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T

he MHC class I antigen–processing pathway is a constitutive surveillance system that allows CTLs to monitor intracellular proteins (1–3). While the principal purpose of MHC class I antigen presentation is in the defense
against viral infection, MHC class I molecules also present
peptides derived from bacterial and protozoal pathogens (4).
The essential aspects of the MHC class I antigen–processing
pathway have been defined. First, endogenous and pathogen-derived proteins in the cytosol are degraded into peptides by the multicatalytic protease complex, or proteasome
(5). The precise source of antigenic peptides is somewhat
controversial since, in the case of antigens synthesized by
the host cell, proteasomes may degrade either the mature protein or defective products generated during translation (6).
Peptide fragments are then moved in an ATP-dependent
process into the lumen of the endoplasmic reticulum (ER)1
by the transporter associated with antigen processing (TAP,
reference 7). While peptides are being generated in the cy1Abbreviations

used in this paper: ANM, anisomycin; BFA, brefeldin A;
CHX, cycloheximide; endo H, endoglycosidase H; ER, endoplasmic
reticulum; LLO, listeriolysin O; o/n, overnight; TAP, transporter associated with antigen processing.
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tosol, MHC class I molecules are being synthesized and inserted into the ER membrane, where they first associate with
b2-microglobulin and then TAP in a process that involves
calnexin, calreticulin, and a newly described protein called
tapasin (8). MHC molecules remain associated with TAP
until they bind a peptide, at which time they dissociate from
TAP and traffic, as an MHC class I–b2-m–peptide heterotrimer, to the cell surface (9). Although it is clear that antigenic peptides associate with MHC class I molecules in the
ER (10), it is unclear how MHC class I molecules manage to
selectively capture high affinity peptides. While the function of tapasin in MHC peptide loading is unclear (8), there
is evidence that association of MHC class I with TAP may
induce a conformational change that makes MHC class I molecules more peptide receptive (11).
In the absence of infection, peptides generated by proteasome-mediated degradation of endogenous proteins are
the major substrates transported by TAP and bound by
MHC class I H chains (12). Because intracellular pathogens
constitute only a very small fraction of the total protein of
an infected cell, even in heavily infected cells the majority
of peptides associated with MHC class I H chains are derived from the host cell. Although it would be advanta-
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Summary
Association of antigenic peptides with newly synthesized major histocompatibility complex (MHC)
class I molecules occurs in the endoplasmic reticulum and is a critical early step for the initiation of cytotoxic T lymphocyte (CTL)-mediated immune defenses. Pathogen-derived peptides
compete with a plethora of endogenous peptides for MHC class I grooves. We find that two
H2-Kd–restricted peptides, which derive from the Listeria monocytogenes p60 antigen, accumulate in infected cells with different kinetics. Although competition assays suggest that both epitopes are bound with equivalent affinity, they dissociate from MHC class I molecules at markedly different rates. p60 217-225 forms complexes with H2-Kd with a half-life .6 h, while p60
449-457 dissociates from H2-Kd with a half-life of z1 h. We find that p60 449-457–H2-Kd
complexes retained intracellularly with brefeldin A have a half-life of 30 min, and thus are less
stable than surface complexes. While peptide dissociation from retained MHC class I molecules
is enhanced, retained H2-Kd molecules maintain a remarkable capacity to bind new T cell epitopes. We find that intracellular H2-Kd molecules can bind new CTL epitopes for up to 3 h after
their synthesis. Our studies provide a glimpse of peptide interaction with MHC class I molecules in the endoplasmic reticulum/proximal Golgi complex of intact, infected cells. We propose that the increased intracellular lability of peptide–MHC class I complexes may function to
optimize the spectrum of peptides presented to T lymphocytes during cellular infection.

Materials and Methods
Bacteria and Cell Lines. L. monocytogenes strain 43251 was obtained from the American Type Culture Collection (Rockville,
MD) and grown in brain hearth infusion. H2-Kd-transfected
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RMA-S cells (25) were provided by M. Bevan (University of Washington, Seattle, WA) and grown in HL-1 medium (BioWhittaker,
Inc., Walkersville, MD) with 400 mg/ml G418 (GIBCO BRL,
Gaithersburg, MD). Macrophage cell line J774 (BALB/c, H-2d)
and the mastocytoma cell line P815 (DBA/2, H-2d) (both from
American Type Culture Collection) were grown in RPMI 1640
(GIBCO BRL) with 10% FCS, 2 mM L-glutamine, 20 mM
Hepes (pH 7.5), 50 mM 2-mercaptoethanol, penicillin, streptomycin, and gentamicin (RP10 media). CTL clones L12.3, L9.6, and
WP11.12 were derived from L. monocytogenes–primed C57BL/6 3
BALB/c (H-2bxd) mice and maintained as described (16). L12.3 is
specific for LLO 91-99, L9.6 is specific for p60 217-225, and
WP11.12 is specific for p60 449-457, each in the context of the
H2-Kd molecule.
Peptides and Reagents. Synthetic LLO 91-99 (GYKDGNEYI),
p60 217-225 (KYGVSVQDI), and p60 449-457 (IYVGNGQMI)
peptides were purchased from Research Genetics, Inc. (Huntsville,
AL). Peptides were HPLC purified and quantified by amino acid
analysis and mass spectrometry. BFA was purchased from Epicentre Technologies (Madison, WI) and cycloheximide (CHX) and
anisomycin (ANM) from Sigma Chemical Co. (St. Louis, MO).
CTL Assays. CTL assays were performed as previously described (16). In short, 104 [51Cr]sodium chromate P815 target
cells were added to HPLC-fractionated peptides or synthetic peptides dissolved in PBS. CTL were added at an E/T ratio of 1–3:1
and the assays were incubated for 4–5 h at 378C. Supernatants
were assayed for 51Cr-release in a gamma counter. The percentage of specific lysis was determined as described previously (15).
Peptide Competition Assays. To estimate the affinity of H2-Kd
for p60 217-225 and p60 449-457, P815 target cells were incubated in the presence of 10210 M LLO 91-99 and a range of either p60 217-225 or p60 449-457 concentrations. Target cells
were incubated with peptides for 30 min before the addition of
CTL clone L12.3 (specific for LLO 91-99) at an effector to target
ratio of 2:1. The percent specific lysis was determined 4 h after
the addition of CTL.
Epitope Extraction and HPLC Fractionation. J774 cells were grown
to confluence in 27-ml RP10 media without antibiotics (RP102)
in 150-mm tissue-culture plates. Cells were infected with 3 ml of a
log phase culture of L. monocytogenes (OD600 of 0.1) for 30 min.
The media was then replaced with RP102 containing 5 mg/ml
gentamicin. Infected J774 macrophages were harvested by scraping
with PBS, pelleted by centrifugation, and stored at 2808C. To extract peptides, pellets were resuspended in 10 ml 0.1% TFA, dounce
homogenized, sonicated, and centrifuged, at 100,000 g for 35 min
at 48C. Supernatants were lyophilized, pellets were resuspended
in 0.1% TFA, spun through a Centricon-10 membrane, and
fractionated by reverse-phase HPLC using a 0–60% acetonitrile
gradient. Separated peptide fractions were lyophilized and used for
CTL assays (16).
Epitope Quantification. Lyophilized HPLC fractions were dissolved in 200 ml PBS. Samples of 5–50 ml were loaded on P815
target cells and tested for the presence of LLO 91-99, p60 217225, or p60 449-457 with CTL clones L12.3, L9.6, and WP11.12,
respectively. Peptide-containing fractions were titrated and assayed in triplicate along with standard concentrations of synthetic
peptides. Molar amounts of peptide were determined and epitope
numbers were calculated as described (16).
H2-Kd Stability. RMA-S Kd cells were seeded in the wells of
24-well plates at a concentration of 106 cells/ml (1 ml/well) in serum-free HL-1 medium with 400 mg/ml G418. Cells were incubated with 30 mM synthetic LLO 91-99, p60 217-225, or p60
449-457, or without peptide at 378C overnight (o/n). Cells were
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geous to the infected host to provide foreign peptides with
open access to H chain grooves, it is unclear how accomodating the MHC class I surveillance system is to pathogen
derived peptides.
We have used the intracellular pathogen Listeria monocytogenes to investigate the MHC class I antigen–processing
pathway. L. monocytogenes is a gram-positive bacterium that
causes severe disease in pregnant and immunocompromised
individuals (13). Upon phagocytosis by macrophages, L.
monocytogenes enters the cytosol by secreting listeriolysin O
(LLO), a pore-forming hemolysin which destroys the phagolysosomal membrane (14). Two bacterially secreted proteins,
LLO and the murein hydrolase p60, are degraded by proteasomes in the host cell cytosol to form three nonamer
peptides: LLO 91-99, p60 217-225, and p60 449-457 (15–
18). These three Listeria-derived peptides are presented to
CTL by H2-Kd MHC class I molecules. The number of secreted antigen molecules that the host cell degrades to generate a single H2-Kd-associated epitope ranges from 3–11
(for LLO 91-99 and p60 449-457) to 35 (for p60 217-225)
(17, 19, 20). While the majority of antigen molecules that
are degraded by the host cell do not yield an antigenic peptide, it is unclear where the losses occur. Each step of the
MHC class I antigen–processing pathway, from proteasomemediated antigen degradation to peptide transport by TAP
and association with H-2Kd grooves, may exact a substantial loss of epitopes (21–24).
In this report, we investigate the kinetics of CTL epitope
generation and loss in L. monocytogenes–infected cells. Because intracellular L. monocytogenes and the host cell are metabolically distinct, it is possible to selectively manipulate antigen production and host cell antigen processing in intact
cells with specific inhibitors. We exploit this ability to show
that two peptides that are bound with high affinity dissociate from H2-Kd molecules at remarkably different rates. We
find that one of the epitopes, p60 217-225, forms a stable
complex with H2-Kd while the other epitope, p60 449457 forms a more labile complex with H2-Kd. p60 449457 dissociation occurs more rapidly when H2-Kd molecules are retained within the cell with brefeldin A (BFA)
than when they transit to the cell surface, which suggests
that intracellular conditions decrease the strength of MHC
class I–peptide interactions. Although synthesis of new MHC
class I molecules is essential for the generation of CTL epitopes, we find that intracellularly retained MHC molecules
continue to bind new L. monocytogenes peptides for up to 3 h.
Our findings demonstrate the tremendous capacity of class
I molecules to bind pathogen-derived peptides upon cellular infection. Furthermore, enhanced peptide dissociation
from MHC class I molecules in the ER/Golgi may enhance cell surface presentation of long-lived epitopes.

Results
Kinetics of CTL Epitope Loss from L. monocytogenes–infected
Cells. In previous studies we have shown that p60 449457 is generated in L. monocytogenes infected J774 cells earlier and faster than p60 217-225 (17). During the first few
hours of infection, z10 times as much p60 449-457 can be
extracted from infected cells as p60 217-225. Since both
peptides derive from the same antigen and bind to H2-Kd
molecules, the difference in numbers is attributable to a
greater efficiency of p60 449-457 generation (17). To determine if MHC–peptide complex stability plays a role in
the kinetics of p60 217-225 and p60 449-457 accumulation
in L. monocytogenes–infected cells, we treated cells with tetracycline, which rapidly inhibits bacterial protein synthesis.
Epitopes were quantified at hourly intervals after the cessa1405
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tion of antigen synthesis. In agreement with previous findings (19), we found that p60 217-225 epitope numbers are
stable in infected cells (Fig. 1 A). However, the number of
p60 449-457 epitopes that can be extracted from infected
cells after tetracycline treatment drops abruptly, from 9,000 epitopes/cell to only 1,000 epitopes/cell 3 h later (Fig. 1 B). In
the absence of tetracycline, p60 217-225 levels continue to
increase in number between 4 and 7 h of cellular infection.
In contrast, the number of p60 449-457 epitopes per cell
remains stable between 5 and 7 h after infection in the absence of tetracycline. Taken together, our results indicate
that the plateau levels of p60 449-457 epitopes during the
later stages of cellular infection reflect an equilibrium, with
equal amounts of p60 449-457 being generated and lost
within infected cells.
p60 217-225 and p60 449-457 Bind H2-Kd with High Affinity. The different rates of p60 217-225 and p60 449-457
loss from L. monocytogenes–infected cells might be accounted
for by distinct affinities of H2-Kd for the two peptides. The
relative affinities of H2-Kd for p60 217-225 and p60 449457 were estimated by peptide competition assays against a
third H2-Kd–restricted peptide, LLO 91-99. Using LLO
91-99 as the targeting peptide with CTL clone L12.3,
which is specific for LLO 91-99, we found that p60 217225 and p60 449-457 were identical at competing for H2Kd binding (Fig. 1 C). These results confirm our previous
findings (17) and indicate that the different kinetics of p60
217-225 and p60 449-457 loss in L. monocytogenes–infected
cells cannot be attributed to different affinities, as determined by competition assays, of H2-Kd for the epitopes.
p60 449-457 Dissociates More Readily from H2-Kd than
LLO 91-99 or p60 217-225. The most likely explanation for the rapid loss of p60 449-457 from tetracyclinetreated cells is that p60 dissociates from H2-Kd and is destroyed by intra- and extracellular proteases. To determine
if the two p60 epitopes and LLO 91-99 (which forms stable
complexes with H2-Kd in infected cells; reference 20) differ
in their dissociation from class I molecules, we incubated
H2-Kd–transfected RMA-S cells with the three L. monocytogenes peptides o/n and then determined the stability of
surface H2-Kd expression by flow cytometry. All three
peptides stabilized surface H2-Kd after o/n incubation (Fig.
1 D). However, when cells were incubated at 378C in the
absence of peptides, surface H2-Kd complexes generated
with p60 449-457 were markedly less stable than those
generated with either LLO 91-99 or p60 217-225 (Fig. 1 D).
These findings suggest that the loss of p60 449-457 in infected cells results from the enhanced dissociation of p60
449-457 relative to the other two epitopes. The decrease in
surface expression of H2-Kd complexes with LLO 91-99 and
p60 217-225 detected in this assay probably results from (a)
the early loss of peptides that were only partially bound, (b)
the more prolonged decrease attributable H2-Kd dilution
caused by continued cell division, and (c) the intrinsic turnover rate of peptide-stabilized H2-Kd. The finding that
H2-Kd complexes with p60 449-457 appear to be more
stable in the RMA-S-Kd assay than p60 449-457 in infected cells, likely results from an overestimation of pep-
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harvested, washed three times with PBS, and chased at 378C in
the absence of peptide. Samples were taken after 0, 2, 4, and 6 h,
washed with ice-cold PBS with 0.5% bovine serum albumin and
0.02% NaN3 (PBS buffer) and stained for H2-Kd class I expression.
Flow Cytometry. 4 3 105 cells were incubated with an excess
amount of SF1-1.1.1 (a conformation-dependent mAb specific for
the H2-Kd a3 domain) or without antibody for 30 min on ice.
Cells were washed with PBS buffer and then incubated with FITCconjugated goat anti–mouse Ig for 30 min, washed twice, and then
fixed in 1% paraformaldehyde in PBS. Fluorescence was measured with a FACScan flow cytometer and data were analyzed
using the CELLQuest application programs (Becton Dickinson,
Mountain View, CA).
H2-Kd Trafficking. H2-Kd was metabolically labeled and immunoprecipitated as previously described (26). In short, 2–4 3
106 J774 cells were seeded in 25-cm2 tissue-culture flasks in 10 ml
RP10 media without antibiotics (RP102) and incubated at 378C
o/n. Cells were infected with 1 ml of log phase L. monocytogenes
(OD600 of 0.1) for 30 min, washed with PBS, and placed in
RP102 with 50 mg/ml gentamicin for 3 h.
Monolayers of uninfected or infected J774 cells were washed with
PBS and placed in 1 ml of methionine-free medium (methionine-free DMEM with 3% dialyzed FCS, 2 mM l-glutamine, 20
mM Hepes, pH 7.5). After 30 min, 50 mCi [35S]methionine (translabel, ICN Biomedicals Inc., Irvine, CA) was added and cells were
pulse labeled for 15 min. Chases were performed in 4 ml RP102,
and 20 mg/ml tetracycline was added to L. monocytogenes–infected
cells. Cells were lysed on ice in 1 ml lysis buffer (1% Triton X-100
in 140 mM NaCl, 10 mM Tris-HCl, pH 7.4 [Tris-buffered saline]
with 0.5 mM PMSF and 0.1 mM Na-p-tosyl-l-lysine chloromethyl ketone), and the detergent lysates were centrifuged (6 min,
14,000 rpm at 48C) and precleared with 25 ml protein A–Sepharose
(50% slurry) and 5 ml mouse IgG for 4 h at 48C. H2-Kd was immunoprecipitated with 25 ml protein A–Sepharose and 5 ml SF11.1.1 (1.4 mg/ml) for 30 min at 48C. Sepharose beads were washed
with Tris-buffered saline/0.5% Triton X-100, resuspended in
endoglycosidase H (endo H) buffer (0.1 M phosphate buffer, pH
6.5, 0.5% SDS), and boiled for 2 min. The samples were split; half
was mock-digested, and the other half digested with 2 3 1023 U
endo H at 378C o/n. Sample buffer was added and proteins were
separated on 10% polyacrylamide gels under reducing conditions.
Radioactive signals were enhanced by incubation with 0.5 M salicylate for 15 min and visualized by autoradiography.

Figure 1. Two H2-Kd–binding p60 epitopes accumulate with different
kinetics in infected cells. (A and B) J774 cells were infected with L. monocytogenes and p60 epitope accumulation followed in the absence and in the
presence of 20 mg/ml tetracycline (TCN), a specific inhibitor of bacterial
protein synthesis. TCN was added 4 h after infection. Cells were harvested at the indicated time periods, peptides were acid extracted, HPLC
fractionated, and the amount of p60 217-225 and p60 449-457 was determined with CTL clone L9.6 (A) and WP11.12 (B). Epitope numbers
were quantified and expressed as epitopes per infected cell. (C) Comparison of the binding affinities of p60 217-225 and p60 449-457 for H2-Kd
molecules. P815 target cells were coated with 10210 M LLO 91-99 in the
presence of a range of p60 peptide concentrations and tested for recognition by LLO 91-99–specific CTL clone L12.3 as described in Materials
and Methods. (D) Stability of H2-Kd-Listeria peptide complexes on the
cell surface of RMA-S cells. Class I expression on RMA-S Kd cells was
induced by incubation in the presence of 30 mM synthetic LLO 91-99,
p60 217-225, or p60 449-457 at 378C o/n. Control cells were incubated
in the absence of peptide. Cells were chased at 378C in the absence of
peptide, and the stability of surface H2-Kd molecules was determined
with H2-Kd–specific antibody SF1-1.1.1 and flow cytometry as described
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tide-containing surface complexes on RMA-S cells, since
MHC class I molecules may be detected by conformationspecific antibody for some time after peptide dissociation.
Enhanced Dissociation of p60 449-457 from H2-Kd Molecules in the ER/Golgi. Since H2-Kd molecules travel to
the cell surface rapidly in L. monocytogenes–infected cells (26),
the majority of CTL epitopes extracted from tetracyclinetreated infected cells are likely to come from cell-surface
H2-Kd. Thus, the 1 h half-life of p60 449-457 in infected
cells principally reflects cell surface dissociation of p60 449457 from H2-Kd. We decided to determine if the stability
of intracellular MHC peptide complexes is similar to surface complexes. BFA is an antibiotic that disrupts the Golgi
complex, thereby preventing the movement of ER contents
to the cell surface (27). BFA does not detectably affect L.
monocytogenes multiplication, protein synthesis, or protein
secretion (results not shown). We investigated the trafficking of metabolically labeled H2-Kd in L. monocytogenes–
infected J774 cells in the absence and presence of BFA. In
the absence of BFA, the great majority of pulse labeled H2Kd becomes endo H resistant after a 2 h chase, indicating
that the complexes have trafficked through the Golgi complex (Fig. 2). In the presence of BFA, however, immunoprecipitated H2-Kd molecules remain endo H–sensitive,
indicating that they have not traversed the Golgi complex
(Fig. 2). It is noteworthy that retained H2-Kd molecules are
stable, with minimal loss during the 4-h chase period.
We next investigated the effect of BFA treatment on the
generation of p60 217-225 and p60 449-457 epitopes in L.

in Materials and Methods. Mean fluorecence channels of 10,000 gated
events are depicted on the y-axis. Similar results were obtained in three
independent experiments.
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Figure 2. BFA treatment induces intracellular retention of H2-Kd molecules in infected J774 cells. J774 cells were infected with L. monocytogenes
for 3 h and treated with 5 mg/ml BFA or left untreated. Cells were then
pulse labeled with [35S]methionine and chased for the indicated time periods in the presence or absence of BFA. H2-Kd molecules were immunoprecipitated and either endo H–digested (1) or mock-digested (2) and
subjected to SDS-PAGE. Molecular weight markers are shown on the left.

Table 1. Intracellular Retention of H2-Kd–p60 449-457
Complexes Shorten Their Half-life
Half-life of p60 449-457
Experiment

2 BFA

1 BFA
(min)

1
2
3
Mean

58
82
62
67

27
28
33
29

Figure 3. p60 449-457 dissociates at an enhanced rate from intracellularly-retained H2-Kd molecules. (A and B) J774 cells were infected with
L. monocytogenes, and after 3 h, incubated in the absence or presence of
BFA. p60 epitope accumulation was determined at the indicated times.
CTL clone L9.6 was used to quantify p60 217-225 (A) and clone
WP11.12 to quantify p60 449-457 (B). (C and D) p60 epitope accumulation and loss was also determined in infected, BFA-treated J774 cells in
the presence and absence of TCN. BFA was added 3 h after infection and
TCN was added 4 h after infection. CTL clone L9.6 was used to quantify
p60 217-225 (C) and clone WP11.12 to quantify p60 449-457 (D).

monocytogenes–infected J774 cells. The amount of p60 217225 that was extracted from infected cells was not affected
by BFA (Fig. 3 A). This result confirms the finding that
BFA does not inhibit the generation of CTL epitopes (10).
In contrast, z60% more p60 449-457 epitopes were extracted from BFA-treated cells 6–7 h after infection than
from untreated cells. This finding may be attributable to unusually high concentrations of H2-Kd and b2-microglobulin
in the ER (28). To determine the stability of p60 217-225
and p60 449-457 when H2-Kd is retained intracellularly,
we inhibited L. monocytogenes protein synthesis in infected,
BFA treated cells and quantified epitope numbers. Surpris1407
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ingly, although the amount of p60 217-225 decreased only
minimally (Fig. 3 C), the loss of p60 449-457 in BFAtreated cells was very rapid (Fig. 3 D). The half-life of p60
449-457 associated with retained and normally trafficking
H2-Kd molecules is shown in Table 1. In three separate experiments, the half-life of p60 449-457 in BFA-treated cells
was reduced by z50%. Thus, in L. monocytogenes–infected
cells, p60 449-457–H2-Kd complexes are less stable intracellularly than on the cell surface.
H2-Kd Molecules Remain Peptide Receptive in the ER. In the
preceeding experiment, trafficking from the ER to the cell
surface was inhibited with BFA, but host cell protein synthesis continued. Thus, new H2-Kd molecules were being
synthesized and inserted into the ER membrane and then
binding newly-generated p60 217-225 and p60 449-457.
We next determined if p60 217-225 and p60 449-457 associate with newly synthesized H2-Kd, or if H2-Kd molecules
that had been retained intracellularly for several hours could
also bind epitopes. CHX and ANM, specific inhibitors of
eukaryotic but not prokaryotic protein synthesis, abolish H2Kd synthesis in J774 cells (results not shown). J774 cells
were infected with L. monocytogenes and then treated with
CHX–ANM. The number of p60 217-225 epitopes stops
increasing when host cell protein synthesis is inhibited
since H2-Kd molecules, by leaving the ER, rapidly become
unavailable for peptide binding (Fig. 4 A). The number of
p60 449-457 epitopes per cell decreases after CHX–ANM
treatment since this epitope dissociates at a rapid rate from
H2-Kd (Fig. 4 B). To determine if H2-Kd molecules retained in the ER could continue to bind peptides, we
treated cells with BFA and then stopped further host cell
protein synthesis with CHX–ANM. As demonstrated in
Fig. 4, H2-Kd molecules retained in the ER remained capable of binding new p60 217-225 and p60 449-457 epitopes for up to 3 h. Although the number of p60 449-457
epitopes does not increase in BFA-treated cells when host cell
protein synthesis has been inhibited for 2–3 h (see Fig. 3 B,
6 and 7 h time points), new H2-Kd–p60 449-457 complexes
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In three separate experiments, the loss of p60 449-457 epitopes from
tetracycline-treated, L. monocytogenes–infected J774 cells was determined as described in Materials and Methods, and the half-life was determined.

are being generated since the number of p60 449-457 epitopes rapidly delines in the absence of antigen (see Fig. 3 D).
Most H2-Kd molecules exit the ER within 1 to 2 h after
synthesis, indicating that they have bound a peptide during
this time interval. Therefore, our finding that retained H2Kd molecules bind newly generated p60 217-225 and p60
449-457 for up to 3 h suggests that some of the H2-Kd
molecules binding the L. monocytogenes epitopes previously
bound other peptides. A potential problem with this interpretation is that protein synthesis inhibition, while preventing new H2-Kd synthesis, may also inhibit production of
endogenous peptides from newly synthesized proteins. This
would be particularly true if defective ribosomal products
(6) are a major source of MHC class I–associated peptides.
Thus, inhibiting protein synthesis may lead to a paucity of
endogenous peptides and an abundance of empty H2-Kd
molecules in the ER, thereby enhancing bacterial peptide
capture. The importance of endogenous peptide production for normal H2-Kd trafficking to the cell surface can be
readily demonstrated with proteasome inhibitors, which inhibit cytosolic peptide generation and retard H2-Kd trafficking to the cell surface (18). To address the issue of peptide
production when host cell protein synthesis is inhibited, we
pulse labeled BFA-treated J774 cells with [35S]methionine
and chased for 1, 2, and 3 h in the presence of CHX–
ANM. Despite inhibition of cellular protein synthesis,
pulse-labeled H2-Kd molecules acquired endo H resistance
upon BFA removal, indicating that they trafficked through
the Golgi (Fig. 5). Thus, sufficient quantities of peptide are
generated in the absence of host cell protein synthesis to
enable H2-Kd transit with essentially normal kinetics. Importantly, all detectable H2-Kd molecules trafficked through
the Golgi within 2 h after release of the BFA blockade, indicating that within this time period they had acquired an
endogenous peptide. In contrast, H2-Kd molecules retained
intracellularly with BFA continued to acquire L. monocyto1408

genes epitopes 2–3 h after H2-Kd synthesis (Fig. 4). These
findings suggest that H2-Kd molecules, if retained in a cellular compartment in which peptide loading occurs, are capable of binding peptides for a period of time that exceeds
the time necessary for the acquisition of endogenous peptides.
Discussion
Our studies of L. monocytogenes–infected cells have demonstrated several previously uncharacterized aspects of the
MHC class I antigen–processing pathway. (a) Peptides with
very similar affinities for MHC class I, as determined by
competition assays, can have dramatically different dissociation rates, which will influence their surface representation.
(b) Dissociation of peptides, particularly high off-rate peptides, occurs more rapidly intracellularly than on the cell
surface. (c) Intracellular MHC class I molecules remain peptide receptive for a period of time that exceeds their usual
residence in the ER. These findings have important implications for our understanding of T cell responses to intracellular pathogens.
The rate of antigenic peptide dissociation from MHC
class I molecules determines the density of surface complexes
available for T lymphocyte detection. Stable MHC class II–
peptide complexes, for example, persist on the cell surface
longer, giving them a greater opportunity to be of immunologic significance (29). In this report we demonstrate
that epitope dissociation from naturally loaded MHC class I
molecules can vary dramatically between peptides that appear, by competition assays, to have similar affinities for the
class I molecule. The prevalence of p60 449-457 in infected cells is greater than either LLO 91-99 or p60 217225 throughout cellular infection because p60 449-457 is
processed very efficiently (17). When p60 synthesis is made
transient by tetracycline treatment of infected cells, the
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Figure 4. Accumulation of p60 peptides in CHX–ANM-treated infected J774 cells. J774 cells were infected with L. monocytogenes for 3 h
and then treated with BFA or left untreated. CHX and ANM were added
4 h after infection to inhibit cellular protein synthesis and p60 epitope
production was determined. p60 217-225 and p60 449-457 epitopes were
quantified with CTL clone L9.6 (A) and WP11.12 (B), respectively.

Figure 5. H2-Kd trafficking in CHX–ANM-treated J774 cells. J774
cells were pulse labeled in the presence of 5 mg/ml BFA to retain class I
molecules, and then chased in the presence of CHX (50 mg/ml) and
ANM (30 mg/ml). BFA was removed from the culture medium immediately after the pulse, and cells were either harvested immediately (0 h) or
chased 1, 2, or 3 h in medium with or without CHX and ANM. H2-Kd
molecules were immunoprecipitated, mock- or endo H–digested, and analyzed by SDS PAGE. Molecular weight markers are indicated on the left.

tion of peptides with rapid off-rates (37). Whether the more
rapid dissociation of low affinity peptides from class I molecules in the ER results from a similar interaction with a
chaperone molecule, or perhaps tapasin, remains to be examined.
Current models of MHC class I antigen processing propose that newly synthesized MHC class I molecules form a
complex with b2-microglobulin and associate with TAP
molecules in the ER. When the MHC class I–b2-microglobulin complex binds a peptide, the trimeric complex
dissociates from TAP and travels to the cell surface. The
length of time from H chain synthesis to emigration from
the ER varies with the different allotypes of MHC class I,
but generally occurs within 30–60 min. In the context of
the rapid association of MHC class I molecules with endogenous peptides, our finding that intracellularly retained
H2-Kd molecules can bind additional p60 217-225 and p60
449-457 for up to 3 h after their synthesis is remarkable
(Fig. 4). Since the length of time that retained H2-Kd molecules can bind new CTL epitopes significantly exceeds the
residence time of H2-Kd in the ER in the absence of BFA,
our findings suggest that MHC class I molecules may bind
different peptides sequentially. This suggests that enhanced
dissociation of fast off-rate peptides in the ER may liberate
MHC class I molecules for subsequent interactions with
better, slower off-rate peptides.
Based on our data, we propose the following model for
MHC class I antigen presentation. J774 cells constitutively
synthesize H2-Kd molecules at a high rate that exceeds the
rate of high affinity, slow off-rate endogenous peptide production. As a consequence, newly synthesized H2-Kd molecules bind TAP-translocated peptides of varying affinities
and off-rates. In the absence of higher affinity or slower
off-rate peptides, H-2Kd molecules with fast off-rate peptides travel to the cell surface where their more rapid turnover is inconsequential. Upon cellular infection, however,
new peptides are generated and offered to MHC class I
molecules. The best peptides to present will be those that
form the most stable complex on the cell surface with
MHC class I molecules. We suggest that the ER provides a
microenvironment in which fast off-rate peptides dissociate
more readily, giving slow off-rate peptides a selective advantage to reach the cell surface.
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prevalence of p60 217-225 becomes greater than p60 449457 within several hours (Fig. 1). Thus, differences in peptide–MHC stability during continuous antigen production
are less apparent than when antigen production is transient,
as is typical of many viral infections. In the case of EpsteinBarr virus infection, the disparate amount of two EpsteinBarr virus epitopes has been attributed to different stabilities of their respective complexes with HLA-A11 (30).
Although it is unclear how important epitope density is
in determining the magnitude of CTL responses after infection, it is very likely that differences in the half-lives of
antigenic complexes on the cell surface will have implications for CTL responses. After infection with L. monocytogenes, H2-Kd–p60 217-225 will be present much longer
than H2-Kd–p60 449-457 complexes. The importance of
H2-Kd/peptide stability may be reflected by the finding that,
after murine infection with L. monocytogenes, the number of
CTL responding to p60 217-225 is 10 times greater than
the number responding to p60 449-457 (31). A correlation
between MHC–peptide stability and immunodominance
has been suggested by an analysis of peptides that varied in
their dissociation rate from MHC class I molecules (32).
While the selective presentation of epitopes that are stably bound by MHC class I molecules might enhance the
T cell response to an intracellular pathogen, there is no
known mechanism in the ER for differentiating high offrate from slow off-rate peptides. To increase the likelihood
that an MHC class I molecule will bind a slow off-rate peptide, accelerated peptide dissociation from MHC class I
molecules in the ER would be advantageous. Our finding
that the half-life of intracellularly retained H2-Kd–p60 449457 is decreased suggests that such a mechanism may exist.
How dissociation of p60 449-457 from H2-Kd is enhanced
intracellularly is unknown. It is possible that physiologic
conditions in the ER result in MHC class I conformations
that loosen the association between the H chain groove and
the antigenic peptide. Alternatively, ER resident proteins
may enhance dissociation of fast off-rate peptides. In the
MHC class II antigen processing pathway, the HLA-DM
molecule catalyzes dissociation of invariant chain derived
CLIP peptides from MHC class II molecules and facilitates
loading with antigenic peptides (33–36). Recent studies indicate that HLA-DM may selectively enhance the dissocia-
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