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Summary

T cells detect infection of cells by recognizing peptide
fragments of foreign proteins bound to class | mole-
cules of the major histocompatibility complex (MHC)
on the surface of the infected cell. MHC class | mole-
cules bind peptide in the endoplasmic reticulum, and
analysis of mutant cells has demonstrated that an ade-
quate supply of peptides requires the presence of two
genes in the MHC class Il locus that encode proteins
called transporters associated with antigen pro-
cessing (TAP) 1 and 2. TAP1 and TAP2 are members
of the ATP-binding cassette family of membrane trans-
locators. In this study, we demonstrate in a cell-free
system that TAP1 is part of an ATP-dependent, se-
quence-specific, peptide translocator.

Introduction

Antigen processing for presentation by major histocom-
patibility (MHC) class | molecules involves proteolysis of
intracellular polypeptide antigens and supply of peptides
1o the site of class | protein assembly, in the lumen of the
rough endoplasmic reticulum. Class | molecules com-
plexed with peptide are transported to the cell surface,
where they can be recognized by the appropriate CD8™ T
cell receptor (Meefjes et al., 1991).

Recently, two genes, designated TAPT and TAPZ (TAP:
transporter associated with antigen processing), have
been cloned from the MHC region of several species (De-
varson et al., 1990; Monaco et al., 1990; Spies et al., 1990;
Trowsdale et al., 1890), The deduced amino acid se-
guences of these genes have led to the suggestion that
they might function in antigen processing and presenta-
tion. The TAP proteins are members of the ATP-binding
cassette (ABC) family of membrane translocators, which
includes the cystic fibrosis chloride channel (Riordan etal.,
1989), the yeast STEE protein (McGrath and Varshavsky,
1989), the multidrug resistance p-glycoprotein (Gros et
al., 1986), and the Salmonella typhimurium oligopeptide
transporter (Hiles et al., 1987). These proteins all have a
hydrophobic domain that is thought to span the membrane

six 1o eight times and a cytosolic nuclectide-binding do-
main. Both domains are repeated twice, either on a gingle
polypeptide or by dimerization of separate poryp&iid&s
(Hyde et al., 1990; Blight and Holland, 1930). The diflerent
ABC translocators actively translocate their subsfrates
across membranes, I

Based on the sequence homology of TAP1 and TAP2
to other ABC translocators and the proposed localization
of TAP1 in the endoplasmic reticulum (Kleijmeer gt al_,
1982), it has been hypothesized that the TAP proteins
pump peptides proteolytically derived from antigens ip the
cytosol into the lumen of the endoplasmic reticulum|(De-
verson et al., 1990; Monaco et al., 1990; Spies et al., 1990;
Trowsdale et al., 1990), These peptides are subseguenthy
assembled into a complex with B2-microglobulin and ¢lass
| heavy chain (Townsend et al., 1989). In keeping |with
this hypothesis, two mutant cell lines, RMA-S from mguse
(Ljunggren and Karre, 1985) and 721.174 from humanjDe-
Mars et al., 1884), have mutations or deletions in the MHC
genes, which include TAPZ in RMA-S (Powis et al., 1p91;
Attaya et al., 1992) and TAPT and TAP2 in 721.174 (Spies
et al., 1990; Spies and DeMars, 1991). In the AMA-S{cell
line labile class | molecules that lack peptide are delivered
to the surface (Ljunggren et al., 1980; Ortiz-Navarette and
Hammerling, 1991). Addition of presentable peptide stabi-
lizes class | molecules at the cell surface (Townsend et
&l., 1988, 1930; Ljunggren et al., 1980; Schumacher et
al., 1980). Thus, peptide supply to class | mnleculg% is
deficient in these mutant cell lines. Transfection of |the
RMA-S cell ling with the TAP2 gene (Powis et al., 1991;
Attaya et al., 1982) or of the 721.174 cell line with iﬁ[h
TAPT and TAPZ genes (Momburg et al., 1992) restared
stable surface class | expression. These results sug lest
that the relevant molecular species is a complex of T%;
and TAP2, and indeed, coimmunoprecipitation of the
proteins supports this hypothesis (Kelly et al., 1992; Spies
et al.. 1992).

Mice deficientin TAP1 (Van Kaeret al., 1992) lack
surface H-2K* and H-2D° molecules, but addition of pep-
tide to spleen cells derived from the mouse stabilizes
empty class | molecules at the cell surface. There i3 a

la-
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major reduction in terminally glycosylated class | m
cules in the mutant mouse, indicating that empty, unstal
class | molecules accumulate in the endoplasmic retigu-
lum. Thusg, the TAPT gene is essential in vivo for expres-
sion of stable class | molecules on the surface of cells,
probably through its role in peptide supply. However, |to
date there is no direct evidence that these molecules aciu-
ally transport peptides nor that such transport is ATP
pendent. Indeed, three studies show peptide translocation
in the absence of ATP (Lévy et al., 1991a, 1991b; Koppel-
man et al., 1992; Bijlimakers et al., 1993). |
In this report, we describe an in vitro assay that met-
sures translocation of a radiolabeled 9 amino acid pey
tide into the lumen of crude microsomes purified fro{w

TAP1—/- and TAP1+/+ mice. The assay reveals that the
TAP1 protein is required for ATP-dependent peptide trans-
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Figure 1. Both TAP1+/+ and TAPT=/~ Micro-
somes Are Intact and Can Internalize Peptide
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(A) Microsomes were assayed in duplicate for
glucose B-phosphatase for 15 min at 37°C in
the presence or absence of 0.1% Triton X-100
by the method of Aronson and Touster (1974),
(B) Microsomes were incubated in duplicale
with 0.5 uM labeled FAPGNYPAL and 50 pM
ATP in a regenerating mix for 1 hr at 37°C and
then incubated with Y3 (oK™ or 3F1-1.1.1 (oK)
for 1 hr on ice. The microsomes were then ne-
covered through sucrose cushions and lysed,
and either Gamma G beads were added (I) or
a further 1 hr incubation with antibody on ice
— was performed (), and then Gamma G beads
weare added. The italicized insert reprasents

TAF e
TAPF e

location into the lumen of the microsomes. The translo-
cated peptides bind to class | H-2K* molecules within the
microsomes. This assay has allowed us to demonstrate
that the TAP1-dependent translocator has selectivity for
the sequence of peptides and may translocate peptides
longer than those usually found associated with class |
molecules.

Results

Assay for Peptide Transport into Microsomes

To establish an in vitro assay for peptide transport into
the endoplasmic reticulum, microsomes were prepared
from TAPT+/+ and TAP1—/~ mice. For the assay to be
valid, the microsomes must be intact, Alumenal enzyme of
the rough endoplasmic reticulum, glucose 8-phosphatase,
was inaccessible to a membrane-impermeable substrate
added to the cytosolic side of the membrane (Figure 1A).
Addition of detergent to the microsomes indicated that at
least 90% of the microsomes remained intact duringa 15
min incubation at 37°C. The activity of glucose &-phos-
phatase in the presence of detergent was used to stan-
dardize the amount of microsomes added to a transloca-
tion assay.

As a further measure of the integrity of the microsomes,
they were assessed for their ability to assemble complexes
of lumenal H-2K® with the radiolabeled H-2K-binding Sen-
dai virus nuclecprotein peptide 324-332 FAPGNYPAL
(Schumacher et al., 1991). After 1 hr at 37°C, H-2K* mole-
cules in both TAPT+/+ and TAPT—/~ microsomes weare
able to assemble with radiolabeled FAPGNYPAL (Figure
1B). As truncated versions of FAPGNYPAL are unlikely
to bind to H-2K® in a stable fashion (Deres et al., 1992),
intact peptide was likely to be supplied to H-2K® in both
populations of microsomes.

To determine whether the H-2K*-peptide complexes
were assembled lumenally or whether H-2K-binding sites
for peptide were directly exposed to the incubation me-
dium, microsomes already loaded with radiolabeled pep-
tide were incubated, before or after solubilization, with
anti-K® or anti-K® antibody (Figure 18). Incubation of micro-

* cpm immunoprecipitated by -3 after 1% NP-
40-lysad microsomes wine incubaled with 0.5
uM labeled FAPGNYPAL for 1 hr at 37°C.

somes with antibody before solubilization, followed by ly-
sis and immunoprecipitation (), showed that close to all
of H-2K" in TAP1=/= microsomes was inaccessible to anti-
body before solubilization and >80% in TAP7+/4 micro-
somes, as compared with incubation of microsomes with
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Figure 2, TAP1+/+ Microsomes Accumulate Peptide at a Higher Hm{
Than TAPT—/— Microsomes

Aszsays containing 50 pM ATP in a regenerating mix and 0.5 pM FA
NYPAL were assembled in duplicate on ice and incubated at 0°
10°C, 23°C, or 37°C for 0, 5, 10, or 30 min and then pipetted on
the surface of ice-cold sucrose cushions containing 10 M cold FA
NYPAL, and the microsomes were pelletted. The lysed pellats we
counted. Similar results were obtained using several indepen
prepared batches of microsames. |
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Figure 3. TAP1-Dependent Translocatien of FAPGNYPAL Raguires ATP

Assays were incubated in duplicate for 10 min at 23°C with 0.5 uM labeled FAPGNYPAL and an ATP-regenerating mix containing 50 M AP
or o ATP. Microsomes wers then collected through sucrose cushions containing 10 uM unlabeled FAPGNYPAL (A &nd B) or, in a separgle
experiment, through cushions containing no unlabeled FAPGNYPAL (C and ), and an aliquot of the lysed pellst was counted (A and C). For [B)
and (D), 2n aliquet of the lysed pellet was incubated with Y3 (2K*) or SF1-1.1.1 (ak7) and immunoprecipitated Background 5F1-1.1.1-precipitaed
epm were subtracted from Y3-precipitated cpm. In separate experiments it was shown that peptice accumulation by TAPT={= microsomas Was

ATP independent. Similar results were obtained using several indepandently prepared batches of microsomes, duplicates + SD.

antibody before and after solubilization (ll). The low but
significant level (<10%) of H-2K* complexed with peptide
that was accessible to antibody before membrans solubili-
zation in TAPT+/4+ microsomes suggests that either the
TAPT+/+ microsomes are more labile than TAPT=/= mi-
crosomes, cantrary to the glucose 6-phosphatase data,
or that the TAPT+/+ microsomes contain some 10% of
“inside-out” vesicles. Similar results to those presented in
Figure 1B are obtained when peptide is loaded for 1 hr at
37°C in the presence or absence of ATP (data not shown),
indicating that ATP is not required for supply of peptide
or assembly of H-2K" with peptide in either TAPT+/ or
TAP1—/— microsomes incubated for this time and temper-
ature.

In detergent-solubilized microsomes incubated with ra-
diolabeled peptide for 1 hr at 37°C, there was approxi-
mately & times as much empty H-2K*® available for peptide
binding in the TAPT—/— microsomes compared with
TAPT+/+ microsomes (Figure 1B, italicized insert). Presum-
ably, the peptide concentration in the lumen of the endoplas-
mic reticulum is much lower in vive in TAPT—/~ mice, re-
sulting in an increased level of empty H-2K" molecules (Van
Kaer el al., 1982).

TAP1+/+ Microsomes Accumulate Peptide at a
Higher Rate Than TAPT—/- Microsomes

As the experiments described above indicated that both
TAPT+/+ and TAP1—/- microsomes are capable of loading
H-2K" with peptide after 1 hr at 37°C, we investigated
whether TAP1 influgnces the rate of peptide accumulation
by micrasomes. Figure 2 shows the accumulation of pep-
tide with time by microsomes at different temperatures.
Al 23°C TAPT+/M microsomes accumulated peplide to an
apparant maximum in 10 min or less, and then no further
accumulation occurred. At 37°C the maximum accumula-
tion of peptide by TAPT+/4 microsomes was reached in
under 5 min and then an apparent efflux of peptide, or of

degradation products of peptide, occurred over the sub
quent 25 min of incubation. At 10°C the initial rate of pgp-
tide accumulation by TAPT+/4 microsomes could be mea-
sured for periods of less than 10 min and was found [to
be 4 times higher than TAPT—/~ peptide accumulatipn
(Figure 2). Efflux of peptide s less apparent at 10°C.
The amount of radiolabeled peptide accumulated py
TAP1+/4 microsomes is far in excess of H-2KP-bindipg
sites, indicating that peptide accumulation is not coupl
to H-2K-peptide binding.

ATP Is Required for TAP1-Dependent
Peptide Internalization
The experiments presented in Figure 3A demonstrate a
requirement for ATP for the accumulation of FAPGNYPAL
into TAPT+~+ microsomes. In the abssnce of ATP,
TAP1+/+ microsomes accumulated the same amount| of
FAPGNYPAL as TAP1—/— microsomes, whereas in
presence of 50 WM ATP and an ATP-regenerating system,
TAP1+/4 microsomes accumulated about 4 times as much
peptide. When transport assays were carried out in the
absence of an ATP-regenerating system, ATP (1 mM) but
not ATP¥S (1 mM) could drive accumulation (data not
shown). This is consistent with a requirement for
hydrolysis for peptide uptake. Omission of an ATP-
regenerating system prevented any contaminating ADP
in the ATP+S from driving peptide accumulation. Only in
the presence of ATP do the TAPT+/+ microsomes fraps-
port added peptide in a TAP-dependent fashion, as sh
by solubilization of microsomes and immunoprecipitatjon
of H-2K" (Figure 3B).
In our standard assay, unlabeled FAPGNYPAL is|in-
cluded in the sucrose cushion through which the migro-
somes are recovered 1o block free peptide-binding sites
during pelletting. When in a separate experiment unla-
belad FAPGNYPAL was omitted from the sucrose cushjon
(Figures 3C and 30), a 2-fold increase in peptide accumu-
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Figure 4. Competition for TAPT+/+ FAPGNYPAL Accumulation |s
Peptide Selective

(& and B} Unlabeled competing peptides were titrated by 10-fold dilu-
tions into assays containing 0.5 pM labeled FAPGNYPAL, ATP, and
TAPT+/ microzomes. Labeled and unlabeled peptide were added
simultaneously, assays were incubated for 10 min at 23°C, and the
microsomes were pelletted through sucrose cushions, ysed, and
counted. Maximum FAPGNYPAL accumulation was determined for
each peptide titration,

(C) Unlabeled peplides were tested in competition assays using 0.2
uM 'H-FAPGNYPAL, an ATPIATP-ragenerating system, and TAR+ 4
microsomes under similar conditions as in (A) and (B). Maximum and
ATP-independent FAPGNYFAL accumulation was determined for
gach peptide titration.

Values given are means of duplicates = 3D.

lated by TAPT+/+ microsomes over TAPT—/~ microsomes
was observed in the absence of ATP (Figure 3C). This
peptide was not internalized since a proportional increase
in peptide bound to H-2K® was not seen when ATP was
absent and unlabeled FAPGNYPAL was left out of the
sucrose cushion (Figure 30). This fraction of accumulated
peptide can presumably be competed off TAP1/TAP2 by
unlabeled peptide (compare Figures 34 and 3C). Thus,
the peptide associated with TAP7+4 microsomes in the
absence of ATP is not made available to the lumenal H-2K*
molecules but may bind to the TAP1/TAP2 translocator.

Selectivity of TAP1-Dependent Peptide Uptake
Totestwhether the TAP1-dependent accumulation of pep-
tide shows selactivity for peptides, synthetic peptides were
added to microsomes at different concentrations to com-
pete for uptake with labeled FAPGNYPAL (Figure 4 and
Table 1). The competition observed was for TAP1-depen-
dent accumulation, as inclusion of competing peptide in
accumulation assays using TAP7—/— microsomes re-
quired a concentration of approximately 5 uM of all the
peptides to reduce FAPGNYPAL uptake, regardiess of
sequence or length of the peptide (data not shown). In
addition, the TAP1-independent accumulation of peptide
was only 20% of the total peptide accumulated by
TAP7+/+ microsomes and could not account for the extent
of inhibition observed. The peptides were derived from
sequences of peptides eluted from H-2K° by one of us
(5. 1. etal., submitted) or previously shown to bind to H-2K®,
H-2K*, H-2D", H-2L°, or HLA-B27 by others (Rotzschke et
al., 1990; Falk et al, 1991; Udaka et al., 1992; J. Strom-
inger, personal communication). Figure 4 shows the accu-
mulation of labeled FAPGNYPAL by TAPT+/~+ micro-
somes in the presence of dilutions of unlabeled peptides.
The arbitrary figure of 50% uptake was chosen to deter-
mine the competing peptide concentrations presented in
Tables 1A and 1B. The relative inhibitory potencies calcu-
lated in Tables 1A and 1B show that some peptides are
better substrates, some are a little worse, and some are
much worse than FAPGNYPAL. The concentrations re-
quired for inhibition by the best and worst substrates dif-
fered by a factor of at least 250,

The H-2DP-restricted influenza virus nuclecprotein pep-
tide ASNENMETM blocks uptake of labeled FAPGNYPAL
(Figure 4C and Table 1B), although this peptide does not
bind to H-2K" (Van Kaer et al., 1992). Thus, the ocbserved
competition between peptides is not related to their ability
to compete with FAPGNYPAL for binding to empty H-2K*
melecules. The optimal substrate derived from proteolysis
of the actin molecule appears to be between 7 and 13
amino acids. However, a 16 amino acid peptide, VAI-
TRIEQLSPFPFDL, competes for accumulation with an ef-
ficiency similar to that of 8 or 9 amino acid peptides (Table
1B). Based on the concentrations of competitor peptide
required to observe 50% inhibition of uptake, the K. for
peptide of the TAP translocator is likely to be in the submi-
cromolar range (Figure 4; Table 1). In two instances, ESI-
INFEKL and ASLSTFQOM, the peptides made by re-
versing the amino acid sequences were much poorer
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Table 1. Summary of the Inhibitory Potencies of Differant Peptides for TAP1-Dependent FAPGNYPAL Translocation

ICy: Competitor

Competitor Source Restriction 1050 (M) ICsc FAPGNYPAL

A FAPGNYPAL w-mSeY NP K 0,35 1
ASLSTF B At K® =5.0 >14.3
ASLSTFOOM H-EActin K® 15 4.3
MOOFTSLSA 15 43
WISKQEYDESGPSI He-¥Actin KE 50 143
ASLSTFOOMWISKQEYDESGPSI wI-=Actin K® =23 >6.6
SIINFEKL w-EOnalbumin K* 0.2 06
ESINFEKL =e-=40valbumin K® 0.2 0.6
LKEFMIISE 5.0 >14.3
TYQRTRALV WEHIEY MP ke =50 >143

B. FAPGNYPAL HeEgaY NP K® 0.15 1
ASMENMETM =-THEY NP (v o 1.8 12
VAITRIEQOLSPFPFDL Unknown L 0.45 3
KKYQKSTEL Unknown

HLA-B27 0.45 3 ]

The concentration of competing peptide inhibiting 50% of labeled FAPGNYPAL accumulation was delermined and expressed as relative in'tihilnry

potency (ICs: competitor/iC. FAPGMNYPAL). SeV NP, Sendai virus nuclecpratein; IFV NP, influenza virus nucleoprotein. Residues ane nu

M- to C-terminus as found in nature.

bered

(A} PH-FAPGNYPAL] = 0.5 uM. All natural peptides are H-2KP restricted except IFV NP 147-154, which is H-2K7 restricted (Falk et al.| 1991;

5. |. et gl., submitted).

(B} PH-FAPGNYPAL] = 0.2 uM. The peptide sequence ASNENMETM is from Rotzschke et al., 1980. The peptide sequence VAITRIEQLSPFPFDL
is from Udaka et al,, 1992, The underlined sequence binds H-2L°, The peptide sequence KKYQKSTEL is derived from & peptide elutad from

HLA-B27 (J. Stromingar, personal communication).

substrates for TAP1-dependent uptake (Table 1A). The
reversed sequence actin peptide competed at a 10-fold
higher concentration for TAP1-dependent uptake of pep-
tide compared with the natural peptide, whereas the re-
varsed sequence ovalbumin peptide did not compete for
TAP1-dependent transport up to the limit of its solubility,
a factor of at least 25-fold. Thus, for these two peptides,
sequence determines affinity for TAP1-dependent translo-
cation and not overall charge or hydrophobicity. Interest-
ingly, the substrate with the lowest affinity for TAP1-
dependent translocation is a 8 amino acid peptide from
influenza virus nucleoprotein that is H-2K* restricted (Falk
et al., 1991).

Discussion

The in vitro experiments presented here demonstrate that
TAF1 functions to increase the rate of peptide transloca-
tion across microsomal membranes in an ATP-dependent
tashion. This function is essential in vivo for cell surface
expression of MHC class | molecules and positive selec-
tion of T cells in the thymus (Van Kaer et al., 1992; Ashton-
Rickardt et al., 1993). Earlier reports of peptide transloca-
fion across microsomal membranes found that peptides
could translocate in the absence of ATP (Koppelman et
al., 1991; Lévy et al., 1991b; Bijimakers et al., 1993) and
in the absence of the human homologs of the TAP proteins
(Lévy et al., 1991b). However, our studies indicate that
the concentration of added peptide, and the temperature
and length of incubation employed in the earlier studies,
should allow peptide o cross the endoplasmic reticulum
bilayer in an ATP-independent manner. The in vitro assay
for TAP function described here reveals that the TAP

mechanism accumulates peptide rapidly to a plateau level
and can only be measured accurately at low temperatures
for short incubations. The inability to demonstrate| TAP
dependency in vitro at 37°C is a shortcoming of the pres-
ent approach, and further studies are needed to e
this. However, at reduced temperature TAP and ATP de-
pendencies of peptide transport have now been estab-
lished. The pathway allowing TAP-independent trangloca-
tion of peptides is not understood, but is likely to reguire
higher cytosolic concentrations of peptide than TAP1-
dependent translocation (Zweerink et al., 1993).

QOur results suggest that ATP is not required for ide
binding to a TAP1-dependent structure on the cytgsolic
face of microsomal membranes (this structure is prasum-
ably TAP1 itself or a TAP1-TAPZ heterodimer [Kelly et
al., 1992; Spies et al., 1992]). However, no uptake ogcurs
in the absence of added ATP, and ATP hydrolysis seems
to be required for translocation. If the ATP-binding site of
the TAP translocatoris cytosolically disposed, asindigated
by comparisons of the TAP seguence with other ABC
translocators (Monaco et al., 1980), then TAP1-dependent
peptide translocation is likely to be vectorial and angther
translocation mechanism is presumably responsible for
the peptide efflux at 37°C. Efflux of peptide in this system
is ATP dependent and temperature dependent (our uripub-
lished data), suggesting that this is an active process.

A characteristic of TAP1-dependent translocation de-
scribed in this study is its selectivity. A seguance-
dependent difference in peptide translocation was ob-
served before (Koppelman et al, 1992); howeverl, its
significance is unclear because the translocation mea-
sured in the previous study was ATP independent and the
involvement of TAP could not be assessed. The seleclivity
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of the translocator observed in our assay is different from
the selectivity of the class | molecule itself, since signifi-
cant differences exist between the inhibitory potency of
peptides for translocation and their affinities for the H-2K®
molecule. However, the conclusions drawn from such
comparisons must be qualified by the consideration that
certain peptides tested may undergo proteolytic cleavage
in the lumen of the endoplasmic reticulum different from
the original. The H-2D"-restricted peptide, ASNENMETM,
and the HLA-B27-restricted peptide, KKYQKSTEL, al-
though lacking the H-2K® motif, are both effective competi-
tors for translocation. The ovalbumin peptides SIINFEKL
and ESIINFEKL are equivalent substrates for transloca-
tion, but ESIINFEKL has a 50-fold lower affinity for H-2K*
than does SIINFEKL (Imasda et al., 1993). The actin pep-
fide, ASLSTFQQM, has a 3600-fold lower affinity for H-2K*
than SIINFEKL (Imaeda et al., 1983), although its inhibitory
potency for TAP1-dependent peptide accumulation is only
7.5-fold less than that of SIINFEKL.

The low molecular mass polypeptide (LMF)-containing
protecsome (Brown et al., 1991; Glynne et al., 1891; Kelly
et al., 1991, Martinez and Monaco, 1891; Ortiz-Navarette
and Hammerling, 1991) is likely to be involved in cytosolic
processing and may be responsible for producing peptides
with a high affinity for the TAP translocator. In this study
sequence specificity has been demonstrated for the
H-2K"-restricted 8 or 9 amino acid peptides presented to
the TAP translocator. This is best illustrated by the vast
difference in inhibitory potency of the ovalbumin- and ac-
tin-derived peptides versus their reversed sequence ana-
logs. Our results also show that a longer, 16 amino acid
peptide can compete effectively for the TAP1 translocator,
If this peptide is translocated, rather than simply bound
to the cytosolic face of the translocator, then it may be
further proteclytically processed in the lumen of the endo-
plasmic reticulum either before or after binding a class |
malecule (Falk et al., 1990). In addition, this 16 aming acid
precursor of an H-2L%binding peptide, a peptide that binds
to human HLA-B27 molecules, also competes for mouse
b haplotype TAP translocation, suggesting that TAP poly-
morphism may not grossly influence the type of peptides
supplied to class | molecules. This is in accordance with
two recent reports of the lack of influence of different TAP
alleles on peptides presented by class | molecules (Lobigs
and Mullbacher, 1993; Yewdell et al., 1993). Interestingly,
a 9 amino acid peptide, TYQRTRALV, presented by H-2°
haplotype mice but not by H-2° haplotype mice, is among
the poorest competitors for translocation. The failure of
this peptide to compete for uptake in our assay could be
due to its precursor peptide, rather than the peptide itsalf,
being the preferred substrate for translocation. Alterna-
tively, the d haplotype TAP translocator may have a higher
affinity for TYQRTRALV than does the b haplotype TAP
translocator. In rat there is evidence that TAP translocator
polymorphism may affect the supply of certain sets of pap-
tides to class | molecules (Powis et al., 1892). The assay
described here should allow a systematic exploration of
the specificity of TAP translocators from a variety of
sources,

Experimental Procedures

Preparation of Microsomes

Six- 1o eight-week-old C57BLIE mice (TAPT</M4) or (129/8v x C57BL
B)F2 (TAPT—/~) mice were injected intraperitoneally with 0.2 mg of
polyinosinic=polycytidylic acid (Sigma) per mouse 24-35 hr before
sacrifice by CO;. The liver, spleen, and thymus were immediately re-
mowed from each mouse and collected in & beaker on ice. All subse-
quent steps were parformed on ice. The organs were washed repeat-
edly in 50 mM triethanolamine, 50 mM KOAc (pH 7.5), 250 mM sucrose,
& mM MgOAc, 1 mb dithiothreital, 0.5 mk phenylmethytsulfony flug-
ride, 0.027 U/ml aprotinin, 1 mM EDTA (pH 7.5) (buffer A) to remaowe
hiood and then weighed. Approximately 9 g of tisswe was oblained
from ten mice. Buffer A was added (4 ml per gram of tisswe), and the
tissue was then homogenized in a motor-driven Potter-Elvehjem teflon
tissue grinder (chamber clearance 0.1-0.15 mm) at top speed with
five passes up and down hard. Subseguent centrifugation steps were
performed exactly as described by Walter and Blobel (1983) with the
exception that the rough microsome pellet was resuspended by pi-
peatting up and down in a P1000 pipette tip (Gilson) in 1 mi of 50 mM
HEFES, 250 mM sucrose, 1 mM dithiothreitol {pH 7.3) (buffer B). Crude
rough microscmes ware snap frozen in liquid nitrogen in 50 ul aliquots
and stored at 70°C. Microsomes were thawed and diluted in ice-cold
buffer B before use. No microsomes ware used after more than one
freeze-thaw cycle.

Enzyme Assays

Microsomes were thawed and diluted 3-lold in buffer B, and 12.5 ul
was assayed for glucose G-phosphatase using mannosa &-phosphate
as the substrate in the presence and absence of 0.1% Triton X-100
at 37°C (Aronson and Touster, 18974). Enzyme activity is expressad
as absorbance units at B20 nm.

Peptides and Antibodies

The labeled Sendai virus nuclecprotein peptide (FAPGNYPAL
324332) (Schumacher et al., 1991) was synthesized as a 3.5-diiodo-Tyr
(Peninsula) comaining precursor, using conventional Thoc chemistry.
The peplide was dissolved in water and reduced under *H gas at New
England Nuclear Du Pont (Boston). Subsequently, the material was
analyzed by thin layer chromatography on silica plates wsing the sol-
vent system N-butanol:2; pyridin:0.75; H:0:1; acetic acid:0.25. Thin
layer chromatography plates were dried and exposed to Kodak X-ARS
films. Fully reduced FAPGNYPAL was identified by comigration with
unlabeled FAPGNYPAL, which was visualized by ninhydrin staining.
The corresponding region of the thin layer chromatography plate was
excised and eluted with 1% triflusroacetic acid (2 rounds of 20 min
at room temperature). After freeze drying, the purity of the material
was checked by high pressure liquid chromatography and found to
be greater than 95%. The specific activity was determined to be 10
Cifmmed. The peptide was stored at a concentration of 0.3375 mM in
0.1 % phosphate-buffered saline at 70°C and thawed and diluted in
water before use. The unlabeled peplides used were synihesized by
the DuPont RaMP3 system (except the 23-mer actin peptide, which
was synthesized by automated Fmoc chemistry), and all ware purified
by high pressure liquid chromatography. Before use, peptides were
dissolved in water, and concentrations of solubilized peptide were
determined by BCA assay (Pierce).

The ¥-3 antibody is 2 mouse IgG2a monocional antibody with affinity
for a lumenal epitope of H-2K* molecules (Hammerling et al., 1982).
The SF1-1.1.1 antibody is a mouse IgG2a monoclonal antibody spe-
cific for a lumenal epitope of H-2K° molecules (Loken and Stall, 1982).
Beth antibodies ware purified on protein G columns and stored at 1
mgiml in water.

Assays for TAP1 Function

Each data point is derived from a 50 pl assay containing 1.8 glucose
6-phosphatase units of microsomes, ATP mix (50 uM ATP, 250 pM
UTP, 2.5 mM creatine phosph ate, 8 U of rabbit muscle creating kinase
|Sigma]), 50 mM HEPES (pH 7.3), 150 mM KOAc, 5 mM MgOac, 250
mM sucrose, 1 mM dithicthreitol, and peptides diluted in water. ATPyS
was from Boehringer-Mannheim. Assays were assembled on ice,
mixed by gentle agitation, incubated in 0.5 ml plastic microfuge tubes,




TAP1 Translocator
583

returned 1o ice, and rapidly pipetted onto the surface of 3 mi, ice-cold
cushions of 1 M KOAc, 500 mM sucrose, 50 mM HEPES (pH 7.0), 10
1M unlabeled FAPGNYPAL in thick-walled polypropylene centrifuge
tubes (Beckman #349622), The reaction was pelleted through the
cushion in a TL.100.3 fixed-angle rotor at 80,000 rpm for 15 min at
4°C in a Beckman TL.100 ultracentrifuge. The supernatant was aspi-
rated, and the pellet was resuspended in 100 mi of lysis buffer (phos-
phate-buffered saline [pH 7.3], 1% NP-a0, 0.5 mM phenylmethylsulfo-
nyl fluoride, 0.027 U/ml aprotinin) by repeated pipetting. Unlabeled
FAPGNYPAL was included to 10 mM if the hysate was o be immuno-
precipitated. The pellets were solubilized for 30 min on ice, and then
debris was pelleted at 15,000 = g for 10 min at 4°C. Supernatanis
were mixed with 5 ml of Ecoscint {(National Diagnostics) and counted.

For immunoprecipitation, supernatants were mixed with 5 ug of
pure antibody and left on ice for 1 hr. Then 100 ul of & slurry of Gamma
G beads (Pharmacia) in lysis buffer was added ang mixed end over
and for a further hour at 4°C. The beads were then washed three
times in 200 ul of lysis buffer, each time collecting the beads by centrifu-
gation a1 15,000 x g for 15 5. The beads were then mixed with 5 ml
of Ecoscint and counied.
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