
H I  (0.25 mg/ml) (Boehringer Mannheim), and 10 bCi 
of [y-32P]ATP (Amersham). After incubation for 10 
min at 30°C, the react~on mixture was briefly centri- 
fuged, and 50 FI of SDS sample buffer were added 
to the supernatant, which was then boiled for 5 min. 
Proteins were separated by SDS-PAGE (12% gel), 
and 32P-labeled h~stone H I  was visualized by auto- 
radiography and quantitated with a Phosphorlmager 
(Molecular Dynamics). 

21. RD 680 (MATu ura3-52 leu2-3,112::GAL- 
STE4::LEUZ regl-501 GALt pep4-3 prdl-1122) 
transformed w~ th  pTP20 (pGAL-FARI-6His; this 
plasmid fully complemented a far1 deletion strain) 
was grown in SD-URA to mid-logarithmic phase be- 
fore expression of Farl, and Ste4 was induced by 
adding galactose (2%). Exposure of these cells to 
galactose induces the mating pathway because of 
overexpression of Ste4 (28) and allows production of 
Farl in its fully phosphorylated and presumably ac- 
tive form (6, 23). As a control, we performed the 
'same purification protocol with extracts prepared 
from cells that were not exposed to galactose and 
therefore did not produce Farl . After incubation fo75 
hours with (or w~thout) galactose, cells were centri- 
fuged and extracts were prepared as described [M. 
Woonter, P. A. Wade, J. Bonner, J. A. Jaehning, 
Moi. Cell. B~ol. 1 1 , 4555 (1 991 )]. The (NH,),SO, pel- 
let was resuspended in 20 mM Hepes-KOH (pH 7.5), 
150 mM potassium glutamate, 10 mM MgSO,, 10 
mM EGTA, 20% glycerol, 5 mM PMSF, 2 mM ben- 
zamidine, 80 mM 6-glycerophosphate, 10 mM NaF, 
and 5 mM dithiothreitol (DTT) and was dialyzed over- 
night against the same buffer at 4%; portions were 
then frozen. The d~alyzed extract was diluted in HNG 
binding buffer [20 mM Hepes (pH 7.8), 500 mM 
NaCI, 0.5% NP-40, 10% glycerol, 10 mM imidazole, 
10 mM NaF, 60 mM P-glycerophosphate, 1 % apro- 
tin~n, 0.1 mM PMSF, 2 mM benzamidine, 1 mM leu- 
peptin] and applied to a column containing lminodl- 
acetlc acid immobil~zed on Sepharose-CLB (S~gma) 
coupled with N12+. The column was washed with 
HNG buffer, and proteins were eiuted with 10 ml of 
0 .5x  HNG containing 200 mM imidazole. The eluate 
was diluted w~th  30 ml of HG buffer (20 mM Hepes- 
KOH (pH 7.5), 10 mM MgSO,, 10 mM EGTA, 20% 
glycerol, 5 mM PMSF, 2 mM benzamidine, 80 mM 
P-giycerophosphate, 10 mM NaF, 5 mM DTT] and 
applied to a HiTrap Q column (Pharmacia). The coi- 
umn was washed extensively with HG buffer con- 
taining 100 mM NaCi, and proteins were eluted with 
HG buffer conta~ning 500 mM NaCI. The eluate was 
diluted with HG buffer and applied to a HiTrap SP 
column (Pharmacia). The column was washed with 
HG buffer containing 100 mM NaCI, and bound pro- 
teins were eluted with HG buffer containing 500 mM 
NaCi. Fractions containing Farl -6His were then dia- 
lyzed aga~nst 50 mM tris-HCI (pH 7.5), 10 mM 
MgCI,, 10% glycerol, 1 mM DTT, 2 mM PMSF, and 
2 mM benzamidine, concentrated in a Centricon 30 
microconcentrator (Amicon), and frozen in portions 
at -70°C. 

22. Cdc28-Cln2 was immunoprecipitated from extracts 
prepared from YMP29 (MA Ja ade2- 7 t rp l -  7 can7 - 
100 leu2-3,772 his3-11,15 ura3 GAL+ psii 
cln2::CLN2-HA-LEU2 far7::URAS) as described (6). 
lmmunoprecipitates were washed four times with 
buffer S (20) and twice with kinase buffer and divided 
into equal portions. One portion was tested for the 
presence of Cln2-HA by immunoblotting. Immuno- 
precipitates were incubated with purified Farl for 30 
min at 4°C in kinase buffer and then either washed 
gently with kinase buffer or used d~rectly to assay H I  
kinase activity as described (20). Phosphorylated 
histone H I  was excised from SDS-polyacrylamide 
gels and incorporated radioactivity was measured 
(Cerenkov counts). Fuil activity (1 00%) corresponds 
to counts per minute incorporated into histone H I  in 
reactions in which only buffer was added. Cdc28- 
Clnl , Cdc28-Clb2, and Cdc28-Clb5 complexes 
were immunoprecipitated with 12CA5 antibodies as 
described above from the following strains: YMT297 
(MATa ade2- 7 trp7- 7 canl-  100 leu2-3,772 his3- 
I1,75 ura3 GALi psii cIn1::CLNI-HA) (kindly pro- 
vided by M. Tyers, University of Toronto; YMG5 
(MA Ja ade2- 7 trpl-7::GAL-CLB2-HA-TRPl can l -  
100 ieu2-3,772 his3-7 7,75 ura3 GAL+ psii) (kindly 

provided by M. Glotzer, EMBL, Heidelberg); and 
K3819 (MATa ade2-l I trp l - I  canl- 100 ieu2-3,172 
hs3-11,15 ura3::ADH-HA-CLBS-URA3 GAL+ psit) 
(kindly provided by E. Schwob, IMP, Vienna). 

23. The coding sequences corresponding to the NH,- 
terminal 390 amino acids of the FAR1 alleles 60F3 
and 22 (starting from the corrected Farl NH,-termi- 
nus [F. Cross, personal communication]) were 
cloned into the E, coli expression vector pGEX1 
(Pharmacia). The GST fusion proteins were ex- 
pressed in E. coli NB42 and purified by affinity chro- 
matography on gluthathione-Sepharose 4 8  (Phar- 
macia) as described (6). Eluted fractions were dia- 
lyzed against 20 mM tris-HCI (pH 7.5), 50 mM NaCl, 
10 mM MgCI,, 10% glycerol, 1 mM DTT, 2 mM 
PMSF, and 2 mM benzamidine, concentrated in a 
Centricon 30 microconcentrator, and frozen in por- 
tions. Concentrations of the purified GST-Far1 pro- 
teins were equalized (to approximately 5 pg/ml) after 
immunoblotting with antiijodies to GST. Samples 
were used in H I  kinase assays as described (22). 
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cDNA Cloning and lnterferon y Down-Regulation 
of Proteasomal Subunits X and Y 

Kin-ya Akiyama, Kim-ya Yokota, Susumu Kagawa, 
Naoki Shimbara, Tomohiro Tamura, Hiroshi Akioka, 

Hans G. Nothwang, Chiseko Noda, Keiji Tanaka,* Akira Ichihara? 

Proteasomes are the proteolytic complex responsible for major histocompatibility com- 
plex (MHC) class I-restricted antigen presentation. Interferon y treatment increases ex- 
pression of MHC-encoded LMP2 and LMP7 subunits of the proteasome and decreases 
expression of two proteasome subunits, named X and Y, which alters the proteolytic 
specificity of proteasomes. Molecular cloning of complementary DNAs encoding X and 
Y showed that their proteins are proteasomal subunits with high amino acid similarity to 
LMP7 and LMP2, respectively. Thus, interferon y may induce subunit replacements of X 
and Y by LMP7 and LMP2, respectively, producing proteasomes perhaps more appro- 
priate for the immunological processing of endogenous antigens. 

Cytosolic proteasomes, which function as 
an extralysosomal, adenosine triphosphate- 
dependent system for selectively degrading 
ubiquitinated proteins, are proposed to be 
involved in the processing of intracellular 
antigens into short ~ e ~ t i d e s ,  which are then 
transported into the endo~lasmic reticulum 
through the TAP112 heterodimeric peptide 
transporter ( 1  ). Two ~roteasomal polymor- 
phic genes, LMP2 and LMP7, are located in 
the MHC class I1 region, closely linked to 
the TAP1 and TAP2 genes, and are up- 
regulated by interferon y (IFN-y), a major 
immunomodulatory cytokine (2). Treat- 

ment with IFN-y induces a change in spec- 
ificity of proteasomes for peptide degrada- 
tion that is possibly responsible for effective 
generation of antigenic ~ept ides  associated 
with cell surface class I molecules (3 ,4) ,  but 
it is unknown how the specificity of protea- 
somes is changed. Not only is the synthesis of 
LMP2 and LMP7 induced, but the synthesis 
of two proteasome subunits, tentatively 
named X and Y, is reduced (4). To clarrfy the 
role of IFN-y, we isolated and characterized 
cDNAs encoding X and Y. 

For identification of proteasome sub- 
units X and Y, the exact subunit composi- 
tion of the human 20s proteasome was 

K. Akiyama, K. Yokota, S. Kagawa, Department of Uroi- examined by two-dimensional polyacryl- 
ogy, School of Medicine, University of Tokushima, To- amide gel electrophoresis (2D-PAGE). The 
kushima 770, Japan. enzyme from human kidney was separated 
N. Shimbara, Biomedical R&D Department, Sumitomo 
Electric Industries, 1 Taya-cho, Sakae-ku, Yokohama different sizes 
244, Japan. and charges (Fig. 1). Protein spots corre- 
T. Tamura, H. Akioka, H. G. Nothwang, C. Noda, K. sponding;o L M P ~  and LMP7, which were 
Tanaka, A. Ichihara, Institute for Enzyme Research, Uni- 
versitv of Tokushima, Tokushima 770, Japan. identified as newly synthesized subunits - - -  
*To whom correspondence should be addressed. 

that were induced by IFN-y treatment, were 

?Present address: Department of Environmental Science, detected immunoblot with anti- 
Tokushima Bunri university, Tokushima 770, Japan. peptide antibodies to LMP2 and LMP7 (4). 
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In contrast, two spots designated as X and 
Y, detected in a fluorogram of cell extracts 
metabolically labeled with 35S-methionine 
that were then immunoprecipitated with an 
antibody to proteasomes, were found to be 
those of the subunits down-regulated in re- 
sponse to IFN-y (4). 

The X subunit generated four proteolytic 
fragments, after purification by high-perfor- 
mance liquid chromatography (HPLC) (5), 
and their amino acid sequences were deter- 
mined. Full-length complementary DNA 
(cDNA) encoding X was then isolated by 
screening of a human HepGZ cell cDNA 
library by hybridization with a cDNA frag- 
ment synthesized by the polymerase chain 
reaction (PCR), on the basis of the amino 
acid sequences of these fragments. The ami- 
no acid sequence was predicted from the 
nucleotide sequence and was confirmed to 
be that of the X subunit of proteasomes by 
the fact that the sequences of the four frag- 
ments determined chemically (residues un- 
derlined in Fig. ZA) completely matched. 
Subunit X consists of 208 amino acid resi- 
dues with a calculated molecular weight of 
22,897, and its isoelectric point (PI) was cal- 
culated to be 8.67 by the method of Skoog 
and Wichman (6). These results are roughly 
consistent with the position of migration of X 
on ZD-PAGE (Fig. 1). 

A proteolytic fragment of the Y subunit 
has the sequence FAVATLPPA ( 5 ) ,  which 
matches the COOH-terminal sequence of 
the proteasomal 6 that was partially se- 
quenced (7). A monoclonal antibody to 6 
reacted specifically with spot Y on immu- 
noblotting analysis after separation by ZD- 
PAGE (5). Thus, we concluded that sub- 
unit Y is identical to 6. We isolated the 
full-length cDNA encoding subunit Y (that 
is, 6) by screening the HepGZ cDNA library 
with a cDNA fragment synthesized by PCR, 
on the basis of the reported nucleotide se- 
quence of 6. The polypeptide deduced from 
the open reading frame of the cDNA for Y 
consists of 239 amino acid residues with a 
calculated molecular weight of 25,315 and pI 
of 4.65 (Fig. ZB), which are consistent with its 
mobility on ZD-PAGE (Fig. 1). 

Computer-assisted homology analysis 
showed that the primary structures of X and 
Y had significant similarities with those of 
other proteasome subunits, which them- 
selves have high intersubunit similarities, 
but can be classified into two subfamilies 
with high similarities to the a and P sub- 
unit, respectively, of the archaebacterial 
proteasome (8). However, no significant 
similarities of these two proteins were found 
with those of other known proteins listed in 
the databases LASL-GDB (GenBank) and 
NBRF-PDB. Figure 3 shows results of statis- 
tical analyses of the similarities of human 
proteasomal subunits, including X and Y. 
So far, seven distinct cDNAs for a-type 

1 232 

Fig. 1. Subunit pattern of 
human proteasomes. Pro- 
teasomes purified from hu- 
man kidney were separated 
by 2D-PAGE and stained 
with Coomassie brilliant 
blue. The MHC-encoded 
proteasome subunits LMP2 
and LMP7 that were up-reg- 
ulated by IFN-.I were identi- 
fied bv immunoblot analysis 

High PI(-10) Low pl (-4) 
kR F- m! 

(4).   he two spots dowi-regulated by IFN-.I were designated as X and Y (4). 

subunits, which show high similarity, have 
been isolated. Another nine subunits with 
less similarity to a-type subunits have been 
classified as P-type subunits. During evolu- 
tion, the a-subunit family has been well 
conserved, whereas the p-subunit family 
may have diverged at an earlier stage. This 
divergence of P-type subunits may have 
been associated with the acquisition of spe- 
cific functions for proteasomes. However, X 
and Y, both P-type subunits, were similar to 
the MHC-encoded proteasome subunits 
LMPZ (Y was 57% identical) and LMP7 (X 
was 68% identical, excluding the NH,-ter- 
minal region) (Figs. 2 and 3). Thus, our 
data, together with observations that the 
expression of X and Y and of LMP7 and 
LMPZ changes reciprocally in response to 

IFN-y (4), suggest that X and Y can be 
replaced by LMP7 and LMPZ in the protea- 
soma1 complex. This idea is consistent with 
recent reports that the subunit 6 (that is, Y) 
may be replaced by LMPZ in response to 
IFN-y (9, 10). Interestingly, despite the 
high similarity in their primary structures, 
LMP7 has a calculated pI of 7.18, whereas X 
is a basic protein. This difference may affect 
the structural organization and hence func- 
tions of the proteasome. In contrast, Y and 
LMPZ are both acidic proteins with similar 
pIs of about 5.0. 

Molecular genetic studies on yeast have 
shown that most proteasome genes are es- 
sential for cell proliferation ( I  1 ). Interest- 
ingly, chromosomal deletions of the PREZ 
and PRE3 genes, which may be homologs of 

Fig. 2. Comparison of 
the amino acid se- 
quences of X (A) and Y 
(B) with those of LMP7 
and LMP2, respective- 
ly, from human protea- 
somes. The cDNA 
clones encoding sub- 
units X and Y were iso- 
lated by screening of a 
human cDNA library 
(16). The predicted 
amino acid sequences 
were deduced from 
the nucleotide se- 
quences. Continuous 
underlines in (A) show 
the amino acid se- 
quences correspond- 
ing to those of four 
fragments of X deter- 

LMP7-E2 61 GERNVQIE S~S~SAL-S~ 

x 1 -m-s~dhb- 'd& 

mined by Edman deg- 
radation (5). me dot- LMP2 107 s ~ s ~ L M ~ ~ - T ~ L ~ P ~ T ~ K P ~ ~  

ted line in (B) shows the Y 121 C ~ I I I ~ ~ S V P ~ ~ S ~ S ~ T E R ~  
amino acid sequence 

LMPZ 166 ~ S P ~ ~ T D ~ I ~ S ~ $ ~ T ~ H ~ I ~ E ~ Y D E  

deduced from the Y ~ ~ L ~ ~ ~ . & A ~ R E S ~ E R ~ ~ Q I ~ ~ ~ A V A T L P P A  
lated cDNAclone. Oth- 
er regions were the 
same as in the amino acid sequence for 6 reported by DeMartino et a/. (7). The amino acid sequence of 
the COOH-terminal fragment of Y is underlined with a continuous thick line (5). Identical amino acids are 
boxed in black. Reported sequences of human LMP7-E2 (2, 17) and LMP2 (2) are shown. Single letter 
abbreviations for the amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, 
His; I ,  Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. 
The nucleotide sequence data reported in this paper will appear in the Genome Sequence DataBase, 
DNA Data Bank of Japan, European Molecular Biology Laboratory, and National Center for Biotechnol- 
ogy Information Nucleotide Sequence Databases with the following accession numbers: D29011 for 
proteasome subunit X and D29012 for proteasome subunit Y. 
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Fig. 3. Similarities of primary 
structures of various human pro- 
teasome subunits. The sources 
of sequence data are as follows: 
HC2, HC3, HC5, HC8, and HC9 
(18); XAPC7 (19); PROS-27 (20); 
Zeta (7); MECL1 (21); HC7-I, 
HCIO-II, and HN3 (12); LMP7- 
E2 (1 7); and LMP2 (2). Percent- 
ages of overall amino acid se- 
quence identity between protea- 
somal subunits were obtained by 
computer analysis (boxed in 
black). The right side (open box) 
shows the percentage identity 
confined to highly conserved 
amino acid regions, which are 
HC2 (32-21 5), HC3 (32-21 3), 
HC8 (34-217), HC9 (31-216), 
XAPC7 (29-21 I), PROS-27 (36- 
220), Zeta (34-220), HC5 (37-218), HC7-I (6-181), HC10-II (8-192), HN3 calculation. The gaps inserted to achieve maximal sequence homology of 
(53-237), MECLl (39-217), X (4-1 83), LMP7-E2 (72-251), Y (34-213), and amino acids were deleted in statistical analyses. 
LMP2 (20-1 98), in which numbers show amino acid residues (start-end) in the 

LMP7 and LMP2, respectively, in budding 
yeast, are lethal (12), whereas human cells 
lacking the LMP7 and LMPZ genes grow 
normally, indicating that these genes are 
dispensable (2). This finding initially sug- 
gested that these subunits have different 
roles in different organisms. However, we 
found that the similarities of X and Y with 
PRE2 and PRE3 are approximately 68% 
and 54%, respectively, which are higher 
than the 54% similarity of LMP7 with 
PRE2 and the 44% similarity of LMPZ and 
PRE3. Thus, the actual homologs of PRE2 
and PRE3 may be X and Y, not LMP7 and 

Acti 

Fig. 4. Effect of IFN-7 on expression of the p-type 
proteasome subunit family in SW620 and J111 
cells. Cells were treated with IFN-7 (500 U/ml) for 
3 days (4),  and then amounts of mRNAs encoding 
proteasomal proteins were analyzed by RNA blot 
hybridization (22). Molecular sizes are indicated 
on the right (in kilobases). 

LMP2. It is unknown whether X and Y are 
essential genes. 

Interferon-y treatment increases the 
mRNAs encoding LMPZ and LMP7, and 
the amounts of these two mRNAs roughly 
correlate with protein amounts detected by 
immunoblot analysis with their antibodies 
in various human cells (4). This finding 
suggests that proteasomes induced by IFN-y 
are formed by de novo synthesis, possibly as 
a result of a change in transcription. How- 
ever, the mRNA amounts of subunits X and 
Y were not affected by treatment with 
IFN-y (Fig. 4), suggesting that the complete 
loss, or marked decrease in the expressions 
of subunit X and Y, is due to posttranscrip- 
tional regulation. 

Interferon y affects the proteolytic func- 
tions of proteasomes, enhancing their activ- 
ities for endoproteolytic cleavage of peptide 
bonds on the carboxyl side of basic and 
neutral amino acid residues of   rote ins. but 
decreasing their activities for peptides con- 
taining acidic amino acid residues (3,4). In 
contrast, Boes et al. (10) reported reduction 
of the chymotrypsin-like activity by IFN-y 
for some unknown reason. These changes of 
peptidase activities apparently correspond 
to the properties of antigenic peptides asso- 
ciated with cell surface class I molecules, 
the carboxyl sides of which consist mainly 
of hydrophobic and basic amino acid resi- 
dues, not acidic amino acid residues (13). 
We have cloned cDNAs encoding the hu- 
man proteasomal subunits HC7-I, HC10-11, 
and HN3, which are responsible for tryp- 
tic-, chymotryptic-, and V8 protease-like 
actions, respectively (14). Molecular genet- 
ic and biochemical studies (15) have sug- 
gested that these subunits or their yeast 
counterparts are involved in the respective 
proteolytic activities. Here we examined 
whether IFN-y affects the expression of 

these genes (Fig. 4). Treatment with IFN-y 
did not change the amount of mRNA for 
these peptide hydrolyses. This is consistent 
with our recent finding that the patterns of 
most newly synthesized proteasomal sub- 
units, other than LMPZ and LMP7 and X 
and Y, are not altered by IFN-y treatment 
(4). Thus, the acquisition of functional di- 
versity of proteasomes induced by IFN-y is 
due to changes of subunit assembly of pro- 
teasomes accompanying substitution; of 
LMP7 and LMP2 for X and Y, not to alter- 
ations in expressions of other genes, such as 
HC7-I, HC10-11, and HN3. 

On the basis of the present findings, we 
propose that the basal processing of intra- 
cellular antigens is catalyzed by X-Y-type 
proteasomes. However, when large amounts 
of nonself antigens invade the cells, as dur- 
ing viral infection, these cytosolic antigens 
are efficiently processed by IFN-y-induced 
proteasomes, which contain LMP7 and 
LMPZ instead of X and Y, and the peptides 
generated are transported into the endo- 
plasmic reticulum through the TAP trans- 
Dorter svstem to be assembled with MHC 
class I molecules, which are also induced by 
IFN-y. As reported (4), IFN-y had no effect 
on the cellular content of proteasomes. 
Therefore, IFN-y may modify the subunit 
organization and functions of proteasomes, 
which could result in processing of endog- 
enous antigens. This is another mechanism 
for the immunomodulatory action of IFN-y, 
differing from that of increase in the cellu- 
lar concentrations of TAP transporter and 
MHC molecules responsible for antigen 
presentation by cells. 
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MHC Class I Expression in Mice Lacking the some subunits, we generated a strain of mice 

Proteasome Subunit LMP-7 
lacking LMP-7 by means of homologous 
recombination in embryonic stem (ES) 

H. J. Fehling,* W. Swat,"r. Laplace, R. Kuhn, K. Rajewsky, 
U. Muller, H. von Boehmer 

Proteasomes degrade endogenous proteins. Two subunits, LMP-2 and LMP-7, are en- 
coded in a region of the major histocompatibility complex (MHC) that is critical for class 
I-restricted antigen presentation. Mice with a targeted deletion of the gene encoding 
LMP-7 have reduced levels of MHC class I cell-surface expression and present the 
endogenous antigen HY inefficiently; addition of peptides to splenocytes deficient in 
LMP-7 restores wild-type class I expression levels..This demonstrates the involvement of 
LMP-7 in the MHC class I presentation pathway and suggests that LMP-7 functions as 
an integral part of the peptide supply machinery. 

MHC class I molecules present peptides 
derived from endogenously synthesized pro- 
teins to CD8+ T cells. These peptides are 
thought to be generated in the cytosol and 
transported into the endoplasmic reticulum 
(ER), where they associate with newly as- 
sembling class I molecules ( I  ). None of the 
proteases involved in this process have been 
identified so far, but one candidate is the 
proteasome, a 700-kD complex that is 
abundantly present in the cytosol and nu- 
cleus of all cell types investigated. This 
large complex is composed of at least 13 to 
15 distinct subunits, has several discrete 
proteolytic activities, and appears to consti- 

tute the major factor in nonlysosomal pro- 
tein degradation of normal cellular protein 
turnover (2). 

It has recently become clear that at least 
two proteasome subunits, LMP-2 and LMP- 
7, are.'encoded in the MHC class I1 region. 
These proteasome genes are closely linked 
to the genes encoding the putative peptide 
transporters TAP-1 and TAP-2 (3). This 
finding, supported by several indirect obser- 
vations', has fueled the hypothesis that the 
MHC-encoded proteasome subunits may be 
components of the proteolytic machinery 
that provides antigenic peptides for presen- 
tation on class I molecules. Although in 

cells. T o  ensure complete inactivation of 
the gene encoding LMP-7, we used a dele- 
tiorr-type targeting vector (Fig. 1A). Upon 
homologous recombination, this construct 
was expected to eliminate exons 1 to 5, 
encoding the first 247 of the 276 amino 
acids of the LMP-7 protein. Of 72 G418 
and gancyclovir double-resistant ES clones 
analyzed by Southern (DNA) blotting, 19 
had undergone homologous recombination. 
Two independent clones, representing two 
discrete targeting events, were used to gen- 
erate chimeric males that were mated with 
C5 7BL/6 or 129/01a females. Chimeric 
founders from both ES clones transmitted 
the mutation through the germline, and 
heterozygous mice from each line were in- 
tercrossed to generate animals homozygous 
for the targeted mutation (Fig. 1B). The 
absence of exons 1 to 5 of the gene encod- 
ing LMP-7 was confirmed by Southern blot- 
ting with several probes spanning the delet- 
ed region (Fig. 1B). T o  examine wLether 
the mutation in the LMP-7 locus might 
impair expression of the closely linked 
transporter genes, which in turn could in- 
fluence the phenotype, we quantitated 
RNA coding for TAP-1 and TAP-2 by 
Northern (RNA) blotting. There was abso- 
lutely no  difference in either TAP-1 or 

vitro studies with purified proteasomes and TAP-2 expression levels between mutant 
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