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Interaction of MHC Class | Molecules with the
Transporter Associated with Antigen Processing

Woong-Kyung Suh, Myrna F. Cohen-Doyle, Klaus Fruh,
Kena Wang, Per A. Peterson, David B. Williams*

The transporter associated with antigen processing (TAP) delivers cytosolic peptides into
the endoplasmic reticulum (ER) where they bind to nascent class | histocompatibility
molecules. Class |-peptide complexes are then displayed at the cell surface for recognition
by cytotoxic T lymphocytes. Immunoprecipitation of either TAP or class | molecules re-
vealed an association between the transporter and diverse class | products. TAP bound
preferentially to heterodimers of the class | heavy chain and B,-microglobulin, and the
complex subsequently dissociated in parallel with transport of class | molecules from the
ER to the Golgi apparatus. The TAP—class | complexes could also be dissociated in vitro
by the addition of class I-binding peptides. The association of class | molecules with TAP
likely promotes efficient capture of peptides before their exposure to the lumen of the ER.

Class I molecules of the major histocom-
patibility complex (MHC) consist of a poly-
morphic transmembrane heavy chain (~45
kD), a soluble subunit termed B,-micro-
globulin (B,M, ~12 kD), and a peptide
ligand of eight to ten residues (1-3). Pep-
tide ligands are derived predominantly from
proteins degraded in the cytosol (4), and
they must be transported into the lumen of
the ER and possibly the cis-Golgi for bind-
ing to newly synthesized class I molecules
(5, 6). Peptide transport is accomplished by
the TAP transporter, a heterodimer con-
sisting of the subunits TAP1 and TAP2 (7,
8). TAP1 and TAP2 are encoded by genes
located in the MHC. Each consists of a
transmembrane segment that spans the
membrane six to eight times and a proposed
cytosolic domain containing an adenosine
triphosphate (ATP)-binding cassette (9).
The TAP1 protein is located on the mem-
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branes of the ER and cis-Golgi (10). Direct
assays of TAP-mediated peptide transport
into the ER with the use of either intact
microsomes or permeabilized cells reveal
that peptides ranging in length from about
8 to 15 residues are transported and some
sequence preferences have been noted (11—
13). Unless bound to a specific class I
molecule, peptide ligands for class I are not
detectable in cells, which suggests that they
may be degraded rapidly in the cytosol and
probably also in the ER (3, 13). This raises
the question of how newly synthesized class
I molecules can be efficiently loaded with
peptide in the face of other processes com-
peting for peptide, such as rapid degrada-
tion, dilution after transport into the ER
lumen, and binding to other ER proteins
such as the molecular chaperone, BiP (14).
Presumably, these problems would be min-
imized if class I molecules and TAP were
associated.

Initially, an association between TAP
and class I was sought by immunoprecipi-
tating one of these proteins from digitonin-
solubilized cells and then testing for the
presence of the other protein in the immu-
noprecipitate by immunoblotting. When
lysates from mouse EL4 (b haplotype),



MDAY-D2 (d haplotype), and RDM4 (k
haplotype) cells were treated with TAP2
antiserum (which precipitates TAP2 and
associated TAP1), class I H-2KP, K9, and
K* heavy chains, respectively, could be
detected in the immunoprecipitates by sub-
sequent immunoblotting with antiserum to

R

H-2K and visualization with 23I-protein A
(~46 kD) (Fig. 1A). The heavy chain of
the precipitating immunoglobulin was also
detected in varying amounts due to non-
specific binding by 2’I-protein A. Diges-
tion of the TAP2 immunoprecipitates with
endoglycosidase H (endo H) revealed that

Fig. 1. Detection of TAP—class | complexes by A
co-immunoprecipitation and immunoblotting. immuno-
(A) EL4, MDAY-D2, and RDM-4 cells were  Precprate: P

lysed in digitonin lysis buffer and class | or igH -igH
TAP2 molecules were immunoprecipitated and i .
digested with endo H as indicated (34). Endo H Endo H23 P

removes immature Asn-linked oligosaccha-
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medial- to trans-Golgi apparatus (35). Immuno-

precipitates were subjected to SDS-polyacryl-

amide gel electrophoresis (PAGE), transferred B EL4 MDAY-D2

RDM-4
immuno- )

!
preciptate: P1. K Db TPy kd 19 TS py ik TAP

to Immobilon membrane, and immunoblotted
with antiserum to peptide 8, which reacts with

the COOH-terminal nine amino acids of H-2K r - -
heavy chains. The class | immunoprecipitates i o - -{rss
in lanes 2, 5, and 8 were obtained from one-

twelfth, one-sixth, and one-sixth, respectively, 15 2 3 "4l 5 87 8l w1 11

of the cell lysate used in the corresponding
TAP2 immunoprecipitates. The mobilities of
endo H-sensitive (s) and —resistant (r) class | heavy chains are indicated. P.I., preimmune serum.
(B) Class | or TAP1 and TAP2 molecules were immunoprecipitated from cell lysates as indicated
and the TAP proteins in the immunoprecipitates were detected by immunoblotting with antiserum to
both TAP1 and TAP2. The TAP1 and TAP2 immunoprecipitates in lanes 4, 8, and 11 were obtained
from one-twentieth, one-quarter, and one-twentieth, respectively, of the cell lysate used in the
corresponding class | immunoprecipitates.
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Fig. 2. Detection of TAP—class | complexes in cells lacking TAP or class | subunits. Cells were
metabolically labeled for 15 min with [33S]methionine, lysed in digitonin lysis buffer, and then class
| or TAP proteins were immunoprecipitated (First i.p.). In some cases, complexes recovered in the
initial immunoprecipitates were disrupted in 0.2% SDS, adjusted to 2% NP-40, and class | proteins
were recovered in a second round of immunoprecipitation (Second i.p.) (36). The mobilities of TAP
(asterisk), class | heavy chain (HC), and B,M (B,) are shown, as are molecular sizes in kilodaltons.
The presence of low amounts of TAP in second immunoprecipitates likely reflects some renaturation
of antibodies to TAP in NP-40 (lanes 10 to 12 and 21). A radiolabeled protein of ~25 kD was
consistently recovered in KP immunoprecipitates (lanes 1 and 18). A protein of similar size
associates with K® in a peptide-dependent manner, but it has not yet been identified (37). Two
proteins of ~27 kD and 15 kD were detected in varying amounts in TAP2 immunoprecipitates (for
example, lane 19). They were not specifically associated with TAP, because they were also
detected in TAP2 immunoprecipitates of RMA-S cells (lane 9).
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TAP-associated H-2K heavy chains were
sensitive to digestion and comigrated with
authentic endo H-sensitive heavy chains
present in anti-H-2K immunoprecipitates.
The endo H-resistant form of K¢ could not
be resolved from the immunoglobulin (Ig)
heavy chain. Thus, at least for K® and K,
only those class I molecules that have not
yet experienced oligosaccharide processing
in medial- to trans-regions of the Golgi
apparatus are associating with TAP, consis-
tent with the intracellular distribution of
the transporter (10). That this association
is specific and not a result of interactions
that occur after cell lysis is supported by the
absence of the more abundant endo H-re-
sistant class I molecules in the TAP2 im-
munoprecipitates.

In the reciprocal experiment, immuno-
precipitates of class I molecules were immu-
noblotted with antiserum to TAP (Fig.
1B). Proteins reacting with anti-TAP se-
rum and comigrating with authentic TAP1
and TAP2 subunits were detected in asso-
ciation with all class I molecules tested,
including H-2KP, -DP, -K9, -L9, and -Kk.
The TAP subunits from EL4 cells were
poorly resolved but could be readily distin-
guished in the other cell lines. This was a
result of differences in the electrophoretic
mobility of TAP2, which likely reflects the
polymorphisms that have been reported for
this subunit (15). In the case of RDM4
cells, the H-2K* molecule was recovered
preferentially in association with TAP1
subunit. The additional ~90-kD protein
detected in lane 10 appeared to be included
nonspecifically in the immunoprecipitate,
because it was not detected in replicate
experiments.

The nature of the class I-TAP interac-
tion was characterized further by the use of
mutant cell lines that lack either TAP or
class I subunits and a sensitive, sequential
immunoprecipitation technique in which
proteins recovered in an initial immunopre-
cipitate of a metabolically radiolabeled cell
lysate were dissociated from the first anti-
body and then subjected to a second round
of immunoprecipitation (Fig. 2). In EL4
cells, which contain normal TAP and class
I molecules, immunoprecipitation of TAP1
and TAP2 with antiserum to TAP2 resulted
in the isolation of two additional proteins
with sizes similar to the class I heavy chain
and B,M. Solubilization of the TAP immu-
noprecipitate and re-immunoprecipitation
with antibodies to K® or DP confirmed that
both K? and DP were associated with TAP.
A similar experiment was performed on
RMA-S cells, which lack the TAP2 subunit
and accumulate peptide-deficient Kb-g,M
and DP-B,M heterodimers intracellularly
(5, 16). As expected, no TAP or associated
class I proteins could be detected in TAP2
immunoprecipitates (Fig. 2), which con-
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firms the specificity of the interaction ob-
served in EL4 cells. However, immunopre-
cipitation of TAP1 resulted in co-isolation
of proteins having the same mobilities as
class I heavy chains and B,M. Sequential
immunoprecipitation confirmed that both
K® and D were present in a complex with
the TAP1 subunit. Thus, the intact TAP1-
TAP2 heterodimer is not required for asso-
ciation with class I molecules.

To determine if TAP interacts with
nascent class I molecules before or after the
association of heavy chain with B,M, free
K® or Db heavy chains expressed in the
B,M-deficient RIE cell line (17) were test-
ed for their abilities to form complexes with
TAP. Although free D® heavy chains and
TAP could be detected in individual immu-
noprecipitates, no heavy chains were asso-
ciated with TAP as demonstrated by se-
quential immunoprecipitation (Fig. 2). The
inability to detect TAP-D® heavy chain
complexes was not due to a failure of the
antibody to DP to recognize free DP heavy
chains after solubilization of the TAP2
immunoprecipitate, because the antibody
recovered free DP heavy chains almost
quantitatively after solubilization of a DY
immunoprecipitate. The TAP transporter
of RIE cells was competent for association
with class I molecules because transfection
of R1E-DP (or R1E-KP) cells with the BM
gene resulted in the formation of TAP—class
I complexes. Consistent with the results for
free D heavy chains, free K® heavy chains
also did not associate with TAP (Fig. 2).
Thus, complexes with TAP appear to be
formed only after the nascent class I heavy
chain binds B,M.

To confirm the stages in class I biogenesis
in which interaction with TAP occurs, EL4
cells were radiolabeled biosynthetically for 5
min and TAP-class I complexes were recov-
ered with antibodies to TAP2 from cells that
had been lysed at various time points after
labeling. For comparison, B,M-associated K®
and DP molecules were isolated from replicate
samples with monoclonal antibodies (mAbs)
that recognize only K® or DP heavy chains
associated with B,M (Fig. 3A, K® and Db).
Consistent with previous work (18), heavy
chain-B,M association was rapid for both
class I molecules; the amount of 3,M-associ-
ated heavy chains was maximal by about 10
min of chase (Fig. 3B, endo H® Kb DPb).
Transport from the ER through the medial-
and trans-Golgi apparatus had characteristic
half-times of ~32 min for K> and ~62 min for
Db, as measured by the processing of heavy
chain oligosaccharides to endo H-resistant
forms (Fig. 3B insets, endo H* K, Db). The
association of TAP with K and D molecules
was rapid (Fig. 3A, TAP). Complexes were
detected after 5 min of labeling and reached a
maximum by 10 min of chase with unlabeled
methionine reflecting the association of class I
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Fig. 3. Kinetics of TAP—class | interaction. EL4 cells were radiolabeled for 5 min with [33S]methionine
and then incubated in methionine-containing medium for periods up to 4 hours. (A) At the indicated
times, aliquots of cells were lysed and immunoprecipitated with either antiserum to TAP2 to recover
TAP—class | complexes, mAb Y-3 to recover B,M-associated K® molecules, or mAb B22-249.R1 to
recover B,M-associated DP molecules (34). These antibodies recovered in excess of 80% of their
respective antigens in a single immunoprecipitation. Immune complexes were digested with endo
H and analyzed by SDS-PAGE. The K® and DP molecules associated with TAP could be resolved
after digestion of TAP2 immunoprecipitates with endo H, because the K protein is 10 amino acids
larger than DP. The mobilities of TAP, endo H-sensitive and —resistant K® and D® heavy chains, and
B,M are indicated, as are molecular sizes in kilodaltons. (B) The amounts of TAP-associated K® or
DP® heavy chains ({J) were compared to the amounts of endo H-sensitive KP or D® heavy chains (@)
by densitometric analysis of the fluorogram in (A). Insets: The amounts of TAP-associated K® or D
heavy chains (expressed as a percentage of maximum) were compared to the percentage of total
K or DP heavy chains at each time point that had acquired resistance to endo H digestion (A).
Because endo H-resistant heavy chains are lost at late time points, due to dissociation of heavy
chain and B,M (A), the percentage of endo H-resistant heavy chains was determined in a separate
experiment using the B,M-independent antibodies, anti-peptide 8 (K®), and 28-14-8s (D®).

heavy chains with B,M. In agreement with
the data in Fig. 1A, only endo H-sensitive K®
and DP molecules were associated with TAP,
indicating that the interaction is restricted to
early stages of the secretory pathway. The
formation and disappearance of TAP—class I
complexes closely reflected the kinetics of
formation and disappearance of endo H-sen-
sitive KP and DP molecules (Fig. 3B, compare
TAP-K® and -D° with endo H* Kb, Db).
Comparison of the amounts of K® and DY
heavy chains recovered in the TAP immuno-
precipitates with total B,M-associated heavy
chains at each time point revealed that an
average of 52% of K® and 73% of DP could be
coimmunoprecipitated with TAP. Whether
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these are true reflections of the percentages of
B,M-associated class I molecules associated
with TAP in vivo or if a portion of the
complexes are disrupted upon cell solubiliza-
tion and antibody binding is unknown. The
TAP-K® and -DP complexes disappeared at
characteristic rates (t;, ~27 min for K® and
~67 min for DP) that resembled the ER to
Golgi transport rates for the KP and DP mol-
ecules (Fig. 3B, insets). Thus, dissociation of
TAP-class I complexes may be related to
events that regulate the ER to Golgi transport
of class I molecules. .

A possible event that might trigger dis-
sociation of the TAP—class I complex is the
binding of peptide ligand to the class I



Fig. 4. Peptide-induced dissocia- A

tion of TAP—class | complexes. Kb
EL4 cells were radiolabeled for 15
min with [33S]methionine and then
permeabilized for 7 min in 30
ng/ml digitonin (38). The perme-
abilized cells were resuspended B
in 0.4 ml of 256 mM Hepes, pH 7.2,
75 mM KOAc, 2.5 mM MgOAc,1.8
mM CaCl,, 5 mM EGTA, 5 mM
ATP and were incubated at 37°C
for 20 min with the indicated con- C
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recover TAP—class | complexes
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mAb Y3 or mAb B22-249.R1 to recover thermostable, peptide-containing K® or D°® molecules,
respectively (right panels). All samples were digested with endo H before analysis by SDS-PAGE.
The mobilities of the KP and D heavy chains are indicated. (C) The data depicted in (A) and (B) was
quantitated by densitometry. The results are representative of two independent experiments.

molecule. The binding of high affinity pep-
tides to heavy chain—B,M heterodimers al-
ters the conformation of the complex and
enhances its thermal stability (I, 19). To
test if peptide ligands are required for dis-
sociation of TAP-class I complexes, the
plasma membranes of radiolabeled EL4 cells
were perforated with a low concentration of
digitonin, allowing passage of Kb or Db-
specific peptide ligands into the cells during
subsequent incubation. As the concentra-
tion of peptide increased, the recovery of
TAP-class I complexes diminished in cor-
responding fashion (Fig. 4, A and B, left).
The effect was specific to each class I
" molecule and its peptide ligand, because no
loss of TAP-DP complexes was observed
upon incubation with the KP-specific pep-
tide (Fig. 4A) and there was no effect on
TAP-K® complexes of adding the Db-
specific peptide (Fig. 4B). Quantitation of
the data (Fig. 4C) indicated that 50% of
TAP-K? complexes dissociated at 3.9 nM
vesicular stomatitus virus (VSV) G peptide
and 50% of TAP-DP complexes dissociated
at 7 nM influenza nucleoprotein (Flu NP)
peptide. For both class I molecules, about
20% of the complexes with TAP were
refractory to peptide-induced dissociation.
Although the specificity of complex disso-
ciation suggested that the loss of complexes
was a consequence of peptide binding to
class I molecules, further support was ob-
tained by quantitating peptide—class I bind-
ing through assessment of the thermostabil-
ity of K® and DY molecules (Fig. 4, A and B,
right). At concentrations of peptides simi-
lar to those that effected TAP-class I dis-
sociation, KP and DY molecules became
stable to incubation at 37°C, reflecting the
binding of their respective peptide ligands.

Half-maximal thermostability was achieved
for KP at 5.2 nM VSV G peptide and for D®
at 10.1 nM Flu NP peptide (Fig. 4C),
concentrations similar to the dissociation
constants established previously for the
binding of these peptides (20, 21).
Collectively, our findings suggest a mod-
el wherein newly assembled, peptide-defi-
cient heavy chain—B,M heterodimers asso-
ciate with TAP and then dissociate upon
binding of a specific peptide ligand to the
heavy chain-,M heterodimer. Although
peptide binding is clearly necessary to dis-
place TAP from class I molecules, it is not
yet clear whether this event alone is suffi-
cient or if other, subsequent events contrib-
ute to dissociation of the complex. TAP is
capable of transporting peptides as long as
15 amino acids and possibly as long as 33
residues (11-13, 22). However, these pep-
tides typically bind with low affinity to class
I molecules, suggesting that for some li-
gands proteolytic trimming in the ER may
be required to achieve high affinity binding
(20, 21, 23). A TAP—class I complex may
provide a sufficiently high local concentra-
tion of such peptides to permit binding to
class I and subsequent trimming of exposed
termini (3). Although the association be-
tween TAP and class I heterodimers is
likely to increase the efficiency of peptide
capture, peptide binding to class I in vivo
can occur in the absence of an interaction
with TAP. Peptide ligands fused to hydro-
phobic signal sequences can be delivered
into the ER of TAP-deficient cells and
presented in association with class I mole-
cules at the cell surface (24). Also, in
TAP-deficient cells, class I molecules bind
peptides derived from NH,-terminal signal
sequences of endogenous proteins of the
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secretory pathway (25).

Our data also bear on the issue of the
order of assembly of class I molecules in
vivo. Although the bulk of studies supports
the association of heavy chains with g,M
before peptide binding (20, 26), the obser-
vation that peptides can bind to free heavy
chains [albeit with much lower affinity than
to heterodimers (27)] raises the question of
whether this latter pathway occurs signifi-
cantly in vivo. Because TAP does not
interact with newly synthesized free heavy
chains but instead associates with heavy
chain—-B,M heterodimers, it seems reason-
able to suggest that free heavy chains would
be in a less favorable environment to ac-
quire peptides than heterodimers.

Nascent class I heavy chains bind rapid-
ly and quantitatively to calnexin (p88), a
resident ER chaperone. This association is
maintained during class I assembly and then
calnexin dissociates at a rate that is similar
to the characteristic ER to Golgi transport
rate observed for individual class I allotypes
(18). Since calnexin retards the intracellu-
lar transport of incompletely assembled
class 1 molecules (28), it is likely that
interaction with calnexin is a significant
factor in determining the distinct ER to
Golgi transport rates of class I molecules.
The relationship between the binding of
TAP and calnexin to heavy chain-$,M
heterodimers has not been established.
However, given that TAP is localized to
early stages of the secretory pathway (10)
and it dissociates from class I molecules in
parallel with class I transport from the ER
to the Golgi apparatus (Fig. 3), the possi-
bility must be considered that TAP may
function in conjunction with calnexin in
regulating the intracellular transport of as-
sembling class I molecules.
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The TATA-Binding Protein: A General Transcription
Factor in Eukaryotes and Archaebacteria

Tracey Rowlands, Peter Baumann, Stephen P. Jackson*

The TATA-binding protein TBP appears to be essential for all transcription in eukaryotic
cell nuclei, which suggests that its function was established early in evolution. Archae-
bacteria constitute a kingdom of organisms distinct from eukaryotes and eubacteria.
Archaebacterial gene regulatory sequences often map to TATA box-like motifs. Here it is
shown that the archaebacterium Pyrococcus woesei expresses a protein with structural
and functional similarity to eukaryotic TBP molecules. This suggests that TBP’s role in
transcription was established before the archaebacterial and eukaryotic lineages diverged
and that the transcription systems of archaebacteria and eukaryotes are fundamentally

homologous.

The TATA box-binding protein TBP is
an essential transcription factor for eukary-
otic RNA polymerases I, II, and III, and
thus appears to be required for all nuclear
transcription (I). Binding of TBP to DNA
is usually the first step in the assembly of an
RNA polymerase II transcription complex.
Once bound to DNA, TBP nucleates the
assembly of other general transcription fac-
tors and directs the start of transcription to a
site approximately 25 base pairs (bp) down-
stream from the TATA box. TBP also func-
tions in transcriptional regulation because it
is the target of many transcriptional activa-
tors and repressors (2, 3). Reflecting its
importance, TBP is exceedingly conserved
throughout evolution; its core domain of 180
amino acid residues is over 80% identical
between yeast and humans (4).

Sequence analysis shows that the three
eukaryotic RNA polymerases are evolution-
arily related (5), which indicates that they
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arose from a common origin. One might
therefore speculate that the ancestor of
eukaryotes had a single RNA polymerase
and a single set of general transcription
factors, one of which would have been
TBP. Although the single RNA polymerase
of eubacteria is related to the eukaryotic
enzymes, eubacteria appear to lack ho-
mologs of TBP and of other eukaryotic
general factors. The archaebacteria (ar-
chaea) constitute a third major kingdom of
life (6, 7). Although archaebacteria lack
nuclei, resemble eubacteria in morphology,
and have a single RNA polymerase, they
are at least as distant evolutionarily from
Escherichia coli as they are from humans.
Archaebacterial RNA polymerases more
closely resemble those of eukaryotes than
those of eubacteria (7), and putative ar-
chaebacterial homologs of transcription fac-
tors TFIIB and TFIIS have been identified
(8, 9). Because many archaebacterial gene
regulatory sequences map to TATA box-
like motifs approximately 25 bp upstream of
transcription start sites and fractionation of
archaebacterial extracts has identified a
transcription factor that operates through





