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Structure and biosynthesis of histocompatibility antigens (H-2, HLA)

By B. DoBBERSTEIN, S. KvisT AND LYNNE ROBERTS?
European Molecular Biology Laboratory, Postfach 10.2209, D-6900 Heidelberg, F.R.G.

Histocompatibility antigens (H-2K, D and L, and HLA-A, B and C) are highly poly-
morphic cell surface proteins. Their primary structure has been determined by
sequencing the protein, complementary DNAs (cDNAs) or genes in several labora-
tories. H-2L and K¢ antigens are encoded by eight separate exons: one encodes
the signal sequence, three encode the external domains, one encodes the membrane
spanning segment and three encode the cytoplasmic domain. A similar structural
organization has been found for an HLA gene.

H-2 and HLA antigens are synthesized on membrane-bound ribosomes and are
co-translationally inserted into the membrane of the endoplasmic reticulum. Here
they assemble with B,-microglobulin, a small secretory protein. We describe the
structure, the membrane insertion iz vitro and in vivo, the intracellular transport and
the surface expression of these antigens.

INTRODUCTION

Glycoproteins of the plasma membrane play important roles in several aspects of cellular
recognition (see Warren 1980). Among these proteins are the major histocompatibility antigens
called H-2K, D and L in mouse and HLA-A, B and C in man (Klein 1979; Ploegh et al. 1981).
As they were originally detected as the targets for aggressive T cells in the graft rejection they
are also called the major transplantation antigens. Their physiological role might, however, be
their function as a restricting element in T-cell killing of infected self cells (Zinkernagel &
Doherty 1974).

In recent years progress has been made in gaining an understanding of how plasma membrane
proteins are synthesized, are inserted into the membrane, become modified and finally appear
on the cell surface. Much has been learned by studying the biogenesis of viral membrane
proteins (Katz et al. 1977; Garoff e al. 1978, 1982; Tabas & Kornfeld 1978). Because they are
made in large quantities in the infected cell they are easily approachable for biochemical
analysis. The H-2 and HLA antigens became a useful system with the availability of anti-
bodies of high specificity and titre. In this way, the obstacle posed by the low cellular content
of H-2 and HLA antigens could be overcome, allowing studies on the biosynthesis and cell-
surface expression of these antigens. They are particularly interesting as they are composed of
two subunits: one membrane-integrated and one soluble. The primary structure of an H-2 and
HLA antigen has been determined recently and genes coding for them have been characterized
(Orr et al. 1979; Tragardh et al. 1980; Nathenson ef al. 1981; Moore et al. 1982 ; Evans et al. 1682 ;
Kvist et al. 1982; Malissen et al. 1982). Here we describe the structure and the stages in the
maturation of H-2 and HLA antigens, established by work in several laboratories.

T Present address: Department of Biological Sciences, University of Warwick, Coventry CV4 7AL, U.K.
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STRUCTURAL FEATURES
(@) The extracellular portion

On the cell surface H-2 and HLA antigens are composed of a polymorphic heavy chain
(43-48 kDa) and a non-covalently linked small polypeptide, B,-microglobulin (11.5 kDa)
(Cresswell et al. 1974; Peterson et al. 1974). The heavy chain is glycosylated and spans the
membrane (Parham ef al. 1977; Nathenson & Cullen 1974; Walsh & Crumpton 1977). The
amino terminus of the molecule is exposed extracellularly and this portion can be cleaved close
to the membrane by papain (see figure 1) (Coligan et al. 1981; Henning et al. 1976).

G

Cytoplasm

FI1GURE 1. Schematic representation of a histocompatibility antigen class 1 H-2 molecule, modified after Coligan
et al. (1981). The domains shown are indicated as follows: N, N-terminal domain ; C; and C,, cystine-containing
domains; B,M, B,-microglobulin polypeptide.

The primary structure of H-2 and HLA antigens has been determined either by sequence
analysis of the protein itself or by sequencing cDNAs or genes coding for them (Coligan et al.
1981; Lalanne ef al. 1982; Moore et al. 1982; Ploegh et al. 1981a; Kvist ef al. 1982; Steinmetz
et al. 1981; Malissen ef al. 1982). The H-2KP antigen (an H-2 antigen coded by a gene of the K
locus of the b allele) is 346 amino acids long; the HLA-B7 antigen (an HLA antigen coded by a
gene in the B locus of the allele 7) is 337 amino acids long (Coligan et al. 1981; Ploegh et al.
19814). A cluster of hydrophobic or uncharged amino acids is located close to the carboxy-
terminus between amino acids 283 and 307 (Nathenson et al. 1981). This segment most probably
spans the membrane. The cysteine residues forming intrachain disulphide linkages are found at
residues 101, 164, 203 and 259 in the H-2K? molecule (Coligan et al. 1981). Based on suscepti-
bility to cleavage by acid or proteolytic enzymes, as well as the location of the two intrachain
disulphide linkages, the extracellular part can be divided into three domains. They have been
designated N (a1) for the amino-terminal domain, C1 («2) and C2 (a3) for the cysteine-con-
taining domains (Terhorst ef al. 1977; Nathenson et al. 1981). Such an organization is also
supported by the location of the exon-intron boundaries in the genes coding for H-2 and HLA
antigens; three exons encode the extracellular portion and the size of each of them is in
excellent agreement with the size of the domains suggested by the analysis of the protein itself
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(Moore et al. 1982; Malissen et al. 1982 ; Kvist et al. 1982). The N-terminal domain is comprised
of residues 1-90, the C1 domain 91-182 and the C2 domain 183-274 (see figure 2) (Moore ¢t al.
1982; Kvist et al. 1982; Malissen ef al. 1982).

membrane
surface cytoplasm

H-2 anti S L £ COOH
antigen NH, I L 27lir 1
H-2Kdene I | | W 77—
S I 1 I MLLE

Ficure 2. Organization of the H-2K¢ gene. Comparison of its exon-intron structure with the H-2KP® antigen and
the cDNA for an H-2K¢ antigen (Coligan et al. 1980 ; Kvistet al. 1982). Exons corresponding to protein domains
are shown as filled boxes, introns as open boxes, and the 3’ untranslated region as a hatched box. The exons
are indicated by: S, coding for the signal sequence; I, II, ITI, coding for the external protein domains N, C,
and C,; M, coding for the membrane domains; and I,, I,, I,, coding for the intracellular segment.

SURFACE MEMBRANE CYTOPLASM
H-2 antigens references
b #*

H-2K EPPSTVSNMATVAVLVVLGAAIVTGAVVAFVMKMRRRAT 1
pH—Zd—4, rt-2k9 lL ——————— TVII-———mmmmmmmmmmmmmmm e N—l 2,3

pH—Zd—1 P-S--KT-TVII--P--—-- VVIL---M----- ---N- 4
p-29-3, am-219 ‘P——-ED—Y—VI————G——-—MAII ------------ " 5,6

A27.1(Qa?)lP--Y—-—--——I——V—D——-VAII -------- N --Trm 7

HLA-antigens

HLA-B7 LPSSQSTVP:VG* VAG*AV+AVVV * GAVVAAVMCRRKSS 8

AHLA-12 ‘E————P——-I-—I--—LVLLVA--T -------- w-x--] 9

Ficure 3. Comparison of the amino acid sequence of the membrane-spanning segment. The sequence is expressed
in the one-letter code. Dashes indicate homology to the H-2K® and HLA-B7 sequence respectively. Dots
indicate that the amino acid at that site is not known. The sequence has been obtained by sequencing the
protein (H-2KP, HLA-B7), cDNA (pH-29-4, pH-2d-1, pH-24-3) or the gene (A27.1, AHLA-12, AH-2L9,
AH-2Kd). The arrow indicates a splice site in the gene. Basic amino acid residues at the cytoplasmic side are
indicated by an asterisk. References: 1, Coligan ¢t al. (1981); 2, Lalanne et al. (1982); 3, Kvist ¢ al. (1982);
4, Kvist et al. (1981); 5, Bregegere et al. (1981); 6, Moore et al. (1982); 7, Steinmetz et al. (1981); 8, Ploegh
et al. (1981); 9, Malissen et al. (1982).

The number of carbohydrate units on H-2 and HLA antigens can vary greatly. Only one
unit is found in HLA antigens, whereas up to three are present in H-2 antigens. They are linked
to an asparagine at position 86, in H-2 antigens also on asparagine 176, and in the H-2K?
molecule on residue 256 as well (Parham et al. 1977; Nathenson et al. 1981 ; Kvist e al. 1982).

(b) The membrane-spanning segment
By using proteases as a dissecting tool, the location of the membrane-spanning segment of
H-2 and HLA antigens has been determined (see below) (Dobberstein et al. 1979; Owen et al.
1980). It is made up of about 30 amino acids and it located about 30 residues away from the
carboxy terminus. One would predict that such a segment contains a stretch of uncharged or
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hydrophobic residues, or both, that are able to interact with the hydrophobic lipid bilayer. A
segment with this property is contained in the amino acid sequence of H-2 and HLA antigens.
Figure 3 shows a comparison of the amino acid sequences of the membrane-spanning segments.
Although the amino acids may differ, the hydrophobic character of this segment was conserved
in all chains sequenced so far. Changes were detected mainly in the region close to the external
side of the membrane. The cluster of basic amino acid residues on the cytoplasmic side is
conserved, suggesting a general function of this region in anchoring the protein in the membrane.

A separate exon codes for the membrane spanning segment plus some amino acid residues on
either side (see figures 2 and 3) (Moore et al. 1982; Malissen et al. 1982; Kvist et al. 1982). This
arrangement leads one to ask if a functional membrane segment is composed of three portions:
(1) amino acid residues forming a link between the membrane and external domains, (2) the
lipid bilayer-spanning segment, and (3) the cluster of basic amino acid residues on the cyto-
plasmic side of the membrane.

(¢) The cytoplasmic segment

Little is known about the function of the cytoplasmic segment of plasma membrane proteins.
It has been suggested that their function is to transmit ‘signals’ from the outside to the inside
of the cell by interacting with cytoplasmic constituents (Bourguignon & Singer 1977; Koch &
Smith 1978; Pober et al. 1981). No such functional interaction with cytoplasmic elements has
yet been demonstrated. The size of the cytoplasmic segment can be estimated on antigens that
are inserted into microsomes. Microsomes are closed vesicles derived from the endoplasmic
reticulum, where the insertion of newly synthesized plasma membrane proteins like H-2 and
HLA antigens occurs (see below). When these vesicles were treated with protease only the
portion of the antigen that protruded from the membrane into the cytoplasm was digested.
The remainder of the molecule was protected against digestion by the permeability barrier of
the membrane. After separation of the intact and proteolysed antigens on sodium dodecyl
sulphate (SDS)-polyacrylamide gels, the size of the cytoplasmic segment could be calculated
from their difference in molecular mass. The size of the cytoplasmic segment of H-2 and HLA
antigens has been estimated to contain about 30 amino acid residues (Dobberstein et al. 1979;
Owen et al. 1980). This estimated size is in good agreement with the 30-40 amino acid residues
determined by sequence analysis of H-2 and HLA proteins, cDNAs and genes. Figure 4 shows
sequences of cytoplasmic segments. Here the sequences are most varied, in particular with
regard to their size. The strong variation may either indicate the existence of little functional
constraint on this segment or reflect different modes of interaction with cytoplasmic components.

The cytoplasmic segment is encoded in H-2 genes by three exons and in an HLA gene by two
(Moore et al. 1982 ; Kvist et al. 1982; Malissen e al. 1982). As the exons encoding signal sequences,
cytoplasmic and membrane domains all correlate very well with functionally or structurally
defined regions, it is tempting to speculate that separate functions might also be indicated by
the different exons coding for the cytoplasmic segments. Such a hypothesis can be tested. H-2
genes, isolated by molecular cloning, can be expressed after stable transformation in mouse L
cells (Goodenow et al. 1982; Burgert et al. 1982; Evans ef al. 1982). H-2 antigens became ex-
pressed and can function on the cell surface as restricting elements in T-cell killing (Orn et al.
1982). This system should also allow one to test modified genes, e.g. those modified in their
cytoplasmic segment. H-2 genes could be expressed that are modified with regard to the number
and composition of the exons coding for the cytoplasmic segment. It would for instance be
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important to establish whether a particular C-terminal segment is required for the T-cell
killing of an infected cell.
(d) By-Microglobulin
The small subunit of H-2 and HLA antigens has been identified as B,-microglobulin (Cresswell
et al. 1974; Peterson et al. 1974; Rask et al. 1974). It has a molecular mass of about 12 kDa and
contains 99 and 100 amino acid residues in mouse and man respectively (Cunningham et al.
1973; Gates et al. 1981). Based on the homology between immunoglobulin constant regions and

CYTOPLASMIC SEGMENTS

H-2 antigens

references
H-2KP MKMRRRAT GGKGGDYALAP GSQTSDLSLPDCK VMVHPPHS 1
pH—2d—4, -2k oo ——N—‘---—VN ————— l_Y ————————— G—‘—-—-D——-LA 2,3
pH—2d-1 ----- N- —=——-——-om— o ——- S=-M------ - 4
pH-2IT -- --- N= ———-——momo o ——- S-EM--R--- GDTLGSDWGGAMWT 7
pH-29-3, am-208 - - N—‘ ——————————— ‘——-S—EM——R——‘KA 5,6
HLA antigens
HLA-B7 MCRRKSS GGKGGSYSQAA CSDSAQGSDVSLTA 10
HLA-A2 -W----- DR--------- S—m——mmmmm oo 10
AHLA-12 —W—K-—-‘DR ————————— ‘S-N ——————————— 9

Ficure 4. Comparison of cytoplasmic segments. Sequences have been determined by sequencing the protein
(H-2K*, HLA-B7, HLA-A2), cDNA (pH-2¢-4, pH-2¢-1, pH 211, pH-2-3) or the gene (AH-2L4, AH-2K¢,
AHLA-12). Dashes indicate sequence homology with the H-2KP and HLA-B7 antigen respectively. Arrow
indicate a splice site in the gene. The cluster of basic amino acids is indicated by asterisks. References as
in figure 3, plus: 10, Robb et al. (1978).

the C2 domain of H-2 antigens, it has been suggested that it interacts with the C2 domain
(Ploegh et al. 19814). This is supported by the finding that the exons encoding the C2 domain
are highly conserved between different H-2 genes (Steinmetz ef al. 1982). This conservation
could reflect the evolutionary constraint on this domain posed by the interaction with B,-
microglobulin. The function of By-microglobulin in the oligomeric complex with the heavy
chains is unknown.

BiosyNTHESIS

Early studies on the biosynthesis of H-2 and HLA antigens indicated that they were synthe-
sized at an intracellular site and were subsequently transported to the plasma membrane
(Vitetta & Uhr 1975). It was suggested that they are synthesiied and transported like secretory
proteins, going from the rough endoplasmic reticulum via the Golgi complex to the plasma
membrane. Pulse—chase techniques and cell fractionation were then used to follow the flow of
newly synthesized membrane constituents to the cell surface (Krangel et al. 1979; Dobberstein
et al. 1979; Owen et al. 1980; Croze & Morré 1981 ; Tartakoff et al. 1981). Labelled H-2 antigens
appeared first in fractions containing membranes derived from the endoplasmic reticulum,
then from the Golgi apparatus and last from the plasma membrane.

[57]
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(a) Membrane insertion

The heavy chain and B,-microglobulin both have to cross a membrane — at least in part for
the heavy chain — to go from their site of synthesis to their final location, the plasma membrane.
Steps in the biosynthesis of plasma membrane proteins can be investigated in cell-free protein
synthesizing systems as well as iz vivo by metabolic labelling. Both of these approaches have been
used for studying H-2 and HLA antigens.

Heavy chains and By-microglobulin are translated from separate mRNAs. These can be
separated on a sucrose gradient and show sedimentation values of 17§ and 9S, respectively
(Dobberstein et al. 1979; Jay et al. 1979).

SIGNAL SEQUENCE MATURE
PROTEIN
pre-H-2 antigens
references
d #ut Faewrnrt +#+
AH-2K MAPCTLLLLLAAALAPTQTRAlGPHSLRYFVT 3
H-2K9 G-HSLRYFVT 11
AH-21.9 MAPRTLLLLLAAAWPDSDPR ‘GPHSMRYFET 6,12
H-21d **H*MRYF*T 11
x27.1(Qa?) MALTMLLLLVAAALTLIETRA‘GQHSLQYFHT 7
pre-HLA antigens
AHLA-12 MAPRTLLLLLSGALALTQTWA‘RSHSMRYFYT 9
HLA-A,B,C GSHSMRYFYT 13
pre-fBz-microglobulin
mouse pre-f3-M S+SV+LVFLVLVSL-GLY- ++:+P** VY 14
B2-M IQKTPQIQVY 15
human pre-g;-M «.- LALLSLSGLQA IQRTPKIQVY 16
By-M IQRTPKIQVY 17

F1cure 5. Comparison of signal sequences. Sequences were determined by sequencing proteins (H-2KP, H-2L4, B,-
microglobulin), cDNA (pre-B,-microglobulin) or genes (\H-2K4, AH-2L4, 227.1). Dots indicate an unknown
amino acid at that position. Arrows point at the site of postulated signal peptidase cleavage and splice site in
the gene. An asterisk indicates an amino acid residue conserved in signal sequences of all three pre-H-2
antigens, a cross indicates an amino acid conserved in two. References as in figure 3, plus: 11, Coligan et al.
(1980); 12, Evans et al. (1982); 13, Tragardh et al. (1980); 14, Lingappa et al. (1979); 15, Gates et al. (1981)
16, Suggs et al. (1981); 17, Cunningham et al. (1973).

>

When mRNA from cells expressing large amounts of H-2 and HLA antigens were translated
in a cell-free system, both were synthesized as higher molecular mass precursors (Dobberstein
etal. 1979; Ploegh et al. 1979). The heavy chain (pre-H-2D9) was found to be 2 kDa heavier than
its non-glycosylated, membrane-inserted counterpart (see below). Precursors to a large number
of secretory and some membrane proteins have been characterized (Kreil 1981). At their
amino termini they contain a signal sequence that is cleaved from the nascent chain during its
insertion into the membrane of the endoplasmic reticulum. It is thought to direct the nascent
polypeptide chain to the endoplasmic reticulum and facilitate its insertion into the membrane
(see Blobel 1980). Figure 5 shows the signal sequences of some H-2 and HLA antigens (Moore
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et al. 1982; Kvist et al. 1982; Malissen ¢t al. 1982). They were deduced from the nucleotide
sequences of their genes. The signal sequences in these genes are encoded by separate exons
(see figure 5). They comprise 20 or 21 amino acid residues and contain a central region devoid
of charged residues, the characteristic feature of a signal sequence. The NH,-terminal half of
the signal sequence of H-2 antigens shows a strikingly higher degree of conservation than the
region close to the site of signal peptidase cleavage (see figure 5). This could indicate that
higher constraint is exerted on the amino-terminal half. The stretch of hydrophobic amino
acids is located in this portion, which would strongly support the notion that such a hydrophobic
region is essential for signal sequence function. Amino acids with short side chains, such as Gly,
Ala, Cys and Ser, are usually present at the site of signal sequence cleavage (Kreil 1981). In the
H-2L4 antigen an asparagine residue has been found at this site. A sequencing error is unlikely
as two groups obtained the same result independently (Moore et al. 1982; Evans et al. 1982).
Because the sequence was deduced from a genomic clone it would be important to confirm the
splice site by sequencing part of the cDNA or the preprotein itself.

As already mentioned, the insertion of proteins into a membrane can be reproduced in vitro
by using rough microsomes derived from dog pancreas (Blobel & Dobberstein 1975). In such a
system H-2 antigens were inserted co-translationally into the membrane (Dobberstein ¢t al.
1979). The concomitant biosynthesis of B,-microglobulin was not required for the insertion of
the heavy chains into the membrane. The disposition of the heavy chain in the membrane of the
endoplasmic reticulum was the same as that on the cell surface, i.e. the carboxy terminus was
on the cytoplasmic side and the amino terminus on the luminal side.

Heavy chains inserted into microsomal membranes in vitro became glycosylated. This was
evidenced by a shift to a higher molecular mass when these antigens were separated on an
SDS—polyacrylamide gel, and by their binding to lentil lectin (Dobberstein ef al. 1979).

Heavy chains labelled for 5 min in vivo were also glycosylated because they also bound to
lentil lectin. Their carbohydrate unit was sensitive to endoglycosidase H (Owen et al. 1980;
Sege et al. 1981; Krangel et al. 1979). This enzyme is known to cleave polymannose-type
carbohydrates linked to asparagine (Tarentino & Maley 1974).

The glycosylation of the heavy chains was blocked iz vivo by tunicamycin, an inhibitor of N-
linked glycosylation (Ploegh et al. 19816). Glycosylation was required neither for the insertion
of heavy chains into the membrane nor for their assembly with B,-microglobulin. Unglyco-
sylated heavy chains became correctly integrated into the membrane of the endoplasmic
reticulum, as evidenced by protection against protease (see above). Antibodies recognizing
exclusively the non-glycosylated heavy chain did co-precipitate B,-microglobulin.

Biosynthesis of B,-microglobulin proceeds very similarly to that of other secretory proteins
(Dobberstein et al. 1979; Lingappa et al. 1979; Algranati et al. 1980). This molecule can in fact
be considered as a secretory protein that becomes a peripheral membrane protein only upon
association with the membrane integrated heavy chain. In a cell-free system devoid of membranes
it was synthesized as a higher molecular mass precursor (pre-p,-microglobulin) containing an
amino-terminal signal sequence (Dobberstein et al. 1979; Algranati et al. 1980). Figure 5 shows
the partial sequences of the signal sequences of p,-microglobulin from mouse and man (Lingappa
et al. 1979; Suggs et al. 1981). In mouse it comprises 19 amino acids. When B,-microglobulin
was synthesized in vitro in the presence of dog pancreas microsomal membranes, it was co-
translationally translocated across this membrane and the signal sequence was cleaved. When
protease was used to probe the topology of B,-microglobulin in microsomal vesicles, it was found
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to be fully protected by the membrane (Dobberstein et al. 1979). Thus, in contrast to the heavy
chain, B,-microglobulin is completely translocated across the membrane. This was to be expected
because By-microglobulin does not contain a stretch of hydrophobic or uncharged amino acid
residues that could anchor it in the membrane.

A number of secretory and membrane proteins compete for specific sites on microsomal
membranes that are required for their membrane insertion. Proteins required for membrane
translocation have been characterized recently. They comprise a ‘signal recognition protein’
complex and a membrane-integrated receptor, the ‘docking protein’ (Walter & Blobel 1981;
Meyer et al. 1982). Both of these proteins function sequentially in the recognition of the signal
sequence on the nascent secretory or membrane protein and the subsequent specific interaction
with the membrane. That the same mechanism also functions in the translocation of nascent
By-microglobulin across the membrane is suggested by its competition with ovalbumin for sites
in the membranes (Lingappa et al. 1979).

(b) Oligomeric assembly

Heavy chains and By-microglobulin are independently inserted into or translocated across
the membrane of the endoplasmic reticulum. By using antibodies that detect heavy chains only,
oligomeric assembly with B,-microglobulin has been studied (Krangel et al. 1979; Owen et al.
1980; Dobberstein et al. 1979). In such a case B,-microglobulin recovered in immunoprecipitates
must have assembled with the heavy chains. In all celllines studied, oligomeric assembly occurred
very rapidly after newly synthesized heavy chains were inserted into the membrane of the endo-
plasmic reticulum. After as little as 5 min of pulse labelling of either the human lymphoblastoid
cell lines Bri8 or T5-1 or the mouse cell line SL2, B,-microglobulin was found to be bound to the
heavy chains (Krangel ef al. 1979; Dobberstein et al. 1979; Owen et al. 1980). Whether nascent
heavy chains do already assemble with B,-microglobulin is unclear. The observed kinetics of
association found in the cell line T5-1 suggests that B,-microglobulin can assemble with com-
pleted heavy chains. B,-Microglobulin is synthesized in excess over the heavy chains, at least
twofold in Bri8 cells (Owen et al. 1980). Excess B,-microglobulin does not appear to be associated
with other polypeptide chains. Results from pulse-chase experiments in Bri8 and SL2 cells are
consistent with synthesis of an excess of B,-microglobulin. The amount of labelled B,-micro-
globulin increased steadily during the chase period, whereas the intensity of labelled heavy
chains remained relatively constant. B,-Microglobulin that was not associated with heavy
chains remained largely in the endoplasmic reticulum (e.r.), whereas that assembled with the
heavy chain underwent intracellular transport (Dobberstein et al. 1979). The fate of excess B,-
microglobulin in the e.r. has not yet been determined. It may be eventually secreted ; however,
this would proceed more slowly than the assembled antigens appear on the cell surface. Excess
free B,-microglobulin in the e.r. would provide the condition whereby newly synthesized heavy
chains would assemble with an existing pool of B,-microglobulin.

INTRACELLULAR TRANSPORT

It is not known which determinants regulate the intracellular transport of plasma membrane
proteins from the e.r. to the cell surface. From studies with viral membrane proteins it appears
that these determinants can be different from one protein to another. Among the modifications
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that have been suggested to function in intracellular transport are glycosylation, phosphoryla-
tion, fatty acid acylation and oligomeric assembly. Itis essential to determine how these modifica-
tions affect the surface expression of H-2 or HLA antigens. A schematic illustration of the
intracellular pathway of H-2 and HLA antigens is shown in figure 6.

Raal
g
fa18
GOLGI
PLASMA ROUGH ENDOPLASMIC
MEMBRANE RETICULUM

Ficure 6. Schematic illustration of the intracellular pathway of H-2 and HLA antigens.
Y, Oligosaccharide; -, By-microglobulin, YY | H-2 and HLA heavy chain.

(@) Carbohydrate modifications

The carbohydrate portions of H-2 and HLA antigens are modified during intracellular trans-
port in a manner similar to that of viral glycoproteins (Krangel et al. 1979; Owen et al. 1980;
Ploegh et al. 1981; Sege et al. 1981). Asparagine-linked carbohydrate structures and their
processing during intracellular transport are well characterized for a number of viral membrane
proteins, in particular for the VSV-G protein (Tabas & Kornfeld 1978). Polymannose-type
oligosaccharide chains are transferred in the rough endoplasmic reticulum onto the nascent
polypeptide chain (Rothman & Lodish 1977; Kruppa 1979). After the removal of glucose and
mannose residues, the mature complex-type oligosaccharide arises by the addition of N-acetyl
glycosamine, galactose, fucose and sialic acid residues (Tabas ef al. 1978; Tabas & Kornfeld
1978). While the polymannose-type oligosaccharide is sensitive to endoglycosidase H (endo H),
the complex-type is not.

As judged by SDS—polyacrylamide gel electrophoresis, the apparent size of H-2Kd, Dd and
HLA antigens increases 20-30 min after their synthesis (Dobberstein ef al. 1979; Krangel et al.
1979; Sege et al. 1981). This usually indicates the conversion of the polymannose-type to
complex-type carbohydrate. Likewise the endo H sensitive form of HLA antigens is modified
to an insensitive one. Neuraminidase had no detectable effect on the endo H sensitive form;
however, the endo H insensitive form was converted to a form of lower molecular mass (Sege
et al. 1981). This is consistent with the modification of a polymannose-type carbohydrate unit
to a complex oligosaccharide unit containing sialic acid residues.

The carbohydrate portion is not necessary for the surface appearance of HLA antigens (Owen
etal. 1980; Ploeghet al. 1981). Bri8and JY cells treated with tunicamycin expressed HLA antigens
on their surface. This was demonstrated by binding antibodies to intact cells before lysis and
immunoprecipitation. Also, glycosylated and non-glycosylated heavy chains appeared on the
cell surface at the same time, about 30 min after synthesis in both cell types studied.
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The Golgi complex is the intracellular location where conversion of polymannose-type to
complex-type oligosaccharide is thought to occur. Passage of H-24 antigens through the Golgi
complex has been investigated by Tartakoff et al. (1981) using the ionophone monensin. This
drug has been shown to interrupt the intracellular transport of secretory and viral membrane
proteins at the level of the Golgi complex and to cause their accumulation within dilated Golgi
cisternae. The proteins remain incompletely glycosylated, lacking fucose, galactose and sialic
acid. Terminal glycosylation of H-24 antigens was blocked by monensin. Furthermore, indi-
cations were obtained that H-24 antigens in monensin-treated cells do not reach the cell surface.
Thus H-2 antigens normally pass through the Golgi subsite defined by monensin and acquire
terminal sialic acid distal to this site (Tartakoff et al. 1981).

(b) Assembly of HLA antigens with By-microglobulin

From studies of HLA antigens in the human lymphoblastoid cell line Daudi it has been
concluded that B,-microglobulin is required for the cell-surface expression of the heavy chains
(Ploegh et al. 1979; Owen et al. 1980; Sege et al. 1981; Goodfellow et al. 1975). This cell line does
not synthesize B,-microglobulin and does not express the heavy chains on its cell surface. Heavy
chains are, however, synthesized by these cells. This was demonstrated convincingly by precipi-
tating HLA heavy chains from pulse-labelled Daudi cells. Furthermore, the precursor of the
heavy chains was isolated from the cell-free translation products of Daudi cell mRNA. No B,-
microglobulin could be detected in Daudi cells, neither after labelling iz vivo nor after transla-
tion of their mRNA.

The heavy chains became glycosylated and this could be blocked by the inhibitor of N-linked
glycosylation, tunicamycin. The carbohydrate portion of pulse-labelled heavy chains of Daudi
cells remained endo H sensitive throughout a chase period of 90 min (Owen et al. 1980).
Neuraminidase was unable to modify the chased heavy chains. No fucose was incorporated into
heavy chains synthesized by Daudi cells in contrast to those of Bri8 cells (Sege et al. 1981). The
stability of heavy chains, at least up to 90 min, was not drastically reduced by the lack of
association with B,-microglobulin (Owen et al. 1980; Sege et al. 1981). Taken together these
data demonstrate that the heavy chains of Daudi cells are arrested at an early stage of intra-
cellular transport, most probably in the endoplasmic reticulum. They furthermore suggest that
the association with B,-microglobulin is necessary for intracellular transport of the heavy chains
to the Golgi complex and the cell surface.

The requirement of B,-microglobulin for the intracellular transport of HLA heavy chains is
also suggested by studies on a structurally altered HLA-A2 heavy chain (Krangel et al. 1982).
This chain became glycosylated and thus presumably inserted into the membrane of the endo-
plasmic reticulum in vivo. However, unlike the normal HLA-A2 heavy chains, the variant did
not associate with By-microglobulin; neither did it undergo processing of its polymannose oligo-
saccharide nor could it be detected on the cell surface. The stability within the cell did not seem
to be altered. Krangel ef al. (1982) suggest that the primary defect in this HLA-A2 variant is the
failure to associate stably with B,-microglobulin.

It is not known why heavy chains alone cannot undergo intracellular transport. One possi-
bility is that they aggregate with constitutive elements of the rough endoplasmic reticulum and
thereby become unable to accumulate at sites where postulated transport vesicles bud from the
endoplasmic reticulum membrane (Warren 1980; Pearse & Bretscher 1981).
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(c) Other modifications

Besides glycosylation and assembly with B,-microglobulin, H-2 and HLA heavy chains
become phosphorylated (Rothbard et al. 1980; Pober et al. 1978). This phosphorylation occurs
on a serine residue in the cytoplasmic C-terminal end. The possibility, however, that the phos-
phorylation of the heavy chains occurs after lysis of the cells with detergent has not yet been
ruled out. A second modification, a transglutaminase-catalysed amidation of the intracellular
carboxy-terminal segment of HLA-B7 and A2 antigens, has been suggested (Pober & Strominger
1981). Transglutaminase couples amines specifically to glutamine residues. Pober & Strominger
(1981) suggest that cellular transglutaminases could be involved in membrane events by
catalysing the cross-linking of the cytoplasmic portion of a transmembrane protein to other
intracellular constituents. No such labelling in vivo has yet been demonstrated. As mentioned
above, the use of modified heavy chains will be a means by which questions on the physiological
function of these possible modifications could be answered in the future.

With the ability to isolate and express genes coding for plasma membrane proteins, their
detailed characterization has become possible. The hydrophobic segments, which posed serious
problems for the protein chemist, can be easily analysed by DNA sequencing technology. The
expression of modified genes in different host cells will greatly facilitate an evaluation of the
functionally relevant segments of the histocompatibility antigens.

The authors are very grateful to Wendy Moses and Annie Steiner for preparing the manu-
script, Petra Riedinger for graphics and David Meyer for critical comments and reading of the
manuscript.
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