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Tapasin is an integral component of the peptide-loading complex
(PLC) important for efficient peptide loading onto MHC class |
molecules. We investigated the function of the tapasin-related
protein, TAPBPR. Like tapasin, TAPBPR is widely expressed, IFN-
v-inducible, and binds to MHC class | coupled with $2-microglobulin
in the endoplasmic reticulum. In contrast to tapasin, TAPBPR does
not bind ERp57 or calreticulin and is not an integral component of
the PLC. p2-microglobulin is essential for the association between
TAPBPR and MHC class I. However, the association between
TAPBPR and MHC class | occurs in the absence of a functional PLC,
suggesting peptide is not required. Expression of TAPBPR decreases
the rate of MHC class | maturation through the secretory pathway
and prolongs the association of MHC class | on the PLC. The TAPBPR:
MHC class | complex trafficks through the Golgi apparatus, demon-
strating a function of TAPBPR beyond the endoplasmic reticulum/
cis-Golgi. The identification of TAPBPR as an additional component
of the MHC class | antigen-presentation pathway demonstrates
that mechanisms controlling MHC class | expression remain
incompletely understood.

y presenting peptides at the cell surface, major histocompati-

bility complex class I (MHC I) molecules allow immunological
monitoring of intracellular events by receptors on T, natural killer,
and other cells in the immune system. Correct assembly of MHC I
heterotrimers in the endoplasmic reticulum (ER) is required for
stable expression of these molecules at the cell surface. The pep-
tide loading complex (PLC), comprised of the transporter associ-
ated with antigen processing (TAP), tapasin, calreticulin, ERp57,
and MHC I heavy chain (HC)/p2-microglobulin (f2m) hetero-
dimer is central to this process (1, 2). Tapasin (or TAPBP, for TAP
binding protein) is an essential component of the MHC I antigen-
presentation pathway. Its proposed functions include: bridging
between MHC I and the TAP transporter (3-5); increasing the
levels of TAP (6, 7); and editing/optimizing peptide binding on
MHCII (8-11). Although the products of MHC I alleles vary with
regard to their tapasin dependence (9, 12-14), its importance is
emphasized by the observations that both tapasin-deficient cell
lines and tapasin knockout mice show severe reduction in cell
surface MHC I expression (3, 15-17).

A human tapasin-related gene (TAPBPR) has been identified at
chromosome position 12p13.3 near a MHC paralogous locus (18).
Like tapasin, the encoded TAPBPR protein consists of a signal
sequence, three extracellular domains comprising a unique mem-
brane distal domain, an IgSF (immunoglobulin superfamily) V
domain and an IgC1 domain, a transmembrane domain, and a cy-
toplasmic region (19). However, the amino acid sequence of
TAPBPR is only approximately 22% identical to tapasin. A related
TAPBPR gene is also found in fish and chicken, suggesting that it
has a conserved function (20). We set out to examine whether, like
tapasin, TAPBPR is involved in the MHC I antigen presentation
pathway.

Results

Endogenous TAPBPR Is Widely Expressed and IFN-y—Inducible. To
examine the expression profile of TAPBPR, we screened for
endogenous human TAPBPR in human tissue and cell line
cDNA panels. RT-PCR analysis showed broad expression of
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TAPBPR RNA (Fig. 14) except for low levels seen in HeLa and
HEK-293T cell lines. The RT-PCR data were supported by
Western blot analysis for endogenous TAPBPR protein, using an
antibody raised to the membrane-distal domain of TAPBPR,
which detected a band of the predicted size of TAPBPR (~52
kDa; Fig. 1B). Western blotting on cell lines stably depleted of
TAPBPR mRNA using TAPBPR-specific shRNA lentiviral
transduction confirmed the ~52-kDa band as TAPBPR (Fig.
1C). The presence of an IFN-responsive element upstream of the
TAPBPR gene in the rainbow trout genome suggested that its
expression could be induced by IFN-y (20). Indeed, IFN-y
treatment increased TAPBPR protein expression in all cell lines
tested, with the exception of EBV-transformed B-cell lines, such
as 721.221, which had high levels before treatment (Fig. 1D). As
noted above, TAPBPR expression was very low in untreated
HeLa cells but was induced by IFN-y to similar levels as other
cells (Fig. 1D). Therefore, like tapasin, the expression of en-
dogenous TAPBPR is widespread and IFN-y—inducible.

TAPBPR Binds to a MHC | HC/2m Heterodimer. To identify TAPBPR
cellular partners, we expressed protein A-tagged TAPBPR (ZZ-
TAPBPR) in HeLa cells. Affinity chromatography with IgG-
Sepharose isolated TAPBPR, and subsequent MALDI analysis
revealed that TAPBPR bound the MHC HC together with 2m
(Fig. 24 and Table S1). Immunoprecipitation of endogenous
TAPBPR in IFN-y-treated HeLa cells confirmed the association
of endogenous TAPBPR with the MHC I HC and p2m (Fig. 2B).
The association between endogenous TAPBPR and MHC I was
also confirmed in other cell lines, including EBV-transformed
B-cell lines (Fig. S1). To ensure that the detection of MHC I using
the polyclonal TAPBPR sera was a direct consequence of TAPBPR
expression, and not attributable to cross-reactivity of the antisera
with other components of the MHC I pathway, we used shRNA to
deplete cells of TAPBPR. The expression of TAPBPR remained
suppressed even in the presence of IFN-y (Fig. 2B). In TAPBPR-
immunoprecipitated samples, MHC I HC and p2m bands were
significantly reduced when TAPBPR was depleted, revealing the
observed interaction between TAPBPR and the MHC I hetero-
dimer was not attributable to antibody cross-reactivity (Fig. 2B).
Total cellular levels of MHC I HC and $2m were unaffected by
TAPBPR depletion (Fig. 2B). Although depletion of TAPBPR
resulted in a slight decrease in the association of tapasin with the
MHC I HC, TAPBPR was not critical for the association between
tapasin and HC/p2m heterodimer (Fig. 2B). To determine what
form of MHC I bound to TAPBPR, reciprocal immunoprecipita-
tions of MHC I, followed by reimmunoprecipitation for TAPBPR,
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Fig. 1. Endogenous TAPBPR is widely expressed and IFN-y inducible. (A)
RT-PCR screen for endogenous TAPBPR on a human RNA tissue panel and
human cell lines. TAPBPR was amplified using primers specific for exon 1 and
7 of TAPBPR (Upper). GAPDH-specific PCR is shown as a positive control
(Lower). (B) Cell lysates were blotted for endogenous TAPBPR protein using
a TAPBPR mAb. A blot for calnexin is included as a loading control. (C) De-
pletion of TAPBPR using specific sShRNA lentivirus confirms that the ~52-kDa
band detected with the TAPBPR mAb is TAPBPR. (D) Lysates from human cell
lines with or without IFN-y treatment for 24 h were blotted with TAPBPR
mAb. Tapasin, detected with RsinN, is included as a positive control for IFN-y
induction and calnexin is included as a loading control.

were performed. TAPBPR was predominantly associated with the
MHC I HC/p2m heterodimer (Fig. 2C). We were unable to detect
an association of TAPBPR and MHC I using W6/32, which rec-
ognizes peptide loaded heterotrimeric forms (Fig. 2C). These
results suggest that TAPBPR binds to a heterodimer of MHC I in
an intermediate/dynamic state of peptide loading similar to the
form that tapasin binds. Alternatively, the W6/32 epitope may be
masked on the MHC I HC by TAPBPR.

TAPBPR Does Not Bind to Tapasin, ERp57, Calreticulin, or Calnexin.
Unlike tapasin, no association was detected between TAPBPR
and ERp57, calreticulin, or calnexin (Fig. 2B), nor did tapasin
and TAPBPR associate (Fig. 2B). No specific association was
observed between TAPBPR and BiP (Fig. 2B). In addition,
binding of tapasin to components of the MHC I presentation
pathway was unaffected by TAPBPR depletion.

p2m Is Essential for the Association Between TAPBPR and MHC |, but
Neither Tapasin Nor TAP Is Required. To evaluate the MHC I com-
ponents required for TAPBPR association with MHC I, we used
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KBM-7 cells in which the genes for f2m, tapasin, or TAP2 were
disrupted by transposon mutagenesis (21). Immunoprecipitation
revealed a critical requirement for f2m in the association of
TAPBPR with the HC (Fig. 2D). This was confirmed in IFN-
y-treated HeLa, in which depletion of f2m by shRNA similarly
resulted in the loss of association between TAPBPR and the
MHCTI HC (Fig. S24). TAPBPR appeared to be less abundant in
the absence of p2m, suggesting TAPBPR may be unstable if it
fails to associate with MHC I (Fig. 2D). This phenomenon may be
cell type-specific or influenced by IFN-y because TAPBPR ex-
pression was stable in Daudi (f2m-deficient cells) and was not
enhanced by reconstitution with $2m (Fig. S2B). The interaction
between TAPBPR and the MHC I HC occurred in the absence of
tapasin or a functional TAP heterodimer, demonstrating that
tapasin and TAP are not required (Fig. 2D).

TAPBPR Preferentially Associates with HLA-A in Hela Cells. When
immunoprecipitating tapasin in IFN-y-treated HeLa, two MHC I
HCbands were detected (Fig. 2E). The upper HC band migrated at
the same molecular weight as the HLA-B HC (HLA-B15), whereas
the lower HC band migrated at the same position as the HLA-A
HC in HeLa, HLA-AG68. Only the lower HC band coimmunopre-
cipitated with TAPBPR, suggesting TAPBPR preferentially asso-
ciates with the product of the HLA-A locus in IFN-y-treated HeLa
(Fig. 2E). The two bands at ~45 kDa associated with tapasin and
TAPBPR were confirmed as MHC I HC by reimmunoprecipitating
with HC10 (Fig. 2E). Although HC10 shows broad reactivity to
HLA-B and -C molecules, it reacts with a number of HLA-A
molecules that contain a PxxWDR motif at amino acids 57-62 in
the al domain, including HLA-A68 found in HeLa (22, 23).

Association Between TAPBPR and MHC | Occurs in the ER. To un-
derstand more about the role of TAPBPR in MHC I assembly,
we performed pulse-chase analysis and confocal microscopy. The
association between endogenous TAPBPR and MHC I HC oc-
curred rapidly following MHC I synthesis. Association was ob-
served 2 min after synthesis of the HC (Fig. 34), consistent with
an interaction in the ER. In support of this, TAPBPR-associated
HCs were Endoglycosidase H (Endo H)-sensitive (Fig. 34).
Furthermore, a significant proportion of TAPBPR colocalized
with the ER resident protein ERp57 (Fig. 3B).

TAPBPR Slows Anterograde Transport of MHC I. To determine how
TAPBPR affects MHC I export, we compared the folding and
transport of MHC I in HeLa in the presence or absence of GFP-
TAPBPR. Transport of all forms of MHC I were delayed in the
presence of TAPBPR (Fig. 44). Only ~50% of the W6/32-re-
active MHC I HC were resistant to Endo H digestion after 180
min in GFP-TAPBPR-expressing cells compared with 100% after
45 min in the parental HeLa (WT). Furthermore, less W6/32-
reactive and more HC10-reactive MHC I HCs were detected in
the presence of TAPBPR. These data show that TAPBPR affects
MHC I folding and transport and suggest TAPBPR increases the
presence of an open conformation of MHC I. In keeping with the
data on endogenous TAPBPR, GFP-TAPBPR immunoprecipi-
tated with HC10- and B2m-specific antibodies but not with the
W6/32 mAb (Fig. 44). To determine whether endogenous
TAPBPR also slowed MHC I transport, we examined MHC I
export following TAPBPR depletion in IFN-y-treated HelLa.
Depletion of TAPBPR increased the rate of MHC I transport, as
measured by the gain of Endo H resistance over a 30-min chase
period (Fig. 4B). Similar results were observed using a number of
antibodies including W6/32, f2m, and an HLA-A68-specific
reagent (Fig. 4B). In keeping with the binding preference of
TAPBPR for HLA-A in HeLa, increased MHC I export was
only seen for the HLA-A protein product, represented by the
lower band, and not the upper HLA-B band (Fig. 4B). At the
20-min chase time point, a difference of ~20% was observed
for Endo H-resistant HLA-A HC immunoprecipitated with
W6/32 (Endo H resistance: WT, 33.6%; shTAPBPR, 53.2%) or
the HLA-A68-specific mAb (WT, 39.9%; shTAPBPR, 60.1%)
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Fig. 2. TAPBPR binds to a MHC | HC/82m heterodimer. (A) Coomassie-stained gel from IgG-Sepharose pull-downs on Hela (-) and HelLa transiently transfected
with ZZ-TAPBPR (+). The proteins in all bands were identified by mass spectrometry. Proteins labeled 1, 2, and 3 were unique to the ZZ-TAPBPR lane and were
identified as ZZ-TAPBPR, MHC | HC, and p2m, respectively (see Table S1 for peptide mass fingerprinting and peptide fragmentation data). (B) Total cellular levels
of TAPBPR and tapasin were isolated from HeLa-S and HelLa-S stably transduced with TAPBPR-specific ShRNA (shTAPBPR) with or without IFN-y treatment for
66 h, followed by solubilization in 1% digitonin. Western blot analysis on lysates, and on TAPBPR and tapasin immunoprecipitates, was performed as indicated.
(C) IFN-y-treated HeLa-S were metabolically labeled for 4 h before solubilization in 1% digitonin. After immunoprecipitation of MHC | HC (W6/32 and HC10),
f2m and TAPBPR (using rabbit anti-TAPBPR) proteins were eluted, denatured, and reimmunoprecipitated with the TAPBPR mAb. (D) TAPBPR was isolated by
immunoprecipitation from WT, f2m knockout, tapasin knockout, or TAP2 knockout IFN-y-treated KBM-7 cells lysed in 1% digitonin. Western blot analysis was
performed as indicated. *Secondary antibody cross-reacting with antibody HC. () MHC | HCs were isolated from IFN-y-treated HeLa-S following a 20 min
metabolic label by immunoprecipitating tapasin, TAPBPR, HLA-A68, or HLA-B molecules (using 4E mAb). Reimmunoprecipitation using HC10 on tapasin and
TAPBPR primary immunoprecipitates confirmed that both bands were MHC | HC. All experiments were independently repeated at least three times.

following TAPBPR depletion. In agreement with more rapid
folding of HLA in the absence of TAPBPR, the HLA-A HC lost
HCI10 reactivity faster in the absence of TAPBPR (Fig. 4B). Sup-
porting the hypothesis that expression of TAPBPR affected folding
and forward transport of HLA molecules, cell surface expression of
conformational MHC I was significantly reduced, and increased
expression of free MHC I HC was observed in HeLa transduced
with TAPBPR (Fig. 4C). However, stable depletion of TAPBPR in
IFN-y—treated cells did not reveal an obvious cell surface pheno-
type on steady-state MHC I expression (Fig. 4D).

TAPBPR Prolongs Association of MHC | with the PLC. Because
TAPBPR influenced MHC I export, we tested how it affected
the composition of the PLC. Isolation of the PLC by TAP1 im-
munoprecipitation revealed a major effect of TAPBPR. Fol-
lowing depletion of TAPBPR, less HLA-A was associated with
the PLC (a decrease of ~67%), with no difference in the HLA-B
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Fig. 3. TAPBPR is expressed in the ER. (4) IFN-y-treated Hela cells were
pulse-labeled for 2 min and chased for the indicated times. MHC | HCs as-
sociated with TAPBPR (by immunoprecipitation with rabbit anti-TAPBPR) or
the total free HC10 reactive HC population were immunoprecipitated from
Triton X-100 lysates. Samples were treated with or without Endo H. (B)
Confocal micrograph of endogenous TAPBPR in IFN-y-treated Hela. Fixed
and permeabilized cells were stained with mouse anti-ERp57 and rabbit anti-
TAPBPR. All experiments were independently repeated at least three times.
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association (Fig. 54). The reduced association of HLA-A could
be explained by either a lack of recruitment or a faster off rate
from the PLC. In the absence of TAPBPR, recruitment of HLA-A
onto the PLC appeared normal, but the HCs failed to remain
associated with TAP (Fig. 5B). Therefore, TAPBPR appears to
be required for prolonged association of the HLA-A HC with
the PLC.

TAPBPR Is Not an Integral Component of the PLC. Given the strong
influence of TAPBPR on the association of MHC I HC with TAP,
we wanted to determine whether TAPBPR, like tapasin, was an
integral component of the PLC. In immunoprecipitation experi-
ments, we could not observe an association between TAP and
endogenous TAPBPR in IFN-y-treated HeLa, as determined by
lysis in digitonin (Fig. 5C). However, after overexpression of
GFP-TAPBPR in HeLa we did detect some limited association
between TAPBPR and TAP, suggesting that a transient associa-
tion may occur between TAPBPR and the PLC (Fig. S3).

Newly Synthesized MHC | Bind to Tapasin and TAPBPR with Similar
Kinetics. Because TAPBPR is apparently not a component of the
PLC, where does it fit in the MHC I antigen presentation
pathway? To approach this, we determined whether TAPBPR
associated with MHC I before or after the PLC. Newly synthe-
sized MHC I molecules were labeled in IFN-y—treated HelLa
cells by a short pulse (2 min) and followed through the cell
during the chase period. In these experiments, HLA-A mole-
cules exhibited similar binding kinetics to TAPBPR or tapasin
(Fig. 64). The peak signal of MHC I binding to tapasin and
TAPBPR occurred at ~10 min for both proteins (Fig. 64).

TAPBPR Transports MHC | Through the Golgi. In contrast to tapasin,
TAPBPR does not contain any obvious ER retention motif in its
cytoplasmic tail, giving rise to the possibility of a function of
TAPBPR beyond the ER. Human TAPBPR does not contain
any N-linked glycosylation sites, making it difficult to examine its
transmission through the Golgi directly. We, therefore, exam-
ined Endo H sensitivity of the MHC I associated with TAPBPR
as a surrogate, to determine whether TAPBPR had moved
through the Golgi. Immunoprecipitation of TAPBPR in radio-
labeled cells, followed by Endo H digestion, revealed that >50%
of the TAPBPR:MHC I complex had trafficked through the
medial Golgi (Fig. 6B). This is in contrast to the tapasin:MHC I
complex, which clearly remained Endo H-sensitive and, there-
fore, premedial Golgi (Fig. 6B). The association of TAPBPR
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Fig. 4. TAPBPR slows forward transport of MHC I. (A and B) HeLa (WT) and HeLa expressing GFP-TAPBPR (A) or IFN-y-treated HeLa-S (WT) and IFN-y-treated
Hela-S cells stably depleted of TAPBPR by shRNA transduction (shTAPBPR) (B) were radiolabeled for 10 min and chased for the indicated times. After lysis in

1% Triton X-100, immunoprecipitation was performed with W6/32, anti-p2m,

HC10, and anti-HLA-A68, followed by treatment with or without Endo H.

Densitometry on individual HLA HC bands was performed to calculate changes in export and folding rate for B. (C and D) Cytofluorometric analysis of MHC |
expression (W6/32, p2m, HLA-A68, HC10) on WT Hela-M (gray filled histogram) and HelLa-M cells stably transduced with an untagged TAPBPR (black line
histogram) (C) or IFN-y-treated Hela-S (gray filled histogram) and IFN-y-treated HelLa-S stably depleted of TAPBPR with shTAPBPR (black line histogram) (D).
Staining with an isotype control is included (gray line). All experiments were independently repeated at least three times.

with Endo H-resistant forms of MHC I was also observed in
other cell types, such as EBV-transformed lymphoblastoid cell
lines (Fig. 6C). Where does TAPBPR traffic to after the medial
Golgi? We failed to observe significant cell surface expression of
TAPBPR on IFN-y-treated HeLa, suggesting that TAPBPR
does not accumulate at the cell surface (Fig. S44). However, in
HeLa transduced with TAPBPR, a significant portion of
TAPBPR was expressed at the cell surface (Fig. S44). This
surface expressed TAPBPR was quickly internalized into the
endosomal system where it colocalized with Early Endosome
Antigen 1 (Fig. S4C) and MHC I (Fig. S4D).

Discussion
The current model of the MHC I antigen presentation pathway
involves a number of proteins, namely calnexin, calreticulin,
ERp57, tapasin, TAP1 and TAP2, and endoplasmic reticulum
aminopeptidasel/2, which, together, assist in the folding and pep-
tide loading of the MHC I heterodimer in the ER. Here, we have
identified TAPBPR as an additional component of the pathway.
TAPBPR shares many properties with tapasin. Expression of
both proteins is inducible with IFN-y, as is the case for other
components of the MHC 1 presentation pathway (24-26).
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Tapasin and TAPBPR both appear to bind to a similar confor-
mation of MHC I: a HC/f2m heterodimer (3). TAPBPR has
a half-life of ~24 h (Fig. S5), similar to the half-life of tapasin
and MHCI (27). Therefore, like tapasin, TAPBPR is an MHC I
dedicated binding protein. However, TAPBPR is clearly differ-
ent to tapasin in several ways. First, TAPBPR does not bind
ERp57 or calreticulin. Second, TAPBPR is not essential for ef-
ficient peptide loading onto MHC I in the ER. In fact, in cells
transduced with TAPBPR, export of MHC I was delayed and
surface expression of MHC I was reduced, suggesting an op-
posing function to tapasin (16, 17, 28, 29). Third, TAPBPR is not
an integral component of the PLC. In keeping with this,
TAPBPR lacks a charged residue in its transmembrane domain,
a property of tapasin that is proposed to facilitate its interaction
with TAP (15, 30). Fourth, TAPBPR expression is not restricted
to the ER.

Where does TAPBPR fit into the MHC I pathway? Given the
essential requirement for f2m in the interaction between TAPBPR
and MHC I, TAPBPR must bind after f2m has associated with the
HC. However, TAP and tapasin are not required for TAPBPR to
associate with MHC 1. This implies that peptide may not be crucial
for the association of TAPBPR with the HC/p2m complex and that
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Fig. 5. TAPBPR prolongs association of MHC | with the PLC but is not an
integral component of the PLC. (A and B) IFN-y-treated HelLa-S and Hela-S
shTAPBPR were metabolically labeled for 2 h with no chase (A) or for 20 min
followed by the chase times indicated (B). Samples were lysed in 1% digi-
tonin. The PLC was isolated by immunoprecipitation using 148.3. Densi-
tometry of the HLA bands was performed on phospho-screen images. Both
experiments were independently repeated three times. (C) IFN-y-treated
HelLa-S were metabolically labeled for 4 h, followed by lysis in 1% digitonin.
Primary immunoprecipitation was performed using Ring4C for the PLC or
TAPBPR, followed by elution in 1% SDS. Reimmunoprecipitation was per-
formed for TAPBPR or with HC10 as a positive control. The input for reim-
munoprecipitation compared with primary TAP immunoprecipitation lane is
30x and 10x for TAPBPR and HC10, respectively. This experiment was re-
peated six times using either Ring4C or 148.3 for the primary TAP immu-
noprecipitation. In no case was endogenous TAPBPR detected on the PLC.

TAPBPR may be capable of binding to empty MHC 1. Consistent
with this, MHC I molecules are more thermolabile and peptide
receptive in cells overexpressing TAPBPR, and the association of
TAPBPR with the HC can be outcompeted with high-affinity pep-
tides (Fig. S6). The precise position of the initial TAPBPR:MHC I
association in the ER in relation to the PLC is unclear. Given the
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Fig. 6. TAPBPR associates with the HLA-A HC with similar kinetics as tapa-
sin, but TAPBPR transports through the Golgi. (4) Tapasin- and TAPBPR-re-
active MHC | HC were isolated from IFN-y-treated Hela-S cells labeled for
2 min, followed by the chase time indicated. Densitometry was performed
on the band corresponding to the HLA-A HC. (B) W6/32-, tapasin-, and
TAPBPR-reactive MHC | HC were immunoprecipitated from IFN-y-treated
HelLa-S cells labeled for 4 h followed by treated with Endo H. (C) Total cel-
lular levels of TAPBPR were isolated by immunoprecipitation from Jesthom
and Boleth EBV transformed B cell lines. Samples were treated with Endo H,
and MHC | associated with TAPBPR was detected by Western blotting with
HC10 and HCAZ2. Blotting with anti-TAPBPR was included to demonstrate the
amount of TAPBPR isolated in the immunoprecipitation.
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influence of TAPBPR expression on the off rate of MHC I from the
PLC, TAPBPR could function after the PLC. However, the ability
of TAPBPR to bind to MHC I in the absence of a functional PLC
places TAPBPR ceither before the PLC or suggests that TAPBPR
and tapasin compete for MHC I at a similar point in the folding
pathway, with TAPBPR possibly representing an alternative folding
pathway for MHC 1. In support of the latter or a function for
TAPBPR after the PLC, TAPBPR does not bind to a number of
components of the known MHC I folding pathway in the ER in-
cluding calnexin, calreticulin, ERp57, tapasin, and TAP. In addi-
tion, TAPBPR is not required for MHC I to bind the PLC.
Furthermore, tapasin and TAPBPR bind to newly synthesized
MHC I HC with similar kinetics.

The function of TAPBPR in the MHC I presentation pathway
remains enigmatic. The strong influence of TAPBPR on the PLC
is intriguing given that we are unable to demonstrate an associ-
ation of endogenous TAPBPR with TAP. If TAPBPR does
represent an alternative folding pathway for MHC 1, this path-
way is unlikely to be totally separate from the PLC-mediated
pathway given the clear phenotypic effect of TAPBPR depletion
on the association of HLA-A with the PLC. Despite this,
we were unable to observe a significant effect of endogenous
TAPBPR depletion on surface expression of MHC I, suggesting
a subtle effect of TAPBPR on MHC I surface expression, pos-
sibly involving peptide selection. If tapasin and TAPBPR do
compete for MHC I association, in the absence of TAPBPR,
MHC I could bind to tapasin instead, which would result in no
obvious effect of TAPBPR depletion on surface levels of MHC 1.

The mechanisms controlling MHC I expression beyond the
ER are enigmatic. Post-PLC, MHC I molecules are exported
from the ER via a selective process, involving trafficking motifs
in the HC cytoplasmic tails and Bap31, which facilitates re-
cruitment into COP-II coated vesicles (31-36). A bottleneck in
the MHC 1 pathway appears to occur before the medial Golgi
with the transport of suboptimally loaded MHC I molecules and
PLC components blocked at this step (4, 37-40). Our most in-
triguing finding is the ability of TAPBPR to stay associated with
MHC I beyond the ER/cis-Golgi, a function that clearly sets
TAPBPR apart from all other known components of the MHC 1
presentation pathway. The identification of a “TAPBPR-
chaperoned” export pathway for MHC I, together with the
apparent preference of TAPBPR for HLA-A, hints that alter-
native trafficking pathways exist for the products of various
MHC 1 loci. The identification of TAPBPR as an additional
antigen presentation pathway component clearly demonstrates
that our knowledge of the mechanisms controlling MHC I ex-
pression are still incomplete and that the control exerted by
MHC I presentation pathway extends beyond the ER.

Materials and Methods

Details of constructs, screening for TAPBPR RNA expression, affinity chro-
matography using ZZ-TAPBPR, flow cytometry, and immunofluorescence are
provided in S/ Materials and Methods.

Antibodies. The following antibodies were used: the pan-MHC | mAb W6/32
(recognizes a conformation epitope on HC dependent on 2m and peptide)
(41), HC10 (recognizes HLA-A, -B, and -C containing a PxxWDR motif at
amino acids 57-62 in the a1 domain) (22, 23), HCA2 [recognizes HLA con-
taining a xLXTLRGx motif at amino acids 77-84 on a1 domain; a kind gift
from Hidde Ploegh (Harvard University, Cambridge, MA)] (42, 43), mAb
specific for conformational A2 and A68 (One Lambda), the HLA-B-reactive
mAb 4E, rabbit anti-human f2m (Dako), rabbit anti-ERp57 (ab10287;
Abcam), mouse anti-ERp57 (ab13506; Abcam), rabbit anti-BiP (ab21685;
Abcam), rabbit anti-calnexin (Enzo Life Sciences), rabbit anti-calreticulin
(Calbiochem), rabbit anti-GFP (ab290; Abcam), mouse anti-GFP (Roche),
RsinN (rabbit anti-sera to the N terminus of tapasin), the tapasin-specific
mAb Pastal, the TAP1-specific mAbs 148.3 and Ring4cC [all kind gifts from
Peter Cresswell (Yale University School of Medicine)], mAb raised against
amino acids 23-122 of full-length human TAPBPR (ab57411; Abcam). 1gG1
and 1gG2a isotype control antibodies were also used (Dako). Species-specific
fluorescent secondary antibodies were from Molecular Probes.
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Production of Anti-Human TAPBPR Monoclonal Antibodies and Polyclonal Sera.
cDNA encoding the extracellular portion of human TAPBPR (amino acids 22—
406) was cloned into the mammalian expression vector Sigplg Plus consisting
of the CD33 signal sequence and a human IgG1 fragment crystallizable re-
gion (Fc) tag. Hela cells stably transfected with TAPBPR-Sigplg plus were
maintained in RPMI 1640 with 1% FCS. Secreted TAPBPR-Fc fusion protein
was purified from culture supernatant on protein A-Sepharose column (GE
Healthcare). After dialysis into PBS, the TAPBPR-Fc fusion protein was used
to immunize two rabbits (Covalab). Serum was depleted of Fc-reactive spe-
cies using human IgG-Sepharose (GE Healthcare). The IgG fraction was pu-
rified using protein A-Sepharose. mAbs were raised against recombinant
expressed TAPBPR using standard methods as described in Skjoedt et al. (44).

Radiolabeling, Immunoprecipitation, and Gel Electrophoresis. Starved cells
were labeled with [3SS]methionine/cysteine Promix (Amersham Pharmacia) at
37 °C for the indicated time. For pulse chase analysis labeled cells were
chased for the indicated times at 37 °C in medium containing excess cold
methionine/cysteine, then washed in iced-cold PBS. Cells were lysed in either
1% Triton X-100 (Sigma) or 1% digitonin (Calbiochem) in Tris-buffered saline
(TBS) (20 mM Tris-HCI, 150 mM NacCl, 5 mM MgCl,, 1 mM EDTA) containing
10 mM N-Ethylmaleimide (Sigma), 1 mM PMSF and protease inhibitors
(Roche). After centrifugation, supernatants were precleared on IgG- and
protein A-Sepharose beads (GE Healthcare). Immunoprecipitations were
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performed on lysates using the indicated antibody. Beads were washed
thoroughly in 0.1% detergent in TBS. For reimmunoprecipitations, proteins
were eluted in 1% SDS-TBS (plus 10 mM DTT if reducing conditions re-
quired), followed by a 10-fold dilution in 1% Triton X-100 in TBS (plus 20 mM
iodoacetamide if DTT was used), and then immunoprecipitated using the
indicated antibodies. Samples were heated at 80 °C for 10 min in reducing
sample buffer. For Endo H treatment, proteins were digested with 1,000 units
of Endo Hf (New England Biolabs) for 1 h at 37 °C. Samples were separated by
gel electrophoresis. For metabolically labeled proteins, gels were fixed and
dried, and then images were obtained using a phospho-screen (Perkin-Elmer)
or on film. Phosphorlmager analysis was performed using Typhoon Trio
variable mode imager (GE Healthcare) together with ImageQuantTL soft-
ware. To calculate the percentage of Endo H-resistant material, HC10-reactive
material, or TAP-associated HC, the following calculation was used for the
individual bands corresponding to the HLA-A and -B HC: signal intensity at
specific time point/signal intensity at the 0 time point x 100. For immuno-
blotting, proteins were transferred onto an Immobolin transfer membrane
(Millipore) and blotting with the indicated antibodies.
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