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ABSTRACT The region of the murine major histocompat-
ibility complex (MHC) between the Pb (Ag3) and Ob (Ag,) genes
controls the expression of an intracellular complex named the
LMP (low molecular weight polypeptide) complex. DNA
probes for at least seven different genes mapping to this region
were isolated. These hybridize to a minimum of eight different
transcripts ranging from approximately 1.3 to 3.7 kilobases
(kb). The deduced amino acid sequences of the corresponding
cDNAs indicate that three of these genes are new members of
the MHC class II gene family. These genes are transcribed in
a tissue-specific pattern similar to that of the traditional class
II genes. Two of the remaining four genes, HAM1 and HAM2,
are homologous to one another and to a family of eukaryotic
and prokaryotic transport proteins and may be involved in
antigen processing. The tissue distribution of HAM1 tran-
scripts is consistent with its proposed role in class I-restricted
antigen processing, whereas HAM?2 transcription appears more
restricted and may be involved in antigen processing for class
II-restricted T cells. The HAM2 gene may produce two differ-
entially spliced transcripts. The identity of the remaining two
genes is not known. Analyses of transcript sizes, tissue distri-
bution, sequence, and genetic mapping data suggest that none
of these genes code for LMP antigens.

The murine major histocompatibility complex (MHC), H-2,
contains a cluster of genes intimately involved in the immune
response and encompasses =~4000 kilobases (kb) (2 centimor-
gans) of murine chromosome 17 (1). MHC-encoded mole-
cules have been classified into three groups based on func-
tional and biochemical homology. Class I and II molecules
bind processed peptide fragments of foreign antigens and
present them to cytotoxic T cells and helper T cells, respec-
tively. Class III molecules are components of the comple-
ment system. Approximately 32 class I antigen genes, 7 class
II antigen genes (1, 2), and 4 class III antigen genes (3) have
been identified in the H-2 region. In addition to these classical
MHC-encoded molecules, several other genes have been
identified within the MHC, such as genes for tumor necrosis
factor and lymphotoxin (4) and steroid 21-hydroxylase (5).

Genes for class II molecules, or I-region-associated (Ia)
antigens, are clustered near the centromeric end of the MHC
(Fig. 1). The two classical murine Ia antigens, I-A and I-E, are
expressed on the cell surface as heterodimers composed of
and B chains. Three other B-chain genes have been identified
by cross-hybridization (see Fig. 1). No protein products have
yet been detected corresponding to Ob or Eb2. The Pb gene
is a pseudogene (6), and the expression of I-E heterodimers
is mouse haplotype-dependent (7). The distance between Pb
and Ea is =270 kb (8).

Monaco and McDevitt (9) demonstrated that the region
between the Pb and Ob genes controlled the expression of the
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LMP (low molecular weight polypeptide) antigen complex.
This complex has a native molecular weight of =580,000 and
is composed of 16 noncovalently associated polypeptides
with molecular weights between 15,000 and 30,000. The LMP
antigens are distinct from previously defined MHC-encoded
molecules with respect to tissue distribution, biochemistry,
serology, and genetics (9-11). Evidence that LMP antigens
are involved in immune function includes their genetics,
regulation (20- to 25-fold induction) by interferon y (IFN-v),
similar to class I, II, and III antigens (12-14), and their
expression in macrophage and lymphoid cell lines (11).

Serological analysis, using intra-I-region recombinant
mouse strains, mapped at least one LMP antigen gene to a
region of =100 kb between the y/ (=20 kb proximal to Ob)
and bql (=50 kb distal to Pb) recombination points (11). As
one approach to further characterize the LMP antigens, we
attempted to isolate the corresponding genes by screening a
set of overlapping genomic cosmid clones spanning this
100-kb segment for transcribed sequences. We show here
that eight previously undetected transcripts originate from
this region, corresponding to at least seven different genes,
and describe their tissue specificity, sizes, and potential
relationship to LMP antigens.

MATERIALS AND METHODS

Cell Lines and Mice. All cell lines were cultured in RPMI
1640 medium supplemented with penicillin (100 units/ml),
streptomycin (100 ng/ml), glutamine (2 mM), and 10% fetal
bovine serum. The IFN-y-treated cells were grown in me-
dium supplemented with IFN-y (ICN; 15 units/ml) for 3-4
days. The effect of Con A supernatant was determined by
incubation of WEHI-3 cells with 20% (by volume) of a culture
supernatant derived from Con A (Sigma)-activated BALB/c
mouse spleen cells (15). For the analysis of tissue-specific
expression, total RNA was obtained from brain, heart, lung,
thymus, kidney, liver, and spleen of BALB/c mice; B-cell
line TA3 (16); T-cell lines RMA and RMA-S (17); fibroblast
cell lines 3T3 and L-M(TK™); and myelomonocytic cell line
WEHI-3.

Cosmids. Genomic cosmid clones (designated 4.24, 5.22,
5.10, and 5.9; Fig. 1) covering the region between the bg/ and
yl crossover points were kindly provided by M. Steinmetz
(8). EcoRlI-digested cosmid fragments, designated in alpha-
betical order for each cosmid from the largest fragment, were
separated by electrophoresis in a 1% agarose gel. Fragments
used to probe Northern blots were radiolabeled with
[a-*?P]dCTP by random priming (18).

Northern Blot Analysis. Cytoplasmic RNA was isolated
from both IFN-y-treated and untreated WEHI-3 cells by the
method of Favaloro et al. (19) with some modification (ref.
20, pp. 4.1.2-4.1.6). Total RNA was isolated by a modifica-
tion of the method of Glisin et al. (28). Poly(A)* mRNA was

Abbreviations: IFN-y, interferon y; MHC, major histocompatibility
complex.
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FiG. 1. Identification of probes for transcribed sequences. (Upper) Genomic organization (left to right = centromeric to telomeric) of the
proximal portion of H-2. The region between Pb and Ab is expanded below, with the scale in kilobases. Probes used for Northern blots are marked
as stippled boxes. Arrows indicate 5’ — 3’ orientation of the corresponding genes, where known. Sites for four restriction enzymes (Sac II,
Sal 1, Kpn 1, and Xho I) were mapped for comparison with the original restriction maps of cosmids 4.24, 5.22, 5.10, and 5.9 (8). The sizes of
genomic EcoRI fragments used as probes are as follows: 4.24A, 9.6 kb; 4.24F, 1.6 kb; 5.22D, 6.0 kb; 5.22C, 7.9 kb; 5.9B, 4.5 kb; 5.9E, 3.3 kb.
(Lower) WEHI-3 cells were cultured with IFN-y (15 units/ml) for 3-4 days. Poly(A)* RNA was isolated, electrophoresed, transferred to nylon,

and probed with 3?P-radiolabeled EcoRI cosmid fragments.

isolated by oligo(dT) (Pharmacia) affinity chromatography.
From 3 to 10 ug of poly(A)* mRNA or 30 ug of total RNA
was run in a 2.2 M formaldehyde/1% agarose gel and trans-
ferred to nylon membrane (BioTrace RP, Gelman) in 20x
standard saline citrate (SSC) overnight.

Southern Blot Analysis. Total genomic DNA was isolated
from BALB/c mouse liver by the method of Ausubel et al.
(ref. 20, pp. 2.2.1-2.2.3). Ten micrograms of total genomic
DNA was digested with EcoRI and electrophoresed in a 1%
agarose gel. The separated genomic DNA was transferred to
nylon membrane with 0.4 M NaOH/1 M NaCl overnight.
Cosmid fragments hybridizing to a single band on Southern
blots (i.e., free of repetitive sequence) were subcloned for
cDNA library screening.

Construction and Screening of cDNA Libraries. Two Agt10
WEHI-3 cDNA libraries were constructed from RNA ex-
tracted from IFN-y-treated WEHI-3 cells; one library was
made from poly(A)* RNA by using the Librarian X (Invit-
rogen, San Diego) cDNA library kit and the other from total
RNA according to the protocol of Ausubel et al. (ref. 20,
5.5.1-5.8.5). Size-selected cDNAs between 0.7 and 5 kb were
blunt-end ligated with EcoRI linkers and inserted into Agt10
arms. Libraries were plated on Escherichia coli C600 Hfl
hosts, and plaques were transferred to nitrocellulose as
described by Benton and Davis (21).

RESULTS

Eight hybridization bands were detected by Northern blot
analysis of WEHI-3 (myelomonocytic cell line) RNA using
radiolabeled genomic cosmid DN A fragments as probes (Fig.
1). The genomic probes and characterization of the corre-
sponding transcripts and cDNAs are discussed individually
below. The size of each transcript is indicated in parentheses.

Probes 4.24A (3.7 and 3.0 kb) and 4.24F (2.5 kb). cDNA
clones corresponding to probe 4.24A have been isolated (C.
Gilchrist and J.J.M., unpublished data) but have not been
fully characterized, and no cDNA clones corresponding to
4.24F have been found, perhaps because of the relatively low
level of expression inferred from the blots shown in Fig. 1.
Thus, the transcriptional orientation of these two genes is not
known. Preliminary data suggest that the two transcripts
detected with the 4.24A probe are related to each other and
are either generated by alternative splicing or have enough
internal homology to cross-hybridize. The expression of
4.24A transcripts has been variable in different RNA prep-
arations from WEHI-3 cells, for reasons that are not fully
understood. Subtle differences in culture conditions such as
serum components may cause induction or repression of this
gene.

Probes 5.22A and 5.22C (Both 1.4 kb) and 5.22D (1.3 kb).
With the 5.22C fragment as probe, a 1.2-kb cDNA clone was
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isolated from the WEHI-3 cDNA library and sequenced. The
deduced amino acid sequence has significant homology to
class II B-chain sequences (unpublished data). Comparison of
the restriction maps of the 5.22C cDNA clone and the
genomic fragment identifies the orientation of the 5.22C gene
as designated in Fig. 1. The entire 1.2-kb cDNA sequence is
contained within the 8-kb 5.22C EcoRI fragment. The 5.22A
fragment, which lies in close proximity to 5.22C (Fig. 1), also
contains a copy of this gene. Partial sequence comparisons of
the genomic fragments to the cDNA sequence have not
revealed any differences in coding sequence between 5.22C
and 5.22A, although multiple nucleotide substitutions are
found in intron sequences (unpublished data). It is therefore
unclear whether only one copy or both copies of this gene are
transcribed and from which copy the cDNA sequence is
derived. The orientation of both copies is the same as for
other functional class II B-chain genes. The genes contained
in 5.22A and 5.22C will be referred to as MbIl and Mb2,
respectively.

A 1.1-kb cDNA clone corresponding to probe 5.22D was
isolated from the WEHI-3 library. Preliminary sequence
analysis has revealed significant homology with class II a
chains (unpublished data). This gene will be referred to as
Ma.

As shown in Fig. 2, the level of Ma and Mb transcripts is
increased by treatment either with supernatants from Con
A-stimulated T cells or with IFN-y. Both Con A supernatant
and IFN-y are known to enhance the expression of class II
genes (22, 23). Although it is difficult to compare directly the
intensity of the signals on the two sets of blots (because both
the blots and probes were prepared at different times, and the
specific activity of the probe was not controlled), transcrip-
tion of both Ma and Mb appears to be induced to a greater
extent by Con A supernatant than by IFN-y alone. It is
possible that other components in Con A supernatant may
synergize with IFN-y in the induction of these genes. Ea
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Fic. 2. Effect of IFN-y and Con A supernatant on transcription
of class II genes. (A) Three micrograms of poly(A)* RNA obtained
from untreated (lanes 1, 3, and 5) or IFN-y (15 units/ml)-treated
(lanes 2, 4, and 6) WEHI-3 cells was run in a formaldehyde/1%
agarose gel and transferred onto nylon. RNA blots were hybridized
with 32P-radiolabeled 5.22C (lanes 1 and 2) and 5.22D (lanes 3 and 4)
genomic probes. Ea cDNA was used as control (lanes 5 and 6). (B)
Thirty micrograms of total RNA extracted from WEHI-3 cells
incubated with (lanes 2, 4, S, and 6) or without (lanes 1 and 3) Con
A supernatant was transferred to nylon and probed as described
above. Lane 5 marked as (+)* corresponds to RNA extracted from
cells treated with 10% Con A supernatant and lanes 2, 4, and 6
contain RNA from cells incubated with 20% Con A supernatant.
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cDNA was used as a positive control probe with the same
RNA preparations; increased levels of Ea transcripts were
observed for both treatments.

Ma and Mb expression was observed in a B-cell line (TA3)
and in spleen, and weakly in the WEHI-3 macrophage cell
line and kidney, but not in T-cell lines (RMA, RMA-S) or
other tissues (Fig. 3), consistent with the tissue specificity of
conventional class II genes (24).

Probes 5.9B (2.6 kb) and 5.9E (1.7 kb and 2.4 kb). cDNAs
of 2.4 and 0.9 kb were isolated with probes 5.9B and 5.9E,
respectively. As inferred from the number of cDNA clones
isolated, 5.9B and 5.9E are the most abundant among the
newly found transcribed sequences, with a frequency of
=(0.005% of total nRNA. The complete nucleotide sequence
of the 2.4-kb 5.9B cDNA was determined, and this gene has
been designated HAM1 (25). Fragments 5.9G, 5.9J, and 5.9A
also detect a transcript of =2.6 kb, and subsequent studies
show that these fragments also contain portions of the HAM1
gene, which spans =11 kb in genomic DNA (M.A. and
J.J.M., unpublished data). The order of these fragments and
the orientation of HAMI as shown in Fig. 1 were determined
by comparison of restriction maps and sequences of the
cDNA and genomic clones. The level of HAM1 transcripts in
WEHI-3 cells is increased by treatment with Con A super-
natant (data not shown).

The 0.9-kb 5.9E partial cDNA clone contains a polyade-
nylylation signal sequence, AATAAA, indicating that this
clone corresponds to the 3’ end of the gene. This cDNA
sequence is homologous to the corresponding portion of the
HAMI gene, and the gene corresponding to 5.9E has been
designated HAM?2 (25). It is unclear whether the 2.4-kb
transcript detected with the 5.9E genomic fragment repre-
sents weak cross-hybridization to the homologous 2.6-kb
HAMI transcript (the size difference between 2.4 and 2.6 kb
may be due to variation in measurement) or whether the two
transcripts arise from alternative splicing, although the bulk
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Fic. 3. Tissue distribution of class II and transport protein
transcripts. Thirty micrograms of total RNA was purified from the
tissues and cell lines indicated, electrophoresed in a formalde-
hyde/1% agarose gel, transferred to nylon membrane, and hybrid-
izedto 1.3 x 107 cpm of the following probes: CIII-12,a1.2-kb cDNA
containing the complete Mb coding sequence (see text) (A); DII-1, a
1.1-kb cDNA containing the complete Ma coding sequence (B); BS,
a 1.4-kb cDNA containing the 3’ end of the HAMI coding sequence
(25) (C); Ell-4, a 0.95-kb cDNA containing the 3’ end of the HAM2
coding sequence (D). All blots were exposed to film at —70°C for 96
hr with a DuPont Cronex Lightning Plus intensifying screen, except
for B, which is a 24-hr exposure.
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of the current evidence favors the latter. The relative
amounts of the two transcripts differ in different preparations
of WEHI-3 RNA (Fig. 1 vs. Fig. 3).

The 2.6-kb HAM| transcript is expressed in spleen, 3T3
fibroblast (data not shown), macrophage (WEHI-3), and
T-cell lines (RMA, RMA-S) (Fig. 3). Long exposures of the
blot in Fig. 3 also demonstrate low-level expression in the
B-cell line TA3. In a separate experiment, HAM1 expression
was also observed in one preparation of liver RNA. Expres-
sion of the 1.7-kb HAM?2 transcript was detected only in the
macrophage cell line; the 2.4-kb HAM2 transcript was pre-
sent at low levels in both macrophage and T-cell lines (Fig.
3). Interestingly, faint bands at ~1.7 kb are visible in some
preparations of RNA when probed with HAM|1 probes (Fig.
3), but not in others (Fig. 1). It is unlikely that this signal is
due to cross-hybridization with HAM?2 transcripts, because
of the restricted distribution of the latter. This 1.7-kb species
may result from alternate splicing of the HAM1 gene or from
partial degradation in some of the RNA preparations.

DISCUSSION

The serological polymorphism in LMP antigens is controlled
by genes mapping in the I-A region of the MHC (9-11). Only
2 of the 16 LMP subunits are polymorphic as determined by
electrophoretic analysis; both of these map to the MHC, and
at least one maps between Pb (previously Ags) and Ob
(previously Ag,) (11). The genes for the remaining 14 subunits
have not been mapped.

Although no sequence information is yet available for the
4.24A or 4.24F genes, these are unlikely to belong to either
the class I, the class II, or the LMP gene family, based on
their transcript sizes. Recent genetic mapping data (C. K.
Smith and J.J.M., unpublished) using several new intra-I-
region recombinants (26), also excludes the possibility that
these genes encode either of the polymorphic LMP subunits.
The Ma and Mb genes (corresponding to probes 5.22D,
5.22C, and 5.22A) are members of the MHC class II gene
family, based both on sequence homology and on tissue
distribution; their gene products are thus expected to be
integral membrane proteins and hence are also unlikely
candidates for LMP antigens, which are soluble, cytoplasmic
proteins with broad tissue distribution (9, 11).

We have presented evidence elsewhere (25) that the re-
maining two genes in this region, HAMI and HAM2, are
members of a superfamily of ATP-dependent transport pro-
tein genes and suggested that the corresponding proteins
function in the transport of antigen, or peptide fragments of
processed antigens, into subcellular compartments contain-
ing newly synthesized MHC molecules. This hypothesis is
based on evidence derived from mutant cell lines that lack the
ability to form peptide-MHC class I complexes, in which the
mutation maps to the class II region of the MHC, and on the
mapping to the same region of a polymorphic, trans-acting
gene (cim) that modifies the antigenic character of class I
antigens in the rat. The broad tissue distribution of HAM!
gene expression (Fig. 3) is consistent with its postulated role
in class I expression. The expression of HAM]1 transcripts in
class I-deficient RMA-S cells is not inconsistent with this
hypothesis, since the RMA-S defect is presumed to be a point
mutation (17). However, the more restricted tissue distribu-
tion of HAM?2 transcripts argues against such a role. Mutants
defective in class II-restricted antigen presentation have been
isolated from a cell line hemizygous in the HLA-D region (27),
suggesting that the gene responsible maps within this region.
Itis possible that the defect in these cells may be in the human
HAM? gene.

The lack of easily detectable transcripts from either HAM 1
or HAM? in TA3 cells, which express functional class I and
class II antigens, is somewhat surprising. Either exception-

Proc. Natl. Acad. Sci. USA 88 (1991)

ally low levels of transcription are sufficient for full function
or alternative proteins or pathways may be utilized to replace
HAM gene function in these cells.

Two of the subunits of the LMP complex have been
mapped to the MHC (11). The HAM1 and HAM?2 genes map
to a region of the MHC which would be consistent with the
possibility that they encode these two LMP subunits. Even
though the predicted HAM1 and HAM2 gene products are
larger than any of the LMP subunits, it is possible that these
two gene products are posttranslationally processed by pro-
teolytic cleavage into two halves of approximately the correct
molecular weight, roughly corresponding to the transmem-
brane and cytoplasmic domains of the predicted proteins (25).
Indeed, for several of the prokaryotic members of this family
of transport proteins, the membrane and cytoplasmic do-
mains of the molecule reside on separate polypeptide chains
of approximately equal size (25). Thus, we cannot definitely
rule out the possibility that isolated cytoplasmic domains of
these two molecules (HAM 1 and HAM?2) might correspond to
the two polymorphic MHC-linked LMP subunits. Again,
however, by analogy to other family members, both domains
of the transporter would be expected to remain tightly
membrane-associated, in contrast to the soluble cytoplasmic
LMP complex. Furthermore, the differing tissue distribution
of HAMI and HAM?2 transcripts argues that they cannot both
be LMP subunits. It therefore seems likely that there is at
least one and possibly two more genes in this region yet to be
discovered.

In summary, we have identified seven genes in the Ph-Ob
interval of the murine MHC. None of these genes appears
likely to encode an LMP antigen. However, we have recently
confirmed and refined the original LMP mapping data (C. K.
Smith and J.J.M., unpublished work), which indicated that
this region contains both of the polymorphic LMP genes. We
therefore suggest that there are probably at least nine genes
in the region between Pb and Ob.
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