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The assembly of individual mammalian proteasome subunits into
catalytically active 20S proteasome is not well understood. Herein, we
report the identification and characterization of human and mouse
homologues of the yeast proteasome maturating factor Ump1p. We
delineate the region of hUMP1 implicated in the specific interaction
with proteasome precursors and show that hUMP1 protein is absent
from the mature form of the 20S proteasome. We also show that the
transcript level of mammalian UMP1 is increased after IFN-y treat-
ment and that mammalian UMP1 is functionally related to but not
interchangeable with its yeast homologue.

he proteasome is one of the major nonlysosomal proteases

present in the cytosol and nucleus of cells. Through its catabolic
functions, it is implicated in many cellular processes including the
progression of cell cycle, the removal of misfolded proteins, apo-
ptosis, and the production of peptides for presentation by MHC
class I molecules (1-3). The proteasome is composed of a 20S
barrel-shaped core particle, capped on each side by a 19S protein
complex. Whereas the 20S proteasome can degrade short peptides,
its association with the 19S caps forms the 26S proteasome, which
is able to degrade multiubiquitylated protein substrates (4).

The basic three-dimensional architecture of the 20S protea-
some has been maintained from archaebacteria to humans and
is characterized by four heptameric rings (5). The two outer rings
are identical and are composed of a-subunits. The two inner
rings, within which the catalytic centers are located, are also
identical and are composed of B-subunits. Whereas the a- and
B-rings of the archaebacterial 20S proteasome are formed of 7
identical a-subunits and 7 identical B-subunits, the more com-
plex eukaryotic proteasomes contain at least 14 subunits, 7
distinct a-subunits, and 7 distinct B-subunits (6). In mammals,
the existence of three additional B-subunits, which are expressed
and incorporated into the 20S proteasome after IFN-y treat-
ment, further increases the complexity of the proteasome com-
position. Contrary to the archaebacterial proteasome, in which
all seven B-subunits are catalytically active, only three of the
seven different B-subunits (81, B2, and B5) of the eukaryotic
standard proteasome possess catalytic properties. In cells ex-
posed to IFN-v, these three catalytic subunits are replaced by
three distinct ones (B1i/LMP2, 82i/MECL-1, and B5i/LMP7)
resulting in the formation of a 20S proteasome termed immu-
noproteasome. The different cleavage specificity of the immu-
noproteasome compared with the standard proteasome has been
shown to modulate the production of certain antigenic peptides
presented by MHC class I molecules (2, 7).

A host of sequential reactions is required to reach the complex
quaternary structure of eukaryotic proteasomes. The active
B-subunits carry N-terminal propeptides, which have been
shown to play an important role, not only in the assembly and
maturation of the 20S proteasome (8), but also to protect the
N-terminal catalytic Thr of the mature form from inactivation by
Ne-acetylation (9, 10). In humans, the smallest precursor isolated
is the 13S form, which contains three unprocessed subunits of the
B-ring associated with a complete single a-ring (11, 12). Incor-
poration of the remaining four B-subunits leads to the formation
of a 155-16S hemiproteasome intermediate, composed of one
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a-ring and one B-ring. This form is proteolytically inactive.
Formation of a proteolytically competent 20S proteasome re-
quires the assembly of two hemiproteasomes and the autocata-
lytic removal of the propeptides from the catalytic B-subunits
(13). A protein chaperoning the assembly of two hemiprotea-
somes has been identified recently in the yeast Saccharomyces
cerevisiae (14). This protein, termed Umplp (ubiquitin-mediated
proteolysis), is associated with the 155-16S intermediate and
coordinates the maturation of a functional 20S complex. On
completion of the assembly process, Umplp remains trapped
within the proteasome particle and is degraded. In humans, the
cytosolic chaperone Hsc73 has been shown to interact specifi-
cally with purified 15S-16S intermediates but does not by itself
promote the formation of a 20S particle (11).

In the present work, we have identified human and mouse
homologues of the yeast Umplp protein, termed hUMP1 and
mUMPI, respectively. We show that hUMP1 specifically inter-
acts with proteasome precursor complexes and is absent from
active 20S proteasome. We also identified the region of hUMP1
that mediates its interaction with proteasome precursors, and
found that the treatment of mammalian cells with IFN-vy in-
creases the level of the UMPI transcript.

Materials and Methods

Isolation and Cloning of hUMP1. The sequence of hUMP1 was
identified by performing a BLAST search of the SwissProt database
with the yeast protein sequence as a query. Further BLAST searches
identified several mouse expressed sequence tags. Based on this
sequence information, hUMP1 was PCR amplified from a human
melanoma cDNA derived from cell line MZ2-MEL 3.0, introducing
a HindlIII restriction site at the 5’ end and, at the 3" end, an Xbal
site and an influenza hemagglutinin epitope (ha) recognized by a
monoclonal antibody (Babco, Emeryville, CA). Versions of tUMP1
carrying internal deletions were obtained with additional internal
primers by using assembly PCR (details are available on request).
The HindIIl-Xbal fragments encoding A{UMPI or its derivatives
were inserted into the pRc/CMYV vector (Invitrogen) for expression
in cell culture or into pBluescript II SK (+) (Stratagene) for in vitro
transcription and translation.

Cell Culture and Transfection. 293T cells, human embryonic kidney
cells transformed with simian virus 40 large T antigen, were
cultured in DMEM supplemented with 10% (vol/vol) heat-
inactivated FCS, 1% Hepes, and 1% streptomycin-penicillin.
The plasmid pRc/hUMP1-ha was transiently transfected into
2.5 X 106 293T cells by using Lipofectamine (GIBCO) and the
manufacturer-supplied protocol.
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Metabolic Labeling, Inmunoprecipitation, and Electrophoresis. After
transfection, cells were labeled and lysed as described (15). The
volumes of supernatants were adjusted to contain equal amounts
of 10% (vol/vol) trichloroacetic acid-insoluble S, followed by
immunoprecipitation with a mixture of saturating amounts of
antibodies, with either a monoclonal antibody against the ha
epitope or a polyclonal rabbit anti-proteasome antibody and
20 pl of protein G Sepharose (Pierce) for 30 min at 4°C. The
polyclonal anti-proteasome antibody was obtained by immuniz-
ing rabbit with purified human proteasome. The immunopre-
cipitated material was then washed three times in lysis buffer
with 0.1% SDS and resuspended in SDS sample buffer (15).
Samples were boiled and loaded on SDS/12% PAGE.

In Vitro Transcription and Translation. [*S]Methionine-labeled
hUMP1-ha was obtained by coupled T7 transcription/translation in
reticulocyte lysates (TnT kit, Promega) according to the manufac-
turer’s protocol. In short, 0.5 ug of DNA was used per 25 ul of
transcription/translation reaction, which was incubated at 30°C
between 2 h and 8 h. Reactions were immunoprecipitated as
mentioned above by using a monoclonal anti-proteasome antibody
MCP21 (European Collection of Animal Cell Culture, Salisbury,
U.K.) or a monoclonal antibody against the ha epitope.

Sucrose Gradient Analysis and Peptidase Assays. A 200-ul reaction
was incubated at 30°C for in vitro transcription and translation of
hUMP1 for 8 h to allow formation of proteasome and then layered
on top of a 10-40% (vol/vol) linear sucrose gradient containing 20
mM Tris-HCI (pH 7.6) and centrifuged at 30,000 X g for 20 h at 4°C
in a swing-out rotor. Fractions (350 ul) were collected and used for
immunoprecipitations or peptidase assays. To determine the pro-
teolytic activity of individual fractions, 45 ul of each fraction was
incubated for 30 min at 37°C with 100 uM Bz-LLE-AMC (Bz,
benzyloxycarbonyl; AMC, 7-amido-4-methyl-coumarin; Calbio-
chem) in a total volume of 100 ul. The reaction was then quenched
with 100 ul of cold 100% (vol/vol) ethanol, and fluorescence was
measured at 380/460 nm. The rest of each fraction was used for
immunoprecipitation by using saturating amounts of the anti-
proteasome antibody MCP21 and protein G Sepharose.

Northern Blot Analysis. Total RNA was prepared from primary
mouse (C57BL/6J) embryonic fibroblasts or human HeLa cells
with or without prior treatment with 1,000 units/ml mouse or
human IFN-vy for 24 h, separated in 1% agarose-formaldehyde
gels, and blotted onto Hybond N nylon membranes (Amersham
Pharmacia) as described (16). The blots were prehybridized for
3 h at 42°C, followed by an overnight incubation at 42°C in
hybridization solution to which 3?P-labeled probe generated by
the random-priming method was added (17). The membrane was
washed sequentially with 2X standard saline phosphate/EDTA
(0.18 M NaCl/10 mM phosphate, pH 7.4/1 mM EDTA; SSPE)
at room temperature, with 2X SSPE/2% (vol/vol) SDS at 65°C,
and with 0.1X SSPE at room temperature. Hybridized labeled
DNA was detected by autoradiography and quantified with the
Fuji BAS-1500 Imaging System. Before reprobing, the blot was
stripped by incubation (twice) for 15 min in 0.5% SDS heated to
100°C. Efficiency of stripping was verified by exposing the
membrane to x-ray film for several days.

Expression in Yeast. DNA fragments containing full-length or parts
of mouse UMP1 were generated by PCR by using mouse cDNA as
a template (16). The human UMP1 gene was amplified by PCR by
using a human cDNA library (18), a gift from A. Varshavsky
(California Institute of Technology, Pasadena). Bg/II and Kpnl sites
were introduced 5’ and 3’ of the ORF with the primers used in the
PCR amplification. These sites were used for cloning the frag-
ments into a high-copy 2-u/LEU2-based yeast expression vector
(pJDCEX?2) between the copper-inducible Pcyp; promoter and a
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sequence encoding two copies of the ha epitope followed by the
Tcycer terminator sequences (14). Chimeric genes consisting of
parts of yeast and mouse UMP1 were generated by assembly PCR
(splicing by overlap extension; ref. 19). Four different chimeras
were generated in which the heterologous parts were linked via
conserved sequence stretches. Constructs [-IIT bear N-terminal
parts of mouse UMP1 and C-terminal yeast Umplp sequence.
Construct I coded for a fusion protein with the sequence of mouse
UMP1 extending to the conserved HPLE element (positions 46 to
49 in the mouse protein). Construct II contained a longer N-
terminal sequence from mouse UMP1 extending to position 81, and
construct IIT had mouse UMP1 sequence up to position 103.
Construct IV was the reverse of construct I. Yeast strain JD59
(carrying a chromosomal deletion of UMPI), transformed with
plasmids expressing human, mouse, or yeast UMPI genes or with
the chimeras of the latter two, were assayed for growth properties
on SD media lacking leucin and containing 100 uM CuSOy for
promoter induction where indicated (14). All constructs were
verified by sequencing, and their expression was monitored by
anti-ha immunoblot analysis. For the yeast and mouse UMP]I genes,
it was verified that otherwise identical constructs lacking the ha tag
behaved like the ones containing it (data not shown). Coimmuno-
precipitation of chimeric UMP1 proteins with proteasomal com-
plexes from yeast extracts was carried out with polyclonal rabbit
antiserum raised against yeast 20S proteasomes (a gift from K.
Tanaka, Tokyo Metropolitan Institute of Medical Science, Tokyo)
as described (14).

Results

Identification of hUMP1, a Human Homologue of the Yeast UMP1.
Using the available protein sequence of yeast Umplp, we
performed a BLAST search of the SwissProt database and iden-
tified a human protein sequence derived from a complete human
cDNA (EMBL/GenBank/DDBJ accession no. AF125097).
CLUSTALW alignment of the yeast Umplp and the newly iden-
tified protein of 141 amino acids revealed that the two sequences
share a 22% identity and a 61% homology, making the human
protein a likely homologue of the yeast Umplp. We therefore
named the hitherto unidentified protein hUMP1 (Fig. 1A4).
Further BLAST searches identified several mouse expressed
sequence tags encoding a protein with 95% identity to hUMP1
(Fig. 14; EMBL/GenBank/DDBIJ accession no. C89498).

To investigate whether the putative hUMP1 identified above
interacts with the human proteasome, we isolated the cDNA
from a human melanoma cell line and cloned it into a mamma-
lian expression vector (see Materials and Methods for details). In
the absence of available antibody, we tagged hUMP1 at the C
terminus with an epitope derived from the influenza hemagglu-
tinin, which is recognized by a specific antibody. The same
strategy had yielded a functional yeast Umplp in a previous
study (14). 293T cells were either transfected with the plasmid
encoding the modified hUMP1 (hUMP1-ha; Fig. 1B, lanes a and
b) or mock transfected (Fig. 1B, lanes c and d). The cells were
then metabolically labeled for 30 min, lysed, and processed for
immunoprecipitation and SDS/PAGE analysis with either the
anti-ha monoclonal antibody (lanes a and d) or the antiprotea-
somal subunit «2 monoclonal antibody MCP21 (Fig. 1B, lanes b
and c). After immunoprecipitation with MCP21, we observed a
band most likely corresponding to the endogenous 16.8-kDa
hUMPI. In addition, a slightly slower migrating band corre-
sponding to the recombinant hUMPI1-ha was detectable in
transfected cells, indicating that hUMP1-ha was interacting with
human proteasome (Fig. 1B, lane b). Monoclonal antibody
directed against the ha tag specifically recognized the recombi-
nant hUMP1-ha in the same precipitates (Fig. 1B, lane a). As
previously observed with the ha-tagged yeast Ump1p, immuno-
precipitation with the anti-ha antibody did not coimmunopre-
cipitate proteasome subunits (14). The anti-ha antibody also
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Fig. 1. Identification of human and mouse homologue of the yeast Ump1p protein and its interaction with mammalian proteasome. (A) cLusTALW sequences
of human and mouse protein are aligned with yeast Ump1p. Identical amino acids are labeled in black, and similar amino acids are labeled in gray. Identical amino
acids between human and mouse are boxed. (B) 293T cells were transiently transfected with recombinant plasmid directing the synthesis of hUMP1-ha (lanes
a and b) or mock transfected (lanes ¢ and d) and labeled after 24 h with [3*S]methionine/cysteine. Cells were then solubilized, and cleared lysate was
immunoprecipitated either with a monoclonal antibody against the ha epitope (lanes a and d) or with a polyclonal antibody against the proteasome (lanes b
and c). The position of hUMP1-ha is indicated by an asterisk. (C) Fragments generated from internal initiation sites were used to identify the region of hUMP1-ha
important for interaction with the proteasome. The cDNA encoding the wild-type hUMP1-ha (lanes b and d) or a mutant lacking the first initiation codon (lanes
a and c) was transcribed and translated in vitro. Samples were immunoprecipitated either with the anti-ha antibody (lanes a and b) or with MCP21 (lanes c and

d). The positions of full-length and truncated hUMP1-ha are indicated.

recognized an unrelated protein comigrating, in mock-
transfected cells, with the endogenous hUMP1 on SDS/12%
PAGE (Fig. 1B, lane d). Because of our difficulties in overex-
pressing hUMP1 in stable transfectants (L.B. and F.L., unpub-
lished result), we investigated the possibility of using an in vitro
transcription/translation system to study the interaction be-
tween hUMP1-ha and proteasome precursors. We selected
rabbit reticulocyte lysate as an experimental system, prompted
by our findings that there is sufficient rabbit proteasome pre-
cursor in reticulocyte lysate and that several anti-human pro-
teasome antibodies crossreact with rabbit proteasome.

A cDNA encoding hUMP1-ha was transcribed and translated
in vitro in the presence of reticulocyte lysate and [**S]methi-
onine. The interaction between newly translated 3°S-labeled
hUMP1-ha and the endogenous rabbit proteasome was detected
by immunoprecipitation with the anti-proteasome antibody
MCP21 (Fig. 1C). The presence of the C-terminal ha tag did not
influence the interaction between hUMP1-ha and the protea-
somal complexes, because untagged hUMP1 behaved identically
(data not shown). As shown in Fig. 1C, a side reaction of the in
vitro transcription/translation was the production of N-
terminally truncated fragments that still contained an intact C
terminus, because they could be immunoprecipitated efficiently
with the anti-ha antibody (Fig. 1C, lanes a and b). To discrim-
inate between the possibilities that these fragments may arise
from internal initiation or proteolytic fragmentation of the
full-length protein, we mutated the first initiation codon. After
translating this construct, the band corresponding to the full-
length protein was not detectable anymore, but we could still
detect the two bands of lower apparent size, indicating that these
fragments were generated by initiation of translation at Met-62
and Met-81 (Fig. 1C, lane a). Whereas full-length hUMP1-ha
and the truncated form lacking the first 61 amino acids (hUMP1
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A1-61) coimmunoprecipitated with rabbit proteasomal com-
plexes (Fig. 1C, lanes c and d), the shorter version lacking the
first 80 amino acids (hUMP1 A1-80) failed to do so. This result
provided the first indications that the region between amino
acids 62 and 80 was important for the specific interaction of
hUMP1-ha with the proteasome particle.

Mammalian and Yeast UMP1 Homologues Are Functionally Related but
Not Interchangeable. Mammalian UMP1 proteins share only 22%
amino acid identity with yeast Umplp (Fig. 14). We therefore
asked whether human and mouse UMPI genes could functionally
replace their homologue in S. cerevisiae. A yeast strain with a
chromosomal deletion of UMPI was transformed with plasmids
expressing mammalian UMPI genes. Transformants obtained with
these plasmids were indistinguishable from those obtained with an
empty control vector. Specifically, these transformants displayed
the typical slow and temperature-sensitive growth phenotype of the
umpl-A mutant independent of whether the expression was low
(uninduced) or high (induced; Fig. 2C). We conclude that the
deficiency of the yeast umpI-A strain could not be complemented,
even at high expression levels, by the mammalian UMPI genes.
Because no growth inhibition was observed with high expression of
these genes in S. cerevisiae, these results also indicated that mam-
malian UMP1 proteins neither interfere with the assembly of yeast
proteasomes nor interact with high affinity with the heterologous
proteasomal subunits. We went on to ask whether replacing parts
of mouse UMP]I with the corresponding sequence from yeast UMPI
would result in functional chimeras (Fig. 24). None of these
constructs resulted in a complementation of the umpI-A growth
defects. A chimeric UMP1 protein containing the N-terminal third
of the mouse protein and the C-terminal two-thirds of yeast origin
(m/yUMP1-I), however, resulted in a strong growth inhibition of
yeast transformants with high, copper-induced expression (Fig. 2C).

Burri et al.
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Fig.2. Mammalianandyeast UMP1 proteins are not functionally interchangeable. (A) Schematic representation of constructs. (B) Coimmunoprecipitation assay
to detect association of various Ump1-ha variants with proteasomal complexes. Proteins were precipitated from extracts of the same strains shown in C (except
for those expressing hUMP1) with antibodies against yeast 20S proteasomes. The precipitates (IP) as well as 25% of the nonbinding material (NB) were analyzed
by Western blotting with anti-ha antibody. The positions of IgG heavy chains (HC), light chains (LC), and various Ump1-ha proteins are indicated. The position
of a product of yUMP1, missing the domain necessary for interaction with the proteasome, is marked with an asterisk. (C) Growth assays of yeast strain JD59
(ump1-A) transformed with high-copy plasmids expressing, from the copper-inducible Pcyps promoter, human (h), mouse (m), or yeast (y) UMPT genes or various
chimeric genes of the latter two (m/yUMP1-1to m/yUMP1-Ill or y/mUMPT depicted in A; see Materials and Methods and main text for details). Transformants
were streaked onto selective minimal medium, with (induced) or without (uninduced) 100 uM CuSO4, and incubated at 30°C for 3 days. To assay for
complementation of ump7-A temperature-sensitive growth phenotype, transformants were streaked onto complete medium and incubated at 37°C for 2 days.

The two heterologous sequences were linked via a conserved HPLE
motif, amino acids 46—-49 of mUMP1 (Fig. 14). The reverse
construct (y/mUMP1-1V) as well as constructs m/yUMP1-II
(linked between amino acids 81 of mMUMP1 and 87 of yUMP1) and
m/yUMPI-1II (linked between amino acids 103 of mUMP1 and
109 of yUMP1) showed no such effect. These results indicated that,
in a chimeric UMP1 protein, the presence of the C-terminal
two-thirds of S. cerevisiae Umplp, starting at the HPLE motif, is
sufficient for interaction with yeast proteasome subunits. Associa-
tion between the various UMP1 constructs and yeast proteasomal
complexes was verified by coimmunoprecipitation with polyclonal
antibodies raised against S. cerevisiae 20S proteasomes (Fig. 2B). In
these experiments, yUmplp and m/yUMPI-I coprecipitated with
proteasomal complexes. In contrast, very little or no coprecipitation
was observed for mUMP1 and the other chimeras analyzed. These
findings are consistent with the growth phenotype of the various
yeast transformants (Fig. 2C) as well as with the result that a
truncated version of hUMP1 (A1-61) is capable of interacting with
rabbit proteasomal complexes in vitro (Fig. 1C) and suggest that, in
each of these species, the C-terminal domain is required for
association of the respective UMP1 with precursor complexes. It is
noteworthy that the faster migrating band detected in cells express-
ing yeast Umplp could not be coimmunoprecipitated with the
proteasome (Fig. 2B, lanes 3 and 4). This band most likely repre-
sents a product of Umplp lacking the domain required for the
interaction with proteasomes, similar to the observation made with
N-terminally truncated hUMP1 obtained by in vitro translation (see
above, Fig. 10).

Identification of Amino Acids Involved in hUMP1-Proteasome Inter-
actions. To determine further the region crucial for the physical
interaction of hUMP1-ha with the proteasome, we constructed
different deleted forms of h(UMPI-ha (Fig. 34) and tested them in
the in vitro transcription/translation assay for association with
endogenous proteasome (Fig. 3B). All constructs were expressed
efficiently as observed by their detection after immunoprecipitation
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with the anti-ha antibody (Fig. 3C). Mutants of hUMP1-ha, lacking
either the C-terminal 11 amino acids (construct II) or the highly
conserved HPLE amino acid motif 46—49 (construct III) could still
interact with the proteasome as efficiently as full-length hUMP1-ha
(construct I). However, removal of a 24-amino acid-long stretch
from position 67 to position 90 (construct I'V) abolished its inter-
action with the proteasome, and the removal of only 5 amino acids
from positions 68 to 72 (construct V) dramatically reduced its

A 1 141
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[ | hUMP1 A131-141
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v [ 1 | | hUMP1 AB7-90
B7 T3
VI B | 1 hUMP1 A68-72
B Cc
- b e — —
o
—_
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Fig.3. Delineation of the amino acidsimportant for the interaction between

hUMP1 and the proteasome. (A) Schematic description of the constructs used.
Construct | represents the full-length hUMP1. Construct Il depicts hUMP1
lacking the C-terminal 11 amino acids. Constructs llI-V represent versions of
hUMP1 lacking amino acids 46-49 (construct lll), amino acids 67-90 (construct
1V), or amino acids 68-72 (construct V). Constructs I-V were transcribed and
translated in vitro and subjected to immunoprecipitation either by the mono-
clonal antibody against proteasome subunit a2 (B) or by the anti-ha antibody
(C). Immunoprecipitated material was separated on SDS/15% PAGE. Con-
structs used are indicated at the bottom of each lane.
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hUMP1-ha is a component of proteasome precursor complexes and is absent from active 20S proteasome. In vitro translated 35S-labeled hUMP1-ha was

layered onto a 10-40% (vol/vol) sucrose gradient and centrifuged at 30,000 X g for 20 h. Fractions (350 wl) were collected and assayed for proteasomal activity
by incubating them with Bz-LLE-AMC and monitoring the increased fluorescence in arbitrary units (A.U.) emitted by the released fluorogenic group AMC. Each
fraction was simultaneously immunoprecipitated with the polyclonal anti-proteasome antibody, followed by SDS/15% PAGE analysis and fluorography. The
fractions corresponding to enriched 23S and 16S ribosomal RNA are indicated. Radioactive bands corresponding to the full-length hUMP1-ha (I) and hUMP1-ha
A1-61 (ll) identified in an earlier experiment (Fig. 1C) are indicated. The position of a degradation product of hUMP1-ha is labeled (lll). See text for details.

interaction. Thus, these results indicate that amino acids 68—72 play
a role in the high-affinity association of hUMP1-ha to the protea-
some, confirming the previous results obtained with the truncated
forms of in vitro translated hUMP1-ha (Fig. 1C) and the yeastin vivo
assays (Fig. 2).

hUMP1 Is Absent from Mature 20S Proteasomes. To identify the
nature of the hUMP1-containing proteasome complexes, we
performed sucrose gradient centrifugation experiments. Reticu-
locyte lysate containing in vitro translated 3°S-labeled
hUMP1-ha was layered onto a 10-40% (vol/vol) sucrose density
gradient and centrifuged for 20 h. Fractions were then collected,
and a peptidase assay and immunoprecipitation with antibody
MCP21 were performed on each fraction. In parallel, ribosomal
23S and 16S RNAs were separated on an identical sucrose
density gradient and served as sedimentation markers.

As observed in Fig. 4, one major peak of peptidase activity was
observed in fractions 9-13, corresponding to the 20S-26S forms
of the proteasome. This activity results from the peptidylglu-
tamyl peptide hydrolyzing activity of the proteasome. Identical
results were obtained by using substrates for other proteasomal
activities (data not shown). Based on the sedimentation pattern
of the ribosomal RNA, fractions 14-16 seem to contain cata-
lytically inactive half proteasomes sedimenting at 155-16S (20).

Immunoprecipitation of the proteasomal complexes with a
monoclonal anti-a2 antibody followed by separation by SDS/
PAGE showed that hUMP1-ha was present in precursor com-
plexes but absent from the 20S proteasomes. However, a faint
band of low molecular mass could be reproducibly detected in
fractions 9-12, enriched in 20S proteasome. This protein band
most likely corresponds to a degradation product of hUMP1-ha,
thus supporting the model proposed by Ramos et al. (14), in
which the yeast Umplp becomes trapped and degraded inside
the 20S complex after assembly of two half proteasomes.
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Mammalian UMP1 Transcript Levels Increase with IFN-y Stimulation.
Having established that the mammalian UMPI gene encodes a
component of proteasome precursor complexes, and thus, in
analogy to the yeast Umplp, a proteasome maturation factor, we
were interested in the regulation of these genes. In mammals,
IFN-vy stimulation is known to result in the generation of a
proteasome subtype termed immunoproteasome, which is dis-
tinguished from its standard counterpart by the incorporation
of three IFN-y-inducible B-type subunits (B1i/LMP2, B2i/
MECL-1, and B5i/LMP7). Because the identified mammalian
UMP1 proteins could be involved both in the maturation of
standard and immunoproteasomes, we studied their response to
IFN-+ stimulation. Quantification of the signals shown in Fig. 5
revealed that transcript levels of both mUMPI and hUMPI
increased by a factor of two in response to IFN-vy stimulation

A _mUMP1 BSi/LMP7 pe/Cs B hUMP1
| e e -
IFNoy - &+ - S T
mouse primary embryonic fibroblasts Hela cells

Fig. 5. Transcript levels of mouse and human UMPT increase after IFN-y
stimulation. Northern blot analysis of UMPT transcripts in total RNA from
mouse embryonic stem cells (A) and human Hela cells (B) treated with 1,000
units/ml IFN-y for 24 h where indicated. Membranes were hybridized with
radiolabeled probes, stripped, and rehybridized as described in Materials and
Methods. Quantification of signals revealed a 2-fold induction of mUMP1
transcript and a 2.1-fold induction of h(UMP1. Transcript levels of 35i/LMP7, an
immunoproteasome-specific subunit, increased by a factor of 85, whereas
those of B6, encoding a subunit present in both standard and immunopro-
teasome, remained unchanged after IFN-y treatment.
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(Fig. 5 A and B, respectively), whereas the transcript of B6,
encoding a subunit of both types of proteasome, remained
unchanged (Fig. 54). In contrast, mouse LMP7 transcript level
was detectable only after IFN-y treatment. The moderate in-
crease of the mammalian UMPI transcript level in response to
IFN-v treatment would be consistent with a possible role of the
encoded protein in the generation of both proteasome subtypes.

Discussion

In this work, we have identified the human and mouse homologues
of the yeast proteasome maturation factor UMPI and shown that
the human UMP1 protein interacts both with human and rabbit
proteasome precursors. We also delineate the region of mammalian
UMP1s implicated in the specific interaction with proteasome
precursors and show that the mammalian UMP1s are functionally
related but not interchangeable with their yeast homologue. As in
S. cerevisiae, h(UMP1 protein is absent from the 20S mature form
of the proteasome. Finally, we show that the transcript level of
mammalian UMP] is increased after IFN-vy treatment.

Even though the function of yeast and mammalian UMP1 is
likely to be very similar, expression of the latter in yeast cells did
not lead to a complementation of the umpIlA mutation, nor did
the mammalian UMP1 associate with yeast proteasome precur-
sors (Fig. 2). This result may be the consequence of the weak
degree of identity (22%) between the primary structure of yeast
and mammalian UMP1 (Fig. 14). This low degree of identity is
unexpected, because proteasome B-subunits display a higher
degree of homology between yeast and humans. For instance,
the catalytic B-subunits 81, B2, and 85 share, respectively, 46, 51,
and 52% identity between yeast and humans. One explanation
for this discrepancy may be the fact that, in addition to the high
structural conservation of the 20S proteasome, each B-subunit
interacts with at least five other subunits, whereas UMP1 is likely
to have fewer interactions. Consequently, the sequence diver-
gence will be much more constrained for the individual B-sub-
units than for UMP1 protein and is reflected in the relatively low
degree of conservation between yeast and human UMP1. Al-
ternatively, it is possible that UMP1 interacts with the propep-
tides of B-subunits (14), which are strikingly less well conserved
than the mature parts of the B-subunits (21).

Based on the results of the yeast complementation assay and of
the biochemical assays, we conclude that UMP1 contains at least
two functionally distinct domains. The first one, which mediates the
physical interaction between UMP1 and the proteasome precursor
complexes, localizes to the C-terminal region encompassing resi-
dues 51 (in yeast) and 61 (in mammals) to 141. The sequence
extending from amino acid residues 6872 seems to be essential for
this interaction. Removal of these five amino acids dramatically
reduced the amount of hUMP1 associated with proteasome pre-
cursor complexes, suggesting that this region either directly contacts
the proteasome or is necessary for the structural integrity of
hUMPI. By using a prediction algorithm for secondary structure
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(22), this region is predicted to form an a-helix, which may
constitute the structural feature responsible for the interaction with
a particular proteasome B-subunit. A second domain that is re-
quired for the formation of a functional 20S proteasome particle
from two hemiproteasomes is located N-terminally to the afore-
mentioned domain. Indeed, exchange of the first 50 amino acids of
yeast Umplp by the mouse UMP1 protein still allowed binding of
the hybrid UMP1 protein to proteasome precursor complexes but
did not lead to the formation of functional 20S particles. This
interpretation was suggested by a severe growth inhibition of yeast
cells expressing this hybrid protein and was corroborated by coim-
munoprecipitation experiments confirming its association with
proteasomal complexes (Fig. 2). The functionally defined domains
described above are likely to operate by interacting with distinct
domains of the proteasome subunits. Whereas amino acids 6872
of UMP1 might bind to the body of a proteasomal B-subunit, the
N-terminal domain could be involved in an interaction with the
prosequence of one or more B-subunits. In this model, the region
encompassing residues 68—72 would mediate the incorporation of
UMP1 into proteasome precursor complexes, whereas additional
interactions between its N-terminal domain and B-subunit’s
propeptide(s) would be necessary for proteasome maturation. This
interpretation is supported by the findings that the yeast B5
propeptide becomes dispensable in cells lacking Umplp but is
essential for viability in its presence (14) and by our recent findings
that the in vitro binding of yUMP1 to certain B-subunits depends on
the presence of their propeptides (J.H., M. London, and R.J.D,,
unpublished results).

We show that in both mouse and human cells, UMPI is
responsive to IFN-vy stimulation, resulting in a 2-fold increase in
transcript levels. This result suggests that UMP1 proteins might
be involved both in the maturation of standard proteasome and
immunoproteasome. The level of mRNA coding for the subunit
B6, present in both proteasome subtypes, remained unchanged,
demonstrating that the IFN-vy treatment did not per se result in
an induction of proteasomal subunit synthesis. A possible ex-
planation for the elevated level of UMPI transcript detected
after IFN-vy treatment is that UMP1 might constitute, under
normal conditions, a limiting factor in the assembly of protea-
somes. Based on this assumption, we postulate that the IFN-y
treatment leads to a more rapid de novo assembly of immuno-
proteasome by increasing the level of UMP1 protein.
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