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The role of the single carbohydrate moiety present on the HLA-A2 molecule was studied by introducing
several amino acid substitutions (by site-directed mutagenesis of the HLA-A2 gene) in the consensus
glycosylation sequence Asn-X-Ser. Two different amino acid substitutions of the asparagine residue at position
86 (glutamine and aspartic acid) resulted in the synthesis of ca. 39,000-molecular-weight nonglycosylated heavy
chains that were detected in the cytoplasm but not on the surface of mouse L-cell transfectants. However, a low
level of surface expression was detected following transfection of human (rhabdomyosarcoma) cells or mouse
L cells containing human 02-microglobulin. The defect in surface expression was not due to the absence of the
glycan moiety, since the substitution of a glycine for a serine at amino acid 88 did not have the same drastic
effect in the presence of human P2-microglobulin. These and other data suggest that the asparagine residue
may play a critical role in the conformation of the HLA heavy chain and its interaction with I12-microglobulin.
Immunofluorescence microscopy following permeabilization of the transfectants demonstrated that the
unglycosylated HLA heavy chains are sequestered in an unidentified cellular compartment that is different
from the Golgi structure.

The human major histocompatibility complex class I anti-
gens HLA-A, HLA-B, and HLA-C (42) are cell surface
proteins composed of two polypeptide chains, a ca. 43,000-
dalton polymorphic heavy chain (a) that is N-glycosylated at
position 86, and a nonpolymorphic, nonglycosylated ca.
12,000-dalton polypeptide (,2-microglobulin [12m]) that is
noncovalently associated with the heavy chain. The genes
coding for these molecules have been mapped to chromo-
somes 6 (13) and 15 (16), respectively.

Studies on the biosynthesis and intracellular transport of
class I antigens indicate that the a chains are synthesized on
membrane-bound ribosomes in the rough endoplasmic
reticulum, where they receive the core N-acetylglucosamine
and mannose sugars and associate with r2m shortly (5 to 10
min) after their synthesis (28). HLA heavy chains appear to
be conformationally competent to associate with P2m during
this short period in vivo (28, 41). However, in vitro-isolated
denatured heavy chains will not reassociate with P2m to
form the mature molecule (29). Heavy-chain-p2m com-
plexes are transported to the Golgi complex, where the
carbohydrate chain is modified to the terminally sialylated
complex form (27) before traveling to the cell surface.

Association with the invariant ,2m has been shown to be
important in the conformation, stability (29), intracellular
transport (47), terminal glycosylation (46), and surface ex-
pression (36) of the HLA molecule after its synthesis in the
rough endoplasmic reticulum. This is best exemplified in the
Burkitt lymphoma line Daudi, in which the lack of surface
expression of HLA antigens is due to a failure in the
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synthesis of the 12m subunit as a result of a point mutation
in the initiation codon of its mRNA (44). Somatic cell
hybrids demonstrate that the Daudi heavy chains can be
rescued by human or mouse P2m supplied by the fusion
partner (22). Thus, mouse p2m may act as an effective
substitute for its human counterpart in cell hybrids (23) as
well as in DNA-mediated gene transfer transfectants (2), and
human or mouse P2m can be exchanged in tissue culture by
bovine P2m from the medium normally used to grow the
cells (5, 25).
Although the biosynthesis of major histocompatibility

complex molecules has been studied in great detail over the
past few years, the exact events and the requirements for the
association of both subunits (40) in the surface expression
and stability of the complex are still of interest, since very
little is known concerning the molecular mechanisms of their
intracellular transport (26). The importance of the unique
asparagine-N-linked glycosylation site in HLA molecules
has been previously investigated by an enzymatic approach
with glycosidases or by treatment in vivo with tunicamycin
(an inhibitor of N-linked glycosylation). Although the results
of these experiments suggested that the carbohydrate moiety
does not play a central role in the membrane insertion,
assembly, rate of expression (36, 43), or antigenic properties
(37) of the HLA-A2 or HLA-B7 molecule, its biological role
remains unclear. Since the use of these procedures has
several disadvantages including potential secondary effects
(cytotoxicity, inhibition of protein synthesis, general effect
on all cellular proteins, etc.), we decided to use site-directed
mutagenesis by using mismatched oligonucleotides to make
specific changes in the signal on the HLA-A2 molecule
recognized by glycosyl transferases and create a new mole-
cule devoid of carbohydrate. This approach permits the
study of the nonglycosylated HLA-A2 molecule without
affecting the general protein synthesis of the cell.
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MATERIALS AND METHODS

Site-directed mutagenesis with mismatched oligonucleo-
tides. Synthetic oligonucleotides were synthesized on an

automated synthesizer, purified by high-performance liquid
chromatography and electrophoresis on a 20o polyacryl-
amide gel containing 7 M urea, and sequenced by a modifi-
cation of the Maxam-Gilbert procedure (31) before use.
Site-directed mutagenesis was performed on double-
stranded DNA plasmids by the following protocol (see Fig.
1A). The supercoiled plasmid DNA purified from a cesium
chloride gradient was digested in two different reactions with
one (to linearize) or two (to open the region to be mutated)
restriction enzymes. The resulting molecules were mixed on

equimolar basis, denatured by boiling (to create a single-
strand template to which the oligonucleotide would hybrid-
ize), and renatured with the oligonucleotide at different
ratios (1:20 and 1:200) at 10°C below its calculated dissocia-
tion temperature [melting temperature, Tm = 4(G+C) +
2(A+T) (52)] for 2 h. After the reaction mixture was cooled
on ice, the gap was filled and the plasmid was covalently
closed by addition of deoxynucleotides (0.5 mM), Esche-
richia coli DNA polymerase I (Klenow fragment), and T4
DNA ligase at 15°C for at least 20 h as recommended by
Zoller and Smith (57). Different dilutions of the ligation
mixture were then used to transform E. coli previously made
competent (HB101 or JM83) (19). Ampicillin-resistant colo-
nies were transferred to nylon membranes (Biotrans; ICN
Pharmaceuticals, Inc.), and those harboring the mutation
were detected by colony hybridization (16) with the 5'-end-
labeled ([y_32P] ATP, ca. 6,000 Ci/mmol; Amersham Corp.)
oligonucleotide at 10°C below the calculated Tm for 14 to 16
h by using 2 x 106 cpm/filter. Hybridization was carried out
in 6x NET (lx NET is 0.15 M NaCl, 15 mM Tris hydro-
chloride [pH 8.3], 1 mM EDTA)-10% Denhardt solu-
tion-0.1% sodium dodecyl sulfate followed by washes at
increasing temperatures with 6x SSC (lx SSC is 0.15 M
NaCl plus 0.015 M sodium citrate [pH 7.0]) and 0.05%
sodium PPi. The filters were exposed for 1 to 4 h at -70°C to
XAR-5 film (Eastman Kodak Co.) with intensifying screens.

The DNA from positive colonies was isolated from 10-ml
cultures (20), and the correct localization of the primer to the
al domain was identified by Southern blot transfer (49) with
appropriate restriction enzyme digests. Since primary trans-
formants harbor both strands ofDNA (normal and mutated),
a second bacterial transformation (with the same DNA
obtained from the minipreparations) was required to further
purify the plasmid DNA. The frequency of generation of the
desired mutation ranged from 2 to 5%. All the enzymes used
were purchased from New England BioLabs and used as

recommended.
DNA sequence analysis. Sequence determination was car-

ried out by the dideoxy chain termination method (6, 45)
after subcloning (9) the corresponding fragments into the
appropriate M13 vectors (mpl8 or mpl9) (34). Sequence
experiments were performed with [a-35S]dATP (specific
activity, 500 Ci/mmol; Amersham).

Cell culture and DNA-mediated gene transfer. The mouse

fibroblasts LMtk- (H-2Kk), LJ26 (LMtk+ cells transformed
with human DNA and expressing human,2m) (24), Ltk/c13,
and the human rhabdomyosarcoma cell line (RD: HLA-A1,
Bw5l, B14) were maintained in alpha minimal essential
medium (GIBCO Laboratories) supplemented with 10%
heat-inactivated fetal bovine serum (Hazleton Research
Products), penicillin (100 U/ml), streptomycin (100pug/ml),

and 2 mM glutamine. LMtk- and LJ26 cells were kindly
provided by Len Herzenberg. Transfections were performed
by using calcium phosphate precipitation (54) of monolayer
cultures as described previously (2). Cotransfection (ratio of
HLA to marker, 20 to 30:1) was carried out with the
recombinant plasmid containing either the HLA-A2 plasmid
(pUCA2) (P. A. Biro, B. W. Duceman, R. Srivastava, J.
Pan, A. U. Sood, and S. M. Weissman, unpublished results)
or the mutated plasmids HLA-A2M86G,,, HLA-A2M86Asp, or
HLA-A2M88G6y together with the plasmid containing either
the herpes simplex virus thymidine kinase (11) gene
(pTKX1) or the TnS neomycin resistance gene (pSV2neo)
(50). Additional high-molecular-weight recipient cell DNA
was used as carrier. Appropriate selection medium contain-
ing either HAT (0.1 mM hypoxanthine, 0.01 mM aminop-
tern, 0.03 mM thymidine) or Geneticin (G418-sulfate, 0.5 to
1 Fxg/ml; GIBCO Laboratories) was added 48 to 60 h after
transfer, and fresh selection media were replaced every 2 to
3 days. Individual colonies or entire flasks of colonies were
harvested 10 to 15 days after selection.
MAbs. Monoclonal antibodies (MAbs) used were MAb

W6/32 (anti-HLA-A, HLA-B, HLA-C monomorphic deter-
minant) (3), MAb PA2.1 (anti-HLA-A2 plus -HLA-A28*)
(38), MAb BB7.2 (anti-HLA-A2 plus-HLA-A28*) (39), MAb
MA2.1 (anti-HLA-A2 plus -HLA-B17) (32), MAb 4B3 (anti-
HLA-A2 plus -HLA-A28) (55), and MAb A131 (HLA-A
locus) (51). The reactivity of the rabbit anti-heavy-chain
serum with nonassociated heavy chains has been previously
described (28), and the serum was a gift of M. Krangel and
H. Ploegh. Mouse anti-Golgi MAb was kindly provided by
Lan Bo Chen (personal communication).

Indirect immunofluorescence and fluorescence-activated cell
sorter analysis. Indirect immunofluorescence was carried out
with saturating amounts of antibody at 4°C for 45 min. After
several washes with media (alpha minimal essential medium
with 2% FCS and 0.1% NaN3), cells were incubated with
fluorescein isothiocyanate-conjugated goat F(ab')2 anti-
mouse immunoglobulin G (Cappel Laboratories) at 4°C for
another 45 min and then washed with the media again.
Evaluation of immunofluorescence and cell sorting were
carried out with an EPICS V laser system and MDADS
multichannel analyzer (Coulter Electronics, Inc.). When
gamma interferon (Biogen, Inc., [human] or Genentech, Inc.
[mouse]) treatment was used, 106 cells were incubated for 48
h in media containing 100 to 200 U of the corresponding
gamma interferon per ml, and indirect immunofluorescence
and fluorescence-activated cell sorter analyses were per-
formed as previously described (2).

Cell labeling, immunoprecipitation, and gradient sodium
dodecyl sulfate gels. Cells (2 x 106 to5 x 106) were labeled by
incubation in methionine-free alpha minimal essential me-
dium (Select-Amine kit; GIBCO) containingl1o fetal bo-
vine serum in the presence of 250 jiCi of [35S]methionine
(500 Ci/mmol; New England Nuclear Corp.) for 14 to 16 h at
37°C. When used, 3,ug/ml of tunicamycin was added to the
media 4 to 6 h earlier and remained throughout labeling.
Labeled cells were washed and lysed in 1.0 ml of lysis buffer
(1% Nonidet P-40, 10 mM Tris hydrochloride [pH 7.5], 1 mM
MgCl2, 0.1 mM phenylmethylsulfonyl fluoride) on ice for 10
to 30 min. The lysates were centrifuged for 10 min in an
Eppendorf centrifuge, and the supernatants were stored at
-70°C if not used immediately. Immunoprecipitation with
the specific MAb or the anti-heavy-chain rabbit antiserum
was carried out as described in reference 27, and the samples
were analyzed by electrophoresis on a 7 to 15% linear-
gradient sodium dodecyl sulfate-polyacrylamide gel electro-
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FIG. 1. Schematic diagram of the mutagenesis protocol used. (A) The recombinant plasmid was digested with one (Scal) or two (XmaIII
and Bglll) restriction enzymes. The two reaction mixtures were mixed with the mismatched oligonucleotide, denatured by boiling, and
reannealed. The gap created was then filled by polymerase I in the presence of deoxynucleotides and the molecule ligated by T4 DNA ligase.
(B) The sequences of the oligonucleotides used and their corresponding mismatches with the original HLA-A2 sequence.

phoresis gel. Radioactive bands were detected after expo-
sure on Kodak XAR-5 X-ray film.

Internal staining and immunofluorescence microscopy.
Cells (106 cells per well) were grown on glass cover slips,
fixed with 3.5% formaldehyde in phosphate-buffered saline
at room temperature for 20 min, and permeabilized with
acetone or methanol at -20°C for 2 min. Alternatively,
methanol alone or 1% formaldehyde in methanol at -20°C
for 5 min was also used (8). The cells were then rinsed
sequentially with double-distilled water-phosphate-buffered
saline and incubated with the specific MAb (W6/32, 4B3),
anti-heavy-chain rabbit antiserum, or mouse anti-Golgi
MAb. When double-immunofluorescence labeling was per-
formed, the mouse MAb and the rabbit antiserum were
mixed. The second antibody (fluorescein-conjugated goat
anti-rabbit, rhodamine-conjugated goat anti-rabbit, or rho-
damine-conjugated goat anti-mouse; Cooper Biomedical,
Inc.) was also used for 30 min at 37°C in a humidified
chamber. Each incubation was followed by a 5-min wash in
phosphate-buffered saline. Cover slips were mounted on
glass slides with glycerol-gelatin containing 0.1 M n-propyl
gallate (Sigma Chemical Co.). Fluorescence microscopy was
carried out with a Zeiss Photomicroscope III.

RESULTS

Construction and expression of the nonglycosylated mole-
cule A2M86G1, in mouse fibroblasts. A mismatched oligonu-
cleotide (5'-GGCTACTACCAACAGAGCGAG-3') was
used to construct an HLA-A2 molecule altered by the
substitution of 86Gln for 86Asn, as described in Materials
and Methods and Fig. 1B. Plasmid DNA isolated from
positive colonies (Fig. 2A) was digested with several diag-
nostic restriction enzymes, and the localization of the muta-
tion to the al domain was confirmed following Southern blot

transfer and hybridization with the labeled oligonucleotide to
the filter by using the same differential-temperature washes
as those that detected positive colonies (data not shown).
DNA sequence analysis of the al and a2 exons following
excision with SmaI from the purified mutant DNA (HLA-
A2MMGIn) confirmed that the appropriate base changes had
been introduced at position 86, corresponding to the se-
quence of the oligonucleotide (Fig. 2B). No other base
changes were observed in these exons, and the XmaIII and
BglII restriction enzyme sites used were regenerated. Be-
cause the remainder of the HLA gene was not open to
mutagenesis by this protocol, it is unlikely that any other
alteration occurred elsewhere in the molecule. This was
further confirmed by exon swap experiments with the nor-
mal HLA-A2 gene (see below).
Once the presence of the mutation was confirmed, the

plasmid was cotransfected with appropriate selectable
marker genes (pTKX1 or pSV2neo) into mouse Ltk/c13 cells
by the calcium phosphate precipitation procedure (54). The
selection medium (HAT or G418) was added to the cells after
48 to 60 h. The expression of the HLA molecules in the
stable HAT or G418 resistant colonies (mass population or
clones) was analyzed by indirect immunofluorescence and
flow cytometry (fluorescence-activated cell sorter) with the
HLA-A2 specific monomorphic and polymorphic MAbs
listed in Materials and Methods. None of these MAbs was
able to detect the presence of the HLA-A2M86GIn gene
product on the surface, while the normal HLA-A2 molecule
was easily detected. Figure 3 illustrates the result with two
MAbs, PA2.1 and W6/32.
Because this lack of expression could result from the

unlikely possibility that other alterations were introduced
elsewhere in the HLA gene by an error created during the
mutagenesis procedure, an exon swap experiment was de-
signed to interchange the sequenced region of the HLA-
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FIG. 2. Identification and characterization of the mutants. (A)
Differential colony hybridization analysis. DNA from colonies
transferred and grown on nylon membranes was hybridized with the
12P-end-labeled oligonucleotide. The presence of the plasmid carry-
ing the mutation is detected under differential washing conditions.
Tm refers to the melting temperature of the oligonucleotide. (B)
DNA sequence analysis of the glycosylation mutants. The sequence
of the glycosylation mutants was determined by the dideoxy method
after the axl domain was subcloned into the mpl9 vector. The arrows
show the corresponding base differences between the mutants and
the original HLA-A.2 molecule (see also Fig. iB). No other base
changes were observed in the entire exon.

A2

A2M86G,n with the original HLA-A2 gene. Both DNAs were
digested with the enzymes originally used (XmaIII and Bglll
[Fig. 1A]), the fragments were isolated from a low-melting
agarose gel and religated to generate two new hybrid mole-
cules: A2/MUT (normal gene but containing oal + at2 from the
mutated plasmid) and MUT/A2 (the mutated plasmid with
the al+a2 segment from the normal gene). Upon DNA-
mediated gene transfer in the mouse L cells, the A2/MUT
antigen was not detected on the surface, while MUT/A2 was
now expressed at normal levels (data not shown). This,
together with the complete sequence of al and a2 from the
mutant showing only the appropriate changes at position 86,
excludes the possibility that any other alteration in the
molecule caused the lack of surface expression observed.
The presence of the appropriate ca. 39,000-molecular-

weight nonglycosylated heavy chain in the cytoplasm of the
mouse cells transfected with these hybrid molecules was
demonstrated by metabolic labeling with [35S]methionine
and subsequent immunoprecipitation with a rabbit anti-
heavy-chain antiserum (Fig. 4). Although tunicamycin treat-
ment produced the appropriate shift (ca. 43,000 to ca.
39,000) in the normal HLA-A2 molecule (Fig. 4; lanes 4 and
5) and the hybrid MUT/A2 (lanes 10 and 11), the heavy
chains of the mutant at position 86 (lanes 8 and 9) and the
hybrid A2/MUT remained unaltered (lanes 6 and 7).

Cell surface expression of the nonglycosylated molecule
associated with human j82m. Since there are several differ-
ences between mouse (14) and human (10) 12m and since the
intracellular transport and cell surface expression of class I
heavy chains can be affected by the association with the
species-specific ,B2m subunit, the mutated molecule was
introduced into the human rhabdomyosarcoma cell line (RD)
and also into mouse L cells previously transfected with the
human P2m gene (LJ26). A low level of expression (50 to 100
times less than for the normal HLA-A2 molecule) was

A2-MUT86
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FIG. 3. Immunofluorescence and fluorescence-activated cell sorter analysis of HLA-A2MmG,,, expression in mouse Ltk/c13 cells. The

histograms represents a mass population analysis of transfected Ltk/c13 cells stained with two different HLA-A2 reactive MAbs W6/32 and
PA2.1. Mouse H-2Kk was used as a control of mouse endogenous class I antigen expression. Control (C) fluorescein-conjugated goat
anti-mouse immunoglobulin G alone. Fluorescent signals converted to logarithmic values are displayed on a multichannel analyzer.
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FIG. 4. Immunoprecipitation analysis of HLA heavy chains
from transfected L cells. The transfectants were labeled with
[35S]methionine in the presence (+) or absence (-) of tunicamycin.
A rabbit anti-class-I heavy-chain antiserum was used to precipitate
the heavy chains from the lysates, and the samples were analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis on a 7.5
to 15% linear-gradient gel. Lanes: 1 to 3, immunoprecipitation of the
lysate from the Ltk- cell line used with normal rabbit serum (lane 1)
or anti-H (lanes 2 and 3); 4 and 5, original HLA-A2 transfectant
before (-, ca. 43,000) and after (+, ca. 39,000) treatment with
tunicamycin; 6 and 7, al + a2 domains from the mutant introduced
in the normal HLA-A2 gene (hybrid A2/MUT); 8 and 9, HLA-A2
M86G,,; 10 and 11, al + a2 domains from the normal HLA-A2 gene
introduced into HLA-A2M86G,n (hybrid MUT/A2); 12 and 13 (con-
trols), immunoprecipitation of the class I polypeptides from the
lymphoblastoid cell line JY from which the HLA-A2 gene was
obtained.

observed in both cell lines (Fig. 5, upper and middle panels).
Moreover, to investigate the relation between quantity of the
light chain and the level of expression of the mutated
HLA-A2M86G,n molecule, the mouse cell transfectants were
treated with mouse gamma interferon. The increased levels
of a and ,2m chain transcripts did result in greatly enhanced

LTk-
I,c

ILA-A2

surface expression of the normal HLA-A2 molecule in
HLA-A2 transfectants as well as some surface expression of
the mutated molecule in HLA-A2M86GIn transfectants. How-
ever, this level was still lower than that observed for the
uninduced HLA-A2 molecule (data not shown).

Further characterization of the glycosylation consensus se-
quence. From these results, either the carbohydrate moiety
itself is important for the intracellular transport and cell
surface expression of the HLA-A2 molecule or the alteration
of expression observed is a direct consequence of the
specific amino acid substitution that we introduced. To
distinguish between these possibilities, the recognition signal
for glycosyl transferases (Asn-X-Ser) was studied in more
detail by creating two other amino acid substitutions in the
HLA-A2 molecule, i.e., a nonconservative change (with
respect to charge) at position 86 replacing the asparagine
residue with aspartic acid (HLA-A2M86A,p) and the con-
servative substitution of serine by glycine at position 88
(HLA-A2M88GIy). The oligonucleotides (a 21-mer, 5'-GGC
TACTACGATCAGAGCGAG-3', and a 19-mer, 5'-CTACA
ACCAGGGCGAGGCC-3') containing one or two mis-
matches (Fig. 1B) were synthesized and the mutant DNA
was identified, sequenced (Fig. 2B), purified, and transfected
by DNA-mediated gene transfer into mouse and human cell
lines as previously described for HLA-A2M86GI,. Alteration
of the mobility of the heavy chains was also observed after
immunoprecipitation of the lysates obtained from these
transfectants, consistent with the lack of carbohydrate moi-
ety. Tunicamycin treatment of the cells did not affect the
mobility of the molecules (data not shown).
Immunofluorescence and fluorescence-activated cell sort-

er analysis of these transfectants shows that the new substi-
tution (Asp) at position 86 had an identical effect as had been
seen previously for the substitution of Gln at position 86 (no
surface expression on L cells and a low level on human or
mouse cells carrying human 132m). In contrast, the specific
change at position 88 had little effect on the surface expres-

LJ2

C

A~~~

RDh-

a

HLA-A%

FIG. 5. Immunoflourescence and flow cytometry comparison analysis of HLA expression in different recipient cell lines. Each histogram
represents the expression of the original HLA-A2 and the glycosylation mutants HLA-A2M86 and HLA-A2M88 in mouse L cells (Ltk-), LJ26,
and the human RD cell line. The corresponding mass population of resistant clones was analyzed with a panel of HLA-specific mono- and
polymorphic MAbs. Reactivity with MAb 4B is shown. The control (C) was the fluorescence obtained with the fluorescein-conjugated goat
anti-mouse immunoglobulin alone.
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FIG. 6. Immunoprecipitation of HLA heavy chains from transfected LJ26 cells. The autoradiogram illustrates the difference between the
immunoprecipitated material from the lysates of the transfectants with the rabbit serum or the specific MAbs. The cells were labeled in the
presence of [35S]methionine for 4 h. The transfectants were previously sorted to eliminate negative cells and to obtain a similar level of
expression for the glycosylation mutants. Lanes 2 and 3 show the immunoprecipitation of the lysate from the HLA-A2 normal transfectant
with the anti-heavy-chain antiserum (a-H) or W6/32. Similarly, the lysate from the transfectants HLA-A2M88 (lanes 4 to 6), HLA-A2M86Gin
(lanes 7 to 9), or HLA-A2M86ASp (lanes 11 to 13) can also be compared by using a-H, W6/32, or 4B3. Lanes 14 to 16 show the
immunoprecipitation from the LJ26 cell line used. Normal mouse serum (NMS; lanes 6, 10, 14, and 18) was used on each lysate as a control.
Class I polypeptides from the lymphoblastoid cell JY with (JYT, lanes 1 and 19) or without (JY, lane 20) treatment with tunicamycin were used
as a control.

sion of the molecule when human 12m was present. Thus, in
mouse (LJ26) and human (RD) cells, the levels of expression
were comparable to those for the normal HLA-A2 gene. A
lowered level of surface expression was nevertheless de-
tected in mouse Ltk- cells, although this effect was not as
marked as in the HLA-A2 molecule having the substitution
at position 86 (Fig. 5). The alteration in the association
between the heavy and light chain of the nonglycosylated
molecules is illustrated in Fig. 6 after metabolic labeling and
immunoprecipitation with W6/32 and anti-(a-H) of the ly-
sates obtained from the LJ26 transfectants. In contrast to the
equal amount of immunoprecipitated material obtained in
the normal HLA-A2 transfectant, the nonglycosylated mu-
tants, HLA-A2M88G6y (lanes 5 and 6), HLA-A2M86GIn (lanes
8 to 10), and HLA-A2M86ASp (lanes 12 to 14), all showed a
much smaller quantity of associated (as detected by the
MAbs W6/32 or 4B3) than of nonassociated (using the
anti-heavy-chain rabbit antiserum, a-H) HLA heavy and
light chains. Thus, amino acid changes in the consensus
glycosylation sequence (especially at position 86) have a
drastic effect on the association of the heavy and light chains
and the subsequent cell surface expression of the complex.
The alteration is more dramatic when the human HLA heavy
chain must associate with mouse P2m and in this case is
observed also for the mutation at position 88. The relatively
small amount of material seen on immunoprecipitation of
A2M88G1y with W6/32 (Fig. 6) compared with the amount
seen by fluorescence-activated cell sorter analysis (Fig. 5)
could reflect this alteration in association between the hu-
man heavy chain and mouse ,2m (since the experiment was
done with mouse cells). Alternatively, the MAbs used may
not react as well with this mutated molecule in internal
membranes associated with mouse P2m as opposed to the
surface in which the mouse P2m exchanges readily with
bovine P2m (11).

Intracellular localization of the nonglycosylated heavy
chains. The cellular localization of the nonglycosylated
HLA-A2 molecules in the transfectants was further investi-
gated by indirect immunofluorescence microscopy analysis
after permeabilization of the membrane. In contrast to the
uniformly distributed immunofluorescence pattern present in
the cytoplasm of the cells transfected with the original
HLA-A2 molecule, the glycosylation mutants at position 86
show a characteristic internal staining pattern (in both hu-
man and mouse cells) with the anti-heavy-chain antiserum
(Fig. 7A). These fluorescent granules were seen after four
different fixation procedures (8) (see Materials and Methods)
and therefore are unlikely to be due to fixation artifacts.
Similar concentration of MAb staining was not observed
with W6/32 or another MAb (4B3) identifying mature P2m-
associated heavy chains (data not shown). This result con-
firms that the heavy chains of the mutants at position 86 were
unable to associate with 12m and that their transport to the
surface was blocked.
To address whether these chains were localized in the

Golgi compartment, dual immunofluorescence staining (us-
ing simultaneously the anti-heavy-chain rabbit antiserum
and a MAb recognizing the Golgi structure) was performed.
The HLA heavy chains were not located within the Golgi
complex, since fluorescein and rhodamine staining were
present in different locations (compare the fluorescence
localization in Fig. 7A and B). A similar result was observed
for the HLA-B7 molecule mutated at the same position (J.
Barbosa et al., unpublished results). Furthermore, the pat-
tern of staining is not typical of the punctate stain usually
observed for lysosomal staining (L. B. Chen, personal
communication). These experiments pose the questions of
the role of P2m in transport of the heavy chain and where
and why the a chain becomes arrested in the absence of
association with P2m.
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DISCUSSION

The glycosylation site present at position 86 is highly
conserved in all major histocompatibility complex class I
antigens studied so far in different species: mouse, rat,
rabbit, and humans, suggesting its importance in the general
structure of the polypeptide. In this study, the role of the
unique carbohydrate moiety in the HLA-A2 antigen has
been addressed by using a series of site-specific mutations
involving either the asparagine or the serine residue in the
consensus glycosylation sequence (Asn-X-Ser) present in
the al domain. Two different substitutions (conservative and
nonconservative) of the asparagine residue at position 86
produced a lack of or lowered expression of the molecule on
the surface of transfected mouse or human cell lines. How-
ever, the nonglycosylated molecule created by the change of
the serine residue at position 88 did not result in blocked
surface expression in the presence of human ,2m. Further-
more, an accumulation of denatured heavy chain in the
cytoplasm of human or mouse cells transfectants has also

FIG. 7. Double-label indirect immunofluorescence microscopy
analysis showing internal staining for HLA-A2M86G,,. RD cells
transfected with the mutant DNA were permeabilized and fixed, and
the denatured heavy chain was labeled with rabbit anti-heavy-chain
and fluorescein-conjugated goat anti-rabbit immunoglobulin G (A).
The Golgi structure was labeled with a mouse MAb and rhodamine-
conjugated goat anti-mouse immunoglobulin G (B). Panels A and B
correspond to the same field photographed with two different filters
to demonstrate the distribution of fluoresceinated anti-heavy-chain
antiserum or the anti-Golgi MAb detected with rhodamine.

been detected by immunofluorescence microscopy with a
rabbit anti-heavy-chain antiserum. A more detailed study of
the cellular localization of these nonglycosylated molecules
is currently under way. The hypothesis that nonglycosylated
human heavy chains were not able to associate with the light
chain (p2m) as a result of competition with endogenous
(glycosylated) class I antigens was ruled out when the human
or mouse cell transfectants treated with tunicamycin still
failed to express a normal level of the mutated HLA-A2
molecules on their surfaces (data not shown).

Since gamma interferon treatment of the mouse cell
transfectants was able to rescue the transport to the surface
of the nonglycosylated molecules in an amount similar to
that seen in the presence of the species-specific ,2m and
since these molecules retain most of the antigenic determi-
nants, as determined by indirect immunofluorescence and
fluorescence-activated cell sorter analysis with a panel of
reactive HLA-A2 MAbs, the results suggest the active role
that P2m may play in the intracellular processing and struc-
tural stability of the molecule. Once the heavy chain is
associated (even with mouse ,2m), it appears able to con-
tinue to the surface. The low level of expression may be due
to the inability to form this complex. Thus, the al domain,
and possibly amino acid 86 in particular, provides some
capacity for the association between newly synthesized
heavy and light chains. Alteration of the asparagine residue
may reduce this interaction, and if P2m does not associate by
the time the entire heavy chain is synthesized, a confor-
mational change may occur, after which the association is no
longer possible. This would explain the improved expression
capability resulting from both gamma interferon treatment
(greater quantity of HLA heavy and light chains) and the
presence of the species-specific ,B2m. Support for this notion
has some precedent (29).

It is not surprising that lack of association between both
subunits results in a block of the transit of the heavy chain
through the cytoplasm, as occurred in Daudi cells owing to a
complete absence of the 12m. The results presented in this
study suggest, furthermore, that specific amino acid changes
in a highly conserved region of the molecule may also affect
the association of the two subunits, seen more dramatically
in the association of the heavy chain with mouse P2m.
Although it has been generally accepted that the major site of
,2m interaction is the a3 domain (56), several earlier results
had suggested a possible role for the al and a2 domains (29,
53). In addition, small changes in other regions of the
molecule (especially the al domain, J. Santos-Aguado et al.,
unpublished results) may have a major effect in the associ-
ation between both subunits. The different requirements of
the association of class I molecules with the species-specific
p2m is also exemplified by the fact that, although HLA-A2
and HLA-B7 associate with mouse ,32m in their transit to the
surface, their rates of dissociation (21) and extent of ex-
change with bovine or human P2m from the culture medium
containing bovine or human serum varies; i.e., most of the
HLA-B7 molecules on the surface become associated with
either bovine or human ,2m, while only 40 to 60% of
HLA-A2 exchanges (4).
The presence of carbohydrate moieties on cell surface

glycoproteins has been linked to several cellular functions
such as maintenance of correct polypeptide conformation,
protection from proteolytic degradation, signals for intracel-
lular targeting, and components of receptors systems (35).
Experiments involving the use of different inhibitors never-
theless indicate a molecule-specific role for these glycan
moieties, since some nonglycosylated proteins fail to reach
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their correct cellular destination (glycoprotein G of vesicular
stomatitis virus [15]) or are degraded more rapidly while
others are not (7). Recently, it was suggested that carbohy-
drate moieties may play an important role as recognition
signals in the intracellular transport of cell surface glycopro-
teins (1, 18, 30, 33). However, present results suggest that in
the HLA-A2 molecule, in addition to any other role of the
carbohydrate moiety itself, certain residues in the glycosyla-
tion sequence are important in the conservation of the
general structure of the polypeptide. It is curious that the
mutant mouse H-2Ld molecules containing lysine at position
86 and destroying the consensus glycosylation sequence
were not drastically affected in expression (48). Alteration in
surface expression was only observed when all three glyco-
sylation sites present in the H-2Ld molecule were mutated
(33). It is possible that a positively charged amino acid
introduced at position 86 in the HLA-A2 antigen will not
result in dramatic expression differences. Alternatively, the
structural requirements at position 86 may not be the same
for mouse or human class I antigens. The nonglycosylated
mutants produced in this study may provide excellent tools
for a more detailed study of the biosynthesis, intracellular
transport, and cell surface expression of major histocompat-
ibility complex class I antigens.

ACKNOWLEDGMENTS

We thank M. Brenner and M. Krangel for their helpful criticism of
the manuscript and J. Fraser for advice with the immunoprecipita-
tions. We especially thank Lan Bo Chen and Elizabeth Walker for
invaluable help with internal staining and immunofluorescence mi-
croscopy.

This research was supported by Public Health Service grants from
the National Institutes of Health (AI-20182 to P.A.B., AI-15669 to
J.L.S., and AI-22447 to J.A.B.). J.A.B. was further supported by
the Medical Foundation of Boston.

LITERATURE CITED

1. Adams, G. A., and J. K. Rose. 1985. Structural requirements of
a membrane spanning domain for protein anchoring and cell
surface transport. Cell 41:1007-1015.

2. Barbosa, J. A., M. E. Kamarck, P. A. Biro, S. M. Weissman, and
F. H. Ruddle. 1982. Identification of human genomic clones
coding the major histocompatibility antigens HLA-A2 and -B7
by DNA-mediated gene transfer. Proc. Natl. Acad. Sci. USA
79:6327-6331.

3. Barnstable, C. J., W. F. Bodmer, G. Brown, G. Galfre, C.
Milstein, and A. F. Williams. 1978. Production of monoclonal
antibodies to group A erythrocytes, HLA and other human cell
surface antigens-new tools for genetic analysis. Cell 14:9-20.

4. Bernabeu, C., R. Maziarz, C. Murre, and C. Terhorst. 1985.
Beta2-microglobulin from serum associates with several class I
antigens expressed on the surface of mouse L-cells. Mol.
Immunol. 22:955-960.

5. Bernabeu, C., M. van de Rijn, P. Lerch, and C. Terhost. 1984.
,2microglobulin from serum associates with class I antigens on
the surface of cultured cells. Nature (London) 308:642-645.

6. Biggin, M. D., T. J. Gibson, and G. F. Hong. 1983. Buffer
gradient gel and 35S label as an aid to rapid DNA sequence
determination. Proc. Natl. Acad. Sci. USA 80:3963-3965.

7. Burke, B., K. Matlin, E. Bause, G. Legler, N. Peyrieras, and H.
Ploegh. 1984. Inhibition of N-linked oligosaccharide trimming
does not interfere with surface expression of certain integral
membrane proteins. EMBO J. 3:551-556.

8. Chen, L. B., S. Rosenberg, K. K. Nadakavukaren, E. Walker,
E. L. Shepherd, and G. D. Steele. 1985. The cytoskeleton, p.
251-257. In T. A. Springer (ed.), Hybridoma technology in the
biosciences and medicine. Plenum Publishing Corp., New York.

9. Crouse, G. F., F. A. Frischauf, and H. Lebrach. 1983. An

integrated and simplified approach to cloning into plasmids and
single-stranded phages. Methods Enzymol. 101:78-89.

10. Cunningham, B. A., J. L. Wang, J. Berggard, and P. A.
Peterson. 1973. The complete amino acid sequence of ,2-
microglobulin. Biochemistry 12:4811-4821.

11. Enquist, L. W., K. Van Woude, M. Wagner, J. R. Smiley, and
W. C. Summers. 1979. Construction and characterization of a
recombinant plasmid encoding the gene for the thymidine kinase
of herpes type I virus. Gene 7:335-342.

12. Ferrier P., J. C. Fontecilia-Camps, D. Bucchini, D. H. Caillo, B.
Jordan, and F. A. Lemonnier. 1985. Altered structure of HLA
class I heavy chains associated with mouse beta-2 microglob-
ulin. Immunogenetics 21:321-331.

13. Francke, U., and M. A. Pellegrino. 1977. Assignment of the
major histocompatibility complex to a region of the short arm of
human chromosome 6. Proc. Natl. Acad. Sci. USA 74:1147-
1151.

14. Gates, F. T., J. E. Coligan, and J. J. Kindt. 1981. Complete
amino acid sequence of murine P2-microglobulin: structural
evidence for strain-related polymorphism. Proc. Natl. Acad.
Sci. USA 78:554-558.

15. Gibson, R., R. Leavitt, S. Kornfeld, and S. Schlesinger. 1978.
Synthesis and infectivity of vesicular stomatitis virus containing
nonglycosylated G protein. Cell 13:671-679.

16. GoodfelHow, P. N., E. A. Jones, V. van Heynengen, E. Solomon,
M. Bobrow, V. Miggiano, and W. F. Bodmer. 1975. The P2-
microglobulin gene is on chromosome 15 and not in the HLA
region. Nature (London) 254:267-268.

17. Grunstein, M., and D. S. Hogness. 1975. Colony hybridization: a
method for the isolation of cloned DNAs that contain a specific
gene. Proc. Natl. Acad. Sci. USA 72:3961-3965.

18. Guan, J., C. E. Machamer, and J. K. Rose. 1985. Glycosylation
allows cell-surface transport of an anchored secretory protein.
Cell 42:489-496.

19. Hanahan, D. 1983. Studies on transformation of Escherichia coli
with plasmids. J. Mol. Biol. 166:557-580.

20. Holmes, D. S., and M. Quigley. 1981. Rapid boiling method for
the preparation of bacterial plasmids. Anal. Biochem. 114:193-
197.

21. Hyafil, F., and J. L. Strominger. 1979. Dissociation and ex-
change of the P2-microglobulin subunit of HLA-A and HLA-B
antigens. Proc. Natl. Acad. Sci. USA 76:5056-5060.

22. Jones, E. A., P. N. Goodfellow, R. H. Kennett, and W. F.
Bodmer. 1976. The independent expression of HLA and 132-
microglobulin on human-mouse hybrids. Somatic Cell Genet.
2:483-496.

23. Kamarck, M. E., J. A. Barbosa, and F. H. Ruddle. 1982.
Somatic cell genetic analysis of HLA-A, -B, -C, and human
132-microglobulin expression. Somatic Cell Genet. 8:385-402.

24. Kavathas, P., and L. A. Herzenberg. 1983. Stable transformation
of mouse L cells for human membrane T cell differentiation
antigens, HLA and P2-microglobulin: selection by fluorescein
activated cell testing. Proc. Natl. Acad. Sci. USA 80:524-528.

25. Kefford, R. F., F. Calabi, I. M. Fearnley, 0. R. Burrone, and C.
Milstein. 1984. Serum P2m binds to a T cell differentiation
antigen and increases its expression. Nature (London) 308:641-
642.

26. Kinnon, C., and M. J. Owen. 1985. The mechanism of intracel-
lular transport and surface expression of MHC antigens, p.
195-215. In B. Pernis and H. J. Fogel (ed.), Cell biology of the
major histocompatibility complex. Academic Press, Inc., New
York.

27. Kornfeld, R., and S. Kornfeld. 1985. Assembly of asparagine-
linked oligosaccharides. Annu. Rev. Biochem. 54:631-664.

28. Krangel, M. S., H. T. Orr, and J. L. Strominger. 1979. Assem-
bly and maturation of HLA-A and HLA-B antigens in vivo. Cell
18:979-991.

29. Lancet, D., P. Parham, and J. L. Strominger. 1979. Heavy chain
of HLA-A and HLA-B antigens is conformationally labile: a
possible role for P2-microglobulin. Proc. Natl. Acad. Sci. USA
76:3844-3848.

30. Machamer, C. E., R. Z. Florkiewicz, and J. K. Rose. 1985. A
single N-linked oligosaccharide at either of the two normal sites

VOL. 7, 1987



990 SANTOS-AGUADO ET AL.

is sufficient for transport of vesicular stomatitis virus G protein
to the cell surface. Mol. Cell. Biol. 5:3074-3083.

31. Maxam, A. M., and W. Gilbert. 1980. Sequencing end-labeled
DNA with base-specific chemical cleavages. Methods Enzymol.
65:499-560.

32. McMichael, A. J., P. Parham, N. Rust, and F. Brodsky. 1980. A
monoclonal antibody that recognizes an antigenic determinant
shared by HLA-A2 and -B17. Hum. Immunol. 1:121-129.

33. Miyazaki, J., E. Appella, H. Zhao, J. Forman, and K. Ozato.
1986. Expression and function of a non-glycosylated major
histocompatibility class I antigen. J. Exp. Med. 163:856-871.

34. Norrander, J., T. Kempe, and J. Messing. 1983. Construction of
improved M13 vectors using oligodeoxynucleotide-directed mu-
tagenesis. Gene 26:101-106.

35. Olden, K., J. B. Parent, and S. L. White. 1982. Carbohydrate
moieties of glycoproteins. A re-evaluation of their function.
Biochim. Biophys. Acta 650:209-232.

36. Owen, M. J., A. Kissonerghis, and H. F. Lodish. 1980. Biosyn-
thesis of HLA-A and HLA-B antigens in vivo. J. Biol. Chem.
255:9678-9684.

37. Parham, P., B. N. Alpert, H. T. Orr, and J. L. Strominger. 1977.
Carbohydrate moiety ofHLA antigens: antigenic properties and
amino acid sequences around the site of glycosylation. J. Biol.
Chem. 252:7555-7567.

38. Parham, P., and W. F. Bodmer. 1979. Monoclonal antibody to a
human histocompatibility alloantigen, HLA-A2. Nature (Lon-
don) 276:397-399.

39. Parham, P., and F. M. Brodsky. 1981. Partial purification and
some properties of BB7.2. A cytotoxic monoclonal antibody
with specificity for HLA-A2 and a variant of HLA-A28. Hum.
Immunol. 3:277-299.

40. Parker, K. C., and J. L. Strominger. 1985. Subunit interactions
of class I histocompatibility antigens. Biochemistry 24:
5543-5550.

41. Ploegh, H. L., L. E. Cannon, and J. L. Strominger. 1979. Cell
free translation of the mRNAs for the heavy and light chains of
HLA-A and HLA-B antigens. Proc. Natl. Acad. Sci. USA
76:2273-2277.

42. Ploegh, H. L., H. T. Orr, and J. L. Strominger. 1981. Major
histocompatibility antigens: the human (HLA-A, -B, -C) and
murine (H2-K, H2-D) class I molecules. Cell 24:287-299.

43. Ploegh, H. L., H. T. Orr, and J. L. Strominger. 1981. Biosyn-
thesis and cell surface localization of nonglycosylated human
histocompatibility antigens. J. Immunol. 126:270-275.

44. Rose, F., H. Berissi, J. Weissenback, L. Manoteaux, M. Fellous,
and M. Revel. 1983. The P2-microglobulin mRNA in human
Daudi cells has a mutated initiation codon but is still inducible
by interferon. EMBO J. 2:239-243.

45. Sanger, F., A. R. Coulson, B. G. Barrell, A. J. H. Smith, and

D. A. Roe. 1980. Cloning in single stranded bacteriophages as an
aid to rapid DNA sequencing. J. Mol. Biol. 143:161-178.

46. Sege, K., L. Rask, and P. A. Peterson. 1981. Role of -
microglobulin in the intracellular processing of HLA antigens.
Biochemistry 20:4523-4530.

47. Severinsson, L., and P. A. Peterson. 1984. p2-Microglobulin
induces intracellular transport of human class I transplantation
antigen heavy chains in Xenopus laevis oocytes. J. Cell Biol.
99:226-232.

48. Shiroishi, T., G. A. Evans, E. Appella, and K. Ozato. 1985. In
vitro mutagenesis of a mouse MHC class I gene for the
examination of structure function relationships. J. Immunol.
134:623-629.

49. Southern, E. M. 1975. Detection of specific sequences among
DNA fragments separated by gel electrophoresis. J. Mol. Biol.
98:503-517.

50. Southern, P. J., and P. Berg. 1982. Transformation of mamma-
lian cells to antibiotic resistance with a bacterial gene under
control of the SV40 early region promotor. J. Mol. Appl. Genet.
1:327-341.

51. Spear, B. T., J. Kornbluth, J. L. Strominger, and D. B. Wilson.
1985. Evidence for a shared HLA-A intralocus determinant
defined by monoclonal antibody A131. J. Exp. Med. 162:1802-
1810.

52. Suggs, S. V., T. Hirose, T. Miwake, E. H. Kawasnima, M. J.
Johnson, K. Itakura, and R. B. Wallace. 1981. Use of synthetic
oligodeoxyribonucleotides for the isolation of specific cloned
DNA sequences, p. 683-693. In D. D. Brown (ed.), Develop-
mental biology using purified genes. Academic Press, Inc., New
York.

53. Tragardh, L., K. Wiman, L. Rask, and P. A. Peterson. 1979.
Fragmentation of the human transplantation antigen heavy
chain by limited proteolysis, acid cleavage and cyanogen bro-
mide treatment. Biochemistry 18:1322-1328.

54. Wigler, M., R. Sweet, G. K. Sim, B. Wold, A. Pellicer, E. Lacy,
T. Maniatis, S. Silverstein, and R. Axel. 1979. Transformation of
mammalian cells with genes from prokaryotes and eukaryotes.
Cell 16:777-785.

55. Yang, S. Y., Y. Morishima, N. C. Collins, T. Alton, M. S.
Poliack, E. J. Yunis, and B. Dupont. 1984. Comparison of
one-dimensional IEF patterns for serologically detectable HLA-
A and -B allotypes. Immunogenetics 19:217-231.

56. Yokoyama, K., and S. G. Natheson. 1983. Intramolecular orga-
nization of class I H-2 MHC antigens: localization of the
alloantigenic determinants and the ,2m dividing site to different
regions of the H-2Kb glycoprotein. J. Immunol. 130:1415-1419.

57. ZoNler, M. J., and M. Smith. 1983. Oligonucleotide-directed
mutagenesis of DNA fragments cloned into M13 vectors. Meth-
ods Enzymol. 100:468-500.

MOL. CELL. BIOL.


