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Human class 1T histocompatibility antigens were pu-
rified from the Epstein-Barr virus-transformed human
B lymphoblastoid cell line LG-2 by immunoaffinity
chromatography. This is the first time all three subsets
have been prepared as nonradioactive materials on a
milligram scale. The yields of DR, DQ, and DP from
10 g of cells were approximately 12, 2, and 0.2 mg,
respectively. Cross-contamination of the subsets was
found to be less than 2% when assayed by measuring
the binding of antigen-specific monoclonal antibodies
to antigen immobilized on fixed erythrocytes. The
three purified subsets were extensively characterized.
They contained no detectable invariant chain. The
three proteins were distinguished by their migration
on sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis and isoelectric focusing. The denatured anti-
gens were susceptible to partial removal of carbohy-
drate by endoglycosidase H and apparently complete
removal of carbohydrate by endoglycosidase F. The
isolated, denatured chains differed in their affinities
for radiolabeled lectins, suggesting differences in car-
bohydrate structures. A. water-soluble form of each
antigen was prepared by a controlled papain digestion
of the native antigen. Both native and denatured anti-
gens were analyzed for their reactivities with a panel
of class II antigen-specific monoclonal antibodies, al-
lowing a precise definition of the specificities of the
antibodies.

The class II major histocompatibility antigens form a set
of highly polymorphic proteins that function primarily in the
induction of helper T cell maturation and in the presentation
of antigen to helper T cells (see Refs. 1-3 for reviews). The
class IT antigens are encoded within the major histocompati-
bility complex (MHC),* which is on the short arm of chro-
mosome 6 in man. The class II antigens are membrane pro-
teins composed of noncovalently associated a and 3 chains of
approximately 34,000 and 29,000 daltons, respectively. Both
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chains are glycosylated; the o chain has one high-mannose
and one complex carbohydrate moiety, whereas the 8 chain
has one complex carbohydrate (4). Both chains are transmem-
brane and have small COOH-terminal cytoplasmic regions
(5). Intracellularly, the class II antigens are associated with a
nonpolymorphic glycoprotein of approximately 32,000 daltons
called the invariant (I,) chain (6, 7).

Three subsets of the human class II antigens, DR, DQ, and
DP, have been clearly identified at the protein level; and there
is evidence that other class II antigens may exist (reviewed in
Ref. 3). Multiple alleles have been found for each known
subset: DR is the most polymorphic and the most abundant,
whereas DP is the least polymorphic and the least abundant.
Because of the complexity of the class II region of the MHC,
homozygous cell lines have been useful for correlating DNA
and protein sequences with serological specificities (8). In this
paper we present immunoaffinity purifications of DR, DQ,
and DP from the homozygous B cell line LG-2. Large-scale
purification has allowed examination of the similarities and
differences between these three class II antigen subsets and
provides the first complete characterization of the separated
subsets of the human class II antigen proteins.

MATERIALS AND METHODS

Antibodies—Monoclonal antibodies used for immunoaffinity puri-
fication were LB3.1 (9) or L243 (10) for DR, G2a.5 (11) (an IgG,,
variant of Genox 3.53) for DQ, B7/21 (12) for DP, and W6/32 (13)
for class I histocompatibility antigens. The hybridoma LB3.1 was
produced in this laboratory (9). L243 and G2a.5 hybridomas were
purchased from the American Type Culture Collection, and the B7/
21 hybridoma was the gift of Ian Trowbridge {Salk Institute). Ascites
fluid was raised by peritoneal injection of the hybridomas into pris-
tane-primed mice. Monoclonal antibodies were isolated from the
ascites fluid by precipitating twice with 45% saturated ammonium
sulfate. The anti-DQ monoclonal antibody BT3/4 (14) was purchased
from Technogenetics. The anti-I, chain antibodies C351, a rabbit
antiserum used for isolation of the I, chain (15), and VIC-Y1 (16), a
monoclonal antibody, were the kind gifts of Vito Quaranta (Scripps
Clinic). Sources of the other antibodies examined are given in Table
Iv. -

Preparation of Immunoaffinity Columns— Antibodies partially pu-
rified by precipitation with ammonium sulfate were covalently cou-
pled to protein A-Sepharose CL-4B (Pharmacia Biotechnology, Inc.)
with dimethyl pimelimidate (17). The antibody concentration was 1
mg/ml during the binding reaction, and there were 12.5 mg of anti-
body/ml of protein A-Sepharose. For coupling, 20 mM dimethyl
pimelimidate was used.

Immunoaffinity Purification of MHC Antigens—LG-2, an Epstein-
Barr virus-transformed B cell line, was grown in bulk at the Naval
Medical Research Command (Bethesda, MD) and was supplied fro-
zen. LG-2 is homozygous by consanguinity. Preparation of mem-
branes from LG-2 cells, solubilization, and immunoaffinity chroma-
tography were performed as described in detail previously (18), with
several modifications. Briefly, 200 g of cells were thawed, suspended
by homogenization in 500 m} of 10 mM Tris-HC), 0.1 mM phenyl-
methanesulfonyl fluoride, pH 8, and hypotonically lysed by incuba-
tion for 30 min at 4 °C. Cellular debris was removed by centrifugation
at 4,000 X gma; for 5 min, and the resulting pellet was repeatedly
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washed until the supernatant was no longer turbid. The combined
supernatants were centrifuged at 175,000 X gp.. for 40 min. The
resulting crude membrane pellet was resuspended by homogenization
in 384 ml of lysis buffer, Nonidet P-40 was added to 4%, and the
suspension was gently stirred for 30 min. Unsolubilized material was
removed by centrifugation for 2 h at 175,000 X gn.,. Aliquots of
solubilized membranes equivalent to 10 g of cells were passed at a
flow rate of approximately 5 ml/h through a series of columns,
normally in the following sequence: Sepharose CL-4B (30 ml), normal
rabbit serum-Affi-Gel 10 (30 ml), protein A-Sepharose CL-4B (5 ml),
W6/32-Affi-Gel 10 (5 ml), LB3.1-protein A-Sepharose (15 ml), LB3.1-
protein A-Sepharose (15 ml), LB3.1-protein A-Sepharose (5 ml),
(G2a.5-protein A-Sepharose (5 ml), and B7/21-protein A-Sepharose
(2 ml). The sizes of the columns were adjusted to be roughly propor-
tional to the yields of the antigens. Multiple LB3.1 columns, rather
than a single large column, were used in order to facilitate rapid
elution of the bound antigen. The columns were washed with 0.1%
Nonidet P-40, 10 mM Tris-HCl, pH 8 (5 column volumes); 0.1%
deoxycholate (recrystallized), 140 mM NaCl, 20 mm MOPS, pH 8 (2
column volumes); and 0.1% deoxycholate, 10 mM Tris-HCI, pH 8 (4
column volumes); and individually eluted with 0.1% deoxycholate, 50
mM glycine, pH 11.5 (2 column volumes) in less than 10 min. The
eluates were neutralized immediately with 2 M glycine, pH 2; dialyzed
against at least 50 volumes of 0.1% deoxycholate, 10 mM Tris-HCl,
pH 8; and concentrated by ultrafiltration on an Amicon PM-30
membrane. In some instances, 20 mM iodoacetamide was included in
all steps from cell lysis through elution from the immunoaffinity
columns. Protein yields were estimated by Petersen’s modification
(19) of the Lowry method (20).

Immunoaffinity Purification of the I, Chain—The L, chain used as
a standard in the estimation of I, chain content in the class Il antigen
preparations was isolated on an immunoaffinity column made with
the IgG fraction of the rabbit antiserum C351 (15). The specificity of
C351 was shown by immunoprecipitation from [*S]methionine-la-
beled LG-2 cells to be identical to that of monoclonal antibody VIC-
Y1 (18).? Details of the properties of the I, chain isolated in this way
will be published elsewhere.®

Electrophoresis—SDS-polyacrylamide gels were run according to
the Laemmli method (21). Non-SDS gels were run in the same way
except that all solutions were prepared without SDS. Flat-bed isoe-
lectric focusing was performed based on the method of Shackelford
(22).

Immunoprecipitation—LG-2 cells were surface-iodinated by the
lactoperoxidase method (23) using 500 uCi of '*1/107 cells and lysed
for 30 min on ice in 1 ml of lysis buffer (100 mm NaCl, 2 mmMm
NaEDTA, 1% Nonidet P-40, 0.02% NaNj,, 1 mM phenylmethanesul-
fonyl fluoride, 50 mm Tris-HCl, pH 8.2, with or without 20 mwm
iodoacetamide). Insoluble material was removed by centrifugation,
the supernatant was precleared by passage through a 200-ul protein
A-Sepharose column, and 50-4! aliquots of the precleared lysate were
immunoprecipitated with 1 ul of ascites, followed by adsorption of
the immune complexes in a 50-ul protein A-Sepharose column. After
thorough washing with lysis buffer, bound antigens were eluted with
100 gl of nonreducing sample buffer and analyzed by SDS-PAGE and
autoradiography of the stained, dried gels.

Immunoprecipitation of radioiodinated isolated class II antigen
chains was performed in a similar way, except that the antigen,
radioiodinated by the chloramine-T method (24), was first boiled for
2 min in 1% SDS, and then a 5-fold excess of lysis buffer was added.
After incubation with the first antibody, 4 ul of affinity-purified
rabbit anti-mouse immunoglobulin (Cappel) at 2 mg/ml were added.
The solution was incubated for 1 h at 4 °C and applied to a 50-ul
protein A-Sepharose column as described above.

Western Blotting—Western blotting was performed according to
Towbin et al. (25). Proteins transferred to nitrocellulose were detected
either directly with '*I-labeled antibodies in the case of the anti-I,
chain rabbit antibody C351 or with murine monoclonal antibody
(ascites diluted 1:200 with 0.1% Tween 20 in PBS), followed by %I-
labeled, affinity-purified rabbit anti-mouse immunoglobulin (0.2 pg/
mi in 0.1% Tween 20 in PBS, approximately 5 X 10° cpm/pug).

Antibody Binding Assay—Isolated antigens were immobilized on
2.5% glutaraldehyde-fixed erythrocytes by the chromic chloride

2V. Quaranta, V. Horejsi, J. C. Gorga, and J. L. Strominger,
unpublished data.
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inger, manuscript in preparation.
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method (26). Normally, 5 ug of isolated antigen in 5 ul of 0.1%
deoxycholate, 10 mM Tris-HCI, pH 8.2, were added to 200 ul of 10%
erythrocyte suspension. While vortexing, 200 ul of 0.1% aged chromic
chloride was added, and the sample was incubated for 15 min at room
temperature. After washing with PBS, the antigen-coated erythro-
cytes were resuspended in 200 ul of fetal bovine serum containing
0.1% NaNj. A 10-gl aliquot of the suspension was added to 20 ul of
antibody (ascites diluted 1:500 in fetal bovine serum). The mixture
was shaken for 1 h, and then the erythrocytes were washed three
times with 1 ml of PBS. Finally, 20 ul of %I-rabbit anti-mouse
immunoglobulin solution (1 pg/ml in fetal bovine serum), approxi-
mately 2 X 107 cpm/ug) were added, the mixture was shaken for 1 h,
the pellet was washed three times with 1 ml of PBS, and the radio-
activity was counted. All samples were tested in duplicate; duplicate
values always differed by less than 15%.

The binding assay was used either for examination of the specific-
ities of various antibodies for the isolated antigens or for testing the
degree of purity of the isolated antigens (i.e. cross-contamination of
a DR, DQ, or DP preparation with the other class II antigens). In the
latter case, the standard anti-DR (L.243), anti-DQ (BT3/4), or anti-
DP (B7/21) antibodies were used. To quantitate the degree of cross-
contamination, mixtures of apparently pure antigens (i.e. antigens
that strongly bound the appropriate antibody, and only negligibly the
other two standard antibodies) were prepared containing 5, 10, 20,
30, and 50% of the respective admixture (i.e. DR containing the
indicated amounts of DQ or DP). The conditions used favored detec-
tion of low levels of contamination. (The calibration curve was steep
when the range of admixture concentration was 5-30%.) The values
obtained with these calibration mixtures were compared to those
yielded by the samples examined.

Endoglycosidase Digestions and Chemical Deglycosylation—Diges-
tions with endo H and endo F were performed essentially as described
by Shackelford and Strominger (4) and Elder and Alexander (27),
respectively. Endo H was purchased from Miles; endo F was the
generous gift of Stephen Alexander (Scripps Clinic). Chemical degly-
cosylation with trifluoromethanesulfonic acid and anisole was per-
formed as described (28, 29).

Papain Digestion of Native Class II Antigens—Papain digestions
were performed essentially as described by Kaufman and Strominger
(5), except that immunoaffinity-purified class IT antigens were used.
Briefly, papain (papaya latex type III (Sigma), twice crystallized, at
23 mg/ml) was incubated at 1 mg/ml in activation buffer (1 mM
dithiothreitol, 1 mM Na, EDTA, 10 mM Tris-HC!, pH 8) for 5 min at
37 °C and then diluted to 0.1 mg/ml with activation buffer. Three
volumes of 0.1 mg/ml papain were added to 8 volumes of purified DR,
DQ, or DP at 1.5 mg/ml in 0.1% deoxycholate, 10 mM Tris-HC], pH
8; and the digestions were allowed to proceed at 37 °C. After 60 min,
the digestions were terminated by the addition of 1 volume of 200
mM iodoacetamide, 100 mm Tris-HCI, pH 8; and the mixtures were
placed on ice. Reducing sample buffer with or without SDS was
added, and the samples were analyzed by SDS-PAGE or non-SDS-
PAGE.

Lectin Binding—All lectins were from Sigma. Lectins were labeled
with I by the chloramine-T method (24) using 200 xCi of '*1/40 ug
of lectin. Subunits of class II antigens were separated by SDS-PAGE,
electrophoretically transferred onto nitrocellulose, and incubated for
30 min at room temperature with '*I-labeled lectins (0.4 pg/ml in
0.1% Tween 20 in PBS). After washing with PBS, the nitrocellulose
strips were autoradiographed.

Sequence Analysis—Samples to be sequenced were isolated by
preparative SDS-PAGE using 500 ug of each antigen. After brief
staining with Coomassie Blue, separated chains were electroeluted
(30) and sequenced. NH;-terminal amino acid sequences were deter-
mined on an Applied Biosystems 470A Protein Sequencer. Phenyl-
thiohydantoin-derivatives were identified on a Hewlett-Packard 1090
high pressure liquid chromatography system equipped with a 1040
diode array detector and a Du Pont-New England Nuclear Zorbax
ODS Cy5 column.

Carbohydrate Analysis—The samples of isolated « and g chains for
quantitative carbohydrate analysis were prepared by preparative
SDS-PAGE of 0.4-1 mg of the isolated antigens and electroelution of
the Coomassie Blue-stained bands. Protein concentration in the
samples was determined (19); SDS and Coomassie Blue were then
removed by precipitation of the protein with the addition of 20
volumes of cold acetone. The dried precipitate was subjected to
methanolysis, and trimethylsilane derivatives on the methylglyco-
sides were estimated by gas-liquid chromatography, essentially as
described (31).
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RESULTS

Yields and Purity of Isolated Class 11 Antigens—Membranes
were prepared from LG-2 cells, and the class II antigens were
isolated from the solubilized membranes by immunoaffinity
chromatography as described under “Materials and Methods.”
The approximate yields of DR, DQ, and DP from 10 g of LG-
2 cells are presented in Table I. For comparison, the yield of
class I antigens is also presented. The yield of class I antigens
was somewhat less than values reported previously for papain-
solubilized material from the JY cell line, about 0.9 mg of
HLA-A2 and B7 combined (32); but the extremely high yields
of class II antigens, particularly DR, are noteworthy. These
yields were consistent with the relative levels of antigen
detected on the cell surface by fluorescent staining. The
optimum sequence in which to isolate the class II antigens by
immunoaffinity chromatography was determined to be DR,
DQ, and then DP. The yields of DQ and DP were considerably
lower if the majority of the DR was not removed first, as had
been observed previously for the isolation of DQ (33). In
addition, if the DR was not removed first, DQ and DP
preparations occasionally were found to be contaminated with
DR (see below).

Cross-contamination of the subsets was examined using an
antibody binding assay in which the isolated antigens were
immobilized on fixed erythrocytes, and the binding of subset-
specific antibodies to the antigens was measured (Table II).
In nearly all cases, comparison with calibration mixtures of
immobilized antigens indicated that the degree of cross-con-
tamination was less than 2% (the limit of detection in the
method). The DR, DQ, and DP preparations in Table II were
obtained by the standard procedure, in which the antigens
were removed in the sequence DR, DQ, and then DP. One
DQ preparation obtained by immunoaffinity chromatography
on the G2a.5 column before removal of DR from the cell lysate
showed an approximately 8% contamination with DR, as
determined by comparison with calibration mixtures. The
contaminating DR was selectively removed by passing the

TABLE I
Yields of purified MHC antigens
Antigen Yield
mg/10 g cells
DR 12
DQ 2
DP 0.2
Class I 0.5
TABLE II
Cross-contamination and invariant () chain content of isolated class
1I antigens

Purified class II antigens and the Iy chain were immobilized on
fixed erythrocytes (RBC) as described under “Materials and Meth-
ods.” For DR, DQ, DP, and the I, chain 0.5, 0.5, 0.3, and ~0.1 ug of
antigen were added per ul of packed erythrocytes, respectively. The
coated erythrocytes were incubated with primary antibody and then
with #]-labeled rabbit anti-mouse immunoglobulin.

Protein Primary antibody specificity”
fixed to
RBC CD8 DR DQ DP Iy
cpm X 1072

None 1.1 2.1 2.0 1.3 0.7
DR 1.0 120.5 1.9 1.5 1.3
DQ 1.7 3.9 92.1 1.5 1.3
DP 2.1 3.3 1.7 62.2 14
Iy 1.8 2.0 1.7 1.6 23.3

“The primary antibodies used were L243 for DR, BT3/4 for DQ,
B7/21 for DP, and VIC-Y1 for the Iy chain. Anti-CD8 antibody
MEM-31 was used as a negative control.
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preparation through an 1.243 column.

Subunit Composition of the Isolated Antigens—The isolated
antigens were compared by SDS-PAGE (Fig. 1). DR « and g
chains remain associated in SDS at room temperature (34).
The chains are separated if the sample is heated to 100 °C in
sample buffer containing SDS prior to SDS-PAGE. This
criterion has been used as a sensitive indicator of nondena-
tured antigen. Immunoaffinity-purified DR remained largely
associated (DR, alkylated, reduced and nonreduced, boiled
versus nonboiled in Fig. 1), provided that the exposure to the
pH 11.5 elution buffer was minimal (e.g. less than 10 min).
However, if exposed to pH 11.5 for longer times during the
elution (e.g. 30-60 min), then a much larger fraction (25-
50%) of the antigen existed in a form in which the « and 3
chains separated on SDS-PAGE without prior boiling. As
noted previously (9), DR exposed for 6 h to pH 11.5 buffer at
room temperature was completely dissociated on SDS-PAGE
without prior boiling, even though gel filtration showed that
the chains remained associated in the absence of SDS. Im-
munoaffinity-purified DQ appeared to be more sensitive to
dissociation in SDS without boiling (Fig. 1, DQ, alkylated,
reduced or nonreduced, boiled versus nonboiled), although
DQ clearly exists as a complex in the membrane, as detected
by immunoprecipitation and Western blotting from crude
lysates (not shown). In order to investigate the effect of
elution conditions on the resistance of the DQ complex to
denaturation by SDS, a range of elution buffers, pH values,
and detergents was examined. The amount of protein eluted
from G2a.5-protein A-Sepharose dropped off sharply below
pH 11, and the maximum resistance to denaturation in SDS
at room temperature (~30%) was found following elution in
0.1% C,,Es (octaethylene glycol dodecyl ether; Nikkol), 50
mM glycine, pH 11.5, in less than 10 min.

Initially, it was observed that, under nonreducing condi-
tions, boiling in SDS did not dissociate the DP complex (Fig.
1, DP, nonalkylated, reduced versus nonreduced). DR did not
show the same characteristic; no DR dimer was formed in the
absence of iodoacetamide (Fig. 1, DR, nonalkylated, reduced
versus nonreduced). The DP complex band at about 60 kDa,
when cut out from a nonreducing gel, incubated in reducing
sample buffer and, when rerun, separated into « and 3 chain
bands, suggesting that the purified DP was in the form of a

Alkylated Non-alkylated
Non-
Reduced Non-reduced Red. red.
DR DQ DP
rM M
b nb bbb nb
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covalently linked disulfide dimer. The possibility that the
formation of this dimer was an artifact of the isolation of DP
was investigated. Inclusion of 20 mM iodoacetamide in the
preparation from the time the cells were lysed reduced the
amount of covalent dimer to less than 10% of that present in
the nonalkylated preparations (compare Fig. 1, DP, alkylated,
nonreduced, boiled, with DP nonalkylated, nonreduced,
boiled).

Similarly, to examine the possibility that the covalent DP
af dimer is naturally expressed at the cell surface, immuno-
precipitation of cell surface-radioiodinated DP with or with-
out prior alkylation by iodoacetamide was performed (Fig. 2).
Since the DP « chain is poorly labeled by surface iodination,
in the absence of reducing agent in the sample buffer, only
the DP 3 chain was clearly visible, either as a monomer with
prior treatment with iodoacetamide or largely as an «f8 com-
plex without iodoacetamide treatment. These results also
indicated that the DP dimer was an artifact formed during
lysis and isolation, as dimer formation was prevented when
cells were lysed in the presence of an alkylating reagent. In
this respect, DP behaved similarly to HLA (class I) antigens
(35) (Fig. 2, HLA, alkylated versus nonalkylated).

It should be noted that the relative mobilities of reduced «
and (3 chains varied between gels in an ill-defined way. In
some gels, the « chains of all three subsets migrated in very
similar positions, whereas the 8 chains differed in mobility
(the B chains of DQ and DP migrating slightly more rapidly
than the DR 3 chains). In other gels, the mobility of 3 chains
was similar, and the mobility of « chains was slightly different
(DR < DQ < DP). Also, the heterogeneity of the DP 3 chain
was often greater than that of the DR or DQ 3 chain and was
apparently dependent on the time of storage of the sample
after boiling in the sample buffer. The multiplicity of apparent

Alkylated  Non-alkylated

I 1 I 1

CD8 DP HLA CD8 DP HLA

Mrx107 -»
68— : —HLA dimer
I —DP complex
45— "
. ‘ —HLA a
—DP a
34—
- - -0rB
22~
14—

- . —Bzm

Fi1G. 2. Immunoprecipitation of alkylated and nonalkylated
antigens from LG-2 cells labeled with '*°T using the lactoper-
oxidase method. Immunoprecipitations from alkylated and nonal-
kylated cell lysates were performed using anti-DP antibody B7/21,
anti-HLA antibody W6/32, and anti-CD8 antibody MEM-31 as a
negative control. The samples were boiled for 2 min in nonreducing
sample buffer and run on a 12% SDS-PAGE gel. The gel was dried
and autoradiographed. The positions of the HLA « chain dimer, DP
complex, HLA « chain, DP « and 8 chains, and HLA light chain (8,-
microglobulin (3,m) are indicated.
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DP 3 chain bands virtually disappeared in the presence of
iodoacetamide (Fig. 1, DP, alkylated, boiled versus nonal-
kylated, boiled).

Identification by NH,-terminal Sequence—The identities of
the « and 3 chain bands of the immunoaffinity-purified pro-
teins were confirmed by NH,-terminal sequence analysis. The
sequences were identical to those expected for DR1 (8, 36,
37), DQ1 (33, 38-40), and either DP2 or DP4 (41, 42). (The
predicted sequences for DP2 and DP4 are identical up to
residue 36.) The NH,-terminal sequences of the three most
prominent of the multiple apparent DP 8 chain bands in a
nonalkylated sample (see Fig. 1, DP, nonalkylated, boiled)
were determined; the results were identical for all three and
corresponded to the predicted NH,-terminal sequence of the
DP2 3 or DP4 8 chain.

Isoelectric Focusing Patterns—The isoelectric focusing pat-
terns of the separated chains of immunoaffinity-purified DR,
DQ, and DP were compared (not shown). The « and 8 chains
were separated by SDS-PAGE and located by brief staining
with Coomassie Blue. The SDS gel pieces containing the
individual chains were placed on top of the isoelectric focusing
gel after equilibration with ampholyte buffer. Analysis of the
« chain band patterns proved difficult due to the fact that the
« chains migrated into the isoelectric focusing gel from the
SDS gel pieces in low yield. This problem has been ascribed
to aggregation of the « and B chains when separated and
concentrated (43). Polymerization of the SDS gel pieces into
the isoelectric focusing gel did not improve the « chain yield.
The 3 chains migrated out of the SDS gel pieces in reasonable
yield. Multiple bands were present in each sample, with DR
having apparently the most heterogeneous and the most acidic
of the 3 chains and DQ having the most basic set of 8 chain
bands.

Invariant (y) Chain Content of Isolated Antigens—Class 11
antigens are known to be associated with an invariant chain,
primarily intracellularly before insertion into the plasma
membrane (6, 7). In addition, the I, chain appears to be
inserted into the plasma membrane (44). Since the class II
antigens were isolated from a crude membrane preparation
that presumably also contained intracellular membranes, the
isolated antigens were examined for the presence of the I,
chain. No binding of the anti-I, chain-specific antibody VIC-
Y1 to immobilized preparations of isolated DR, DQ, and DP
antigens could be detected under conditions where small
amounts of the immobilized purified I, chain gave clearly
positive results (Table II). Similar results were obtained re-
peatedly with a number of preparations of DR and DQ using
either VIC-Y1 or the rabbit antiserum C351. Negative results
were also obtained by Western blotting (not shown). There-
fore, it appears that the isolated class II antigens contained
negligible amounts of invariant chain.

Carbohydrate Moieties of the Isolated Antigens—After de-
naturation by boiling in SDS, the carbohydrate moieties of
the isolated class II antigens were treated with endoglycosi-
dases H and F (not shown). In each case, only the «a chain
was sensitive to endo H. After digestion by endo F, the « and
(3 chains of these materials migrated with the respective bands
of DR, DQ, and DP completely deglycosylated by incubation
in trifluoromethanesulfonic acid and anisole.

Quantitative carbohydrate analyses of the isolated antigens
were performed (Table III). The absolute values of the sugar
compositions involve relatively large errors for two major
reasons: 1) interference by Coomassie Blue during estimation
of the low protein concentrations in the electroeluted samples
(especially DP); and 2) possible losses of protein during ace-
tone precipitation. These factors probably lead to underesti-
mation of the actual values; and therefore, the data in Table
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TaABLE III
Carbohydrate composition of isolated o and 3 chains of
DR, DQ, and DP
DR D DP
Sugar® DR ®
aB @ B @ B « B
mol sugar/mol protein
Fucose 2.3 1.3 1.2 1.3 0.5 0.8 0.4
Xylose 0.8 0.5 0.1 0.1 0.2 02 04
Mannose 11.2 79 3.2 55 1.9 36 1.5
Galactose 5.9 3.4 2.4 30 18 1.7 08
Glucose 1.0 0.6 0.3 21 05 0.9 0.5
Glucosamine 11.9 5.7 3.1 4.7 21 42 19
Sialic acid 3.1 1.2 0.9 1.7 0.7 1.1 06
Total 36.2 204 112 115 7.7 11.7 6.0
% No galactosamine was detected.
A ConA B.LCA C. PHA-E D.RCA
DR DQ DP

DR DQ DP

DR DQ DOP

Fic. 3. Binding of '?*I-lectins to class II antigens. Class II
antigen « and 8 chains were separated by SDS-PAGE, electrophoret-
ically transferred onto nitrocellulose, and incubated with '*I-labeled
lectins. A, ConA; B, lentil lectin (L. culinaris agglutinin (LCA)); C,
PHA-E; D, castor bean agglutinin (R. communis agglutinin (RCA)).
The nitrocellulose was dried and autoradiographed.

III are probably minimum values. However, the ratios of
individual sugars are unaffected by these technical problems
and can at least give reliable relative comparisons of the
carbohydrate contents of the class II antigens. Since the «
chains contain one high-mannose and one complex glycan,
all of the « chains have a higher sugar content (particularly
mannose) than the 8 chains. No other obvious qualitative or
quantitative differences could be discerned (see below).

The carbohydrate structures of the class II antigens were
further analyzed by studying the binding of '*I-labeled lectins
to separated DR, DQ, and DP « and 3 chains (Fig. 3).
Concanavalin A (ConA) showed a marked specificity for DR
« chains and reacted only weakly with 8 chains of all three
antigens (Fig. 3A). Lentil lectin (Lens culinaris agglutinin)
reacted mainly with the 8 chains (Fig. 3B). Among the «
chains, the DR « chain seemed to have the highest affinity
and DQ had the lowest for lentil lectin. Phytohemagglutinin
(Phaseolus vulgaris erythroagglutinin (PHA-E)) reacted more
strongly with 8 than with « chains (Fig. 3C). DP « chains
had the highest affinity of the « chains for PHA-E. Castor
bean (Ricinus communis) agglutinin recognized essentially
only 8 chains (Fig. 3D). Staining with this lectin repeatedly
resulted in a highly spotted background. The same results
were obtained reproducibly with four other DR and DQ prep-
arations and two other DP preparations, including DR and
DQ isolated from the cell lines LB and JY, indicating that
this lectin-binding pattern was indeed characteristic for the
class II antigen subunits and not an artifact of isolation. The
carbohydrate compositions did not reveal any obvious expla-
nations for the differences noted. Other lectins tested, phy-
tohemagglutinin-L, Lotus tetragonolobus ( Tetragonolobus pur-
pureus) agglutinin, peanut (Arachis hypogea) agglutinin, and
soybean (Glycine max) agglutinin, did not react with any of
the class II chains.

Protease Sensitivities of the Isolated Antigens—As expected,
denatured DR, DQ, and DP showed different digestion pat-
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terns with V8 protease and chymotrypsin (not shown). Native
antigens were much less susceptible to digestion with these
proteases. However, controlled digestion of native isolated
DR, DQ, and DP with papain produced large fragments of
both the « and 8 chains of each antigen (Fig. 44). The shift
in migration was greater for DQ and DP « chains than for
DR « chains, whereas the shift of DR 8 chains was greater
than that of DQ and DP 8 chains. The papain-digested native
antigens migrated like water-soluble proteins in non-SDS gels
(Fig. 4B); the undigested antigens did not enter the separating
gel. Papain digestion of DR « chains proceeded in two clearly
discernible steps (5), with the second step occasionally not
reaching completion. The presence of a second band in the
papain-digested DR sample on non-SDS-PAGE (Fig. 4B) is
probably due to the presence of two forms of the a chain in
the sample, one of which was only partially digested.

Reactivities of Isolated Antigens with Various Monoclonal
Antibodies—Immunoaffinity-purified DR, DQ, and DP cou-
pled to human erythrocytes were used to define further the
specifities of a number of class I antigen-reactive monoclonal
antibodies (Table IV). Variable binding of different monoclo-
nal antibodies to the mock-coated erythrocytes was probably
due to different concentrations of antibodies used (normally,
diluted ascites with unspecified monoclonal antibody content)
and due to individually different nonspecific binding of dif-
ferent antibodies. Technical details of the assay, such as
concentration of antibodies and washing times, seemed to
affect the results obtained with some antibodies, so that at
lower concentrations or with longer washing times, some of
the broadly reactive antibodies behaved as though they were
more specific.

Using this assay, the subset specificity (DR, DQ, or DP) as
well as the chain specificity (a or 3) of the monoclonal
antibody employed could be defined relatively precisely. In
this collection, four antibodies were specific for DR, four for
DQ, and one for DP. Some antibodies recognized the «f
complex but neither of the separated chains, whereas others
recognized both the complex and the separated 3 chain. None
of the antibodies generated with native antigen recognized
the separated « chain. The only antibodies in this study that
recognized the separated o chain were several in which de-
natured antigen had been used as the immunogen.

A. SDS -PAGE B. Non-SDS-PAGE
DR DP  DQ DR
YEI fﬂl [ Papain r i )
Popain — + — + — -+ alone - =+ = F
| u\__H_AHu
o

Fic. 4. Papain digestion of native class II antigens as de-
scribed under “Materials and Methods”. DP, DQ, and DR were
either mock-digested (—) or incubated with papain (+) for 60 min at
37 °C. The samples were boiled in reducing sample buffer either with
(A) or without (B) SDS and were electrophoresed on either a 12%
acrylamide gel containing SDS (A) or a 10% acrylamide gel without
SDS (B).
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Reactivities of isolated antigens with various monoclonal antibodies

TABLE IV

Reactivity with immobilized native

5 antigens® Reactivity with [
mAb Ref. g isolated c}}llains° Specificity?
None DR DQ DP

L243 10 11.2 48.0 8.5 7.7 None DR¢
LB3.1 9 3.0 54.0 5.3 5.3 None DRc
D1-12 56 8.5 58.0 8.7 8.0 None DRc¢
Q5/6 57 2.0 403 14.0 5.4 None DR>DQ; ¢
Q2/70 58 2.2 21.3 12.7 9.0 None DR >DQ, DP; ¢
2-72 59 9.8 32.5 8.1 26.5 DR 3,DP 8 DR, DP; 8
SG520 60 9.4 36.0 9.0 325 DR 3,DP 3 DR, DP; 8
TS1/16 61 1.2 28.0 10.8 26.3 DR g, DP 8 (DQ 8) DR, DP > DQ; 8
TU39 62 15 39.7 11.9 37.0 DR, DP 3 DR, DP > DQ; 8
DA6.231 63 2.1 25.0 17.8 23.1 DR 8, DP 8 DR, DP > DQ; 8
Q2/80 64 1.3 24.2 4.9 18.0 None DR, DP; ¢
Q6/22 € 1.9 28.0 5.6 21.3 None DR, DP; ¢
Q5/13 65 4.9 74.4 39.7 62.2 DR 8,DP 8 (DQ 8) DR,DP >DQ; 8
L227 10 14 23.4 5.3 15.1 DR 3,DP 3 DR, DP; 8
LKTi111 66 2.0 27.1 8.8 14.3 DR 3, DP 3 DR>DP>DQ; 38
Genox 3.53 67 4.6 1.8 43.3 4.5 None DQc
BT3/4 14 1.2 1.0 14.9 1.1 DQ B DQ g
H40.315.7.8 68 0.8 13.8 37.2 1.6 None DQ>DR; ¢
33.1 69 1.2 2.8 30.4 2.2 DQ B DQgs
TU22 62 1.1 2.4 43.2 2.6 DQ g DQ g
B7/21 12 14 1.1 2.1 13.5 None DPc
SG465 60 9.2 28.1 33.9 225 None DQ>DR>DP; ¢
SG157 63 24 40.1 12.8 7.1 None DR >DQ>DP;c
TS1/2.6.2 70 15 16.0 14.1 13.2 DR 3, DQ 3, DP 8 DR, DQ, DP; 8
LC2.1 f 1.5 1.7 29 1.2 DR 3 (DQ 8) Denatured DR 38
LC4.3 f 1.1 2.0 1.9 1.2 DR 3, DQ 8 Denatured DR 3, DQ 8
HC2.1 71 1.3 2.2 1.6 1.4 DR « (DQ a) Denatured DR o
LC4.2 f 1.0 1.9 2.7 1.4 DR a,DQ « Denatured DR «, DQ «
LC3.3 / 1.2 2.0 2.0 1.3 DR « Denatured DR «

¢Many of the monoclonal antibodies (mAb) used in this table were obtained from the First International
Workshop on Monoclonal Antibodies to Human MHC Class I Antigens (72).

® Data are cpm X 107® 1®[-labeled monoclonal antibody bound to purified native antigens immobilized on fixed
erythrocytes as described under “Materials and Methods.”

¢ Estimated by Western blotting and immunoprecipitation of SDS-denatured '*I-labeled antigens.

< Specificity for complex (c), « chain («), or 8 chain () is indicated.

V. Quaranta, unpublished data.
"P. Knudsen, unpublished data.

DISCUSSION

In the immunoaffinity purification schemes described here,
the concentration of the immobilized antibody was relatively
high, whereas the antigen concentration ranged from rela-
tively high for DR to relatively low for DP. The selectivity of
the immobilized antibodies appeared to be greatest when the
solubilized antigens were passed through the columns at a
slow flow rate. Cross-contamination of the class II subsets
was minimized by removal of the more abundant antigens
before the less abundant antigens. No method for estimating
the overall yields of the three class II antigens was available.
Their relative amounts were in qualitative agreement with
the amounts detected on the LG-2 cell surface by staining
with fluorescently labeled antibodies, but it is possible that
significant amounts of DQ and especially DP were lost during
the purification procedure.

Purifications of small amounts of DR and DQ have been
reported previously (5, 33, 34, 36, 37, 39, 45, 46), whereas DP
has been isolated only in radioactive amounts (12, 47, 48).
Purification of DP on the scale presented here has allowed
examination of some of the characteristics unique to DP and
direct comparison of the characteristics of the three class II
subsets under the same experimental conditions using unla-
beled protein.

Initial attempts to purify DP revealed several properties
not found with DR and DQ. First, when DP was analyzed by
SDS-PAGE under reducing conditions, multiple (usually two

to three) 8 chain bands were found when the samples were
boiled. The relative amounts of these bands were variable
among different preparations of DP and changed with storage
time of the samples, even while frozen. The NH,-terminal
sequence was the same for all the DP 8 chain bands. When
the same DP preparations were analyzed by SDS-PAGE
under nonreducing conditions, all the protein migrated as a
single band at approximately 68,000 daltons, even after boiling
in SDS. This band, when cut out, incubated with 2-mercap-
toethanol, and rerun on SDS-PAGE, separated into DP « and
8 chain bands. Lysis of the cells and purification of DP in the
presence of iodoacetamide diminished both the multiple g
chain bands found under reducing conditions and the 68,000-
dalton dimer found under nonreducing conditions. Thus, it
appeared likely that the DP « and 8 chains were forming an
artifactual disulfide-linked dimer when isolated in the absence
of an alkylating agent.

From the DP « and 8 chain gene sequences, it has been
predicted that each chain has a cysteine residue in the trans-
membrane region (3). In the native state in the cell membrane,
the formation of a disulfide bond between the two free sulfhy-
dryls appears to be inhibited by physical separation. However,
disruption of the membrane by detergent might allow closer
association of the 2 cysteines, which can then form a disulfide
bond in the absence of an alkylating reagent. Evidence that
the free sulfhydryls involved in the covalent dimer formation
were in fact in the transmembrane region came from the
observation that papain digestion of native DP that migrated
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as a complex after boiling in SDS under nonreducing condi-
tions produced a complex that migrated as separated chains
when boiled in SDS under nonreducing conditions (not
shown). Although the sites of papain cleavage have not been
identified, it is likely that part or all of the transmembrane
region of each chain was removed since the proteins migrated
in non-SDS-PAGE. The multiplicity of 8 chain bands may
similarly be due to the presence of this free sulfhydryl since
the 8 chain heterogeneity also disappeared in the presence of
iodoacetamide.

The class II antigens were purified in sufficient yield and
purity, with cross-contamination of less than 2%, to allow
direct comparison of their characteristics. As reported previ-
ously (43), isoelectric focusing of unlabeled protein proved
difficult because of the tendency of the separated chains,
especially the « chain, to aggregate. Unlabeled DR « and 8
and DQ a and B chains focused as predicted by isoelectric
focusing of radiolabeled material (4, 22). DP « and 8 chains
focused in more basic positions than the corresponding DR
chains, in contrast to the migration of radiolabeled material
(12).

No invariant chain could be detected in any of the class II
subset preparations, either by measuring binding of the anti-
I, chain antibody to immobilized class II subsets or by West-
ern blotting. Since DR, DQ, and DP were solubilized from a
crude membrane fraction that probably consisted of both
intracellular and plasma membranes, some fraction of the
immunoaffinity-purified subsets (i.e. that isolated from intra-
cellular membranes) might have been expected to be associ-
ated with L, chain. It is possible that the fraction associated
with the I, chain was so small that it was not detected or that
the association of class II antigen with the I, chain was
interrupted during the purification procedure. A band in the
position of that expected for the I, chain was indeed visible
on the heavily loaded isoelectric focusing gels. However, on
Western blotting, the bands did not appear to bind either of
the anti-I, chain antibodies. The murine analog of the I,
chain has been shown to be loosely associated with Ia antigens
and to be removed selectively from the Ia a3 complex under
relatively mild conditions (49).

The three antigens showed similar susceptibilities to degly-
cosylation with endoglycosidases H and F. However, differ-
ences in the carbohydrate structure were detected in quanti-
tative carbohydrate analysis and in lectin binding studies.
The results of the quantitative carbohydrate analysis were in
reasonably good agreement with the data obtained from de-
glycosylation experiments and SDS-PAGE, with « chains
containing approximately 20% carbohydrate and 8 chains
approximately 10%. The higher mannose content in the «
chains correlated with the presence of high-mannose carbo-
hydrate. The absence of galactosamine gave additional sup-
port for the absence of O-linked carbohydrate.

The lectin binding data indicated that there are structural
differences in the carbohydrate moieties of the class II antigen
chains. Both ConA and lentil lectin have a-glycosyl and «-
mannosyl binding specificity (50, 51). In addition, fucose
residues have been shown to be important for the binding of
lentil lectin, but not ConA (51). PHA-E is known to recognize
some complex-type oligosaccharides, especially those contain-
ing the sequence of Galf1—4GlecNAc (51). Reactivity with R.
communis agglutinin should indicate the presence of terminal
galactosyl residues (53). Most of the lectins used recognize
several different structures, so that a definitive conclusion
about carbohydrate structure cannot be made from lectin
binding data alone. In addition, secondary nonspecific inter-

actions with the polypeptide chain may contribute to the
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differences observed. The binding of ConA approximately
correlated with the mannose content of the isolated chains.
However, the binding of lentil lectin did not correlate with
fucose content, nor did the binding of PHA-E correlate with
galactose or glucosamine content. No evidence was found for
the existence of a second carbohydrate moiety on the DP 3
chain, although a second potential glycosylation site has been
identified in the DP sequence (42). It is interesting that the
additional 8 chain glycosylation site in the B2 domain at
amino acid residues 98-100 appears not to be utilized, at least
not in the majority of DP molecules. The site which is utilized
is in the 81 domain approximately at residues 19-21 and is
conserved in all of the class II antigens.

When denatured, the three class II antigens gave substan-
tially different band patterns upon digestion with proteases,
as expected from the different sequence results and from
peptide mapping of radiolabeled DR and DQ (54). The native
purified antigens each showed a similar limited susceptibility
to cleavage by papain, although the apparent molecular
weights of the remaining « and § chain fragments varied
somewhat. Although the papain cleavage sites remain to be
identified, the large fragments of the o and 8 chains appear
to have lost their transmembrane regions since they migrated
in non-SDS gels. The a and 8 chains did remain associated,
however, and migrated largely as a complex on SDS-PAGE
when the samples were not boiled in sample buffer (not
shown). The susceptibility of the immunoaffinity-purified
antigens to cleavage by papain is in conflict with earlier results
in which a large fraction of lectin-purified class II antigens
were shown to be resistant to papain digestion (5). The reason
for the discrepancy is not known. It is interesting to note,
however, that DR was initially isolated in a papain-solubilized
form (55). The papain digestion was found to be quite sensi-
tive to the detergent in which the antigens were solubilized
(not shown). It is possible that the detergents used in the
previous studies (5) interfered with the papain digestion. It is
also possible that the high pH elution from the immunoaffin-
ity columns affects the structures of the antigens enough to
make them more susceptible to limited protease digestion,
without denaturing them so much that they are no longer
recognized by antibodies or T cells (9). The latter explanation
seems unlikely since, in preliminary experiments, lectin-pu-
rified LLG-2 DR has been completely cleaved by papain. The
ability to isolate DR in such large quantities and in a water-
soluble form makes it a good candidate for crystallization.

The purified class II antigens were useful for examining the
specificities of a number of class II-reactive monoclonal an-
tibodies. The assays used in Table IV may enhance the weaker
interactions because of relatively high concentrations of both
antibodies and antigens. Therefore, some antibodies detected
here as specific for DR, DP > DQ may immunoprecipitate
only DR and DP and not DQ under the conditions routinely
used for indirect immunoprecipitation. Also, Western blotting
with relatively high amounts of purified antigens may yield a
positive result even for an antibody that would be negative if,
for example, a crude cell lysate is assayed in the same way.
Both the conditions for antibody binding to immobilized
antigen and the conditions for Western blotting probably
approximate the conditions of immunoaffinity purification
better than does immunoprecipitation. Thus, the antibody
specificities indicated in Table IV may be most useful for
predicting the performance of the antibodies under the con-
ditions of immunoaffinity chromatography.
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