
Peptide Influences the Folding and IntraceUular 
Transport of Free Major Histocompatibility 
Complex Class I Heavy Chains 
By Robert P. Machold,* Sofia Andr6e,* Luc Van Kaer,  
Hans-Gustaf Ljunggren,* and Hidde L. Ploegh* 

From the *Center for Cancer Research and Department of Biology, and the *Howard Hughes 
Medical Institute, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 

Sul'rlmal~ 

Class I major histocompatibility complex molecules require both B2-microglobulin (~2m) and 
peptide for efficient intracellular transport. With the exception of H-2D b and L d, class I heavy 
chains have not been detectable at the surface of cells lacking B2m. We show that properly con- 
formed class I heavy chains can be detected in a terminally glycosylated form indicative of cell 
surface expression in H-2 b, H-2 d, and H-2 s ~2m -/- concanavalin A (Con A)-stimulated spleno- 
cytes incubated at reduced temperature. Furthermore, we demonstrate the presence of K b mole- 
cules at the surface of B2m-/- cells cultured at 37~ The mode of assembly of class I mole- 
cules encompasses two major pathways: binding of peptide to preformed "empty" heterodimers, 
and binding of peptide to free heavy chains, followed by recruitment of B2m. In support of the 
existence of the latter pathway, we provide evidence for a role of peptide in intracellular transport 
of free class I heavy chains, through analysis of Con A-stimulated splenocytes from transporter 
associated with antigen processing 1 (TAP1) -/- , ~2m -/- , and double-mutant TAP1//32m -/- 
mice. 

M HC class I molecules present short peptide frag- 
ments derived from proteins synthesized in the cyto- 

sol to specific CTL (1). The MHC class I molecule is a heter- 
otrimer comprised of a polymorphic transmembrane glyco- 
protein (heavy chain), fl2-microglobulin (/32m), 1 and peptide 
(2). Assembly of the MHC class I molecule takes place in 
the lumen of the endoplasmic reticulum (ER) and requires 
the presence of the transporter associated with antigen pro- 
cessing (TAP) 1/TAP2 heterodimer, a protein complex that 
transports peptides produced in the cytosol into the EK (3, 
4). In the absence of a functional TAP complex, heavy 
chain-B2m heterodimers are formed that are largely retained 
in the EK, although their cell surface expression can be par- 
tially rescued by addition of peptide to the culture medium 
(5) or incubation at low temperature (6). 

In/32m-deficient cells, the vast majority of class I heavy 
chains are also retained in the ER and are rapidly degraded 
(7). However, limited cell surface expression of H-2D b mol- 
ecules has been observed in lymphoid ceils from mice lacking 
~2m (8). Cell surface-disposed non-/32m-associated ("free") 

1 Abbreviations used in this paper: c~H-2, rabbit olH-2 b antiserum; c~HC, 
anti-heavy chain serum; ap8, Kb-specific antipeptide serum; fl2m, fl2- 
microglobulin; 1D, one-dimensional; ER, endoplasmic reticulum; FTOC, 
fetal thymic organ cultures; Staph. A, 10% fixed Staphylococcus aureus; TAP, 
transporter associated with antigen processing. 

D b heavy chains were shown to exhibit conformation- 
sensitive epitopes and sensitize target cells for killing by al- 
loreactive CTL (9). Nevertheless, in studies with the ~/2m- 
deficient cell line R1E transfected with D b or K b, only D b 
molecules were detectable at the cell surface (7). The L a mol- 
ecule, which is quite similar to D b (94% identity), has also 
been shown to be expressed at the surface of B2m-deficient 
cells (10). 

Are other class I molecules present at the surface of ~/2m -/- 
cells, but at levels below the threshold of available biochem- 
ical methods? H-2 b cells deficient for ~/2m stimulate Kb-allo - 
specific and -restricted CD8 + T cells (11, 12). Fetal thymic 
organ cultures (FTOC) prepared from B2m -/- mice support 
positive selection of CD8 + T cells expressing a K b- restricted 
TCR in the presence of added human B2m and peptide (13), 
implying that free K b heavy chains are present at the cell sur- 
face. By pulse-chase analysis of Con A-stimulated spleno- 
cytes from H-2 b, H-2 d, and H-2 s mice bred onto a B2m-/- 
background, we show here that intraceUular transport of class 
I heavy chains in ~/2m -/- cells can be demonstrated for most 
class I alleles. Specifically, properly conformed K b heavy 
chains can be detected on the surface of H-2 b B2m-/- cells. 

Do class I heavy chains assemble with peptide in cells lacking 
fl2m? Formally, the assembly of MHC class I molecules may 
proceed either by the binding of peptide to an "empty" heavy 
chain-B2m intermediate, or by association of B2m with 
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heavy chain-peptide complexes. Studies on the human cell 
lines T1 and the TAP-deficient T2 have shown that the 
HLA-B5 heavy chains readily assemble with 32m in the ab- 
sence of TAP-dependent peptides (14), and have suggested 
that, even in the presence of these peptides, empty complexes 
may form before peptide binding (14, 15). Although these 
data suggest that association of the heavy chain with/~2m 
usually precedes peptide binding, free D b heavy chains in de- 
tergent lysate of 32m-/- cells can be induced to fold upon 
addition ofpeptide alone (16). Thus, in the course of biosyn- 
thesis, a portion of class I molecules might assemble by forming 
a complex with peptide first, followed by recruitment of 
32m. By comparing the conformation and cell surface ex- 
pression of heavy chains in Con A-stimulated splenocytes from 
H-2 b 32m-/- and H-2 b TAP1/32m -/- mice, we demonstrate 
that the folding and intracellular transport of free class I heavy 
chains is enhanced by TAP-dependent peptides. 

Materials and Methods 
Antibodies. The following antisera and mAbs, prepared as tissue 

culture supematants, were used: rabbit c~H-2 b (txH-2; recognizes 
conformed H-2K, D, and L locus products; a gift of Dr. S. 
Nathenson, Albert Einstein College of Medicine, New York), 
B22.249 (oel of Db; 17), 28-14-8s (o~3 of Db; 18), Y3 (o~1/t~2 of 
Kb; 19), K10.56.1 (specific for conformed Kb; a gift of Dr. G. 
Waneck, Massachusetts General Hospital Cancer Center, Charles- 
town, MA), rabbit anti-p8 (recognizes the cytoplasmic tail of Kb; 
prepared in our laboratory essentially as described; 20), and rabbit 
olHC, a rabbit polyclonal antiserum directed against free class I 
heavy chains. The latter was generated by immunizing New Zealand 
white rabbits with inclusion bodies (kindly provided by Dr. S. 
Nathenson) of soluble K b or D b heavy chains produced in bac- 
teria by overexpression. Before immunoprecipitations, antibodies 
were prebound to 50 #L 10% fixed Staphylococcus aureus (Staph.A) 
for 60 rain and then washed three times in ice-cold wash buffer 
(0.5% NP-40, 50 mM Tris/HC1, pH 7.4, 150 mM NaCI, 5 mM 
EDTA) to remove excess antibody and serum proteins. For FACS | 
stainings, antibodies were purified via protein A-Sepharose (Rep- 
ligen Corp., Cambridge, MA). 

Mice. The generation of TAP1-/- and ~2m -/- (H-2 b haplo- 
type) mice has been described (21, 22). /~2m -/~ mice of H-2 b 
haplotype (C57BL/6X129/Ola) were a gift from Dr. B. Koller 
(University of North Carolina, Durham, NC). 32m -/- mice of 
H-2 d haplotype were prepared by crossing H-2 b/~2m-/- mice with 
BALB/c mice (H-2d), followed by a cross with B10.D2 mice and 
five subsequent generations of brother-sister matings (mice were 
a gift from Dr. T. Hansen, Washington University School of Medi- 
cine, St. Louis, MO). H-2 s /~2m -/- mice were generated by 
crossing with SJL/J (H-2 s) mice, followed by 11 backcrosses (mice 
were a gift from Dr. D. Roopenian, The Jackson Laboratory, Bar 
Harbor, ME). To generate TAP1/32m double-mutant mice (desig- 
nated TAP1/32m-/-), TAP1-/- and 32m-/- mice (both H-2 b) were 
mated, and offspring were subsequently intercrossed and typed. 
Control mice heterozygous for both the TAP1 and 32m genes 
were generated from the same crosses or by mating TAP1/32m-/- 
mice with B6 mice. All other control mice used were obtained from 
The Jackson Laboratory. All mice used were at the age of 6-12 
wk. Mice were maintained at the Division of Comparative Medi- 
cine, Center for Cancer Research, Massachusetts Institute of Tech- 
nology (Cambridge, MA), in accordance with institutional 
guidelines. 

Gel Electrophoresis. One-dimensional (1D) IEF was performed 
as described (23, 24). Fluorography was accomplished by impreg- 
nating the gels with 2,5-diphenyloxazol in DMSO before exposure 
to film (XAR-5; Eastman Kodak Co., Rochester, NY). 

Immunoprecipitations. 10 s splenocytes were stimulated with 
Con A (2.5 #g/ml) in DMEM (GIBCO BRL, Gaithersburg, MD) 
supplemented with 10% FCS, t-glutamine (2 raM), penicillin 
(1:1,000 dilution U/ml), and streptomycin (100 #g/ml) for 48 h 
before labeling. After a 45-rain starvation in methionine/cysteine- 
free medium, the cells were pulsed with 500 #Ci/ml [3SSlmethi- 
onine/cysteine (80/20) for 15 rain, and then chased in complete 
medium containing I mM nonradioactive methionine and cysteine, 
at either 37~ or 26~ Aliquots of cells (107) were spun down 
for each chase point and lysed in 0.5 ml ice-cold lysis buffer (0.5% 
NP-40, 50 mM Tris/HC1, pH 7.4, 5 mM MgC12, 1 mM PMSF). 
After 45 min on ice, the lysates were centrifuged to remove the 
nuclei and cell debris, and then precleared twice for 60 rain (4~ 
with 2 #1 normal rabbit serum prebound to 100/A Staph. A sus- 
pension before specific immunoprecipitation. To minimize antibody 
carryover between sequential immunoprecipitations, lysates were 
incubated for 30 rain with 50 #1 Staph. A between immunoprecip- 
itation steps. The Staph. A pellets were washed three times in ice- 
cold wash buffer before analysis by 1D-IEF. 

Celt Surface Iodinations. Con A-stimulated splenocytes from 
normal and H-2 b 32m-/- mice were prepared as described above. 
Before iodination, dead cells were removed by centrifugation with 
Lympholyte-M (Cedarlane Laboratories Ltd., Hornby, Canada) ac- 
cording to the manufacturers protocol. Cells (107) were surface la- 
beled with 1.0 mCi of Na12SI (1 Ci = 37 GBq) in ice-cold PBS 
by lactoperoxidase-catalyzed iodination. Class I molecules were sub- 
sequently immunoprecipitated as described above. 

Flow Cytometry. Splenocytes were stimulated in serum-free 
medium (AIM-V; GIBCO BKL) supplemented with 250 ng/ml 
Con A for 36 h at 37~ followed by incubation at either 37 ~ or 
26~ for an additional 16 h. Cells incubated at 26~ were buffered 
by the addition of 20 mM Hepes, pH 7.4. For cell surface staining, 
106 cells were aliquoted per antibody. Cells were incubated on ice 
for 30 rain with 10-30 #g/ml of purified Y3 mAb (c~Kb), B22.249 
mAb (c~Db), or rabbit o~HC serum (txK b, Db), washed once with 
cold PBS, and then incubated for 30 rain with a 1:400 dilution 
of goat anti-mouse or anti-rabbit FITC-coupled antibody (Southern 
Biotechnology Associates, Inc., Birmingham, AL). Quantitation 
of cell staining was performed on a FACScan | flow cytometer 
(Becton Dickinson & Co., Mountain View, CA), with propidium 
iodide used to gate out dead cells. Background staining values were 
obtained by incubating cells with 10 #g/ml purified IgG2~ (for 
B22.249), IgG2b (for Y3), or preimmune serum (for rabbit c~HC) 
before incubation with the FITC-conjugated secondary Ab. 

Results 
Folding and Intracellular Transport of Class I Heavy Chains 

in 1-1-2 b 1-1-2 d, and 1-1-2 s f l2m-/- Cells. To generate an an- 
tiserum against class I MHC heavy chains that would recog- 
nize epitopes normally obscured by B2m or present only on 
unfolded heavy chains, we immunized rabbits with either 
K b or D b inclusion bodies produced by expression in bac- 
teria. Initial characterization of the anti-K b and -D b sera 
showed that both reacted equally well against K b and D b 
heavy chains in immunoprecipitations, immunob|ots, and 
ELISA (data not shown). The antisera were combined for 
the experiments described below, and this preparation is re- 
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Figure 1. Kinetics of class I MHC folding and transport in H-2 b, H-2 d, 
and H-2' cells. Con A-stimulated splenocytes were labeled with [3sS]me- 
thionine/cysteine for 15 min and chased for the times indicated at either 
37 ~ or 26~ (A and B) (b haplotype calls) Conformed MHC class I K b 
and D b molecules (cz/-/-2) and flee heavy chains (eft/C) were sequentially 
immunoprecipitated from precleared cell lysates and analyzed on 1D-IEF 
(A). Immature and sialylated forms of the K b and D b heavy chains are 
indicated. In parallel, conformed D b molecules were immunoprecipitated 
with the mAb B22.249, followed by immunoprecipitation with the o~HC 
antiserum (/3). (C and D) (d haplotype cells) Conformed MHC class I 
K d, D d, and L d (C~"/-2) and free heavy chains (od-/C) were sequentially 
immunoprecipitated (C). The positions of the immature and sialylated 
D d and L d heavy chains are indicated. L d molecules were immunoprecipi- 
tated in a separate experiment with the mAb 28-14-8s, followed by immu- 
noprecipitation with the ~HC antiserum (D). (E) (s haplotype cells), Con- 
formed (otH-2) and free (~xHC) MHC class I K S and D' molecules were 
sequentially immunoprecipitated as above. The positions of the immature 
and sialylated K' and D s heavy chains are indicated. 



ferred to as otHC. The olHC serum showed reactivity against 
class I heavy chains from H-2K, D, and L locus products 
of all haplotypes tested Co, d, s, k, f), and also reacted with 
human dass I heavy chains in immunoblots, as do anti-free 
class I heavy chain reagents produced against HLA-A, B, and 
C heavy chains (25). This characterization revealed that the 
oeHC serum reacts broadly with non-32m-associated ("free") 
class I heavy chains irrespective of conformation, peptide con- 
tent, or glycan modification; no reactivity with heavy chain- 
fi2m complexes was observed in immunoprecipitations on 
K b and D b molecules from biosynthetically labeled cell lines 
(data not shown), induding RMA and its TAP-2 deficient 
counterpart RMA-S (26). Trace amounts of copredpitating 
32m were occasionally observed in immunoprecipitates from 
H-2 d cells (see Fig. 1 D). 

To follow the fate of properly conformed and unfolded dass 
I heavy chains in the presence or absence of 32m, we per- 
formed a series of pulse--chase experiments on Con A-stimu- 
lated splenocytes prepared from H-2 b, H-2 d, and H-2 s mice 
(Fig. 1) and their fl2m-/- counterparts (Fig. 2 and see Fig. 
4, C and D). We included in our analysis cells chased at 26~ 
to determine the effect of low temperature on the stability 
and conformation of free heavy chains (6). Aliquots of cells 
were pulsed labeled for 15 min, chased at either 37 ~ or 26~ 
and immunoprecipitated first with a conformation-sensitive 
antibody (e.g., olH-2 serum), followed by a second round 
of immunoprecipitation with the otHC serum. We analyzed 
the immunoprecipitates by 1D-IEF to resolve the complex 
mixture of biosynthetic intermediates. In the course of matu- 
ration, class I molecules acquire negatively charged sialic acid 
residues, which results in a shift in isoelectric point toward 
the anode. Sialylation is a marker for transport through the 
trans-Golgi network to the cell surface, and those heavy chains 
that are not sialylated reside in the ER or proximal to the 
trans-Gol~ network (27). The nonsialylated dass I heavy chains 
are thus referred to as "immature" 

Fig. 1 A shows a pulse chase of H-2 b Con A-stimulated 
splenocytes analyzed with the c~H-2 and otHC antisera. The 
bulk of the assembled K b and D b is rapidly sialylated at 26 ~ 
and 37~ although more of the immature complexes are 
detectable during the 26~ chase (compare 1-h time points). 
The subsequent immunoprecipitation with c~HC reveals a 
transient pool of immature free K b and D b at the onset of 
the chase, most of which disappears by 1 h of chase. Some 
sialylated free heavy chains appear after 1 h at 37~ most 
likely from dissociation of unstable complexes (see below), 
but these are no longer detectable by 4 h. Because the cr 

Figurr 2. Kinetics of class I MHC transport in H-2 d and H-2 s 32m-/- 
cells. Con A-stimulated splenocytes were pulse labeled as described above 
and chased for the times indicated at 26 ~ or 37~ (A and B) Conformed 
class I K d, D d, and L d (o.H-2), and unfolded heavy chains (otHC) were 
sequentially immunoprecipitated and resolved on 1D-IEF (A). Sialylated 

forms of L a and D d that emerge at 26~ are boxed. In a separate experi- 
ment, L d molecules alone (28-14-8s) were first immunoprecipitated, fol- 
lowed by ctHC immunoprecipitations (B). The positions of the immature 
and sialylated K d, D d, and L a molecules are indicated. (C) Conformed 
(oH-,?) and unfolded (a/-/C) class I K s and D* molecules were sequen- 
tially immunoprecipitated and analyzed on 1D-IEE Immature and sialylated 
K+ and D s molecules (box) are indicated. 
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antiserum recognizes both conformed K b and D b (the latter 
less efficiently), we performed a parallel immunoprecipitation 
with the mAb B22.249, which recognizes a conformation- 
dependent epitope on the or1 domain of D b (17). Consistent 
with earlier reports (28), D b molecules were transported 
with slower kinetics than K b (compare 0-min time points, 
37~ Fig. 1, A and B), and less completely (4-h time points, 
37~ oeH-2 and B22.249 panels). 

We performed a similar analysis on Con A-stimulated 
splenocytes from H-2 d and H-2 s haplotype mice (Fig. 1, 
C-E) to serve as a comparison for experiments performed 
on B2m -/- mice of these haplotypes (described below). Both 
K d and D a heavy chains were efficiently assembled and trans- 
ported after 1 h of chase at 37~ with somewhat slower 
kinetics at 26~ (Fig. 1 C). In contrast, free L a heavy 
chains, as well as immature, conformed L d molecules, were 
detectable throughout the chase, even at 37~ (Fig. 1 C, otHC 
and olH-2 4-h time points). To follow only L a molecules, 
we repeated the pulse-chase experiment and immunoprecip- 
itated first with the Ld-specific mAb 28-14-8s, followed by 
immunoprecipitation with olHC serum (Fig. 1 D). The rate 
of transport of L a is similar to that of the closely related D b 
molecule (compare Fig. 1, B and D, B22.249 and 28-14-8s 
immunoprecipitates), but in contrast to D b, immature free 
L a heavy chains persist throughout the chase, even at 37~ 
(Fig. 1 D). Trace amounts of 32m can be seen in the oLHC 
immunoprecipitates (Fig. 1 D), suggesting that olHC may 
also recognize a minor population of class I heavy chains that 
are loosely associated with 32m (e.g., Ldalt; 10). Direct 
oeHC immunoprecipitation of class I heavy chains from lysates 
of metabolically labeled Con A blasts (H-2 d haplotype) also 
coprecipitated minute amounts of B2m (data not shown). 

Analysis of H-2 s cells indicates that both K + and D s are 
transported less completely than their H-2 b counterparts 
(Fig. 1 E, 4-h time points). Very little immature free D s is 
detectable at either chase temperature, even at 0 min, although 
small amounts of sialylated free D + heavy chains are evident 
at 1 h (37~ chase). The apparent absence of free D s heavy 
chains is not due to lack of reactivity with the olHC antiserum, 
as demonstrated by pulse-chase analysis of H-2 s 32m-/- cells 
(Fig. 2; see below). We conclude that rates of class I assembly 
and intracellular transport show characteristic differences 
among the alleles examined (29). 

With the exception of D b (7) and L d (10), transport of 
class I heavy chains in the absence of B2m has not been ob- 
served. We performed pulse-chase experiments as described 
above on Con A-stimulated splenocytes from H-2 b, H-2 d, 
and H-2 s mice devoid of 32m and analyzed the immunopre- 
cipitated products by 1D-IEF to score for sialylation of class 
I heavy chains. Unexpectedly, the o~H-2 antiserum recognized 
small amounts of class I material in all three 3~.m -/- haplo- 
types (Fig. 2, A and C, and see Fig. 4, C), implying that 
conformed free heavy chains are present in the absence of 
32m. Does the polyclonal c~H-2 antiserum contain some re- 
activity against unfolded free heavy chains, which could ac- 
count for our results? This does not appear to be the case, 
because reimmunoprecipitation of SDS-denatured K b mole- 

cules with the otH-2 serum recovered only trace amounts of 
material (data not shown). Similarly, the olH-2 serum does 
not react with free K b heavy chains produced by in vitro 
translation, even in the presence of oxidized glutathione (data 
not shown; [30]). 

No sialylation of either conformed or unfolded H-2 b class 

Figure 3. Folding and cell surface expression of K b molecules in H-2 b 
~2m-/- cells. (A) Con A-stimulated splenocytes from H-2b 32m-/- mice 
were pulse labeled as described above and chased for the times indicated 
at 26 ~ or 37~ Conformed K b molecules were immunoprecipitated with 
the mAb K10.56.1, followed by immunoprecipitation of total K b with 
~pS, and resolved on 1D-IEF. (B) Con A-stimulated splenocytes prepared 
from B6 and H-2 b 32m -/- mice were surface iodinated, following by 
immunoprecipitations of total K b with otp8. The immunoprecipitates 
were either digested with neuraminidase (+) or kept on ice ( - )  before 
1D-IEF analysis. Labeled K b molecules from H-2b 32m-/- cells are ap- 
parent in the week-long exposure. 
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I heavy chains in H-2 b 32m-/- cells was observed after 4 h 
of chase at 37~ (7); remarkably, transport of free heavy chains 
was partially rescued by lowering the chase temperature to 
26~ (see Fig. 4, C and D, 4-h time points). The sialylated 
heavy chains immunoprecipitated with the c~H-2 serum after 
4 h of chase include both K b and D b, as shown by a com- 
parison with the parallel B22.249 (D b) immunoprecipitation 
(see Fig. 4, D, 4- h time points, 26~ Sialylated K b mole- 
cules are also detectable in K10.56.1 (recognizes conformed 
Kb; Fig. 3 A), p8 (recognizes all Kb; Fig. 3 A), and Y3 
(recognizes conformed Kb; data not shown) immunoprecipi- 
tates of 32m -/- cells chased at 26~ Thus, by analogy to 
earlier work on the TAP2-deficient cell line RMA-S, we find 
that low temperature favors the cell surface accumulation of 
K b heavy chains in the absence of 32m. 

In light of the dramatic effect of temperature on the degra- 
dation of free class I heavy chains in 32m -/- cells (Fig. 4 C, 
crHC, compare 37 ~ and 26~ 4-h time points), we consid- 
ered it likely that the heavy chains are transported to the cell 
surface at 37~ but are rapidly degraded such that the steady 
levels are too low to be detected by metabolic labeling. To 
assay more directly for cell surface-disposed K b molecules at 
37~ we performed iodinations of H-2 b wild-type and 
/3:m-/- cells and immunoprecipitated K b heavy chains with 
the anti-p8 serum (Fig. 3 B). Analysis by 1D-IEF showed 
that K b heavy chains are present at the surface of 32m -l- 
cells, albeit at levels well below that observed in nonmutant 
H-2 b ceils, as expected (Fig. 3, B, compare overnight with 
1-wk exposure). Digestion of the immunoprecipitated K b 
material with neuraminidase confirmed that the bands ob- 
served on 1D-IEF correspond to sialylated K b molecules 
(Fig. 3 B, - and + lanes). We conclude that low levels of 
free K b heavy chains are expressed on the cell surface in the 
absence of 3~m at 37~ 

Are free class I heavy chains transported to the cell surface 
in other H-2 haplotypes? In H-2 a fl2m -/- cells chased at 
26~ (Fig. 2, A and B), degradation of heavy chains is re- 
duced, and sialylated L a and D a are apparent by the end of 
the chase (Fig. 2 A, 4-h time points). The induction of 
sialylated L a at 26~ is visualized more clearly with the 
mAb 28-14-8s (Fig. 2 B, 4-h time points). In H-2 s fl2m-/- 
cells, K s molecules remain largely as nonconformed imma- 
ture heavy chains at both chase temperatures, whereas D s, 
like L a, is partially sialylated after 4 h of chase at 26~ (Fig. 
2 C). Thus, by incubating cells at 26~ we can detect intra- 
cellular transport of free class I heavy chains other than D b 
and L a in H-2 b, H-2 a, and H-2 s fl2m-/- cells. In particular, 
we observe transport of K b molecules in the absence of 32m, 
which provides a biochemical basis for the Kb-restricted T 
cell selection observed in 32m -/- FTOC (13). 

Peptide Affects the Folding and Intracellular Transport of Free 
Class I Heavy Chains. To assess the relative contributions 
of the TAP1/TAP2 complex and 32m to the folding and in- 
tracellular transport of class I heavy chains, we performed 
pulse-chase experiments as described above on H-2 b Con 
A-stimulated splenocytes lacking either TAP1 (TAP1-/-), 
fl2m (fl2m-/-), or both (TAP1/fl2m-/-). Immunoprecipita- 

tions of K b and D b class I molecules were performed with 
either o~H-2 or B22.249, followed by immunoprecipitation 
with the olHC serum, and then analyzed on 1D-IEF (Fig. 
4). In cells lacking the TAP1 gene, class I transport was im- 
paired at 37~ but partially rescued at 26~ (Fig. 4 A), 
consistent with previous reports (21). In contrast to normal 
H-2 b cells (Fig. 1), free heavy chains in the TAP1-/- back- 
ground persist throughout the chase and are present in amounts 
approximately equal to that of 32m-associated material (Fig. 
4 A). Sialylated free heavy chains, which appear only during 
the 37~ chase, most likely arise from dissociation of ther- 
molabile complexes in the course of intracellular transport. 
We failed to detect sialylation of B22.249-immunoprecipi- 
table D b molecules at either temperature in TAP1-/- cells 
(Fig. 4 B). 

Cells lacking 32m are more deficient in intraceUular trans- 
port (see above) and folding of class I heavy chains than TAP1- 
deficient cells (compare Fig. 4, A and C). Like H-2 d and 
H-2 s class I heavy chains (Fig. 2), K b and D b are present 
predominantly as nonconformed free heavy chains in the 
B2m -/- background and are degraded by 4 h at 37~ (Fig. 
4 C). The breakdown of free heavy chains is strongly in- 
hibited at 26~ (otHC, 4-h time points), and a greater propor- 
tion of both K b and D b appear to fold into a native-like con- 
formation (Fig. 4 C, otH-2, and D, B22.249, 1-h time points). 
Little, if any, folded K b is detectable by the conformation- 
sensitive mAb K10.56.1 during the chase at 37~ but at 
26~ conformed free K b heavy chains are detectable by 1 h 
(Fig. 3, 26 ~ time points), in agreement with the results ob- 
tained with the otH-2 serum. The appearance of folded K b 
molecules at 26~ is not a consequence of impaired heavy 
chain degradation, since the total amount of K b material 
(ap8) after 1 h of chase at 37 ~ or 26~ is identical (Fig. 
3 A). We conclude that, at low temperature, free K b heavy 
chains can acquire a conformation similar to that observed 
for properly assembled class I molecules. 

Assembly of class I molecules in normal cells may proceed 
via peptide binding to "empty" heavy chain-32m heterodi- 
mers, or alternatively, by association of 32m with heavy 
chain-peptide complexes (31). To address the question of 
whether TAP-dependent peptides affect the folding and cell 
surface expression of free class I heavy chains, we crossed 
H-2 b TAP1 -/- and 32m -/- mice to obtain double-mutant 
mice (TAP1/32m-/-). In Con A- stimulated splenocytes 
lacking both 32m and TAP1, the distribution of class I heavy 
chains between free and conformed populations is similar to 
that of 32m-/- cells, with the bulk of the K b or D b heavy 
chains in an unfolded conformation (otHC reactive). Loss of 
TAP1 affects the folding of D b more profoundly than K b 
molecules, judging from the ratios of D b and K b immuno- 
precipitated with the mAb B22.249 and cr antiserum, 
respectively, in the two cell types (compare Fig. 4, D and 
F, for D b and Fig. 4, C and E for K b, 1-h time points). The 
most striking difference between the ~2m -/- and double- 
mutant cells is that no sialylation of either K b or D b is ob- 
served in the latter, even at 26~ (Fig. 4, E and F). Extending 
the chase of 8 h at 26~ still did not result in any detectable 
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Figure 4. Kinetics of class I MHC transport in H-2 b TAP1-/-, fl2m-/-, and TAP1/32m-/- cells. Con A-stimulated splenocytes were pulse labeled 
as described above and chased for the times indicated at 37 ~ or 26~ Conformed class I K b and D s (a/q-l; A, C, and E), and D b heavy chains alone 
(B22.249; B, D, and F), were immunoprecipitated in parallel, followed by ~xHC immunoprecipitations. Immature and sialytated class I molecules were 
resolved in 1D-IEF. (A and B) TAP1-/- cells. (C and D) 32m -/- cells. The 0-min al l-2 time point (37~ contains atypical background due to 
an aspirator malfunction. (E and F) TAP1/32m -/- cells. Note the appearance of sialylated Kb and D b in 3zm-/-,  but not in TAP1/32m-/- cells, 
after 4 h of chase at 26~ 
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Figure 5. Flow cytometry of cells from B6, TAP1-/-, •2m -/- , and 
TAP1/~am -/- mice. Splenocytes were stimulated with Con A in AIM-V 
medium for 36 h at 37~ and then cultured an additional 16 h at either 
37 ~ or 26~ Aliquots of cells were stained for conformed K b (Y3; A), 
conformed D b (B22.249; B), or free K b and D b (cxHC; C) before 
cytofluorimetry. Mean fluorescence values from normal (B6) Con A-stimu- 
lated splenocytes incubated with the appropriate control (see Materials and 
Methods) and secondary antibodies alone were subtracted as background. 
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sialylation of K b or D b (data not shown). Within the limits 
of detection of this experiment, we conclude that the pres- 
ence of a functional TAP1/TAP2 complex is required for in- 
tracellular transport of free class I heavy chains. 

Cytofluorimetry of Class I Heavy Chains at the Surface of 
Normal and Mutant Lymphoid Cells. As an adjunct to our 
pulse-chase analyses, we measured class I surface expression 
at steady state by flow cytometric analysis of Con A-stimu- 
lated splenocytes from normal (B6), TAP1-/-, B2m -/- , and 
TAP1/~2m -/- mutant mice (all H-2 b haplotype) with the 
Y3 (o~K b) and B22.249 (c~D b) mAbs, and the gamma 
globulin fraction from the o~HC serum (olK b, Db). Fig. 5 
A shows the relative proportion of Y3-reactive cell surface 
class I heavy chains in the four cell types. At 37~ TAP1-/- 
cells express conformed K b molecules at 5% of the levels ob- 
served in normal cells, whereas at 26~ the relative expres- 
sion increases to 35%, consistent with previous reports (6). 
Neither fl2m -/- nor TAP1/B2m ~/- cells express detectable 
amounts of conformed K b molecules at 37~ however, 
B2m-/- cells cultured at 26~ show a modest rescue of K b 
expression to 10% of wild-type levels. The absence of any 
detectable K b expression in the double-knockout cells, even 
at 26~ is consistent with the pulse-chase experiments de- 
scribed earlier (Fig. 4). While quantitative data have not been 
presented here, we have observed that the rates of synthesis 
of class I heavy chains, as assessed in biosynthetic labeling 
experiments, are indistinguishable for the four cell types. 

The cell surface expression of conformed D b molecules in 
the four cell types was assayed with the mAb B22.249 (Fig. 
5 B). In contrast to K b, the expression of properly folded 
D b molecules in TAP1-/- cells is only marginally rescued at 
26~ (9-fold vs. 2-fold increase in staining), consistent with 
the pulse-chase experiment shown in Fig. 4 B. Interestingly, 
after incubation at 26~ B2m -/- cells exhibit greater D b 
staining than TAP1-/- cells (1.7-fold), suggesting that the 
D b molecule relies more on TAP-dependent peptides than on 
B2m to be transported to the cell surface. Cells lacking both 
~2m and TAP1 show no increase in staining after incubation 
at reduced temperature. 

Free class I heavy chains (K b and D b) were detected on the 
cell surface by cytofluorimetry with the olHC serum (Fig. 
5 C). While the loss of TAP1 results in a drastic decrease 
in expression of conformed class I molecules at 37~ (Fig. 
5, A and B), cells lacking TAP1 express twice the levels of 
free heavy chains observed in normal cells. Culturing normal 
or TAPl-deficient cells in the presence of 10% FCS results 
in a two- to threefold decrease in free heavy chain staining 
(data not shown), supporting earlier findings that exogenous 
bovine/32m can associate with free class I heavy chains at 
the cell surface (32, 33). In ~2m -/- ceils, total heavy chain 
expression is enhanced fivefold by overnight incubation at 
26~ (Fig. 5 C). Similar to the results obtained with the 
mAb B22.249, low levels of free heavy chain staining are ob- 
served in the double-knockout cells at both temperatures, sug- 
gesting that D b may be expressed at the cell surface, albeit 
weakly, in the absence of both peptide and B2m. 

Discuss ion 

We have demonstrated the presence of properly conformed 
H2- K, -D, and -L locus products at the surface of cells lacking 
~2m, a finding that generalizes previous observations on D b 
and L a to other class I alleles. Furthermore, we have shown 
here that the intracellular transport of flee heavy chains in 
/32m -/- cells is dramatically enhanced by the presence of a 
functional TAP1 gene. 

Although many immunochemical reagents directed against 
mouse class I molecules have been prepared, few recognize 
non-B2m-assodated heavy chains exclusively. The Kb-specific 
antipeptide 8 serum (o~p8) has been used in combination with 
conformation-sensitive reagents to document pools of free 
K b heavy chains (34, 35), but this antiserum is not specific 
for free heavy chains. Lie et al. (36) have extensively charac- 
terized a partially folded form of the L d molecule (Laalt), 
which is recognized by the 64-3-7 mAb. Ldalt heavy chains 
are weakly associated with 3zm and can be induced to fold 
into a native conformation, as defined by the mAb 30-5-7, 
upon incubation with peptide (10). Here, we introduce a rabbit 
c~HC that reacts primarily with class I molecules when not 
associated with 32m. In this respect, the o~HC serum is 
analogous to the human class I reagents rabbit r (37), 
HC10 (37), HCA2 (25), and LA45 (38), all of which are 
largely, if not exclusively, specific for free heavy chains. We 
used the olHC serum to define a population of non-32m- 
associated class I heavy chains, both in detergent extracts and 
at the cell surface, that are immunochemically distinct from 
heavy chains in a complex with ~2m. 

The conformed state of class I molecules is operationally 
defined here by the presence of epitopes recognized by im- 
munochemical reagents such as the r serum and the 
mAb Y3 (19). How does the balance between conformed 
and unfolded heavy chains depend on peptide and/or 32m? 
To address this question, we compared the pools of con- 
formed and unfolded class I heavy chains in H-2 b Con 
A-stimulated splenocytes deficient for TAP1, 32m, or both 
(Fig. 4). We found that TAP1-/- cells express approximately 
equal amounts of conformed and unfolded K b and D b heavy 
chains, whereas in cells lacking B2m or both TAP1 and 32m, 
the majority of the class I heavy chains are unfolded. Using 
a panel of conformation-sensitive mAb and antisera, we de- 
tected low levels of properly conformed class I molecules in 
H-2 b (Figs. 3 and 4), H-2 a, and H-2 s (Fig. 2) 32m -/- cells 
incubated at 37~ As expected, conformed free heavy chains 
were unstable under physiological conditions; however, by 
lowering the incubation temperature to 26~ the propor- 
tion of folded to unfolded heavy chains in 32m-/- cells was 
increased (Figs. 3 and 4). 

To demonstrate the presence of conformed free heavy chains 
on the cell surface and to address the requirements for intra- 
cellular transport of the latter, we analyzed mutant mice 
lacking either TAP1, fl2m, or both for cell surface class I 
molecules. The majority of class I complexes synthesized in 
TAP1 -/- cells are functionally "empty," based on their in- 
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stability in the absence of exogenous peptides (5) and ther- 
molability (6). As anticipated, we found that free class I heavy 
chains were expressed on the surface of TAP1-/- cells at 
high levels relative to normal H-2 b cells (Fig. 5), presum- 
ably as a consequence of increased dissociation of class I com- 
plexes in the absence of TAP-dependent peptides. In contrast 
to K b, we found that the expression of D b molecules in 
TAP-deficient cells was only rescued to a minor extent upon 
incubation at 26~ (Figs. 4 and 5), suggesting that "empty" 
D b molecules are less competent for intracellular transport 
than their K b counterparts. 

Accumulation of free class I heavy chains at the surface 
of Bzm-/- cells has been observed only for D b and L d mole- 
cules (7, 9, 10). By cell surface iodination, we observed K b 
heavy chains at the surface of 3zm -/- cells incubated at 
37~ (Fig. 3). We detected sialylation of class I heavy chains 
in H-2 b, H-2 a, and H-2 s 32m-/- cells (Figs. 2 and 4) chased 
at reduced temperature (26~ Low temperature partially 
rescued the folding (Fig. 3), inhibited degradation (Figs. 3 
and 4), and increased cell surface levels (Fig. 5) of free K b 
and D b heavy chains. The relationship between folding and 
intracellular transport of class I molecules is well established 
(39); thus, it is not surprising that we observed increased 
intracellular transport of K b molecules under conditions that 
favor the folding of the latter. We conclude that conformed 
free class I heavy chains are expressed on the surface of 
32m -/- cells, thus demonstrating that 32m is not strictly 
necessary for the transport of class I molecules. 

Free D b heavy chains in detergent lysates have been shown 
to fold into a nativelike conformation upon addition of pep- 
tide (16). In 3zm -/- cells incubated at low temperature, 
some proportion of free heavy chains may bind peptide in 
the ER and thereby escape retention by calnexin (40). We 

observed that Con A-stimulated splenocytes from the double- 
mutant (TAP1/32m -/-) mice did not express detectable 
levels of either sialylated K b or D b, even at reduced temper- 
ature (Fig. 4). Likewise, we failed to detect either conformed 
or unfolded class I heavy chains at the surface of double-mutant 
cells by surface iodination (data not shown). When analyzed 
by cytofluorimetry, double-mutant cells exhibited very low 
levels of staining with Db-reactive antibodies (Fig. 5), al- 
though no increase in fluorescence was seen after incubation 
at reduced temperature. Our results demonstrate that a func- 
tional TAP complex influences the cell surface expression of 
free K b and D b molecules, from which we infer that free 
heavy chains can bind peptide in living cells. 

Our results provide a biochemical basis for the ability of 
Kb-restricted CD8 + T cells to interact functionally with 
H-2 b 32m-/- cells. One model system for studying positive 
selection of immature thymocytes in vitro uses FTOC pre- 
pared from 32m -/- mice (41). Recent work has demon- 
strated that functional CD8 + T cells expressing a transgenic 
K b- or Db-restricted TCR can be generated in 32m -/- 
FTOC upon addition of the appropriate peptide and 32m 
(13, 42). Our data suggest that a proportion of K b and D b 
molecules at the surface of 3~m -/- cells may contain en- 
dogenously bound peptides, based on the requirement for 
TAP-dependent peptides in the intracellular transport of free 
K b and D b heavy chains. In view of the widely different con- 
centrations of peptide required to rescue emergence of a lym- 
phocytic choriomeningitis virus peptide-specific Db-restricted 
TCR in 32m-/- (42) and in TAP1-/- FTOC (43), it is pos- 
sible that the presence of TAP-dependent peptides bound to 
D b in the former, but not the latter, situation may result in 
different threshold concentrations of peptide required for key 
selection events. 
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