorting to the endolyso-
somal compartment. In constructing a model for U21-medi-
ated trafficking of class I MHC molecules to lysosomes, the
simplest is one exemplified by the MCMV gp48 immunoevasin
(14). MCMV gp48 contains a di-leucine sorting signal in its
cytoplasmic tail that requires functional AP-1 and AP-3 clath-
rin adaptor complexes. These adaptor complexes mediate sort-
ing of the gp48-class I MHC complex to the lysosomal compart-
ment (35). We initially postulated a similar mechanism for U21,
but instead, we found that U21 can affect the trafficking of class
I molecules even when its cytoplasmic tail is deleted (11) and
even when the U21 molecule is in a soluble secreted form (Fig.
2). Thus, if the lysosomal sorting signal utilized by U21 is cyto-
plasmic, we can envision two possible models: either the sorting
signal must exist on the class I molecule or a third, cellular
protein(s) associates with U21 and class I molecules that con-
tains the information necessary to reroute the class I MHC-U21
complexes (Fig. 14a).

To address the first of these possibilities, we examined
whether the cytoplasmic tail of class I molecules might be
involved in their targeting to lysosomes. Class I MHC mole-
cules do not travel to the lysosomal compartment by default;
they have a relatively long half-life and reside primarily at the
cell surface. In some instances, however, their trafficking to a
degradative compartment is warranted. If, for example, a class I
MHC molecule were to lose its peptide upon reaching the
extracellular milieu, it might lose its conformation and become
nonfunctional. In such a situation, a means of internalization,
trafficking through the endolysosomal pathway, and subse-
quent degradation has been proposed: ubiquitination of the
cytoplasmic tail of class I MHC molecules by proteins of the
MARCH family of ubiquitin ligases has been proposed as a pos-
sible mechanism for removing unfolded class | MHC molecules
from the cell surface (30). To examine whether the cytoplasmic
tail of class I molecules might be involved in their targeting to
lysosomes by U21, we replaced the cytoplasmic tail of HLA-A2
with an HA tag and found U21 to be just as effective with the
HA-tagged tailless class I molecules as with the other class I
molecules in the cell. Thus, the hypothesis that U21 binds to
class I molecules rendering the cytoplasmic tail amenable
to modifications that would target the U21-class I complex to
lysosomes is likely incorrect (Fig. 145).

Because expression of a single viral protein results in the
rerouting of class I molecules to lysosomes, we hypothesize that
rather than encode a novel mechanism for trafficking to lyso-
somes, U21 likely acts to usurp a normal cellular means of lyso-
somal sorting. Neither the cytoplasmic tail of the class I MHC
molecule nor the cytoplasmic tail of U21 are necessary for U21-
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a /

Multivesicular body
or lysosome

Protein X
—— GColgi
m
———
ER

Protein X ' 21 class | MHC

Multivesicular body
or lysosome

class | MHC

FIGURE 14. Models depicting U21-mediated diversion of class | MHC mol-
ecules to the lysosomal compartment. U21 (red) associates with and diverts
class I MHC molecules (blue) to a lamp1- and lamp2-positive lysosomal com-
partment. In a, U21-class | MHC complex associates with a cellular protein,
Protein X (green or purple), which contains lysosomal targeting information.
The association with Protein X could occur in the ER (purple) or later on in the
biosynthetic pathway (green), accounting for a short-lived association with
U21, and the lack of apparent coimmunoprecipitation of U21 with Protein X.
Trafficking to lysosomes may involve a direct route from the Golgi to the
lysosomal compartment or may involve arrival at the plasma membrane and
subsequent routing through endosomes (depicted in b). In b, U21 (red) asso-
ciates with class | MHC molecules and causes a conformational change in the
classI molecule that is transduced through the membrane to the cytoplasmic
tail. Through its lumenal association with U21, the cytoplasmic tail of the class
I MHC molecule is somehow rendered competent to be modified by a Protein
X (green), which then targets the complex of U21 and class | to an endolyso-
somal compartment.

mediated trafficking of class I molecules to the lysosome; thus
we are left to assume that U21 must associate in the lumen with
a third, cellular protein. This cellular protein (protein X), which
likely contains lysosomal targeting information in its cytoplas-
mic tail, might bind to U21 soon after the molecules are synthe-
sized, or it may mediate the lysosomal sorting event later in the
secretory pathway, associating with U21 and class I in the trans-
Golgi network or even later, at the plasma membrane (Fig. 14a).
If our model is correct, and U21 associates with both class I
molecules and this cellular protein X, then the association must
occur within the lumen, because neither cytoplasmic tail is nec-
essary for the rerouting of class I molecules to lysosomes.

One particularly attractive candidate for protein X is the
mannose 6-phosphate receptor (M6PR). Sorting of soluble
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lysosomal hydrolases is mediated by the M6PR binding to man-
nose 6-phosphate residues on N-linked sugar moieties of these
hydrolases. Although U21 is an integral membrane protein, it
does contain N-linked glycans, which could be mannose
6-phosphorylated and targeted to late endosomes via the sort-
ing signals in the cytoplasmic tail of the M6PR. However, phos-
phorylation of U21 is undetectable in U21-expressing cells, sug-
gesting that U21 is not mannose 6-phosphorylated (18).
Further, there exists a genetic disease in humans characterized
by the absence of the enzyme necessary for mannose 6-phos-
phorylation of lysosomal hydrolases, called inclusion cell
(I-cell) disease, which is predictably characterized by secretion
of lysosomal hydrolases. We reasoned that if mannose 6-phos-
phorylated glycans on U21 act as the targeting signal for U21-
mediated trafficking of class I molecules to lysosomes, then in
U21-expressing I-cells, class I MHC molecules should be unaf-
fected by the presence of U21 and remain on the cell surface.
However, expression of U21 in I-cells resulted in diversion of
class IMHC molecules to the lysosomal compartment (data not
shown), demonstrating that mannose 6-phosphorylation is not
important for U21-mediated lysosomal targeting. It is also pos-
sible that the M6PR itself is protein X, associating with U21
independent of the mannose 6-phosphorylation status of its
glycans. To test this possibility, we knocked down the CI-M6PR
and found that the ability of U21 to redirect class I molecules to
lysosomes is unaffected (data not shown). It remains possible
that the CD-M6PR is protein X. If so, however, we have thus far
failed to retrieve a polypeptide of appropriate size in coimmu-
noprecipitation experiments.

We do not yet know whether the class [-U21 complex travels
to the lysosomal compartment directly from the secretory path-
way or via internalization from the plasma membrane. We have
been unable to surface-biotinylate U21 or class I MHC mole-
cules in cells expressing U21. Normally, class I MHC molecules
are phosphorylated on their cytoplasmic tails upon arrival at or
internalization from the plasma membrane (36). However, in
cells expressing U21, we detect no phosphorylated class  MHC
molecules (18). Thus, although we cannot rule out the possibil-
ity that the amount of time spent by class I molecules at the cell
surface is too fleeting to measure, these results suggest that
classIand U21 proceed to the lysosomal compartment from the
secretory pathway.

If our model is correct, and U21 associates with class I mol-
ecules and a cellular protein X, we next hypothesized that we
might be able to create a mutant U21 molecule that could retain
its ability to bind to class I MHC molecules but impair its ability
to bind to protein X. In this case, U21 and class I molecules
should maintain their association, but class I molecules should
not be redirected to the lysosomal compartment. We first con-
sidered the possibility that the N-linked glycans might be
involved in recognition of U21 by protein X. We found that
mutation of the single conserved N-linked glycan on HHV-6A
U21—N164Q—resulted in exactly this phenotype. The N164Q
molecules maintained their association with class I molecules,
but class I molecules were largely present at the cell surface and
not in the lysosomal compartment. At the outset of these stud-
ies, our goal was to utilize the mutant U21 molecules as a neg-
ative control in coimmunoprecipitation/tandem affinity
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purification experiments: could we coimmunoprecipitate a
polypeptide (protein X) that associates with WT U21ggpp14 and
class I molecules, but not with the N164Q U214, and class I
molecules, and could we then identify protein X using mass
spectroscopy? We have performed these experiments, but we
have not yet discovered the identity of protein X. It is possible
that the interaction between U21 and protein X is brief: as
depicted in Fig. 14a (green protein X), protein X may associate
with U21 and class I molecules in the trans-Golgi and mediate
only the short trip to the endosomal compartment before dis-
sociating. Alternatively, the interaction between protein X and
U21 may be difficult to preserve, even under gentle detergent
solubilization conditions. Thus, although we have made
inroads toward understanding the mechanism of U21-medi-
ated rerouting of class I MHC molecules to the endolysosomal
compartment, identification of protein X still awaits.
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