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Destruction of the transcriptional inhibitor IkB by the
biquitin (Ub) system is required for signal-dependent
ctivation of the multifunctional transcriptional factor
F-kB, but details of this ubiquitination are largely un-
nown. We report here that the IkBa-ubiquitin ligase
IkBa-E3) is an SCF-like complex containing Skp1,
ullin-1, and two homologous F-box/WD40-repeat pro-
eins, bTrCP1 and bTrCP2. Intriguingly, all these com-
onents are cooperatively recruited to bind to a phos-
horylated IkBa (pIkBa) produced by tumor necrosis
actor-a (TNF-a) stimulation. IkBa-E3 bound to pIkBa
atalyzed in vitro ubiquitination of pIkBa in the pres-
nce of ATP, Ub, and E1-activating and E2-conjugating
nzymes. Forced expression of bTrCP1 and bTrCP2 re-
ulted in dramatic augmentation of the in vitro poly-
biquitination activity of IkBa-E3. These results indi-
ate that the long-sought IkBa-E3 is an SCF-like complex
onsisting of multiple proteins which are coordinately
ssembled during phosphorylation of IkBa in response
o external signals. © 1999 Academic Press

Ubiquitin (Ub) is a highly conserved 8.6-kDa
olypeptide. The covalent modification of Ub has been
mplicated to play critical roles for various biologically
mportant processes, such as cell-cycle regulation, sig-
al transduction, immune and stress responses, and so
n (1). The past decade’s tremendous progress in un-
erstanding the ubiquitination system provides a new
nsight into the importance of proteolysis in widely
isparate biological systems (2). Ubiquitin is ligated to

1 To whom correspondence should be addressed. Fax: (181)-3-
823-2237. E-mail: tanakak@rinshoken.or.jp.
127
ction of a multi-enzymatic system consisting of E1
Ub-activating), E2 (Ub-conjugating), and E3 (Ub-
igating) enzymes (1, 3). Protein ubiquitinylation is
nitiated by the formation of a high-energy thioester
ond between Ub and an E1 in a reaction that requires
TP-hydrolysis. The activated Ub is then transferred

o an E2. In some cases, E2 directly transfers Ub to
arget proteins, but the reaction often requires the
articipation of an E3. Finally, a poly-Ub chain is
ormed by linking the C-terminus of one Ub to a Lys
esidue within another Ub. The resultant poly-Ub
hain acts as a degradation signal for proteolytic attack
y the 26S proteasome. In this Ub-proteasome path-
ay, E3, the protein-Ub ligase, presumably plays the
ost important role in the selection of target proteins

or degradation, because each distinct E3 binds the
rotein substrate with a degree of selectivity (1–3).
espite the importance of this step, the molecular ba-

is of this Ub-ligating mechanism is largely unknown.
This situation has been true for the ubiquitination of

he protein inhibitor IkB for the inducible transcrip-
ional factor NF-kB that is involved in various biolog-
cally important processes, such as stress, inflamma-
ion, and immunity (4–6). Numerous accumulating
vidence has revealed that activation of NF-kB is in-
uced by signal-dependent degradation of IkB through
he Ub pathway (7–9), indicating the importance of the
kB-Ub ligase (IkBa-E3) responsible for fine control of
he level of IkB in cells. Although some reports suggest
he existence of a specific E3 for IkBa (10, 11), no clear
nformation has been available on this putative E3.
herefore, we attempted to identify an IkBa-Ub ligase

rom HeLa cells.
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.



Here for the first time, the nature of such an IkB-E3
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s described. It is a novel SCF-like complex containing
kp1, cullin-1, and two F-box/WD40-repeat proteins
ermed Hs-bTrCP1 and Hs-bTrCP2 (abbreviated sim-
ly bTrCP1 and bTrCP2 throughout this manuscript,
nless otherwise specified). Hs-bTrCP1 is the human
omologue of the Drosophila Slimb protein (12) and
enopus bTrCP (13). Hs-bTrCP2 is a newly identified
rotein with great similarity to Hs-bTrCP1 which has
een recently listed in a public database (Kazusa DNA
esearch Institute). These proteins are recruited into a

omplex which binds to phosphorylated IkBa produced
y TNFa stimulation. The findings strongly indicate
hat IkBa-Ub ligase contains a complex similar to SCF
Skp1-cullin or Cdc53-[F-box] protein), a known
rotein-Ub ligase responsible for multiple cellular
unctions (14). The possible roles of this novel SCF-like
omplex for the signal-dependent ubiquitination of
kBa are discussed.

ATERIALS AND METHODS

Materials. Sources of materials are as follows: Ubiquitin (Ub)-
ldehyde (MBL, Nagoya, Japan); MG115 (Z-Leu-Leu-nVal-H) and
G132 (Z-Leu-Leu-Leu-H) (Peptide Institute, Inc., Osaka, Japan);

kadaic acid (OA) (Wako, Tokyo, Japan); human TNFa (Genzyme);
ovine Ub, creatine phosphate, creatine kinase, and inorganic pyro-
hosphatase (Sigma); rabbit polyclonal antibodies against IkBa
amino acids 297–317, c-21), and mouse monoclonal anti-FLAG (M2)
Sigma). Polyclonal antibodies to human-Skp1 and human cullin-1
ere raised in rabbits using recombinant proteins. Recombinant
ouse E1 enzyme was purified from baculovirus-infected Sf9 insect

ells (provided by K. Iwai, Kyoto University). Recombinant Ubch4
as produced in E. coli (provided by M. Nakao, Kumamoto Univer-

ity). IKK was purified from HeLa cell extracts, as described by Lee
t al. (15).

Expression plasmids, in vitro translation, transfection and recom-
inant proteins. The pcDNA3FL-IkBa mammalian expression plas-
id was constructed by inserting the cDNA encoding amino acids

–317 of human IkBa into the BamHI/NotI sites of pcDNA3FL (16).
he Hs-bTrCP1 cDNA was amplified by PCR using a reported se-
uence (17). The Hs-bTrCP2 cDNA clone (KIAA0696) was gener-
usly donated by Kazusa DNA Research Institute (Chiba, Japan).
he Hs-bTrCP1 and Hs-bTrCP2 cDNAs with a FLAG-sequence

used to the C-terminus were ligated into the pcDNA3.1 vector (In-
itrogen). IkBa protein was produced and labeled with [35S]methi-
nine and [35S]cystein using a wheat-germ lysate-based TNT
ranscription-translation coupled kit (Promega). Transient transfec-
ion for coimmunoprecipitation experiments was performed using
he FuGENE 6 transfection reagent according to the manufacturer’s
nstructions (Boehringer-Mannheim).

Cell culture and TNFa treatment. Human HeLa-S3 cells were
aintained in MEM for suspension cells (GIBCO) supplemented
ith 5% fetal bovine serum, 2 mM glutamine, 100 mg/ml streptomy-

in, and 100 U/ml penicillin. After HeLa cells were pretreated with
0 mM MG132 for 45 min followed by 0.25 mM of okadaic acid (OA)
or 15 min, human alpha-type tumor necrosis factor (TNFa) was
dded for 15 min at a final concentration of 300 units/ml.

Ubiquitinylation assay of IP-IkBa. HeLa cells (108 cells) treated
ith TNFa were suspended in 50 mM Tris–HCl (pH 7.4) buffer

ontaining 1 mM EGTA, 2 mM DTT, 25 mM sodium b-glycerophosphate,
.1 mM PMSF (phenylmethanesulfonyl phosphate), and 10 mg/ml
ach of leupeptin, aprotinin, and pepstatin A and then immediately
128
peed centrifugation (500 rpm) for 10 min, followed by further cen-
rifugation at 15,000 rpm for 20 min. Immunoprecipitations (abbre-
iated IP) were performed with an anti-IkBa antibody and followed
y washing four times with 20 mM Tris–HCl (pH 7.4) buffer contain-
ng 150 mM NaCl, 2 mM DTT, 25 mM sodium b-glycerophosphate,
.1 mM PMSF, and 10 mg/ml each of leupeptin, aprotinin, and
epstatin A. The resulting immunoprecipitates were referred to as
P-pIkBa, which is the phosphorylated form.

The resulting slurries of IP-pIkBa were incubated in a reaction
olume of 20 ml that included 2 ml of 103 ATP regenerating system
ontaining 500 mM Tris (pH 7.6), 100 mM MgCl2, 20 mM ATP, 5 mM
TT, 100 mM creatine phosphate, 35 U/ml of creatine kinase, and 6
/ml inorganic pyrophosphatase, 0.5 mM okadaic acid, 5 mM MG115,
00 ng of recombinant mouse E1, 3 mg of (His)6-Ubch4, and 1 mg/ml
f bovine Ub, and 4–6 ml of IP-pIkBa. The reactions were incubated
t 37°C for 3 h. After terminating the reaction by the addition of a
ample buffer for SDS–PAGE, the reaction mixtures were separated
y SDS–PAGE on a 10% gel followed by Western blotting with an
nti-IkBa antibody.

Western analysis. For immunoblotting, the ubiquitination reac-
ion mixtures and immunoprecipitates for various antibodies were
eparated by SDS–PAGE and transferred to a PVDF membrane. The
embranes were probed with various antibodies against IkBa,
LAG peptide, Cul-1, and Skp1 and visualized with horseradish
eroxidase-conjugated protein A (Bio-Rad) using the Enhanced
hemiluminescence Detection System (Amersham Pharmacia Bio-

ech).

ESULTS

To clarify the biochemical nature of IkBa-E3, we
hought that the mammalian homologue of Drosophila
limb might participate in degradation of IkBa, in
ddition to b-catenin, because IkBa has two conserved
er phosphorylation sites similar to b-catenin, which
re necessary for the ubiquitination of both proteins
12, 18). Slimb is an F-box/WD40-repeat protein which
egatively regulates the Wingless pathway and Hedge-
og pathway. Based on its structural feature, Slimb
as postulated to be a component of the SCF-like Ub

igase complex which would regulate the stability of
rmadillo (Drosophila b-catenin). Taking advantages
f the fact that the WD40-repeat domain of Slimb is
ighly conserved with a Xenopus homologue bTrCP
13), we screened a human placenta cDNA library
CLONTECH) with this sequence motif obtained from

human EST database. Two homologous but distinct
DNA clones provisionally named Hs-bTrCP1 and Hs-
TrCP2 were obtained by screening under low strin-
ent hybridization conditions. bTrCP1 had identical
ucleotide sequence to the probe used, while bTrCP2
ad 95% identity. Hs-bTrCP1 turned out to be identi-
al to h-bTrCP which was recently reported to interact
ith HIV-1 Vpu and Skp1 to trigger the destruction of
D4 in the endoplasmic reticulum (17). Furthermore,
TrCP2 was also recently listed as KIAA0696 in a
atabase of Kazusa DNA Research Institute (Chiba,
apan). Figure 1 shows the alignment of the amino acid
equence of bTrCP1 with that of bTrCP2. A similarity
etween these proteins was observed throughout their
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ntire sequences, displaying 78% amino acid identity.
ntriguingly, the F-box motif and WD40-repeat do-
ains were highly conserved between these proteins.
espite its high identity, it is of note that the bTrCP1
nd bTrCP2 genes have been mapped on different
hromosomes, 10q24-25 (Fujiwara et al., submitted)
nd 5q33-34 (unigene database, NCBI), respectively.
To test whether bTrCP1 and bTrCP2 are involved in

kBa ubiquitination, plasmid DNA encoding FLAG-
agged human bTrCP1 and bTrCP2 were transfected
nto HeLa cells, and this interaction of the tagged
TrCP proteins with IkBa was examined by immuno-
recipitation assay. Cells were treated with tumor ne-
rosis factor-a (TNFa) or nothing, 36 h after transfec-
ion. These crude extracts were subjected to immuno-
recipitation by either anti-FLAG or anti-IkBa antibody
ollowed by Western blotting analysis with anti-FLAG,
nti-IkBa, and anti-human Skp1 antibodies. With the
nti-FLAG antibody, equal amounts of bTrCP1 or
TrCP2 from both TNFa-treated and untreated cell
xtracts were immunoprecipitated (Fig. 2). However,

FIG. 1. Comparison of the protein sequences of Hs-bTrCP1 and
s-bTrCP2. Gaps (shown by dashes) were inserted to achieve max-

mum sequence homologies. Identical amino acid residues are shown
y black boxes. Amino acid residues are numbered at the left. The
lignments were made by the CLUSTALW program (31). F-box and
even WD40 domains are indicated. Sequence data of Hs-bTrCP1
ere taken from Margottin et al. (17) (accession number: Y14153),
nd those of Hs-bTrCP2 were listed in a public database from Ka-
usa DNA Research Institute (Chiba, Japan: KIAA0696).
129
unoprecipitates prepared from TNFa-treated HeLa
ells, not in those from untreated cells. Conversely, an
nti-IkBa antibody co-immunoprecipitated bTrCP1
nd bTrCP2 from TNFa-treated HeLa cell extracts,
ut not from TNFa-untreated cells (upper panel).
hese results indicate that both bTrCP1 and bTrCP2
ere specifically bound to phosphorylated IkBa in a

ignal-dependent fashion.
We next examined whether Skp1, a component of the

CF (Skp1/cullin or Cdc53/F-box protein) complex
hich binds to F-box motifs, also binds to phosphory-

ated IkBa. Immunoprecipitation of IkBa from HeLa
ell extracts revealed that Skp1 is coimmunoprecipi-
ated with pIkBa, but not with IkBa (Fig. 2, lower
anel). Intriguingly, the endogenous Skp1 was co-
mmunoprecipitated with bTrCP1-FLAG, irrespective
f TNFa stimulation, indicating that bTrCP1 is consti-
utively associated with Skp1 in both stimulated and
nstimulated HeLa cells. These results imply that the
TrCP1 and Skp1 simultaneously bind to phosphory-

ated IkBa in a signal-dependent manner. Moreover,
his association of bTrCP1 and Skp1 with IP-pIkBa
as highly resistant to treatment with 1.0 M NaCl
ash (data not shown), indicating that these two pro-

eins are specifically and tightly associated with phos-
horylated IkBa.
Until now, a typical SCFCdc4 complex was known to

onsist of Skp1, Cdc53 (the mammalian cullin-1 (ab-
reviated Cul-1) homologue) and the F-box protein
dc4. The complex is crucial in ubiquitinating the Cdk

nhibitor Sic1 in the budding yeast (19, 20). In addition,
t was found that Skp1 associates with Hs-Cul-1, but
ot with other human cullin family proteins (21).
herefore, we thought the binding of Cul-1 with the
TrCP1-Skp1 occurred in this complex. To ascertain
his, each bTrCP1-FLAG and IkBa immunoprecipitate
rom TNFa-treated or untreated extracts was further
robed with an anti-Cul-1 antibody. As shown in Fig. 3
upper panel), Cul-1 was co-immunoprecipitated by ei-
her IkBa or bTrCP1-FLAG from TNFa treated ex-
racts. In contrast, neither bTrCP1-FLAG nor IkBa
oimmunoprecipitated Cul-1 from TNFa-untreated
eLa extracts. These findings clearly indicate that
ul-1 is not bound to bTrCP1 in the unstimulated
eLa cells, but it is recruited to phosphorylated IkBa
hen the bTrCP1-Skp1 complex is bound. Moreover,

his association of Cul-1 with pIkBa was highly resis-
ant to treatment with 1.0 M NaCl wash (Fig. 3, lower
anel) as were bTrCP1 and Skp1 (Fig. 2), indicating
hat these three proteins are specifically and tightly
ssociated with phosphorylated IkBa.
Finally it is of particular interest to examine
hether bTrCP is functionally involved in the ubiquiti-
ation of IkBa. Recently, we found that a putative
kBa-Ub ligase (equivalent to IkBa-E3) is specifically
ssociated with phosphorylated IkBa (abbreviated



p
u
W
p
t
u
m
d
a
T
s
i
t
p

a
t
t
A
u
t
e
p

a
s
i

D

i
n
a
e
u
c
c
f
w
m
i
t
p
w
o
k

p
w
i
E
u

Vol. 256, No. 1, 1999 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
IkBa) produced by TNFa stimulation, but not with
nphosphorylated IkBa (Suzuki et al., submitted).
hen phosphorylated IkBa was prepared by immuno-

recipitation using polyclonal antibodies from TNFa-
reated HeLa cell extracts and then incubated with
biquitin (Ub), ATP, recombinant mouse E1 and hu-
an E2 (Ubch4) enzymes, polyubiquitinated bands

esignated (Ub)n-IkBa were detected by Western blot
nalysis with an anti-IkBa antibody (Fig. 4, lane 4).
his reaction requires E1, E2, and Ub (lane 1), which
uggests that a presumptive IkBa-Ub ligase (IkBa-E3)
s tightly associated with IP-pIkBa in vivo. In contrast,
hese Ub-ligated bands were not detected for the non-
hosphorylated form of IP-IkBa (data not shown).
Subsequently, to ascertain that bTrCP is function-

lly involved in the ubiquitination of IkBa, the effect of
he over-expression of bTrCP1 or bTrCP2 protein on
he ubiquitination activity of IP-pIkBa was examined.
s shown in Fig. 4 (lanes 5 and 6), a poly-
biquitination of IP-pIkBa prepared from TNFa-
reated transfectants was markedly enhanced by the
xpression of bTrCP1 or bTrCP2. These augmented
olyubiquitinated bands were not observed without the

FIG. 2. Binding of bTrCP1, bTrCP2, and Skp1 to phosphorylate
cDNA3-bTrCP2-FLAG or pcDNA3 (mock control) was transfected in
ere prepared as described under Materials and Methods. After imm

mmunoprecipitates and crude extracts were analyzed by Western
xperiments were the same as for (Upper panel), except that pcDNA
sing anti-FLAG, anti-IkBa and anti-Skp1 antibodies.
130
ddition of Ub (lanes 2 and 3). These results strongly
upport that these two bTrCP proteins are functionally
nvolved in the ubiquitination of IkBa.

ISCUSSION

The selective degradation of IkB plays a pivotal role
n the NF-kB signaling pathway because IkB antago-
izes signal transduction for numerous stimulators in
wide-variety of cells. Notably, two important discov-

ries have broadened the understanding of the molec-
lar mechanism of IkB destruction. First was the dis-
overy of the IkB kinase (IKK) complex, which
atalyzes the phosphorylation of IkB (22–24). IKK was
ound to be a surprisingly large, multi-protein complex
ith a molecular mass of 700–900 kDa. Although
uch has been learned about its function, the details of

ts functions have not yet been conclusively ascer-
ained. The second important finding was that phos-
horylated IkB is degraded by the ubiquitination path-
ay, which is a necessary process for the transduction
f NF-kB signaling (4, 14, 15, 25–27). However, little is
nown to date of an IkB-Ub ligase (IkB-E3), which

IkBa. (Upper panel) Thirty-six hours after pcDNA3-bTrCP1-FLAG,
HeLa cells and treated with either TNFa or nothing, crude extracts
oprecipitation by anti-FLAG and anti-IkBa antibodies, the resulting
lotting using anti-FLAG and anti-IkBa antibodies. (Lower panel)
TrCP1-FLAG was transfected and Western blotting was carried out
d p
to
un

b
3-b
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hould be the most important enzyme in the ubiquiti-
ation of IkB.
In the present study, we found such a presumptive

kBa-ligating enzyme. This enzyme is thought to be an
CF-like complex. SCF is a multifunctional Ub-protein

igase E3 complex that plays a critical role in Ub-
ediated proteolysis (14). In the budding yeast S. cer-

visiae, Cdc4 is an F-box/WD40 repeat protein that
unctions as a component of a specific SCF consisting of
Skp1-Cdc53-Cdc4 complex responsible for the recog-
ition and ubiquitinylation of the phosphorylated Cdk

nhibitor, Sic1p (19, 20). We provided similar evidence
hat bTrCP, which possesses an F-box/WD40-repeat
rotein related to Cdc4, is a component of IkBa-E3 that
pecifically associates with phosphorylated IkBa, but
ot with the unphosphorylated form. Interestingly,
ere we reported two homologous bTrCP proteins
ermed bTrCP1 and bTrCP2 that were recruited to
ssociate with phosphorylated IkBa, but not with the
nphosphorylated form (Fig. 2). Indeed, transfection of
hese two cDNAs in HeLa cells resulted in dramatic
ugmentation of the in vitro poly-ubiquitination of
IkBa (Fig. 4), implying that these two bTrCP proteins
re functionally involved in the ubiquitin-mediated
egradation of IkBa. We further provided direct evi-

FIG. 3. Interaction of Hs-Cul-1 with bTrCP1 and pIkBa. After
eLa cells were transfected with either pcDNA3-bTrCP1-FLAG (up-
er panel) or nothing (lower panel), TNFa treatment, preparation of
rude extracts, and immunoprecipitation (IP) by anti-FLAG or anti-
kBa antibodies were carried out as in Fig. 2, except that IP-pIkBa in
he lower panel was washed with 1.0 M NaCl. Western analysis was
arried out using an anti-Hs-Cul-1 antibody.
131
eLa cells, irrespective of TNFa stimulation. This
omplex then binds to phosphorylated IkBa in a signal-
ependent manner, suggesting that bTrCP1 and Skp1
lay essential roles in the function of the IkBa-Ub
igase complex. In contrast, Cul-1 was not associated
ith the bTrCP1-Skp1 complex in unstimulated HeLa

ells, but it was also recruited to phosphorylated IkBa
n response to TNFa signaling (Fig. 3). Thus, it be-
omes clear that these bTrCP, Skp1, and Cul-1 are
ightly assembled into a complex which binds to phos-
horylated IkBa upon TNFa stimulation. These data
trongly indicate that IkBa-E3 is equivalent to an SCF-
ike complex consisting of bTrCP, Skp1, and Cul-1,
lthough the possibility that other factor(s) is also re-
ruited into the IkBa-E3 complex cannot be ruled out.
During the preparation of this manuscript, Yaron et

l. (11) reported that a bTrCP-like protein was the
eceptor component of an IkBa-Ub ligase complex, al-
hough they could not identify Skp1 and Cul-1. The
TrCP-like protein seems to correspond to bTrCP1,
lthough it has the insertion of approximately 30
mino acid residues in the N-terminal region in com-
arison with the primary structure of human bTrCP
eported by Margottin et al. (17), implying the presence
f variant forms for bTrCP1. Yaron et al. (11) has
hemically sequenced three peptide fragments of
TrCP associated with phosphorylated IkBa, though
hese sequences were common in both bTrCP1 and
TrCP2. Indeed, in our present work, we found that

FIG. 4. Augmentation of poly-ubiquitinylation with IP-pIkBa by
ransfection of bTrCP1 and bTrCP2 cDNAs. Transfection of
cDNA3-bTrCP1-FLAG, pcDNA3-bTrCP2-FLAG or pcDNA3 and
NFa treatment were carried out as in Fig. 2. Ubiquitination assay
y IP-pIkBa prepared from these transfectants was performed as
escribed under Materials and Methods. IP-IkBa was incubated with
TP, E1, and (His)6-Ubch4 (E2) in the presence (1) or absence (2) of
b. Multiple ubiquitinated IkBa bands with higher molecular
asses were detected by Western blot analysis and are designated

Ub)n-IkBa.
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ith phosphorylated IkBa in a signal-dependent fash-
on, suggesting that two homologous bTrCP proteins

ay play important roles in the ubiquitinylation of
kBa. Further study is required to elucidate their func-
ions.

Polyubiquitination of b-catenin and IkB appears to
e operated by the same mechanism, requiring phos-
horylation prior to ubiquitination. However, b-catenin
s phosphorylated by glycogen synthase kinase-3b
GSK-3b), whose binding to b-catenin is stabilized by
he gene product of adenomatous polyposis coli (APC)
nd axin (28). Interestingly, the primary structure of
he phosphorylation sites of b-catenin by GSK-3b re-
arkably resembles that of IkB by IKK, implying that

he same type of Ub-ligase may catalyze the poly-
biquitinylation of both b-catenin and IkB. This hy-
othesis is quite attractive, but speculative. In addi-
ion, it is plausible that many other cell-cycle me-
iators, such as various cylins B, D1, and E and Cdk
cyclin-dependent protein kinase 1) inhibitors, such as
ic1, Rum1, Far1, p21, and p27, are also degraded by
he Ub-proteasome pathway. Interestingly, most such
ell-cycle factors are modified by phosphorylation prior
o ubiquitinylation and degradation as is the case for
kB (29). Remarkably, of these, Sic1 and Rum1 are
egraded by a Ub pathway mediated by SCF E3 ligase
19, 20, 30). Therefore, our understanding of the mech-
nism of IkB ubiquitination by an SCF-like complex is
mportant not only for greater understanding of the
F-kB signaling pathway, but also in opening new

nsights into the larger biological significance of the
b-proteasome pathway in development, disease and
eath.
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