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Transport Protein Genes in the Murine MHC: 
Possible Implications for Antigen Processing 

T lymphocyte activation requires recognition by the T cell of peptide fragments of 
foreign antigen bound to a self major histocompatibility complex (MHC) molecule. 
Genetic evidence suggests that part of the class 11 region of the MHC influences the 
expression, in trans, of MHC dass I antigens on the cell surface, by regulating the 
availability of peptides that bind to and stabilize the class I molecule. Two closely 
related genes in this region, HAM1 and HAM2, were cloned and had sequence 
similarities to a superfamily of genes involved in the ATP-dependent transport of a - - 
varietv of substrat& across cell membranes. Thus. these MHc-linked transport protein 
genesOmay be involved in transporting antigen, 0; peptide hgments ther&f, ftbm the 
cytoplasm into a membrane-bounded compartment containing newly synthesized 
MHC molecules. 

T HE LIGAND RECOGNIZED BY THE din mRNA and polypeptides, which, in the 
antigen-specific T cell receptor con- absence of bound peptide fragments, fail to 
sists of a peptide fragment of foreign associate in a stable manner and are rapidly 

antigen bound to a molecule encoded in the lost fkom the cell surface at 37°C. Exoge- 
MHC. Peptides bound by MHC class I 

nously added antigenic peptides bind to and 
stabilize these "empty" class I molecules, 
thereby rescuing class I surface expression 
and rendering the cells sensitive to lysis by 
CTLs (4). Although the genetic defect in 
these cells has not been mapped, the defect 
in several mutant human cell lines with a 
similar phenotype (5) maps to the class I1 
(HLA-D) region of the human MHC. The 
class I1 region of the rat MHC also contains 
a polymorphic, trans-acting gene (called cim, 
for class I modifier) (4. Mapping data in the 
rat system, in which all known MHC genes 
are colinear with the murine MHC, suggests 
that the murine equivalent of the cim gene 
maps between the H-2K and I-A, genes, 
most likely between AP3. and Ap2 (7). This 
location is consistent with the location of 
the deletions in the class I-defective human 
cell lines. The molecular and genetic evi- 
dence thus suggests that the class I1 region 
of the MHC contains a gene or genes in- 
volved in antigen processing and presenta- 
tion to class I-restricted T cells. It is possible 
that the defective gene in RMA-S and the 
human class I mutants may be identical to 
the cim gene. 

The Ap3 to AP2 region of the murine 
MHC contains at least seven previously un- 
detected genes (8). Three of these genes are 

molecules -are recognized by CD8+ cyto- 
toxic T lymphocytes (CTLs), whereas pep- 
tides bound to MHC class I1 molecules are 
recognized by CD4+ (primarily helper) T . - 

cells- Native antigens added exogenously to 
cells (which are taken up by endocytosis into 
membrane-bounded vesicles) preferentially 
yield peptide-class I1 comple~es, where& 
endogenously synthesized antigens, or anti- 
gens introduced directly into the cytoplasm 
of living cells, preferentially yield peptide 
dass I complexes (1). However, this distinc- 
tion is not absolute (2). The intracellular 
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remain unknown. 1801 KTCCCCOAGCAGGGCACCCACCTGCAGCTCATGMGAGAOCCTC 
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A mutated murine cell line desimated 1901 TCCACKCACACTGCGTOCKTCCCCCTCCTGTCCTCTACT 

, "  d 

surface expression (3), is defective in the 
assembly of peptide-class I complexes (4). 
Thus, virally infected RMA-S cells are resist- 
ant to lysis by specific C I b .  These cells 
produce normal class I and P,-microglob- 
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Flg. 1. Nudeotide and deduced amino acid sequence (22) of the HAM1 gene. The nudeotide sequence 
was compiled from three overlapping cDNA dones (Bl,  B3, and B5). Clone B1 includes nudeotides 
1682 to 2355; B3, nucleotides 1 to approximately 2300; and B5, nudeotides 918 to 2298. The 
nudeotide sequence of overlapping portions of the three dones that were sequenced are identical except 
for the G residues at positions 2239 and 2241 in the 3' untranslated region, which are both T residues 
in B5. The assignment of these nucleotides as G was confirmed by sequencing cloned BALBIc genomic 
DNA. In the nudeotide sequence, the polyadenylation signal sequence is underlined and the stop codon 
identified with an asterisk. In the protein sequence, putative membrane-spanning regions are under- 
lined, potential N-linked glycosylation sites are boxed, and the two regions putatively involved in ATP 
binding are shaded. Numbering on the left refers to nucleotide positions, and numbering on the right 
refers to amino acid positions. The GenBank accession number for the nucleotide sequence is M55637. 
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highly divergent dass II genes (9). Charac- dass I MHC complaes. 
takation of two of the genes The gene designated HAM1 (a putative 
suggested a potential mcchatllsm fbr their Hmacompatibility Antigen M d e r )  spans 
involvement in the generation of peptide approximately 10 kb of DNA and lies 30 to 

Fig. 2. Comparison of pre- 200 4 0 0 . .  . . 
dictcd secondary structures A 
of the m u ~ e  mdrf and hphilic 
HAM1 gene products. Hy- 
dropathy plots of HAMI 
(A) and mdrl (B) were gen- B -3 : ]&PA-&:$;: , . . .  

erated by the method of 2 6 0 '  " 4 0 b " '  ' 660 
Kyte and Doolittle (23). , . . .  2 0 0 , .  , . 400 
Membrane-spanning rc- 
gions of HAMl (C) and 
mdrl (D are predicted bv 

3 . *. the m&od df ~ n ~ e h d ,  ,,., ,, 
, , , .  

c".. ,r ,.? h p ~ t i c  
Steitz, and Goldman (24). , ,yJ .: ; '..~4'-*-a ':-,&.,-;-' 'hv.p-y-'.-',...d-': \,h-.pr.e. j..+:' hpil~c 

(E) A schematic showing , . . .  
2 d 0 "  " 4d0 ' ' ' ' 6bO 

the relative locations of pre- 
dicted transmembrane heli- E I m m  II I I I I 

, , ,  , ,, , , , , ,, 
ces (black boxes. I to VI) I 1 1  I V V V 1  2 D 

and 'the two ~l?' binding 
domains (shaded boxes, a and b). 

CITR 
CFTR 
w h i t e  
araG 
araC 
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f e c E  
OPPD 
O P P F  
malK 
glnQ 
uaOC 

STEC 
cyaB 
hlyB 
mmdrl 
mmdrl 
HAHZ 
HAM1 

~ . 3 . ~ ~ O f p r r d i a c d ~  
ttin scqucnccs of HAM1 and HAM2 
with m b a s  of the s u e  of 
rdaad~ansportpmnins.Aminoacid 
residues identical to dK residue finmd 
inHAMlarcshowninshadedboxcs. 
Gaps introduced into the sequences to 
facilitate opemal alignmcm arc indicat- 
ed as dots. The thm stars in the hisP 

~ I ~ Y K D A ~ Y L ~ : ~ P F G ~  . . . ( 3 0 % )  
CFTR L  I i'b LM ~ V L ~ S ? ? L  ilt'PSA . . . ( 3 0 % )  
"hi te s Z ~ : F R W . A Z L . A L : ' % ~ ~ ~ L L ~ . C ~ F ~ ~ ~ E I G L  . . . f 3 4 % )  ..-- 
araG 
araG 
f t S E  
fecE 
OPPD 
ODDF 

- - -  

-en= represent a I- acid p s t B  SI.SGG~:~;~~I.~KAIW~\~L:.I:.DE?'~SAL~ . . . ( 4 1 % )  
. D ~ I S A L O  . . . ( 4 5 % )  

dclet.011 inlmduced fix the Same PIX- . U ~ ~ S A L L I  . . . ( 4 4 % )  

pose. D& haft at top of sc CyaR .DI~TSALI I  . . . ( 5 0 % )  

9uences the piti- of hlyR FII?ATSALO . . . ( 5 0 2 )  
mmdrl ~ L S C G ~ ~ ~ ~ . ~ R A L ' . P F , K  T ~ - ~ . D ? A T S A L ~  . . . ( 5 2 1 )  

two nudcotide binding sc mmdrl . ~ T S A  ... ( 5 4 % )  

qUcmcS, and the arrOW h d i ~ a t ~ ~  the iz . EATSA . . . (77%) . DATSAL 
wsition ofthe ~ h a w h h k  residue in 4 
;he N H 2 - ~  hkof the  CFlR scq- that is dckted in the majority ofcystic fibrosis paticntp. 
N u m b e r s i n p a r r m h c s e s i n ~ t h e p a c c n t v n i w a c i d i d d t y o f c ? c h ~ t o d K H A M l  
sequence over the interval shown (amino rids 360431 and 471-503 ofHAM1). For family members 
that contain homologous halves, the two halves arc shown scpantdy, the NH2-terminal half on the 
upper, and the COOH-tamiaal half on the lowa line. The proteins shown, their origin, and subsnates 
known or presumed m be aanspornd (25) arc CFTR,  human cystic fibmh tanswmbrvK regdam, 
chloride ions, or rrgulators of chloride chumds, white, B o p h i l a  mclanogaster, eye pigman; araC, E. 
roli. G a r a b ~ .  h E .  E. roli. unknown: firE. E. roli.. iron[III) dicittat~: m D  and ovpF, Salmonella - .. 
typhimurium, ol.&&&des., ~ I K ,  E. co l j , -malk;  g ~ n ~ ,  E . ' C O I ~  glutunine, ugpC, E.  ~~li,m-&ad- 
3-phosphate and ph.cerophosphoryl diestas; hisP, S. fyphimurium, histi* lysine, and arghhc; pstB, 
E.- roli,- phosph&; S T E ~ ,  ~arrh;rrm~rcs ccvisiae, a&cmr mating ph&; cyaB, B .  pcrhrcsis, 
;Idenylatc cydasc mxin; MyB, E. coli, hemolyan; and mmdrl, mouse muhidrug mistance (P- 
&coprotein) gene, cymtoxic drugs. Oha Jupafamify manbcrs and their substrates that are not 
shown inch& the Drosophila brown protein, pigment pruursors; E .  roli b&D, vitamin B12; E. coli 
rhlD, molybdat~; Agrobacterium tumeplcimr chvA, $-1,2-&~1; Rhizobium meliloti ndvA, $-(1+2)glu- 
can; Rhizobium lcguminosamm Mdl, unlmown, E. roli proV, ',cine b& and tproline; and E. roli 
rbsA, ribose (26). 

40 kb upstream of Ag, (8). Northan 
(RNA) blots probcd with p m i c  hg-  
ments of this gene raognkd an RNA of 
approximately 2.6 kb. We isolated cDNA 
clones comsponding to this mRNA h m  
two indcpcndcnt WEHI-3 (mydomom- 
cytic cell line, H-2d) cDNA libraries with 
probe 5.9B, a 4.5-kb Eke RI tiagment of 
genomic DNA containing the 3' portion of 
the gene (8). The 2355-bp cDNA sequence 
tcnninata in a stretch of 19 adenosine res- 
idues separated by 13 bp 6vm a constnsus 
AATAAA polyadenylation signal (Fig. 1). A 
single long open reading frame ends with a 
TGA termination codon at position 1889. 
Although no in-tiunc stop OOQOIIS appear 5' 
of the indicated d o n i n e  codon at posi- 
tion 158, the size of this 6)NA cornsponds 
dosely to the size of the mRNA estimated 
fiom Northan blots, given an avcragc of 
appmximady 220 residues in the poly(A)- 
tail. T h d r c ,  the sequence shown is prob- 
ably full length, or very nearly so. However, 
mapping of the d p t i o n a l  start site is 
st i l l  in progttss, and homologous rat cDNA 
clones arc s@cantly (about 300 bp) long- 
a at the 5' end (10). With this caveat, the 
prcdiucd HAMl protein would contain 
577amino acid residues and have an iso- 
electric point of9.2 and a mo1& mass of 
63,450 dalaons. Ahhough this protein con- 
tains thm potential sitcs for N-linkcd &- 
cosylation, all three arc praiiaed to reside in 
the cytoplasm (on the basis of similarities to 
known prattins, below) and hence an pmb- 
ably not utilized. 

A search of the National Biomedical Re 
search Foundation (NBRF) and Swiss p r e  
tcin databases with the University of Wis- 
consin Genetics Computer Group sequence 
analysis program (11) h other homolo- 
gous proteins tcvtals similarity of the 
HAMl protein to the human, mouse, and 
hamster multi-drug resistance (mdt) pro- 
teins (P-glycoprotcins). Thae arc thm 
closely related (71 to 83% amino acid iden- 
tity) mdr genes in the mousc and hamsttr 
gcnomes, and two in humans (12). The 
P-&copmeins each consist of two similar 
halves, with each half contabing approxi- 
matdy640aminoacids,whichp~bly 
arose by g a ~  duplicath (13). Tht predict- 
CdHAMlpraninisappmximdyhalfthe 
size of P-glycopmcin and shares identities 
ovaitscntirclengthwithbothhahesofthe 
murine mdrl protein. Comparison of the 
deduced amino acid sequence of HAM1 
with the two halves of the murine mdrl 
protein indicated that it is nearly as related 
to either half (31 to 33% amino acid iden- 
tity) as the two halves ofmdrl arc to one 
anotha (39% identity). Hydropathy plots 
for HAM1 and the COOH-tnminal halfof 
mdrl arc virtually superimposable (Fig. 2, A 
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Fig. 4. Southern blot analysis of Eco IU digested 
cloned mouse genomic DNA probed with 5.9B. 
Overlapping cosmids LB1, LSY1, bml-21, and 
bml-3/1 span most of the region cenwmeric to 
A,,, including H-2K and exten- to about 70 
kb centromeric to H-2K (27). Camids 4.24, 
5.22, 5.10, and 5.9 span most of the region 
between A and Ap2 (28). The blot on the left 
was washed% 55°C m 0.1% SDS and 0 . 1 ~  SSC, 
and the blot on the right was washed at 55°C in 
0.1% SDS and l x  SSC. Large arrowheads indi- 
cate the 4.5-kb fragment (5.9B) containing the 3' 
end of the HAMl gene, which is p m t  in both 
5.9 and the overlapping cosmid 5.10 (8). Small 
arrowheads indicate the 3.3-kb fragment contain- 
ing the 3' end of the HAM2 gene (8).  The faint 
bands in the lower portion of the gels are most 
likely the result of low-level contamination of the 
cosmid preps with rearranged or partially deleted 
cosrnid DNA (29). 

and B). Six potential a-helical protein seg- 
ments are to span lips bilayers h 
approximately equivalent locations in both 
proteins (Fig. 2, C and D). Thus, HAMl is 
similar to P-glycoprotein in both primary 
amino acid sequence and predicted second- 
ary structure. 

The mdrl gene belongs to a superfamily of 
genes found both in prokacyotes and eu- 
karyotes that are implicated in the ATP 
(adenosine mphosphate)-dependent trans- 
port of various - substrat& across cell 
membranes (14). The most highly conserved 
portions of these molecules reside in the 
&toplasmic domains, around two short se- 
quence elements believed to be involved in 
ATP binding (15). A comparison of these 
regions fiom 16 members of this family with 
the corresponding portion of HAMl (Fig. 
3) reveals that the majority of variation 
between HAMl and this group of se- - - 

quences is found at positions that are not 
highly conserved among the other members 
of this group. - - 

Complementary DNA clones correspond- 
ing to a second gene (HAM2) in the region 
between AB3 and Age which maps approx- 
imately 15-kb telomenc of the HAMl gene 
(8), cross-hybridize to HAM1. No other 
cross-hybridizing sequences are present in a 

set of cosmids spanning most of the DNA 
between H-2K and ABb even at moderate 
(Fig. 4) to low stringency. HAMl and 
HAM2 share 77% amino acid identity in the 
region illustrated in Fig. 3, and most of the 
residues highly conserved among other h- 
ily members are also conserved in HAM2. 
In all but three of the 24 positions at which 
HAMl and HAM2 differ, the residue found 
in HAM2 is also found in at least one other 
member of the group of sequences shown. 

The proteins in this supertamily probably 
function as units consisting of two trans- 
membrane domains (each- containing six 
segments that span the lipid bilayer) and 
two cytoplasmic domains (each containing a 
pair of sequences which form a binding site 
for ATP) (14). All known eukaryotic mem- 
bers of this family (the mammalian and 
protozoan mdr, the cystic fibrosis gene, and 
the yeast STE-6) contain all four of these 
domains within a single polypeptide. The 
HAMl gene is thus the first eulwyotic 
member of this family that contains only 
two domains, similar to several of the pro- 
karyotic members, such as the Escherichia coli 
HlyB (16) or Bordetella pertussis CyaB (17) 
proteins. The Salmonella oligopeptide per- 
mease (18) has four domains that form the 
active structure, all found on separate poly- 
peptides; all four of the corresponding genes 
are required for oligopeptide transport. 
Thus, although the hlyB and qaB gene 
products probably function as homodimers, 
the products of the HAM1 and HAM2 
genes may function as distinct homodimers, 
a single heterodimer, or as two different 
heterodimers, each paued with as yet undis- 
covered members of this gene superfamily. 

The identitv and mechanism of action of 
the defective' gene in cell lines such as 
RMA-S that have lost the ability to form 
peptide-MHC complexes is not known. 
This phenotype could result fiom an inabil- 
ity to generate antigenic fragments &om 
native antigen, or fiom defects in putative 
molecular chaperones (19) that might be 
postulated to be required for proper folding 
and assembly of the peptiddass I complex. 
Our data show that the region of the murine 
MHC implicated in these mutants contains 
the genes for two closely related members of 
a &perfamily of AD-dependent transport 
proteins. Since antigen that is derived fiom 
the cytoplasm must uoss a lipid bilayer in 
order to associate with the external portion 
of MHC class I molecules, the most likely 
defect in these cells may be an inability to 
translocate the antigenn (or peptide frag- 
ments derived fiom it) fiom the cytoplasm 
into the appropriate membrane-bounded 
compartment where this association normal- 
ly mkes place. Two prokaryotic members of 
this gene family, oppD and oppF, function in 

the transport of oligopepades in Salmonella 
(18). 

The bacterial transporters function via an 
extracellular suhte-binding protein en- 
d e d  by a linked gene. Perhaps one or more 
of the as yet uncharacterized genes in this 
region (8) encodes such a peptide binding 
protein, or this function might be mediated 
by an MHGlinked member of the heat 
shock protein HSP70 family (20). Some 
HSP70-related molecules bind peptides and 
participate in class II-resmcted antigen pre- 
sentation (21). If HAMl and HAM2 serve 
as transporters of peptides rather than intact 
antigens, this implies that peptide need not 
be generated in the same subcellular com- 
partment in which association with MHC 
molecule takes place, thus removing the 
requirement for the presence of antigen 
processing proteases in the latter compart- 
ment. Characterization of the HAMl and 
HAM2 proteins and identification of the 
membranes in which they reside may allow 
definitive identification of the subcellular 
location where peptide-MHC complexes 
form. 
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Peripheral Clonal Elimination of Functional T Cells 

A major mechanism for generating tolerance in developing T cells is the intrathymic 
clonal deletion of T cells that have receptors for those self antigens that are presented 
on hematopoietic cells. The mechanisms of tolerance induction to antigens not 
expressed in the thymus remain unclear. Tolerance to self antigens can be generated 
extrathymically through the induction of clonal nonresponsiveness in T cells with 
self-reactive receptors. A second mechanism of extrathymic tolerance was identiiied: 
clonal elimination of mature T cells with self-reactive receptors that had previously 
displayed functional reactivity. 

C LONAL DELETION IS A hfAJOR 

mechanism to achieve T cell toler- 
ance to self antigens (1-4) and is 

thought to occur only in the thymus (5, 6). 
When this mechanism fails, tolerance may 
also be acquired by intra- and extrathymi- 
cdy  induced clonal nonresponsiveness (an- 
ergy) (7, 8). The mechanism involved in 
generating T cell tolerance is probably de- 
termined by the manner in which self anti- 
gens are presented (7-9), and perhaps also 
by the developmental stage at which T cells 
encounter these antigens (10). Self antigens 
for which these rules have been established 
include H-Y antigens (I), products of the 
minor lymphocyte stimulatory (Mls) loci 
and staphylococcal enterotoxins (2), and 
largely unknown gene products that are 

recognized in association with EaEp-class I1 
molecules of the major histocompatibility 
complex (MHC) (3). In the present study, 
we established an environment in which 
both the intrathymic clonal deletion and the 
clonal anergy pathways were blocked and 
revealed yet another mechanism of self tol- 
erance. As a model system, we used the 
Mls-la superantigen-E,Ep-MHC molecule 
combination, because potentially Mls-la- 
reactive cells that use Vp6 as one of their T 
cell receptor (TCR) chains can be followed 
by analyzing Vp6 expression among T cells 
(2). 

Although some of the requirements for 
tolerance induction in Mls-la reactive cells 
have been addressed (7, 11, 12), several 
issues remain unresolved. Because some 
Mls-responsive cells are CD8+, it is not clear 
how these cells depend on the MHC (13). 

Biological Response Moditiers Program, National Can- 
cer Institute, National Institutes of Health, Bethesda, dle presumed dependence of 
MD 20892. deletion on EaEp in Mls responsive cells was 

shown only indirectly (12), in cell-transfer 
or chimera-ex~erime&. It is unclear wheth- 
er induction of nonresponsiveness to Mls-la 
(7, 14, 15) is dependent on E,Ep, or AaAp. 
Induction of in vitro responsiveness to Mls- 
la can be blocked by both A,Ap- 
and EaEp-specific monoclonal antibodies 
(MAbs) (16). 

To address whether Mls-la tolerance is 
dependent on E,Ep, Mls-la expressing mice 
[DBN2 or (DBN2 x C57B1/6)F,] were 
treated from birth with saturating doses of 
MAb to E,, and the presence of potentially 
MIS-la reactive cells was analyzed by follow- 
ing the fate of Vp6+ T cells. MAb-mediated 
blocking of either class I or class I1 MHC 
molecules from birth can abrogate develop- 
ment of CD8 or CD4 expressing T lyrnpho- 
cytes, respectively (17, 18). Analysis of Em 
&d A@ expression in the splein, lymph 
nodes, and thymus of treated mice con- 
firmed the complete blocking of recognition 
of expression of E,, whereas recognkion of 
Ap was unaffected (1 7, 19). The effects of 
this treatment on development of the T cell 
repertoire were analyzed with MAbs specific 
for the variable (V) region of the T cell 
receptor p chain and flow cytometry. T cells 
that expressed Vp6 were detected in both 
the thymus and the periphery of anti-E, - .  

treated mice (Fig. 1) albeit at lower percent- 
ages than in EaEp- mice, probably due to 
partial deletion through recognition of Mls- 
ia in association  with-^^^^ (15), but not in 
untreated controls. Additionally, this treat- 
ment prevented the deletion of other T cells 
that do not mature in the presence of E,E, 
[that is, V p l l  and Vp5; (3, 20)]. As a 
control, mice were also analyzed for expres- 
sion of Vp14, which identifies a TCR not 
dependent upon E,Ep for selection (21). 
The percentage of T cells expressing Vp14 
was either unaffected or decreased (Fig. l ) ,  
most likely reflecting the concomit&t in- 
crease in T cells with other receptors (Vps 3, 
5, 9, 11, 12, and 16) (22) normally deleted 
in EaEp-expressing mice of the strains used 
here. The total number of ap TCR express- 
ing T cells in either the CD4+ or CD8+ 
subset of T cells was also not affected by the 
anti-E, treatment (Fig. 1). Treatment with 
MAb for the other major class I1 molecule in 
DBN2 mice, AaAp, had no effect (19). 
Thus, E,Ep expression is necessary and suf- 
ficient for clonal deletion of VP6+ T cells. 

Subsequent experiments focused on the 
functional reactivity of the Vp6+ T cells 
found in anti-Em-treated mice. The Vp6+ T 
cells were analyzed both for their response 
to stimulation through direct crosslinking of 
their TCRs with MAbs and their resmnse 
to syngeneic stimulator cells, to test for 
possible reactivity with self antigens. If, as 
for deletion, induction of nonresponsiveness 
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