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ABSTRACT Functional analysis of mutant class II major
histocompatibility complex molecules has begun to identify
regions important for antibody binding and for T-cell activa-
tion. By using in vitro mutagenesis directed at the (31 domain of
the A4b gene we have constructed three structurally distinct
mutant AP genes. Each of these genes, as well as the wild-type
Ab gene, was cotransfected together with the wild-typeA~ gene
into the Ia-negative B-lymphoma cell line M12.C3. Transfec-
tion resulted in the successful synthesis and cell surface
expression of three mutant class II antigens that showed
serological and functional alterations as compared to the I-Ab
antigens from the M12.C3 cell transfected with the wild-type
gene. The variable patterns of both I-Ab-specific monoclonal
antibody binding and activation of I-Ab-specific T-cell hybrid-
omas show that the mutations result in the loss of structural
epitopes required for both monoclonal antibody binding and
for T-cell recognition. The data suggest that there are multiple
sites on a single Ia molecule that are recognized by T helper cells
and also that the tertiary conformation of the Ia molecule can
be critical in the formation of such sites.

The induction ofan immune response requires that the helper
T cell recognize an antigen in the context of a class II Ia
molecule on the surface of an antigen-presenting cell (APC)
(1). The location and number of sites on the Ia molecule that
interact with T-cell receptor proteins and with foreign anti-
gen, however, remain unknown. One approach to identifying
such sites has been to compare the amino acid sequences as
predicted from the cloned genes of the four class II mole-
cules, A., An, Ea, and Ed, from different haplotypes. Thus it
has been found that the amino acid sequence differences
between different alleles of a and (3 chains are focused
predominantly in the N-terminal a, and 13i domains (2, 3).
Exon-shuffling experiments that exchange 13i domains ofone
haplotype for another have shown that monoclonal antibody
(mAb) binding sites and T-cell recognition sites are localized
to this first external domain (4, 5). Hypervariable clusters
within this variable region are marked by substitutions of
amino acids with different charges (3). These amino acid
alterations are likely to cause significant structural differ-
ences between the allelic Ia molecules. Though useful in
predicting important structural regions on the Ia molecule,
allelic comparisons become too complex when attempting to
identify the relationship between Ia structure and function.
Another approach to this issue has been to examine the

effect of structural alterations of the Ia molecule on T-cell
activation. Studies of cloned populations of APCs that bear
mutated I-Ak molecules (6, 7) together with observations
obtained from the one existing spontaneous I-region mutant

mouse strain, B6.C-H-2 bm12 (bml2) (8) suggested the exist-
ence of several determinants on a single class II molecule.
Two of the A4 mutants described have single amino acid
changes in the P1 domain of A4 (22), and the three amino acid
differences between bml2 and B6 are also located in the P3
domain of the A4 gene (9). These mutant systems attempt to
identify important structural regions on the Ia molecule by
correlating amino acid changes with changes in T-cell acti-
vation.

In an attempt to further identify functionally important
sites on the Ia molecule, we have constructed altered A4
genes by site-directed mutagenesis in the 631 domain. These
genes were introduced by transfection into an antigen-
presenting Ia-negative B-cell lymphoma that now expresses
the mutant Ia molecules on the cell surface. We present here
the functional and serological characteristics of these cloned
I-Ab mutant APCs.

MATERIALS AND METHODS
Synthetic Oligonucleotides. The three mutagenic deoxyri-

bonucleotides, 5' TTCGTGCACCAGTTCATG 3' (18.1), 5'
TCATGCCCGAGTGCTACT 3' (18.3), and 5' GAACAGC-
CAGTACCTGGAGCGAA 3' (23.1) were synthesized with
an Applied Biosystems (Foster City, CA) 380A DNA syn-
thesizer, using the silica-based solid-phase method (10) and
the proton-activated nucleoside phosphoramidite method
(11). The purified oligodeoxynucleotides were isolated from
the crude synthetic mixtures by polyacrylamide gel electro-
phoresis.

Mutagenesis of the Ap Gene. A 0.6-kilobase Nae I/Nar I
restriction fragment containing the (31 exon ofthe A gene was
inserted into the Sma I/Acc I sites of the single-stranded
DNA vector M13mp9. This subclone was used as a template
for the oligonucleotide-primed mutagenesis according to
described conditions (12). The DNAs from the oligonucleo-
tide-primed mutagenesis reactions were transformed into
competent JM103 cells and screened by plaque hybridization
with the mutagenic oligonucleotides (12). The positive M13
mutant clones were sequenced using the dideoxy chain-
termination method to confirm the mutations (13, 14). A
352-base-pair Sst II restriction fragment, which encodes the
entire 81 exon, was isolated from the replicative form DNA
of each M13 subclone containing mutant I31 exons. This
fragment was religated into a Sst II site on an Ap gene
construct (15) from which the analogous Sst II fragment
containing the wild-type f31 exon had been deleted. The
orientation of the Sst II fragment in the A# gene was
determined by restriction mapping. Hybridization with the
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Table 1. DNA sequences of synthetic oligonucleotides showing altered nucleotide positions and
resulting amino acid mutations in the (31 domain of the A gene.

Amino acid
Oligonucleotide Position Domain Change

5' TTCGTGCACCAGTTCATG 3' 9 81 Tyr His
(T)

5' TCATGCCCGAGTGCTACT 3' 13 P81 Gly Pro
(GG)

5' GAACAGCCAG-TAC-CTGGAGCGAA 3' 65, 66, 67 ,B1 Pro, Glu, Ile -) Tyr
(CCGGAGATC)

mutant oligonucleotides confirms the presence of the muta-
tions on the expected restriction fragment (data not shown).

Cell Lines. M12.C3 (C3) is an adherent Ia-negative variant
of the homozygous, antigen-presenting Iad-positive BALB/c
lymphoma, M12.4.1 (23). The lack of surface I-Ad expression
by M12.C3 is secondary to an absence ofRNA specific for the
A gene: the Ad gene is transcribed and translated and can
form a functional I-A molecule when provided with a normal
A, gene (see below). A20.Abml2 (bml2) was produced by
transfection of the A20.2J Iad-bearing lymphoma with Ab and
Abm12 genes (15).
DNA Transfection. The Ia-negative B-cell lymphoma line

M12.C3 (2-3 x 106 cells) was cotransfected by the calcium
phosphate technique (15) with 10 ,g of mutant A4b (described
above) [10 ,g of Ab-that is, 6 ,ug of Aa plus 4 ug of A.
containing a metallothionine promoter in an effort to enhance
transcription (E.C., unpublished work)] and 2-2.5 ,ug of
pMSV-neo containing the neomycin resistance gene as a
selectable marker (16). Prior to transfection the plasmids
were linearized at the unique Sal I site in the vector pBR327.
Twenty-four to 48 hr after transfection, a selection medium
containing the antibiotic G418 at 125 ,ug/ml (GIBCO) was
added to cultures. Two to 3 wks later, neomycin-resistant
colonies were expanded for analysis. Positive colonies were
cloned and then subjected to electronic cell sorting to obtain
cells with a high density of I-Ab molecules.

Fluorescence-Activated Cell Sorter Analysis and Electronic
Cell Sorting. FACS analysis using a Becton-Dickinson Ana-
lyzer was performed on 1 x 106 cells incubated with 20 ,ul of
a previously titrated quantity of the mAb indicated. After
mAb binding, cells were incubated with a fluorescein-
conjugated Fab fragment of goat anti-mouse heavy and light
chain immunoglobulin (GaMIg) (Cappel Laboratories,
Cochranville, PA). The specificity control for staining by
anti-Ia mAb followed by fluoresceinated GaMIg was the
fluorescence histogram obtained with the latter reagent
alone. Electronic cell sorting was performed using an Ortho
Diagnostics fluorograph 50-H system. Approximately 3 x 106
cells were stained by treatment with 100 ,ul ofmAb followed
by the fluorescein-conjugated GaMIg reagent, and the 2%
brightest staining cells were selected by sorting.

Antigens and mAbs. The random polymer poly(GluWAla3O-
Tyrl°) (all L) (Vega Biochemical, Tucson, AZ) was used at
200 tkg/ml in culture. Ovalbumin (Sigma) was used at a final
concentration of 1 mg/ml in culture.
The following I-Ab-specific mAbs were used: Y-3P and

Y-8P (17); 34-5-3, 25-9-17, and 28-16-8 (18); M5/114 (19); and
AF6120, 2A2-A11, 3F12-35, IE9-4, 4D59, and 3B95 (B. Beck,
J. M. Buerstedde, and D. McKean, personal communica-
tion).

T-Cell Hybridomas and Assay of T-Ceil Hybridomas for
Activity. T-cell hybridomas used have been designated by
antigen specificity and Ia restriction element and were
produced as previously described (20). Several of the hybrid-
omas were the gifts of P. Marrack (National Jewish Hospital,
Denver, CO), J. Bluestone (National Cancer Institute,
Bethesda, MD), and K. Rock (Harvard Medical School,
Boston, MA).
T-hybridoma cells (1 x 105) were cultured with various

numbers ofAPC cells in the presence of the relevant antigen
in 0.2 ml of RPMI 1640 medium containing 8% fetal calf
serum, penicillin, 2-mercaptoethanol, and L-glutamine. After
24 hr in culture, supernatant was collected and assayed for
interleukin 2 (IL-2) content in a secondary culture using HT-2
cells, an IL-2-dependent T-cell line. HT-2 cells were cultured
for 24 hr in the presence of serial dilutions ofprimary culture
supernatant and amounts (units) ofIL-2 per ml of supernatant
were calculated according to Kappler et al. (21).

RESULTS
Construction of A4b Mutant Genes. Three mutant A4b genes

have been constructed using oligonucleotide site-directed
mutagenesis. The choice of the mutation sites was based on
the location of allelic polymorphisms in the b and k
haplotypes. The three mutagenic oligonucleotides and the
resulting amino acid substitutions are shown in Table 1 and
Fig. 1. Two of these mutants, 18.1 and 18.3, convert single
amino acid residues at positions 9 and 13 to those in the k
haplotype. A third mutant, 23.1, involves the replacement of
three residues at positions 65, 66, and 67 (Pro-Glu-Ile) with a
single tyrosine residue. This change from the b to the k

HAPLOTYPE

18.1 18.3 2§.1
1 1 0

B HFVYQFMGECYFTNGTORIRYVTRYIYNREEYVRYDSDV6EHRAVTEL6RPDAEYWNSOPEILERTRAELDTYCRHNYEGPETHTSLRRLE
(6) (96)

K H OPF L I F Y K -Y-
F OM
bml2

KT P

FIG. 1. Mutational sites in the 81 domain of the I-A protein chain corresponding to the sequences of the oligonucleotides described in Table
1. The amino acid sequence of the P13 domain (amino acids 6-96) of the Ap chain (2) and the amino acid residues of the k haplotype that differ
from the b haplotype are shown. I , Site-directed mutations that are changes from the b to the k haplotype; T , the bml2 mutation that has three
amino acid changes from the b haplotype. Dashes represent deletions. (A, alanine; R, arginine; N, asparagine; D, aspartic acid; c, cysteine; Q,
glutamine; E, glutamic acid; G, glycine; H, histidine; I, isoleucine; L, leucine; K, lysine; M, methionine; F, phenylalanine; P, proline; S, serine;
T, threonine; W, tryptophan; Y, tyrosine; V, valine.)
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Table 2. Reactivity pattern of Ab mutants with a panel of I-Ab mAbs

Reactivity with mAb

Mutant cell line 34-5-3 25-9-17 28-16-8 Y-3P Y-8P AF6-120 IE9 3F12-35 2A2-A11 3B9-5 4D59 M5/114

C3.Ab.I (wild type) + + + + + + + + + + + +
M12.C3 (parent cell) - - - - - - - - - - - -
18.1 + + + + + + + + + + + +
18.3 + + + + + + + + + + + +
23.1 - - - + + + + + + + + +

C3.#b + + + _ _ _ _ _ _ _ _ _

FACS analysis of the designated APCS with a series of al-A" mAbs. +, Staining approximately equivalent to that of the wild-type C3.Ab.1
cell; -, no staining above background.

haplotype results in the net deletion of two amino acids and
a substitution for the third amino acid. The mutagenic
oligonucleotides that were hybridized to a restriction frag-
ment containing the wild-type 13i domain inserted into
M13mp9 served as a primer for the in vitro mutagenesis. The
wild-type P13 domain in an Ap gene construct was replaced by
the mutant Pi domain to make a mutant Ap gene. To ensure
that inadvertent mutations were not created elsewhere in the
A# gene we used an M13 subclone that contains only the (3i

exon during the in vitro mutagenesis reactions. The mutations
were confirmed by sequencing the entire (,3 exon in the M13
subclone.
Only Some of the Mutant Cell Lines Have Altered Reactivity

with a Panel of aI-A" mAbs. The three mutant cell lines, 18.1,
18.3, and 23.1, the wild-type transfectant C3.Ab.1, the
Ia-negative parent line C3, and the C3 cell transfected with
the A40 gene only, C3.43, were analyzed by flow microfluo-
rometry using a panel of 12 anti-I-Ab mAbs. The results are
shown in Table 2. The mean fluorescence of the mutant cell
lines on several occasions was within a 1- to 2-fold range of
that ofthe wild-type C3.Ab.1 cell. The pattern ofmAb binding
by two of the mutant cell lines, 18.1 and 18.3, was indistin-
guishable from that of the wild-type C3.Ab.1 cell line. This is
interesting in view of the clear-cut functional changes dis-
cussed below. The 23.1 mutant cell line, however, failed to
bind three ofthe mAbs, 34-5-3, 25-9-17, and 28-16-8, although
it reacted with the remaining 9 mAbs. mAbs 34-5-3, 25-9-17,
and 28-16-8 do bind to the 4A d molecule; however, the C3
cell line cannot form such a molecule since it makes no A
protein as discussed above. These first 3 mAbs appear to be
specific for sites in the AP molecule as shown by the binding
pattern of C3.4b, the C3 cell line transfected with the A4 gene
alone. This cell, which has on its surface only the hybrid
molecule AbAd, binds mAbs 34-5-3, 25-9-17, and 28-16-8 but

not the 9 other mAbs. Therefore these latter mAbs most
likely recognize sites on the Al molecule or epitopes formed
by the association of AAa'd. Thus it appears that the region
of Ab DNA that is recognized by these 3 mAbs has been
altered by the changes introduced at amino acids 65, 66, and
67 in the 23.1 mutant cell line while the amino acid changes
at residues 9 and 13 do not appear to alter the binding sites
of the mAbs tested. These results suggest that those three
mAbs recognize the same epitope; however, to our knowl-
edge, this has not been confirmed by competitive inhibition
assays.
The Ability of the Mutant Cells to Activate a Panel of

I-Ab-Specific T Cells Suggests Multiple Restriction Sites on the
I-Ab Molecule. We next examined whether the mutations had
resulted in the loss of sites on the I-Al molecule important for
T-cell recognition. The results of a representative experiment
testing the ability of the AP mutant cell lines to activate a

panel of antigen-specific or alloreactive cloned T hybridomas
are shown in Table 3. The wild-type C3.Ab.1 cells were able
to activate all, and the parental Ia-negative C3 cells; none of
the hybridoma tested. The variable ability of both the
alloreactive and the foreign antigen [ovalbumin, poly(Glu-60
Ala`Tyrl0)]-specific T hybridomas to be activated by the
three site-directed mutant cell lines and the bml2 mutant cell
subdivided these T cells into six groups.
Thus the group I hybridomas that contain two alloreactive

and one poly(Glu60Ala30Tyrl0)-specific T cell are activated by
all three site-directed mutants but not by the bml2 mutant cell
line, whereas the three alloreactive T cells in group II are

activated by the 18.1, 18.3, and bml2 mutants but not by the
23.1 mutant cell line. The group III ovalbumin-specific T cell
fails to be activated by the 18.3 and bml2 mutant lines while
the group IV ovalbumin-specific T cell cannot be stimulated
by either the 23.1 or the bml2 cell lines. The group V

Table 3. Antigen presentation by mutant cell lines to a panel of I-A"-restricted T cells

Activation, units of IL-2/ml

Group T hybridoma Specificity C3.Ab.l* C3 18.1 18.3 23.1 bml2 C3p3b
I 4E3 Allo: I-Ab 640 <20 640 640 640 <20 <20

RF13.35 GAT: I-Ab 320 <20 320 320 160 t <20
3B8 Allo: I-Ab 320 <20 320 160 160 <20 <20

II 4A4 Allo: I-Ab 640 <20 320 640 <20 640 160
AODH3.4 Allo: I-Ab 320 <20 320 320 <20 160 160
FS9.6.3 Allo: AA 320 <20 320 320 <20 160 160

III 1C4.B2 OVA: I-Ab 160 <20 160 <20 320 <20 <20
IV 1C4.B6 OVA: I-Ab 640 <20 160 320 <20 <20 <20
V 3G3 Allo: I-Ab 320 <20 <20 320 <20 <20 <20
VI JB1C4 Allo: I-Ab 320 <20 40 <20 <20 <20 <20

T-hybridoma cells (10) were co-cultured with various numbers of wild-type and mutant stimulator cells in the presence of antigen when
appropriate [poly(Glu1Ala3t1yr'0) (GAT), 100 jug/ml; ovalbumin, (OVA), 1 mg/ml]. Twenty-four hours later, serially diluted supernatants were
tested for IL-2 activity on an IL-2-dependent T-cell line, HT-2. Positive responses are set in boldface type. Allo, alloreactive.
*Wild type.
tThe RF13.35 hybridoma has an independent allorecognition of I-Ad. Since the bml2 genes have been transfected into the I Ad-positive
lymphoma, A20, we cannot evaluate the ability of the bml2 transfectant to activate the I-Ab/GAT specificity of this hybridoma.
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alloreactive hybrid can be activated only by the 18.3 cell line
while the group VI hybrid is not activated by any of the four
mutant cells. An I-Abml2specific T-cell hybridoma is acti-
vated by the bml2 mutant cell line yet is not activated by the
wild-type C3.Ab.1 cell line or by any of the site-directed
mutants (data not shown). These mutant lines therefore
appear to distinguish multiple sites on the I-Ab molecule used
for T-cell recognition. There appears to be some correlation
between the extent of the nucleotide substitution, loss of
mAb binding and T-cell activation since the more extensively
altered 23.1 and bml2 mutants fail to stimulate 6 of 10 and 6
of 9 hybridomas, respectively, while both the 18.1 and the
18.3 mutant lines fail to activate only 2 of 10 of the T
hybridomas. Furthermore, most of these restriction sites
appear to depend on the homozygous pairing of the Ab and
Ab molecules. C3fBb, which expresses a hybrid A~A' mole-
cule, can activate the group II hybrids. The FS9.6.3 hybrid-
oma is known to be specific for the hybrid AbAd molecule (P.
Marrack, personal communication); presumably, the recog-
nition site of the other two T cells in this group can
accommodate both the homozygous AbAb and heterozygous
AbAd combinations.

DISCUSSION
The experiments described in this report indicate that there
are multiple sites on a single Ia molecule that are recognized
by T helper cells. By in vitro mutagenesis using synthetic
oligonucleotides directed at the Pi domain of the A gene,
three structurally distinct mutant AP genes have been pro-
duced. The mutation sites were chosen at points where amino
acid sequences vary between the b and k haplotypes. Thus at
each mutation site the wild-type A4b nucleotides were re-
placed by base pairs corresponding to the k haplotype. The
18.1 and 18.3 mutations in the 5' end of the 81 domain each
contain one amino acid substitution while the 23.1 mutation,
with two deletions and a substitution, is located further
downstream. The spontaneous I-region mutant, bml2, which
has nucleotide substitutions that overlap with the 23.1 mu-
tation sites was also used in our analysis.

Alpha Chain Beta Chain

Serological analysis ofthe 23.1 mutant indicates the loss of
an important antibody-binding region on the Ab4 molecule as
defined by the loss of binding by three A4p-specific mAbs.
Whether failure to bind these mAbs results directly from the
alteration ofprimary sequence at the mutation site or whether
the 23.1 mutation produces changes elsewhere in the mole-
cule that disrupt binding cannot be determined. The 18.1 and
18.3 mutant cell lines have a mAb-binding pattern identical to
the wild-type pattern despite the loss of T-cell recognition
sites. Thus it appears that the sites on the Ia molecule
recognized by T cells are different from those recognized by
antibodies. It is certainly possible, however, that a larger
panel of A-specific mAbs might detect determinants altered
in these two cell lines since all three mAbs tested appear to
recognize the same or a similar determinant.
Although the 23.1 mutant defined a single antibody-binding

determinant on the A molecule, six patterns of T-cell
activation establish the existence of multiple sites on Ia with
which the T-cell receptor interacts. A schematic model that
emphasizes the complex picture that emerges from these data
is shown in Fig. 2. Three general statements can be made.
First, there are multiple determinants on the I-Ab molecule
that can interact with T-cell receptor proteins and/or foreign
antigen. Second, in agreement with previous studies (7, 8),
most of these determinants depend on the homozygous
pairing of the Ab and Ab molecules: only 3 of the 10
hybridomas can recognize an Ia determinant formed by A
paired with either Ab, or A. (group II). Third, the data suggest
that the tertiary conformation of the I-A molecule is impor-
tant in the formation of at least some of these sites. Thus the
group III ovalbumin-specific hybridoma 1C4.B2 is not acti-
vated by mutants 18.3 or bml2, which lie 54 amino acids
apart, but it is activated by the 18.1 and 23.1 mutant cell lines,
which have alterations adjacent to the mutations in the 18.3
and bml2 cells, respectively. Failure of T-cell activation in
this case could reflect primary protein sequence alterations if
(i) the 18.3 and bml2 regions are opposed in the tertiary
structure of lab in the process of T-cell recognition or (it) the
altered site, in one case, disrupts interaction with foreign
antigen (ovalbumin) and, in the second instance, alters the

I I

FIG. 2. Schematic representation of sites on the I-Ab molecule recognized by the T cells described in Table 3.
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interaction with the T-cell receptor. It is equally likely,
however, that each of these mutations independently alters
the T-cell recognition site by an effect on tertiary conforma-
tion. The critical role of tertiary conformation of the Ia
molecule in T-cell activation is also demonstrated by the pairs
of mutants that have adjacent amino acid changes. The 23.1
and bm12 mutation sites overlap at amino acid 67, yet the
close proximity of these mutations in the primary protein
sequence fails to predict how these mutant cells will function
in T-cell activation. Three of six groups (I, II, and III) show
that these two mutant molecules have very different func-
tional effects. The 18.1 and 18.3 mutation sites are separated
by three amino acids yet the 18.1 mutant cell fails to activate
the group V hybridoma, which is, however, stimulated by the
18.3 mutant cell line. The distinct functional effects of these
two mutant cells is also evident in the activation pattern ofthe
group IV T cell. The group VI alloreactive hybridoma may be
another demonstration of the role of tertiary conformation of
the I-Ab molecule in the formation of restriction sites since it
cannot be activated by any of the mutant cell lines.
These results demonstrate the selective loss of ability of

these mutant cell lines to activate certain I-Ab-specific T
cells. It would be interesting to identify a gain ofI-A -specific
restriction elements as well as a loss of I-Ab-specific sites in
such mutant genes. Although cotransfection of these A4
mutant genes with Al genes has not to date resulted in the
serologic or functional acquisition of I-Ak antigens (unpub-
lished results), larger b-to-k substitutions, as well as intra-f,
exon shuffling experiments between the b and k haplotypes,
should help to define the distinct functional sites for these
alleles.
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