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The transporter associated with antigen processing
(TAP) plays a key role in the adaptive immune response
by pumping antigenic peptides into the endoplasmic
reticulum for subsequent loading of major histocompat-
ibility complex class I molecules. TAP is a heterodimer
consisting of TAP1 and TAP2. Each subunit is composed
of a transmembrane domain and a nucleotide-binding
domain, which energizes the peptide transport. To ana-
lyze ATP hydrolysis of each subunit we developed a
method of trapping 8-azido-nucleotides to TAP in the
presence of phosphate transition state analogs followed
by photocross-linking, immunoprecipitation, and high
resolution SDS-PAGE. Strikingly, trapping of both TAP
subunits by beryllium fluoride is peptide-specific. The
peptide concentration required for half-maximal trap-
ping is identical for TAP1 and TAP2 and directly corre-
lates with the peptide binding affinity. Only a back-
ground level of trapping was observed for low affinity
peptides or in the presence of the herpes simplex viral
protein ICP47, which specifically blocks peptide bind-
ing to TAP. Importantly, the peptide-induced trapped
state is reached after ATP hydrolysis and not in a back-
ward reaction of ADP binding and trapping. In the
trapped state, TAP can neither bind nor exchange nu-
cleotides, whereas peptide binding is not affected. In
summary, these data support the model that peptide
binding induces a conformation that triggers ATP hy-
drolysis in both subunits of the TAP complex within the
catalytic cycle.

Cytotoxic T-lymphocytes recognize peptides as a “non-self”
signal presented by MHC! class I molecules at the cell sur-
face. These antigenic peptides, which are derived from en-
dogenous proteins, are degraded within the proteasomal
pathway in the cytosolic compartment. The transporter asso-
ciated with antigen processing (TAP) translocates these pep-
tides into the ER lumen, where loading of peptides on MHC
class I molecules takes place (1). Subsequently, fully assem-
bled MHC-peptide complexes can pass the ER quality control
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and traffic to the cell surface, where they are inspected by
cytotoxic T-lymphocytes.

TAP belongs to the ABC transporter superfamily, whose
members share the common structural organization of four
domains: two transmembrane domains (TMDs) and two nucle-
otide-binding domains (NBDs) (2). The TMDs are generally
formed by 5-10 transmembrane helices, whereas the NBDs are
defined by three consensus motifs: Walker A, Walker B, and
C-signature sequences. Functional TAP is a heterodimer con-
sisting of TAP1 and TAP2, each of which contains one N-
terminal TMD followed by a C-terminal NBD (3). The trans-
membrane domains determine the peptide specificity and form
a putative translocation pore across the membrane, whereas
the nucleotide-binding domains catalyze the ATP hydrolysis
and provide the energy for peptide translocation.

TAP binds peptides with a preferential length of 8—16 amino
acids (4). Substrate selectivity is determined by the three ami-
no-terminal residues and the carboxyl-terminal residue of the
peptide (5). Peptide binding induces a drastic structural reor-
ganization of the TAP complex as shown recently by kinetic and
thermodynamic studies (6, 7). This structural rearrangement
triggers ATP hydrolysis and peptide transport as deduced from
the allosteric coupling between peptide binding and ATP hy-
drolysis (8).

In addition to being an energy source, nucleotides are impor-
tant regulatory factors. The release of MHC class I molecules
from the loading complex, consisting of TAP1, TAP2, tapasin,
and MHC class I molecules, was proposed to be tightly regu-
lated by nucleotide binding (9). Moreover, binding of ATP or
ADP stabilizes TAP (10). Deficiency of TAP in ATP binding and
hydrolysis was also reported to be related to viral infection: The
human cytomegaloviral protein US6 interferes with MHC class
I-mediated antigen presentation by blocking ATP binding to
TAP, although interacting in the ER lumen with the peptide
transporter (11, 12). In contrast, ICP47 from herpes simplex
virus inhibits ATP hydrolysis of TAP by blocking peptide bind-
ing to TAP (8).

Peptide translocation is strictly dependent on ATP hydroly-
sis (4, 5, 13). Several groups have recently addressed the func-
tion of the two NBDs in the peptide transport process (reviewed
in Ref. 14). Exchanging the highly conserved, catalytic active
lysine residue of the Walker A site impairs the transport ac-
tivity strongly. Interestingly, although mutations of this resi-
due in TAP2 fully interrupt peptide transport, TAP1 mutants
show still low transport activity, suggesting distinct functions
of both subunits during peptide transport (15-17). A functional
non-equivalence of the two NBDs has also been reported in
studies exchanging the NBDs within the TAP complex. The
chimera with switched NBDs has substantial higher transport
activity than chimeras with two identical NBDs, indicating
that two different NBDs are important for TAP function (18,
19). However, so far it is not clear whether both TAP subunits
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catalyze ATP hydrolysis. This question could neither be an-
swered by measuring ATPase activity of TAP, nor could mu-
tagenesis studies clarify this point directly.

In this study, the ATP hydrolysis properties of the two TAP
subunits were studied for the first time by photolabeling with
8-azido-[a->?P]ATP combined with BeF, trapping. It was dem-
onstrated that the trapping reaction reflects the ATP hydroly-
sis of TAP. Peptides specifically induce BeF, trapping, whereas
the TAP inhibitor ICP47 from herpes simplex virus blocks it.
Very importantly, peptide-stimulated nucleotide trapping was
found to occur at both subunits. In the BeF -trapped state, TAP
can neither bind nor exchange nucleotides, whereas peptide
binding is not affected. Here, we provide direct evidence that
TAP1 and TAP2 hydrolyze ATP within the peptide transloca-
tion process.

EXPERIMENTAL PROCEDURES

Material—8-Azido-[a-*>?P]ATP and 8-azido-[a-*’P]ADP were pur-
chased from Affinity Labeling Technologies. Sodium orthovanadate was
freshly prepared before use according to the method of Goodno (20). All
metal fluorides were prepared before use by mixing metal chloride with
sodium fluoride. Peptides used in this study were RRYQKSTEL
(RILQK), RRYQNSTEL, EPGNTWDED (E9D), and a D-isomer of
RILQK (D-RILQK), in which all residues were exchanged by D-amino
acids. In inhibition experiments, the active domain of ICP47 (residue
3-34) was used (21).

Cell Culture and Preparation of Microsomes—Human Burkitt lym-
phoma cells (Raji cells) were cultured in roller bottles in RPMI 1640
medium (Invitrogen) supplemented with 10% fetal calf serum, 1 mm
sodium pyruvate, and 40 units/ml penicillin and streptomycin at 37 °C
in 5% CO,. Sf9 (Spodoptera frugiperda) cells were grown in Sf900II
medium (Invitrogen) following standard procedures. Infection with the
baculovirus encoding human TAP1 and TAP2 was routinely performed
with a multiplicity of infection of 3—5 (22). Microsomes were prepared as
described previously (22), suspended in phosphate-buffered saline, 1
mM dithiothreitol, pH 7.0, snap frozen in liquid N, and stored at
—80 °C.

Iodination of Peptides—All peptides were synthesized by solid-phase
technique applying conventional Fmoc (N-(9-fluorenyl)methoxycar-
bonyl) chemistry and purified by reversed-phase high performance lig-
uid chromatography. The identity of the peptides was confirmed by
MALDI-TOF mass spectrometry. Radiolabeled peptides were prepared
as described previously (22) with the following modification. In brief,
the reaction was carried out with 1.5 nmol of peptides, 100 uCi of
Na'?’T, and 10 g of chloramine T in a volume of 60 wl. The reaction was
stopped by addition of 120 ul of 0.17 mg/ml Na,S,0, Free iodide was
removed by Dowex 1X8 (Serva).

Peptide Binding and Transport Assay—Peptide binding to TAP in
microsomes was analyzed in AP buffer (phosphate-buffered saline
buffer, 5 mm MgClL,, pH 7.0). Microsomes (250 ug of protein) were mixed
with '?*I-labeled peptide ROLQK in a volume of 150 ul. After 15 min of
incubation on ice, 1 ml of AP buffer was added and microsomes were
centrifuged at 20,000 X g for 8 min. After washing with 500 ul of AP
buffer, the radioactivity associated with microsomes was quantified by
y-counting. The amount of unspecific binding was determined in the
presence of a 400-fold excess of unlabeled peptide. To analyze peptide
transport, microsomes (250 ug of protein) were incubated with 1 um
125T_labeled RRYQNSTEL, 3 mM ATP, or ADP in 50 ul of AP buffer for
2 min at 32 °C. The reaction was stopped by adding 500 ul of ice-cold AP
buffer supplemented with 10 mm EDTA. After centrifugation, the pel-
lets were solubilized in 900 ul of lysis buffer (20 mm Tris, 150 mm NaCl,
5 mm MgCl,, 1% Igepal, pH 7.5) by incubation for 15 min on ice. The
insoluble material was removed by centrifugation, and the supernatant
was incubated with 60 ul of concanavalin A (ConA)-Sepharose (50%,
v/v) for 1 h. After three washing steps, the radioactivity associated with
ConA-Sepharose was quantified by y-counting.

Inhibition of Peptide Transport by BeF —To induce the formation of
a BeF-trapped complex, microsomes (250 g of protein) were preincu-
bated with 3 mm ATP, 5 mm BeF, (BeCl,:NaF = 1:10 mol/mol), and 1 um
RILQK in 50 pl of transport buffer (20 mm HEPES, 140 mm NaCl, 2 mm
MgCl,, 5 mM NaN,, 1 mM ouabain, 0.1 mm EGTA, 15% glycerol, pH 7.5)
for 15 min at 27 °C. Subsequently, free ligands were removed by wash-
ing with 1 ml of transport buffer. Before use, microsomes were resus-
pended in 50 ul of transport buffer containing 3 mm ATP.

Photolabeling of TAP with 8-Azido-[a-*>PJATP—Microsomes were
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suspended in 25 upl of transport buffer containing 1 um 8-azido-[a-
32PJATP. After 5-min incubation at indicated temperature, samples
were irradiated with UV light for 5 min on ice. 500 ul of ice-cold IP lysis
buffer (20 mM Tris, 150 mMm NaCl, 1% Igepal, pH 7.5) was added.
Subsequently samples were immunoprecipitated (see below) and ana-
lyzed by SDS-PAGE (11%). Gels were dried and exposed to Kodak
BIOMAX™ MS films with an intensifying screen at —80 °C.

Trapping of the TAP Complex by ATPase Inhibitors—Microsomes
were incubated in 25 pl of transport buffer containing 2 puM 8-azido-[a-
32P]ATP and 0.5 mm ATPase inhibitors (orthovanadate, BeF,, AlF,, or
ScF,) in the presence or absence of peptides for 15 min at 27 °C. In this
assay, all metal fluorides were prepared by mixing metal chloride and
sodium fluoride in a molar ratio of 1 to 100. The reaction was stopped by
addition of 1 ml of ice-cold washing buffer (transport buffer containing
10 mm ATP and 0.5 mM ATPase inhibitors). Samples were incubated for
15 min on ice. After centrifugation at 20,000 X g, pellets were resus-
pended in 50 pl of washing buffer. Finally, samples were irradiated
with UV light for 5 min and then subjected to immunoprecipitation (see
below). To determine the peptide concentration at which half-maximal
trapping occurs (ECgy), the intensities of photolabeled TAP (I) were
quantified and fitted by Equation 1.

I/1,,,, = [peptidel/(EC5, + [peptide]) (Eq. 1)

Immunoprecipitation—After photolabeling, TAP was immunopre-
cipitated either as a complex or as disassembled TAP1 and TAP2
subunits. These two methods differ in the solubilization procedure. In
the former case, microsomes were solubilized in 0.9 ml of IP lysis buffer
for 15 min on ice. In the latter case, microsomes were solubilized in 200
ul of IP lysis buffer for 15 min on ice. To disassemble the TAP complex,
SDS was added to a final concentration of 0.5%, and incubation was
continued for 15 min at 37 °C. Finally, 700 ul of ice-cold IP lysis buffer
was added. In both methods, samples were centrifuged at 20,000 X g for
8 min to remove insoluble material after solubilization. Antibodies were
added to the supernatant and incubated for 2 h on ice. 50 ul of 50% (v/v)
protein A/G-agarose Fast Flow (Sigma) were added, and incubation was
continued for 2 h at 4 °C. After washing three times with 1 ml of ice-cold
IP washing buffer (20 mm Tris, 150 mm NaCl, 0.1% Igepal, pH 7.5),
proteins were eluted with SDS sample buffer and applied to SDS-PAGE
(11%). Antibodies used were monoclonal antibody 148.3 (anti-TAP1),
rabbit antiserum 1p2 (anti-TAP1), and 2p4 (anti-TAP2). The BeF,-
trapped TAP complex was immunoprecipitated by a combination of
polyclonal 1p2 and 2p4. Polyclonal antibodies 1p2 and 2p4 were raised
against the peptide epitopes ETEFFQQNQTGNIMSR (TAP1) and
VGAAEKVFSYMDRQPN (TAP2) according to Nijenhuis and Hammer-
ling (23).

RESULTS

8-Azido-ATP Energizes Peptide Transport as Efficiently as
ATP—8-Azido-ATP has been used to study the characteristics
of binding and/or hydrolysis of ABC transporters such as P-gp,
CFTR, and sulfonylurea receptor 1 (SUR1) (24-28). Before
using 8-azido-ATP to probe ATP hydrolysis by TAP, we deter-
mined whether this ATP-analog drives peptide transport.
Therefore, peptide transport quantified by the amount of gly-
cosylated, radiolabeled peptide was analyzed in the presence of
ATP or 8-azido-ATP. The accumulation of peptides in micro-
somes increases linearly within the first 2 min (data not
shown). The initial transport rates were determined at increas-
ing ATP or 8-azido-ATP concentrations and fitted with Michae-
lis-Menten kinetics (Fig. 1). The apparent K,, values for both
nucleotides show only a slight difference, which are 197 = 35
puM for ATP and 103 *+ 24 M for 8-azido-ATP, whereas the V.,
for both nucleotides is equal. From these results, we conclude
that 8-azido-ATP support peptide translocation as efficiently as
ATP and modification of the Cg position of the adenine base
does not change the properties of the nucleotide during the
catalytic cycle.

8-Azido-ATP Binds Specifically to TAP1 and TAP2—Next,
we examined the nucleotide binding property of TAP by
8-azido-[a-32P]ATP photocross-linking. After immunoprecipita-
tion, TAP1 and TAP2 (apparent molecular mass, 71 and 75
kDa) were separated by high resolution SDS-PAGE (Fig. 2).
The identity of the two TAP subunits was confirmed by immu-
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Fic. 1. TAP-dependent peptide transport in the presence of
ATP and 8-azido-ATP. Microsomes prepared from insect cells infected
with recombinant baculovirus encoding human TAP1 and TAP2 were
incubated with 1 uMm radiolabeled RRYQNSTEL at various concentra-
tions of ATP (filled symbols) or 8-azido-ATP (open symbols) at 32 °C for
2 min. Glycosylated peptides were recovered by ConA-Sepharose, and
the radioactivity was quantified by using y-counting. The data were
fitted with the Michaelis-Menten equation leading to a K,, value of
197 + 35 um for ATP (solid) and 103 * 24 um for 8-azido-ATP (dashed
line). Data points and errors were derived from triplicate
measurements.
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IP: 0-TAP1 (1p2)

Fic. 2. 8-Azido-[a-*?P]ATP photocross-linking of TAP. Micro-
some preparations (50 ug of protein) from Raji cells or Sf9 insect cells
infected with baculovirus encoding human TAP1/TAP2 were incubated
with 1 uM 8-azido-[a-*?P]ATP in the presence or absence of 1 mm ATP
on ice. Proteins were photolabeled by UV irradiation for 5 min. The two
subunits were either co-immunoprecipitated as an intact heterodimeric
complex via TAP1-specific antiserum (1p2) or as dissociated subunits
via TAP1- or TAP2-specific antibodies (1p2 and 2p4). The immunopre-
cipitated products were analyzed by SDS-PAGE (11%) and visualized
by autoradiography.

noprecipitation of disassembled TAP1 and TAP2 subunits. The
photocross-linking is specific, because it was inhibited by 1 mm
ATP, demonstrating its specificity. Interestingly, even after
immunoprecipitation of the TAP complex with an anti-TAP1
antibody, TAP2 shows stronger photolabeling than TAP1. This
preferential labeling of TAP2 was observed both for TAP de-
rived from Raji cells and for TAP expressed in insect cells
lacking factors of the MHC loading complex. These results
demonstrate that both subunits bind 8-azido-ATP specifically,
and TAP2 is photolabeled more efficiently than TAP1.
8-Azido-ATP Binding to TAP1 and TAP2 Is Magnesium- and
Temperature-dependent—Magnesium is well known to be re-
quired for ATP hydrolysis by most ATPases. It has also been
shown that Mg?" can have different effects on ATP binding to
two subunits of an ABC transporter (29). Therefore, we exam-
ined the influence of magnesium on 8-azido-[a->2P]ATP photo-
labeling of the TAP complex. No photolabeling of TAP1 and
TAP2 was observed in the absence of magnesium either at 4 °C
or 37 °C, indicating that ATP binding to both TAP subunits is
magnesium-dependent (Fig. 3A). Nucleotide binding to the
TAP complex is temperature-dependent. At 4 °C, photolabeling
preferentially occurred at TAP2. However, at 37 °C, TAP1 and
TAP2 are equally labeled, and the photolabeling of both sub-
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Fic. 3. Effect of Mg®* and temperature on 8-azido-[a-*’P]ATP
photocross-linking. A, microsomes (100 pg of protein) prepared from
Raji cells were incubated with 1 um 8-azido-[a-*2P]ATP in the presence
or absence of 1 mm MgCl, or 1 uM RILQK for 5 min at 4 °C or 37 °C.
Samples at 37 °C were transferred on ice, and all probes were immedi-
ately subjected to UV irradiation. The TAP complex was precipitated
via anti-TAP1 monoclonal antibody 148.3, separated by SDS-PAGE
(11%), and analyzed by autoradiography. B, to compare the slight
increase in labeling efficiency in the presence of peptide the correspond-
ing TAP1 (filled bars) and TAP2 (open bars), bands were densitometri-
cally analyzed, and intensities are shown as a histogram.

units is weaker than at 4 °C. Peptides slightly stimulate the
labeling of both subunits (Fig. 3B).

Phosphate Analogs Trap ADP in TAP1 and TAP2—The con-
tribution of each NBD to the ATPase activity of TAP cannot be
directly analyzed by measuring the steady-state release of in-
organic phosphate. ATPase inhibitors, such as orthovanadate,
BeF,, AIF,, or ScF,, are useful tools to elucidate the mechanism
of ATP hydrolysis by forming a stable Mg-ADP-inhibitor com-
plex after ATP hydrolysis and phosphate release arresting the
enzyme in the catalytic cycle (30-33). Therefore, TAP-contain-
ing microsomes were incubated with 8-azido-[a->2P]ATP in the
presence of different ATPase inhibitors at 37 °C to test their
ability to form a trapped Mg-ADP-inhibitor-TAP complex. After
trapping, weakly bound nucleotides were removed by washing
the microsomes. Photolabeling of TAP1 and TAP2 was ob-
served in the presence of all three metal fluorides, whereas
very weak signals were found in the presence of vanadate (Fig.
4). No photolabeling was observed in the absence of trapping
reagents. Microsomes derived from insect cells infected with
baculovirus wild-type also showed no photolabeling. The trap-
ping reaction was peptide-specific, and this is investigated in
detail below. These data demonstrate that metal fluorides form
a trapped state with ADP within the NBD of TAP1 and TAP2.
This state is very stable, because trapped ADP cannot be com-
peted out even by a 1000-fold excess of ATP. In all cases
stronger labeling of TAP1 than TAP2 was observed. In sum-
mary, the phosphate analogs trap ADP in TAP with the follow-
ing efficiencies: BeF, > ScF, > AlF,_ > V..
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Fic. 4. Analysis of ATPase inhibitors of TAP. Microsomes (50 ug
of protein) from insect cells infected with baculovirus (BV) encoding
human TAP1/2 or wild type baculovirus were incubated with 2 um
8-azido-[a->?P]ATP either in the absence or presence of 0.5 mm of
different inhibitors (BeF,, AlF,, ScF,, or orthovanadate) and 1 uMm
peptide ROLQK for 15 min at 27 °C. After washing and UV-photocross-
linking, samples were subjected to SDS-PAGE (11%) and visualized by
autoradiography.

Peptides Induce the Formation of a Trapped Intermediate
State of TAP1 and TAP2—It has been recently demonstrated
that ATP hydrolysis is coupled to peptide binding and trans-
port (8). However, it remains unclear whether TAP1 or TAP2,
or both subunits are involved in ATP hydrolysis. Here, we
investigated the effect of various peptides on BeF, trapping of
Mg-8-azido- [a-32P]ADP by incubating TAP with 8-azido-[a-
32PJATP under hydrolyzing conditions. Both subunits were
strongly labeled in the presence of the high affinity peptide
RILQK and BeF, (Fig. 5A). A very weak labeling for TAP1 and
TAP2 was observed in the presence of the herpes simplex virus
protein ICP47, which specifically inhibits peptide binding and
thus prevents the peptide-stimulated ATPase activity of TAP
(8, 34). Furthermore, a weak labeling of TAP was found in the
presence of the low affinity peptides (K, > 1 mm), E9D and
D-RILQK. In the absence of BeF,, no labeling of TAP was
detected even when high affinity peptides are present. To an-
alyze the peptide-induced formation of a trapped intermediate
quantitatively, BeF, trapping was performed with increasing
concentrations of ROLQK. Photolabeling of both TAP subunits
was enhanced in a concentration-dependent manner (Fig. 5B).
The EC;, values (peptide concentration required to achieve
half-maximal trapping) for TAP1 and TAP2 are very similar
with 16 nm and 18 nwm, respectively (Fig. 5C). These values are
in good agreement with the affinity constant of fluorescein-
labeled ROLQK (12 nm) measured under equilibrium binding
condition (6). Interestingly, under all trapping conditions,
TAP1 was preferentially labeled. Taken together, these data
demonstrate that peptides specifically induce BeF, trapping of
both TAP subunits.

BeF -trapping Reflects ATP Hydrolysis—Peptide-induced
BeF, trapping of TAP might be due to two different mecha-
nisms: (i) BeF, substitutes the released phosphate immediately
after ATP hydrolysis, forming a stable Mg-ADP-BeF, complex
within the NBD (forward reaction); (ii) ATP is hydrolyzed by
ATPases present in the microsomal preparation. Trapping is
initiated by binding of MgADP to TAP, followed by association
of BeF, and by formation of a stable NBD-Mg-ADP-BeF, com-
plex (backward reaction). To distinguish between the two path-
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Fic. 5. Peptide-induced BeF, trapping of TAP1 and TAP2.
Trapping of TAP was performed by incubating Raji microsomes (100 ug
of protein) with 2 um 8-azido-[a-*>P]ATP in the presence or absence of
0.5 mM BeF, and/or 1 uM of different peptides (A) or increasing ROLQK
concentration (B) following the procedure described under “Experimen-
tal Procedures.” To investigate the effect of the viral inhibitor ICP47,
microsomes were incubated with 20 um ICP47. The TAP complex was
immunoprecipitated by polyclonal antibodies 1p2 and 2p4 and analyzed
by SDS-PAGE (11%) followed by autoradiography. To determine the
EC;, values for peptide-induced trapping, the photolabeling of TAP1
and TAP2 was quantified. The background-corrected intensities were
plotted against concentration of ROLQK and fitted with Equation 1. The
EC;, values for trapping of TAP1 (open circle and dashed line) and
TAP2 (close circles and solid line) are 18 and 16 nM, respectively (C).

ways, we compared BeF, trapping in the presence of the
8-azido-[a->?P]ATP and 8-azido-[a-32P]JADP. The concentration
as well as the radioactivity of the two nucleotides was kept
identical to allow direct comparison of the signal intensities.
The high affinity peptide ROLQK strongly stimulates the trap-
ping of TAP with 8-azido-[a->?P]ATP (Fig. 6). Moreover, in the
case of 8-azido-[a->?P]ADP, the trapping efficiency of TAP is
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Fic. 6. Comparison of 8-azido-ATP and 8-azido-ADP trapping
with BeF,. Trapping of TAP was performed by incubating Raji micro-
somes (100 ug) with 2 um 8-azido-[a-*?P]ATP (5 uCi) or 2 um 8-azido-
[a-32P]ADP (5 pCi) with or without 0.5 mM BeF, and 1 um ROLQK or
E9D for 15 min at 27 °C (for details see “Experimental Procedures”).
The TAP complex was immunoprecipitated via antibodies 1p2 and 2p4,
separated by SDS-PAGE (11%), and visualized by autoradiography.

not peptide-dependent and lower than in the presence of
8-azido-[a->?P]ATP. Therefore, we conclude that efficient BeF,
trapping of TAP occurs only after ATP hydrolysis and that the
peptide-induced BeF, trapping directly reflects ATP hydrolysis
during the catalytic cycle of TAP.

Peptide Transport and Nucleotide Binding, but Not Peptide
Binding, Is Inhibited in the BeF,-trapped State of TAP—To
characterize the BeF, -trapped state of TAP in more detail,
peptide and nucleotide binding as well as peptide transport of
trapped TAP were analyzed. After incubation of microsomes
with BeF, and ATP for 15 min, peptide transport via TAP was
reduced to 20% (Fig. 7A). Longer incubation with BeF, blocked
the TAP transport activity completely. However, longer incu-
bation time also impaired TAP function. The stability of the
trapping state was examined by monitoring the recovery of
peptide transport over time. For this purpose, free BeF, was
removed to facilitate the dissociation of TAP-Mg-ADP-BeF,
complex. It was observed that even after incubation for 45 min
on ice, TAP remains in an inhibited state. Longer recovery
times were not analyzed, because TAP started to loose activity
even at 4 °C. Next, we studied the BeF,-trapped TAP complex
with respect to nucleotide and peptide binding. Fig. 7B shows
that pretreatment of TAP with BeF, and ATP inhibits the
photolabeling  with 8-azido-[a->?P]ATP and 8-azido-[a-
32P]ADP, demonstrating that the trapped state of TAP can
neither bind nor exchange added nucleotides. The weaker pho-
tolabeling signal of TAP preincubated with ATP compared with
that without ATP results from incomplete dissociation of ATP
during the washing step. In contrast to nucleotide binding,
BeF, trapping does not affect peptide binding (Fig 7C). At
half-maximal and saturating peptide concentrations, the
amount of peptides bound to the trapped and non-trapped state
is equal. These data demonstrate that neither the affinity nor
the overall amount of the peptide binding sites was altered. In
addition, the same results were obtained when AlF, and ScF,
were used for trapping (data not shown). Taken together, BeF,
inhibits peptide translocation by trapping TAP in a stable
intermediate state to which added nucleotides cannot bind.
Importantly, peptide binding to TAP is not affected in this
trapped state.

DISCUSSION

In the last decade, major advances have been made in the
study of the mechanism of peptide transport by TAP: (i) the
peptide specificity and the peptide binding mechanism of TAP
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(solid bar) or presence (hatched bar) of 5 mMm BeF, at 27 °C for 15 min.
Subsequently, free and un-trapped nucleotides and peptides were re-
moved by washing, and microsomes were resuspended in transport
buffer containing 3 mm ATP and incubated on ice. After different time
periods, peptide transport was initiated by adding 1 uMm radiolabeled
RRYQNSTEL and immediately transferring samples to 32 °C for 2 min.
Translocated peptides were recovered on ConA beads and quantified by
y-counting. B, binding of nucleotides to the BeF,-trapped TAP complex.
Raji microsomes (100 ug of proteins) were incubated with 1 um ROILQK
in the presence or absence of 3 mM ATP and/or 5 mm BeF, (Be:F = 1:10
mol/mol) at 27 °C for 15 min. After washing the microsomes to remove
all free and loosely bound nucleotide and peptide, microsomes were
incubated with 1 pum 8-azido-[a-*?PJATP or 8-azido-[a-*?P]JADP for 5
min on ice, followed by UV irradiation. TAP1 and TAP2 were co-
immunoprecipitated by a combination of polyclonal antibodies 1p2 and
2p4. C, peptide binding to the BeF -trapped TAP complex. Raji micro-
somes (250 ug of proteins) were incubated with 3 mm ATP and 1 um
RILQK in the absence (solid bar) or presence (hatched bar) of 5 mm
BeF, (Be:F = 1:10 mol/mol) at 27 °C for 15 min. After washing, peptide
binding of radiolabeled RILQK was determined as described under
“Experimental Procedures.”
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were deciphered in detail (5-7); (ii) the importance of the nu-
cleotide-binding domains of TAP for peptide transport was
shown by mutation analysis (9, 15-17, 35); and (iii) the allo-
steric coupling between peptide binding, ATP hydrolysis and
peptide transport was observed with reconstituted TAP (8).
However, the contribution of each subunit in the TAP complex
to ATP hydrolysis was not characterized up to now. By using
the technique of BeF, trapping of 8-azido-[a-32P]ATP followed
by photolabeling, immunoprecipitation and separation of the
TAP subunits by high resolution SDS-PAGE, we analyzed the
ATPase activity of TAP1 and TAP2 for the first time. Using the
ATPase inhibitor BeF, formation of a stable complex consisting
of Mg-ADP-BeF, bound to NBD was achieved. For myosin, a
trapping of Mg-ADP by BeF, longer than 3 days is reported
(36). Restricted by the instability of TAP, we showed that the
trapped TAP complex is at least stable for 45 min.

We showed that BeF, trapping of TAP is peptide-specific.
High affinity peptides induced nucleotide trapping of both sub-
units of TAP in a concentration-dependent manner. This re-
flects the peptide-stimulated ATPase activity of the TAP com-
plex reported in earlier work (8). Although these previous
results demonstrated that peptide binding correlates with ATP
hydrolysis, we now provide evidence that ATP hydrolysis at
both subunits is induced by peptides with an EC;, correspond-
ing to the affinity of the peptide. These observations are in line
with the model that peptide binding to TAP is responsible for a
dramatic structural rearrangement (7) that triggers ATP hy-
drolysis by the NBDs of TAP1 and TAP2 resulting in peptide
translocation. The low amount of trapping in the absence of
peptide or in the presence of low affinity peptides could result
from a low intrinsic ATPase activity of TAP. However, in the
presence of US6, which blocks ATP binding, no reduction of
background ATPase activity could be observed excluding an
intrinsic ATPase activity of TAP (12). Therefore, background
trapping probably caused a backward reaction, in which
8-azido-[a->?P]JADP produced by other ATPases is bound and
trapped at TAP. This point is supported by the observation that
trapping of 8-azido-ADP results in the same labeling efficiency
of TAP as with 8-azido-ATP in the presence of the viral inhib-
itor ICP47, which blocks peptide binding to TAP. In addition,
endogenous peptides produced by proteases present in the
microsomal preparation might also slightly stimulate BeF,
trapping of TAP.

The trapped state can be formed independently of ATP hy-
drolysis, as indicated in the studies of P-gp, MRP6, and myosin,
which were trapped from an ADP binding state (backward
reaction) by vanadate or metal fluorides in the absence of ATP
hydrolysis (37-39). With low efficiency, BeF, also traps TAP
from an ADP binding state. Importantly, however, the trapping
of 8-azido-ADP is not affected by peptides. These observations
are in line with studies on P-gp showing that trapping without
ATP hydrolysis is energetically less favorable. Substrate-in-
duced trapping of P-gp is only achieved after ATP hydrolysis
and is strongly inhibited in presence of ADP (37, 40).

Surprisingly, the trapping efficiency of TAP by orthovana-
date is very low in comparison to BeF,. Similar results are
reported for MRP6, where BeF_ traps ADP very efficiently and
vanadate could only trap ADP in presence of Ni2* (39). The
trapping efficiencies of phosphate analogs can be discussed by
comparing the x-ray structures of myosin in complex with
Mg-ADP-BeF%~, Mg-ADP-AIF,, and Mg-ADP-V, (31, 41). The
V/AIF -inhibited complexes reflecting most probably the
myosin-Mg-ADP-P; transition state were very similar, and the
distance between Al/V and the bridging oxygen of the B-phos-
phate group of ADP was 2.0 A for AlF,; and 2.1 A for V..
However, in the BeF -trapped state, which resembles the
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ground state before ATP hydrolysis occurs, the distance
between Be and the bridging oxygen was only 1.6 A. Based on
this knowledge, the differences in trapping Mg-ADP to TAP
were probably caused by small structural differences in the
ATP-binding pocket, in which Mg-ADP-BeF, fits well forming a
stable complex.

The crystal structure of the monomeric NBD of TAP1 is
highly similar to other NBDs of ABC transporters (42). The
structure of the E171Q mutant of MJ0796 and the orientation
of the NBDs of the vitamin B;,-transporter BtuCD resemble
the Rad50 dimer in which the ATP binding pocket is formed
from the Walker A and B sequences of one subunit and the
C-loop of the other subunit (43—45). We propose that this dimer
structure represents a physiologic intermediate that occurs
transiently during the transport cycle when ATP is bound.
Therefore, in the trapped state, the NBDs of TAP should be
closely associated resembling the structure of the NBD dimer.
This could explain that, in the trapped state, TAP neither binds
nor exchanges nucleotides. This observation is in agreement
with soluble expressed NBDs of the structural and functional
TAP homolog Mdl1lp, a homodimeric ABC peptide transporter
located in the inner mitochondrial membrane. The NBDs of
Mdl1p form stable BeF,-trapped dimers after ATP hydrolysis.
The BeF,-trapped NBD dimer contains two ADP molecules,
which cannot be exchanged by nucleotides (57).

With the structure of the NBD dimer in mind, it is surprising
that both TAP subunits show different labeling efficiency. At
4 °C, TAP2 shows stronger 8-azido-ATP photolabeling than
TAP1. This difference reflects the 2-fold higher affinity of TAP2
(2.7 um) for 8-azido-ATP than TAP1 (4.6 um) as reported re-
cently (46). However, in the BeF, -trapped state, TAP1 is more
strongly photocross-linked than TAP2. The possibility that
trapped 8-azido-ADP bound to the Walker A site of TAP2
photoreacts with the C-loop of TAP1 is very unlikely, because it
was shown that trapped 8-azido-[a->?PJADP is photocross-
linked to a tyrosine residue of P-gp, which is highly conserved
throughout ABC transporters and forms #-7 interactions with
the adenine ring (42, 43, 47, 48). Furthermore, it is very un-
likely that the different signals of trapped nucleotide arise from
different ATPase activities of both subunits during peptide
transport. In this case TAP1 should hydrolyze more ATP than
TAP2, which is in contrast to the cooperativity between both
NBDs as reported for other ABC transporter (49-51). There-
fore, kinetic or structural differences between both ATP bind-
ing sites must likely be the reason for the different labeling
efficiencies. One possibility is that two ATPs are hydrolyzed
within the dimer during peptide transport; TAP2 might release
ADP faster than TAP1 resulting in a lower trapping yield.
Another possibility is that the two nucleotide binding sites
differ slightly resulting in a more stable Mg-ADP-BeF, complex
for TAP1 than for TAP2.

In this report, we demonstrate that BeF, traps ADP in TAP1
and TAP2 after peptide-stimulated ATP hydrolysis. However,
we could not decide whether one or two nucleotides are fixed
within the heterodimeric TAP complex at the same time. Prin-
cipally, two possibilities are found for the trapped state of ABC
transporters: (i) both subunits have tightly bound nucleotides
in the trapped state, or (ii) only one nucleotide is associated
with the ABC transporter after trapping. In the case of the
chloride channel CFTR, an occlusion of NBD1 with 8-azido-[a-
32P]ATP is observed that can be enhanced under vanadate
trapping conditions that also strongly traps 8-azido-|[a-
32P]ADP to NBD2 (52). Consequently, in the trapped state, one
ADP and one ATP are bound to NBD2 and NBD1 of CFTR,
respectively. In contrast, only one ADP is bound to P-gp and the
maltose permease in the vanadate-trapped state (53, 54). These
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differences in trapping are also reflected in the effect of muta-
tions of the highly conserved lysine in Walker A sequence.
Mutation of any NBD of the classic ABC transporters TAP,
P-gp, and maltose permease has severe effects on transport or
ATPase activity, whereas the same mutation in NBD1 of CFTR
does not inhibit significantly the gating (9, 15-17, 35).

A high and low affinity substrate-binding site has been pro-
posed for several drug ABC transporters during the transport
process (55, 56). Interestingly, the amount of peptide binding
sites and the peptide affinity of TAP are not altered in the
BeF,-trapped intermediate. These data suggest that the pep-
tide has already been translocated across the membrane.

In summary, we provide direct evidence that both NBDs of
the TAP complex are active in ATP hydrolysis during the
peptide transport process. In line with previous studies, the
asymmetric pattern of photolabeling under BeF -trapping con-
ditions indicates the distinctive properties of TAP1 and TAP2
with respect to ATP binding and hydrolysis (9, 15-17, 35).
Combining the newly established BeF, trapping of TAP with
mutations influencing ATP hydrolysis or peptide transport, the
exact role of the two NBDs in TAP function can be addressed.
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