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ABSTRACT The third external domain of major histo-
compatibility class I antigens has a highly conserved disulfide
bridge between cysteine-203 and cysteine-259. To elucidate the
functional significance of this disulfide bridge, we have pro-
duced a mutant H-2L? gene by site-directed mutagenesis in
which the codon for cysteine-203 is changed to a codon for
serine, which is unable to form a disulfide bridge. The mutant
H-2L" gene was introduced into mouse L cells and its expression
has been studied. No measurable expression of the H-2L¢
antigen was detected on the cell surface of the transformants by
antibody-binding assays. However, a large quantity of the
mutant H-2L¢ antigen was found in the cytoplasm of the
transformants as observed by immunoprecipitation of meta-
bolically labeled lysate and by immunocytochemistry of mem-
brane-permeabilized cells, using an antibody specific for the
first external domain of the H-2L? antigen. The mutant antigen
was glycosylated and associated, at least in part, with B,-
microglobulin. Subcellular fractionation experiments indicated
that the transport of the antigen was blocked between the
endoplasmic reticulum and the plasma membrane. It is con-
cluded that structural integrity of the third external domain is
a prerequisite for intracellular transport of class I antigens. On
the basis of these findings we suggest that the domain structure
containing the disulfide bridge serves as a signal structure
necessary for receptor-mediated intracellular transport and
that this requirement is the evolutionary basis for high con-
servation of similar structures present throughout the immu-
noglobulin supergene family.

Major histocompatibility complex (MHC) class I antigens are
a set of integral cell surface glycoproteins involved in many
aspects of the immune response. These antigens consist of
two noncovalently associated chains (1): a heavy chain (M, =
45,000) encoded by the H-2K, -D, or -L gene in mice and
B-microglobulin (B,m; M; = 12,000). One of the most
striking features of the MHC class I products is their high
degree of polymorphism. About 50 different alleles are
known at the H-2K and -D loci, respectively (2).

Class I antigens consist of three regions, an extracellular
region, a transmembrane region, and a cytoplasmic region at
the carboxyl terminus; the extracellular region is subdivided
into three domains designated N, C1, and C2, each compris-
ing about 90 amino acid residues (3, 4). The latter two
domains (C1 and C2) each have an intradomain disulfide
bridge, between Cys-101 and Cys-164 and between Cys-203
and Cys-259, respectively. The domain structure containing
a dilsulfide bridge is found in common among all the class I
antigens so far examined (5~10), suggesting an important role
of this structure in the expression and/or functions of class
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I antigens. Previously we have shown that site-directed
mutagenesis can be employed to study structure-function
relationships of class I antigens (11, 12). In this report, we
describe a mutant H-2L4 antigen lacking the highly conserved
disulfide bridge in the C2 domain. The C2 domain is less
polymorphic than the N and C1 domains and plays a minor
role in T-cell recognition (13-15), and there is an implication
that it is associated with B,m (16) and that this association
may be necessary for the intracellular transport of class I
antigens (17, 18).

We demonstrate here that the disulfide bridge of the C2
domain is essential for intracellular transport of class I
antigens from the endoplasmic reticulum to the plasma
membrane, and we discuss implications for receptor-medi-
ated transport of the class I antigen.

MATERIALS AND METHODS

Site-Directed Mutagenesis. The basic strategy for mutagen-
esis is the same as described previously (11, 12). Single-
stranded M13 phage DNA (m9-33.6), which includes an
expressible H-2L? gene of about 4 kilobases, was used as the
template DNA for mutagenesis. The mutagenic oligonucle-
otide 5'-GGGCCCAGCTCCTCAGGGT-3' was synthesized
by the solid-phase phosphotriester method (19) on an auto-
mated synthesizer (Vega Biochemicals, Tucson, AZ), puri-
fied by high-pressure liquid chromatography, and then sub-
jected to electrophoresis through a 20% polyacrylamide gel
after 5'-phosphorylation with T4 polynucleotide kinase. Ten
picomoles each of the mutagenic oligonucleotide, M13 hy-
bridization primer (New England Biolabs), and M13 univer-
sal primer (Bethesda Research Laboratories) were annealed
with 2 pmol of the template and then the product was allowed
to elongate in the presence of DNA polymerase (Klenow
fragment) and T4 DN A ligase in a total volume of 30 ul at 14°C
for 24 hr. A portion of the reaction mixture was used to
transfect competent Escherichia coli JM103 cells. The re-
sulting plaques were pooled and replated with JM103 cells.
Twenty-four plaques were picked, grown in 2-ml cultures,
and screened by dot-blot hybridization on a nitrocellulose
filter, using the 5'-end-labeled mutagenic oligonucleotide as
the probe (20). Three positive clones were identified after
washing the filter at 71°C and the mutation was confirmed by
DNA sequence determination using the chain termination
method (21).

Reconstruction of the Mutant DNA. To remove possible
secondary mutations in the mutants obtained, we transferred
the Bgl II 630-base-pair (bp) fragment harboring the desired
mutation into the background of the wild-type H-2L? gene.

Abbreviations: 8,m, B,-microglobulin; TK, thymidine kinase; MHC,
major histocompatibility complex; mAb, monoclonal antibody; bp,
base pair(s).
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Briefly, we first removed a 630-bp Bgl II fragment of the
H-2L° gene from m9-33.6 and the corresponding Bgl 1I
fragment from one of the mutants was inserted into this
wild-type H-2L? gene. The Bgl II fragment contains a
sequence starting 26 bp upstream of the mutation site and
ending within the fifth intron. The presence of a Bgl II site in
the essential gene 2 of the M13 vector did not interfere with
this construction, because phage growth is inhibited by
insertion into this site. Reconstruction of the complete H-2L¢
gene was confirmed by digestions with several restriction
enzymes, including Bg! I, Pst I, BamH]I, and Xba I; one such
clone, designated SH38B, was used for subsequent studies.
Further, the 630-bp Bgl II fragments both from m9-33.6 and
from SH38B were recloned in the BamHI site of M13mpl1 in
both orientations and their sequences were compared with
each other by the chain termination method (21). There were
no differences between the two sequences apart from the
desired point mutation in SH38B.

DNA-Mediated Gene Transfer. DNA-mediated gene transfer
of the mutant H-2L¢ gene to thymidine kinase-deficient (TK ™)
mouse L cell line DAP-3 was carried out as previously de-
scribed (22, 23). Twenty micrograms of double-stranded
replicative form DNA prepared from E. coli JM103 cells
infected with SH38B mutant phage and 500 ng of pBR-TK DNA
containing the herpes virus TK gene (24) were coprecipitated
with calcium phosphate and then added to a 100-mm plate
seeded with 1 X 10° DAP-3 cells. Selection with hypoxanthine/
aminopterin/thymidine (HAT) medium (25) yielded TK* trans-
formed colonies, which were subsequently isolated and ana-
lyzed for expression of the mutant H-2L? gene.

Immunocytochemical Analysis. Detection of intracellular
H-2 antigens was carried out with membrane-permeabilized
cells. Briefly, cells were fixed with 0.25% glutaraldehyde in
phosphate-buffered saline for 5 min at room temperature,
followed by treatment with 0.3% Triton X-100 in phosphate-
buffered saline for 15 min at room temperature. After
removal of the detergent by rinsing, the cells were incubated
with monoclonal antibody (mAb) in culture supernatant. As
described elsewhere (26), bound antibodies were visualized
by the subsequent reaction with peroxidase-coupled goat
anti-mouse IgG F(ab’), (Cappel Laboratories, Cochranville,
PA), using diaminobenzidine as a substrate.

Metabolic and Surface Labeling of Cells. Cells were washed
twice with methionine-free medium and incubated in the
same medium supplemented with 10% fetal bovine serum for
1 hr. Then they were trypsinized, washed, and resuspended
at 7 x 10° cells per ml in the above medium plus [**S]methi-
onine (Amersham, 1000 Ci/mmol; 1 Ci = 37 GBq) at 450
uCi/ml. After incubation at 37°C for 3 hr, the cells were
washed in regular medium and lysed in 0.2 ml of lysis buffer
(10 mM Tris'HCl, pH 7.5/150 mM NaCl/1% Nonidet
P-40/0.1 mM phenylmethylsulfonyl fluoride) on ice for 15
min. Nuclei were removed by centrifugation for 10 min in an
Eppendorf centrifuge. The supernatants were stored at
—70°C prior to immunoprecipitation.

For preparation of the microsomal and cytosolic fractions,
labeled cells were suspended in 0.3 ml of hypotonic buffer (10
mM Tris'HCl, pH 7.5/0.1 mM phenylmethylsulfonyl fluo-
ride) and sonicated for 15 sec three times. The samples were
centrifuged for 1 min at 2000 X g to remove a nuclear fraction.
A 0.2-ml fraction of the supernatants was centrifuged for 5
min at 137,000 X g to obtain a microsomal pellet and a
cytosolic fraction. The pellet was washed once and lysed in
0.2 ml of lysis buffer. Insoluble materials were removed by
centrifugation for 10 min in an Ep?endorf centrifuge.

Cells were surface labeled with 1%°I by the lactoperoxidase
method (27) with minor modifications. Briefly, cells were
scraped from Petri dishes, washed, and incubated in HAT
medium at 1 X 106 cells per ml for 2 hr. After washing twice,
cells were surface labeled with Na'?’I (Amersham, 14.5
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mCi/ug) at 0.4 mCi/ml in the presence of B-D(+)-glucose,
lactoperoxidase, and glucose oxidase. Labeled cells were
then washed five times and lysed as described above.

Immunoprecipitation. Labeled lysates were cleared once with
fixed Staphylococcus aureus Cowan I strain (28) pretreated
with ascites fluid of an unrelated mAb and once with S. aureus
pretreated with unlabeled DAP-3 lysate. Then aliquots of the
lysates were incubated with an excess of the indicated mAb
(used as undiluted ascites fluid) at 4°C overnight. The immune
complexes were bound to S. aureus and then extensively
washed in high-salt buffer. Bound proteins were solubilized by
boiling in elution buffer containing 2% (wt/vol) NaDodSO, and
2% (vol/vol) 2-mercaptoethanol and then were analyzed by
electrophoresis in NaDodS0,/10% or 11% polyacrylamide gels
(29) and fluorography. Molecular weights were estimated by
reference to the mobilities of commercially available protein
standards.

RESULTS

Mutagenesis of the H-2L* Gene. Site-directed mutagenesis
was employed to convert the cysteine residue (codon UGC)
to a serine residue (codon AGC) at amino acid position 203
of the H-2L¢ antigen. To minimize the effects caused by
amino acid substitution other than the breakage of the
disulfide bridge, we chose serine as the amino acid residue
that replaced cysteine, since the two amino acids differ only
at a single atom: a sulfur atom in cysteine is substituted with
an oxygen atom in serine. We synthesized a mutagenic
oligonucleotide (19 bases long) that is complementary to the
sequence corresponding to amino acid positions 200 to 206 in
the H-2L¢ gene cloned in M13 single-stranded phage vector
but has a single base substitution (A — T) to induce the
mutation. The mutagenesis was performed as previously
described (11, 12). Of 24 phages subjected to dot hybridiza-
tion screening, 3 remained positive under increasing strin-
gency and were subsequently shown by sequencing to
possess the expected mutation. Double-stranded DNA was
prepared from E. coli infected with one of these mutant
phages and was introduced into TK™ mouse L cells (DAP-3)
together with pBR-TK DNA. Ten HAT-resistant transform-
ants were tested for the expression of the H-2L9 antigen on
the cell surface by antibody-binding assay using 16 H-2L¢-
specific mAbs (30, 31). None of the transformants showed
positive binding to any antibody tested (data not shown).
Considering that usually more than 90% of transformants are
positive for the H-2L¢ antigen expression after transfer of
wild-type genes by these methods, it seemed likely that most
of the transformants were producing the H-2L¢ antigen but
were deficient in surface expression or missing antigenic sites
detectable by the antibodies used here.

Before proceeding to examine these possibilities, we
wished to confirm that the failure in detection of the H-2L4
antigen in these transformants was attributable to the de-
signed mutation and not to any other mutations that might
have been concomitantly or spontaneously introduced in the
process of the mutagenesis. For this reason, we made a new
construct named SH38B in which a 630-bp Bgl II fragment
containing the mutation site was inserted into the remaining
part of the wild-type H-2L¢ gene, m9-33.6 (see Materials and
Methods). The sequence of the 630-bp Bg! II fragment from
SH38B was analyzed along with that of the wild-type gene.
Results showed that a codon of serine (AGC) had replaced
the original codon of cysteine (TGC) at amino acid position
203 (Fig. 1) with no other alterations in this fragment.

Detection of the Mutant H-2L? Antigen by Intracellular
Staining. Double-stranded DNA of the mutant SH38B was
introduced into DAP-3 cells, and 10 HAT-resistant trans-
formants were isolated and subjected to antibody-binding
assay. Again, we did not detect any binding of mAbs to the
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Fic. 1. Comparison of the mutant (right) and the wild-type (left)
DNA sequences. The 630-bp Bg! II fragments were recloned in the
BamHI site of M13mp11 and the sequences were determined by the
chain-termination method (21), using the universal primer (Bethesda
Research Laboratories). An autoradiograph of a 6% polyacrylamide
gel is shown. The mutagenic oligonucleotide is complementary to the
underlined region; arrows indicate the mutation site.

cell surface of the transformants. Since it was unlikely that
the mutagenesis affected the efficiency of transformation, we
tested the alternative possibility that the mutant antigens
were present within the cells but not on the cell surface.
Immunoperoxidase staining was employed for transformed
cells after brief treatment with Triton X-100, which allowed
passage of antibodies through the plasma membrane. Anti-
bodies specific for the N and C1 domains were examined,
because the conformation of these domains would be less
altered by the mutagenesis than the C2 domain (11). As can
be seen in Fig. 2B, specific diaminobenzidine staining was
demonstrated in SMB2-9 transformant cells with the N-
domain-specific anti-H-2L¢ mAb 64.3.7 (11). Of 10 transform-
ants tested 2, including SMB2-9, were heavily stained. An
additional 6 transformants were also stained with a lower
intensity, while the 2 remaining cells were negative. In
contrast, no detectable staining was observed in untrans-
formed DAP-3 cells, indicating the specificity of the staining
(Fig. 2A4). Similar results were obtained with the C1-specific
mAb 30.5.7, though the staining was not as strong as with
mAb 64.3.7 (data not shown). No detectable staining was
seen with the C2-domain-specific mAb 28.14.8 (see following
section, on immunoprecipitation). In control experiments,
mAb 16.3.1 specific for the H-2KXD* antigens, which are
endogenously expressed in L cells, stained all the cells
tested, including untransformed DAP-3 cells; in contrast,
unrelated mAb PS67 did not stain any of the cells tested (Fig.
2). It should be noted that the staining by anti-H-2L¢ mAb
64.3.7 represented detection of the intracellular H-2L¢ anti-
gen, since no staining was observed without Triton X-
induced membrane permeation (Fig. 2B’). As expected,
anti-H-2K*¥D¥ mAb was positive for cells not treated with
Triton X-100. These observations demonstrate that the H-
219 antigen is present in most of the mutant transformants but
is absent from the cell surface. The failure of surface
expression of the mutant antigen is due to the mutation in the
H-2L° gene disrupting the disulfide bridge in the C2 domain
rather than to a defect in the general transport system caused
fortuitously by the transformation, because the surface
expression of the endogenous H-2K*D¥ antigens is normal in
all the transformants.

Analysis of the Mutant H-2LY Gene Product by Immuno-
precipitation. To investigate certain properties of the mutant
H-2L¢ antigen further, immunoprecipitation and NaDodSO,/
PAGE were carried out. The mutant transformant SMB2-9,
which stained most densely in the above experiments, was
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FiG. 2. Intracellular staining of the mutant H-2L° antigen.
Untransformed cells DAP-3 (A) and mutant H-2L¢ transformant
SMB2-9 (B, B’) cultured in chamber slides were stained by the
immunoperoxidase method (26), using anti-H-2K*D*¥ mAb 16.3.1
(Top), anti-H-2L¢ mAb 64.3.7 (Middle), and an unrelated mAb, PS67
(Bottom), after treatment with Triton X-100 (A, B) or without
treatment with Triton X-100 (B’).

used. Cells were labeled with [**S]methionine, immunopre-
cipitated with mAbs, and analyzed by NaDodSO,/PAGE
(Fig. 3). Anti-H-2L® mAb 64.3.7 efficiently precipitated the
wild-type H-2L¢ antigen, the migration of which is consistent
with the previous report (32). The same antibody precipitated
a large amount of materials with the same molecular weight
from the mutant SMB2-9 but not from untransformed DAP-3
cells (Fig. 3B). Specificity of the precipitation was confirmed
by the absence of the corresponding band when the lysates of
DAP-3, W-12, and SMB2-9 were precipitated by the unre-
lated mAb 34.2.12 (H-2D9) or anti-H-2KXD* mAbs 11.4.1 and
3.83 (Fig. 3 A and D). The latter antibodies revealed a band
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Fic. 3. Immunoprecipitation of 3°S-labeled transformants. DAP-
3 [untransformed L cells (U)], W-12 [wild-type H-2L¢ transformant
(W)], and SMB2-9 [mutant H-2L¢ transformant (M)] were labeled
with [>*S]methionine and lysed, and the lysate was immunoprecipit-
ated with unrelated mAb 34.2.12 (Neg control), H-2L¢ N-domain-
specific mAb 64.3.7 (H-2L°N), H-2L¢ C2-domain-specific mAb
28.14.8 (H-2LYC2), or H-2KXD*-specific mAbs 3.83 and 11.4.1
(KXD¥). Precipitates weré analyzed by electrophoresis in
NaDodSO,/10% (A, B) or 11% (C, D) polyacrylamide gels. Upper
and lower arrowheads indicate the positions of the H-2 antigen and
of B,m, respectively.
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corresponding to the H-2K*D* antigens that migrated slightly
slower than the protein precipitated by the anti-H-2L¢ mAb.
Thus, it was concluded that the mutant cells synthesized and
accumulated the H-2L9 antigen precipitable by mAb 64.3.7
and that the molecular weight of the mutant antigen is
comparable to that of the wild-type antigen. To examine
whether the introduced mutation affected the determinants
on other domains, the labeled lysates were immunoprecipi-
tated by the C2-domain-specific mAb 28.14.8. This antibody
precipitated the wild-type H-2L¢ antigen but not the mutant
H-2L¢ antigen (Fig. 3C), indicating the absence of the
determinant recognized by this antibody.

We examined if 8,m is associated with the mutant H-2L9
antigen, because there is an implication that 8,m binds to the
C2 domain of class I antigens and plays a role in transport of
class I antigens. As shown in Fig. 3B, there was a weak but
distinct band of M, = 12,000, corresponding to B,m,
coprecipitated from the mutant antigen preparation bz' mAb
64.3.7. The anti-H-2K*D* mAbs precipitated the K¥D* prod-
ucts and B,m, the latter of which showed the same migration
pattern as that coprecipitated by the anti-H-2L4 mAb (Fig.
3D). The corresponding band was not detected from the
wild-type preparation (Fig. 3B), presumably because of the
well-known weak association of the H-2L¢ antigen with 8,m
(32) and because of a lower amount of the antigen present in
the wild-type than in the mutant transformant. However a
faint band corresponding to 8,m was observed in the wild-
type H-2L¢ immunoprecipitates after prolonged exposure
(data not shown). These data suggest that the mutant H-2L¢
antigen retains the ability to associate with B,m and that
affinity to B,m is not considerably different between the
mutant and wild-type H-2L¢ antigens.

The failure of the mutant transformants to express the
H-2L¢ antigen on the cell surface was further established by
immunoprecipitation from 25I-surface-labeled lysates. mAb
64.3.7, which precipitated the mutant H-2L¢ antigen from
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F1G. 4. Subcellular localization of the H-2L¢ antigen in wild-type
H-2L¢ transformant W-12 (W) and mutant H-2L° transformant
SMB2-9 (M). (A) Cells labeled with [**S]methionine were fraction-
ated into microsomes (lanes 1) and cytosol (lanes 2). Fractionated
materials were immunoprecipitated by anti-H-2KD* mAb 11.4.1
(left four lanes) or by anti-H-2L¢ mAb 64.3.7 (right four lanes). (B)
Cells were surface labeled with 12| and immunoprecipitated with
anti-H-2K*D* mAbs 3.83 and 11.4.1, anti-H-2L¢ mAb 64.3.7, or
unrelated mAb 34.2.12 (Neg control). Precipitates were analyzed by
11% (A) or 10% (B) NaDodSO,/PAGE. Arrowheads indicate the
position of the H-2 antigen.
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35S-labeled lk'sates, was employed. As seen in Fig. 4B,
anti-H-2K*D* mAbs 3.83 and 11.4.1 precipitated the cell
surface KXD¥ antigens from both W-12 and SMB2-9 lysates
in similar amounts. A significant amount of the surface H-2L¢
antigen was precipitated from W-12 lysates but not from
SMB2-9 lysates. There was some size heterogeneity seen in
the wild-type H-2L¢ antigen, which may reflect a variability
of terminal glycosylation or degradation of carbohydrate
moieties (33). There was no band in the mutant preparation
that corresponds to the major band of the wild-type H-2L¢
antigen (Fig. 4B). A very faint band that migrated slightly
faster than the major band of the wild-type H-2L¢ antigen was
observed in the immunoprecipitation of SMB2-9. This may be
explained either by labeling of intracellular antigens caused
by cell damage during iodination or by the presence of an
extremely low level of the mutant antigen expressed in the
plasma membrane. In either case, the surface expression of
the mutant H-2L9 antigen is negligible, consistent with the
results of the antibody binding assay and flow cytofluoro-
metric analysis (data not shown). Thus the mutant antigen
appears to carry a specific defect that prevents transport of
the antigen to the plasma membrane. An alternative possi-
bility is that the mutant H-2L¢ antigen is exported to the
plasma membrane and is rapidly shed. We regard this as
unlikely because of the large amount of the antigen accumu-
lated in the cells. Moreover, concentrated culture superna-
tants prepared from the mutant transformants did not contain
a detectable amount of the H-2L¢ antigen as tested by
inhibition of antibody binding to the H-2L¢ antigen expressed
on W-12 cells (data not shown).

Subcellular Localization of the Mutant H-2L? Antigen. Most
membrane proteins, including major histocompatibility anti-
gens, are thought to be inserted into the endoplasmic
reticulum simultaneously with their synthesis on ribosomes
(34). If this insertion process were affected by the introduced
mutation, it would result in the accumulation of the antigen
in the cytosol. To examine this possibility, cells labeled with
[**SImethionine were fractionated into microsomes and-
cytosol and then subjected to immunoprecipitation. As
shown in Fig. 44, both H-2K¥D¥ and H-2L¢ antigens from
W-12 and SMB2-9 were localized exclusively in the
microsomes. Precipitation of smaller amounts of the H-2
antigens from the cytosol was not due to low recovery of
cytosol proteins, since the total incorporated radioactivity
was similarly distributed between the cytosolic and
microsomal fractions for either cells tested. Thus, the mutant
H-2L9 antigen is evidently integrated into microsomal mem-
brane, as are the wild-type H-2L¢ and K¥D¥ antigens.

DISCUSSION

The present study demonstrates that a single nucleotide
substitution resulting in the breakage of a disulfide bridge
renders an MHC class I antigen incapable of being expressed
on the plasma membrane. The defect cannot be attributed to
a deficiency of general transport machinery, as the endoge-
nous H-2K*D¥ antigens are transported normally. Nor can it
be explained by a secondary defect due to possible glycosyla-
tion deficiency (see below). Rather, the defect is a direct
consequence of the structural alteration caused by the dis-
ruption of the disulfide bridge in the third external domain.
The disruption of the disulfide bridge that occurred in the
second domain, in contrast, does not prevent cell-surface
expression of the antigen, as has been shown before (11).
Because of the strict structural constraints imposed on the
class I antigens for intracellular transport, one may postulate
the presence of a receptor-mediated mechanism for class I
antigen transport that guides the movement of newly syn-
thesized antigens from endoplasmic reticulum to the plasma
membrane. Receptor-mediated transport has been indicated



Immunology: Miyazaki et al.

for other glycoproteins (see below). In this model, nascent
antigens do not passively follow the flow of intracellular
membrane movement, but rather they are specifically sorted
and directed by a carrier-mediated mechanism involving
ligand-receptor-like interactions. On the basis of this concept
we propose that the domain structure containing the disulfide
bridge serves as a signal structure that is crucial for the
interaction with the receptor.

Receptor-mediated transport has been proposed for other
membrane or secretory glycoproteins. Evidence is compel-
ling for various hepatocyte glycoproteins (35) and for murine
leukemia viral glycoproteins (36), in which each protein is
shown to travel through intracellular membrane to the plasma
membrane with unique kinetics. An intracellular receptor has
been identified for transport of lysosomal hydrolases, which,
through binding to the signal structure, mannose 6-phos-
phate, achieves specific delivery of the enzymes to lysosomal
membrane (37).

It has been indicated that B,m, which noncovalently
associates with class I antigens, plays an important role in the
transport of the antigen. Cells lacking 8,m are unable to
express the antigens on the cell surface, an inability that can
be corrected by providing 8,m by cell fusion with normal cells
(38, 39). Transport of class I antigen is reported to be
facilitated by co-injection of B;m mRNA with class | mRNA
into frog oocytes (40). Further, B,m appears to associate with
the C2 domain of the class I antigen (16). Thus one may
assume that 8,m functions at least as a part of the postulated
receptor. However, there are arguments against the partici-
pation of B,m in the transport of class I antigens; it was
suggested (41) that B,m is not required for surface expression
of the H-2D antigen, the C2 domain of which is identical to
that of the H-2L¢ antigen in the amino acid sequence (42).
Furthermore, association of B,m was not abolished in the
mutant described in this paper (Fig. 3). Recently, the protein
E3/19K encoded by adenovirus type 2 was shown to bind to
human MHC class I antigens and block their intracellular
transport without abrogating the association of B,m (43).
These data suggest that the binding of 8,m is not sufficient for
the transport of class I antigens. Therefore, it is more likely
that another receptor, independent of B,m, plays a predom-
inant role. Our results, however, do not exclude the possi-
bility of participation of B,m in the transport.

It is noteworthy that members of the immunoglobulin
supergene family, derived presumably from a common an-
cestral gene, have, without exception, an intrachain disulfide
bridge in the domain most proximal to the plasma membrane
(44). Its high evolutionary conservation would be best ex-
plained by the strict requirement of the disulfide bridge for
the receptor-mediated intracellular transport that would al-
low efficient cell-surface expression of the gene products. It
may then follow that all members of the immunoglobulin
supergene family share a common receptor for their intra-
cellular transport, through which they reach the plasma
membrane.

Interaction of class I antigens with the postulated receptor
would be complex. As will be presented elsewhere, carbo-
hydrate moieties of class I antigens also affect intracellular
transport, although they are not an absolute requirement,
suggesting that interaction with the receptor(s) is mediated by
carbohydrate as well. There may even be multiple receptors
in various steps of transport, and they may require different
parts of the class I molecule for efficient interaction.

Our present work did not clarify the exact location at which
the transport is blocked. Because the mutant H-2L.4 showed the
same apparent molecular weight with the wild-type antigen
(Fig. 3B), the mutant antigen must be almost fully, if not
completely, glycosylated [carbohydrate moieties can be re-
moved from the H-2L4 antigen by site-directed mutagenesis,
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which results in a significant reduction of molecular weight
(unpublished results)]. Thus the mutant antigen may be trapped
in Golgi cisternae, where the N-linked glycosylation is com-
pleted. Further analysis of the defect in this mutant and others
generated by similar methods may help elucidate pathways of
intracellular transport of membrane glycoproteins, which are at
present not fully understood.
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