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Figure 4 ldentification of the carbohydrate-binding sites of Fbsl by NMR
spectroscopy. (a) NMR chemical shift perturbation data for the SBD. The

data are shown for residues 117-297 according to the equation (Q.28," +
84912 where 8y and 3y, represent the change in nitrogen and proton
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chemical shifts on addition of chitobiose (blue) and MansGlcNAc, (red). Secondary structure elements for SBD are shown below the plot. (b) Mapping the
perturbed residues of the SBD(97-297) {{0.26,7 + 54712 > 0.3) upon binding to chitobiose (blue) and ManzGicNAc; (blue and red). The chitobiose
molecule bound to SBD is yellow. The ManyGlcNAc; structure is represented in the right panel.

mannose branches to the interaction with Fbs1, because it is generally
not feasible to crystallize or to interpret the electron density of
complexes of lectins with larger oligosaccharides. To identify the
oligosaccharide-binding site of the SBD in solution, we compared
the pattern of the chemical shift perturbation between chitobiose
andManyGleNAc,  (Manol—=3[Mant1—6]ManB1—-4GleNAcBI—
4GlcNAC) using the isotopically labeled SBD (Fig. 4 and see
Supplementary Fig. I online). Chitobiose binding resulted in marked
chemical shift perturbation for Glu178 in the L1 Joop and for Trp280,
Lys281 and Gly282 in the L2 loop; this is consistent with the
X-ray structure of the CI32A SBD-chitobiose complex. When
Man;GleNAc, was used as a ligand, chemical shift perturbations were
observed for Gly160, Thr215, Asp216 and Ala217 in addition to the
residues perturbed by chitobiose, indicating that the outer branches
of the carbohydrate moiety interact with the 5-B6 loop. In the crys-
tal structure of the SBD~chitobiose complex, O4 of GleNAc(A) 1s ori-
ented toward these amino acid residues. Thus, the orientation of the
sugar chain deduced from the NMR data is consistent with the
expected orientation on inspection of the crystal structure. Although
mannose residues of Man;GIcNAc, seem to interact with the
B5-B6 loop of Fbsi, almost no chemical shift perturbation of
any consequence of mannotriose
(Manol—3{Manal—6]Man) alone (data not shown), suggesting

was observed upon addition
that the affinity of ManGlcNAc, is dominated by the interaction with

its chitobiose portion.

DISCUSSION

In the present study, we determined the SBD structure of Fbst and its
complex with chitobiose. In general, most lectins bind nonreducing
terminal sugar groups in the concave surface, which consists of several
strands of B-sheets. The substrate-binding site of galectin-3 that forms
a complex with N-acetyl-lactosamine is formed by B-strands'®. The
amino acids in these B-strands interact with the bound substrate
through direct and water-mediated hydrogen bonds or through

van der Waals contacts. In contrast, Fbs1 recogmzes the inner chito-
biose of N-linked high-mannose oligosaccharides by a specific binding
surface located at one tip of the $-sandwich. To our knowledge, this is
the first report of the sugar-binding mode of lectins, that is, inter-
action with the innermost portion of the carbohydrate moieties of
glycoproteins. This is in marked contrast to the lectin chaperones
in the ER, namely calnexin and calreticulin, which recognize non-
reducing terminal glucose molecules of the high-mannose oligosac-
charides expressed on their target glycoproteins.

In crystal structures of glycoproteins, electron densities of carbohy-
drate moieties are generally ambiguous because the carbohydrate moi-
eties attached to the crystallized proteins do not necessarily exhibit a
uniform chemical structure and may possess freedom of internal
motion. In many cases, however, the innermost GleNAc residue does
provide unambiguous electron density because it is involved in inter-
actions with the polypeptide moieties. It seems that those intramole-
cular interactions hamper the binding of Fbsl to the chitobiose
portions of glycoproteins as a result of steric hindrance in their native
states. We propose that the novel sugar-binding mode embodied by
Fbs1 is suitable for recognition of unfolded glycoproteins targeted in
the ERAD system. RNase B used in the in vitro binding assay reveals an
oligosaccharide that does not contact the polypeptide chain except at
the covalent attachment point?®, This glycoprotein could interact with
Fbs1 even in the native form in the in virre binding experiment, prob-
ably as a result of the exceptional freedom of the chitobiose portion of
its carbohydrate moiety.

On inspection of the X-ray crystallographic and mutagenesis data,
we conclude that the hydrophobic interaction between the GleNAc(A)
residue and Trp280, the hydrophobic interaction between the
GleNAc(B) residue and the small hydrophobic pocket composed of
Phel177 and Tyr279, and the hydrogen bonds between the chitobiose
and Fbs! atoms, are essential for selective binding (o this disaccharide
moiety. Recently, we reported that Fbs2 also binds high-mannose
olignsaccharides in a chitobiose-dependent manner, but the strength
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Table 1 Data collection, phasing and refinement statistics

ARTICLES

Data coltection

Native PCMBS NaAuCly, SmCly 0sCly HgNO4 Complex
Space group P3,21 P4q2,2
Resolution (A) 2.0 2.5 2.7 2.5 2.7 2.2 2.4
Observations 192,305 100,271 80,395 59,131 79,742 96,045 93,981
Unique reflections 18,483 9,577 7,689 9,633 7,695 13,725 12,611
Completeness (%)¢ 99.9(99.9) 99.8 (99.8} 99.8 (99.8) 99.8 (99.8) 99.8(99.8) 98.6 (98.6) 99,8 (99.8)
Redundancy® 10,4101 10.5(10.6) 10.5(10.6) 6.1(6.2) 10.4 (10.5) 7.0(6.9) 7.54{7.2)
Rsy,,}(%)a"f’ 9.5 (27.8) 12.5(30.6) 9.9(24.0) 13.5(22.7) 14.3(28.0) 14.4 (26.4) 8.5(18.4)
1/ a8 4.4 (2.5) 4.4(2.3) 6.0(2.9) 3.9 (3.0 3.7(2.3) 3.2(2.6) 6.4 (3.6}
MIRAS phasing
Resolution (A) 2.5 2.7 2.5 2.7 2.2
Heavy atom sites 3 2 2 1 2
Phasing power 1.37 (.89 0.76 1.71 3.31
Reuis® 0.8 0.84 0.88 0.69 0.46
Refinement statistics

SBD SBD C132A-chiiobiose
Resolution (A) 2.0 2.4
Reflections 17,470 11,850
Total atoms 1,602 1,662
R-factor (%) 16.2 20.0
Regpe (%) 19.9 26.3
R.m.s. deviations

Bond length (A) 0.020 0.038
Bond angle (°) 1.8 2.9

*Values in parentheses are for the highest-resolution shell. "Rhym: L, Xyl - <D=t T, 21,0, where firepresents a unique reflection and j represents symmetry-
equivalent indices. 1 is the observed intensity and </> is the mean value of 1 R o = © I Fpyl o 1Pl = LA THFpl & 1)
of the glycoprotein-binding ability is weaker than that of Fbs1 (ref. 8).  METHODS
In Fbs2, the positions corresponding to Phel77, Tyr279 and Trp280 in  Crystallization and structure determination. The SBD  of murine

Fbsl are occupied by phenylalanine, phenylalanine, and tryptophan,
respectively (Fig. 1¢). The canservation of these residues suggests that
the chitobiose-binding mode of Fbs2 is similar to that of Fbs1, and the
reduced binding ability of Fbs2 may be attributed to the Tyr—Phe
substitution in the chitobiose-binding pocket. Fbs1 interacts not only
with chitobiose at the L1 and L2 loops but also with the outer mannose
residues at the 56 loop. Although binding of mannose residues to
the $5-P6 loop seems to strengthen the binding affinity, mannose did
not bind alone. This inner chitobiose-dependent interaction mode
further restricts Fbs1 to interacting with native proteins carrying high-
mannose oligosaccharides. The positions corresponding to Thr215
and Ala217, which are involved in the interaction with the mannose
residues, are occupied by alanine and cysteine, respectively, in Fbs2
(Fig. 1c). This might be associated with the distinct affinity of Fbst
and Fbs2 to N-glycans (vef. 8).

We attempted to model the full-length Fbs! protein and its assembly
in the SCF-E2 complex by positioning the N terminus of the SBD adja-
cent to the E-box domain of the reported SCF? complex”. This
model places the chitobiose =50 A from the expected position of the
E2 protein that donates ubiquitin to the glycoprotein, consistent with
modeling of other SCF complexes, such as SCE™ 2 (ref. 9) and
SCF (ref. 1),

Fbs1 is a functionally unique molecule that recognizes the innermost
position of N-glycans as a signal for denatured glycoproteins. Our
results confirmed structurally that N-glycans act as a ubiquitination
signal, thus providing new insights into the biological roles of sugar
chains coupled to proteins within cells.

Fbs1(117-297), with a molecular mass of 20.6 kDa, and its mutant protein
C132A SBD were cloned into pET15b and expressed in Escherichia coli. Both
proteins were purified by nickel affinity and gel filtration chromatography and
concentrated to 20 mg ml~. All mutations were constructed by QuikChange
mutagenesis kit (Stratagene), using synthetic oligonucleotides, and the
sequences were verified in their entirety.

Crystals of SBD were grown at 25 °C by the hanging-drop vapor diffusion
method. SBD crystals were grown from 1.7 M ammonium sulfate, 0.01 M
nickel chloride, 0.1% {(v/v) PEG400 and 0.1 M Tris-HCl, pH 8.5. The C132A
SBD was cocrystallized with chitobiose {Seikagaku). C132A SBD crystals were
prepared using 1.4 M sodium chloride, 1.7 M ammonium sulfate, 0.1 M PIPES,
pH 7.0, and 30 mM chitobiose. SBEY and its cysteine mutant crystals belonged
1o 3,21 and P4,2,2 space groups, with cell dimensions of a = b = 62.4 A,
c=1172 A, and a = b = 638 &, c = 147.8 A, respectively. Heavy-atom soaks
were done in erystallization buffer with saturated p-chloromercuribenzene sul-
fonate (PCMBS) (for 3 h), 10 mM NaAuCly (15 hy, 10 mM SmCl (15 by,
10mM OsCly (15 h) and 10 mM HgNO; (15 h). Intensity data sets were
collected on a Rigaku R-AXIS IV nickel-filtered double-mirror focused CuKat-
radiation detector. A Rigaku RU-200 rotating-anode X-ray generator was oper-
ated at 40 kV and 100 mA. Data were processed with MOSFLM?! and
SCALA® The structure of the SBD was determined by the multiple isomor-
phous replacement anomalous scattering (MIRAS) method. Phases were caleu-
lated with MLPHARE™ to 2.2 A, The initial clectron density map was then
refined by solvent flattening?” and histogram mapping®® using DM, The ini-
tial model was constructed with Arp/WArp?? and O, The model was refined
ata resolution of 2.0 A with REFMAC3!, Residues 4355 of the SBD have high
temperature factors and are presumably partially disordered.

Intensity data sets of the mutant protein were collected at 100 K. For cryo-
protection, 20% (v/v) glycerol was added to the crystallizing solution. The
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structure of C132A was determined by the molecular replacement technique

32

using AMoRe?* with the refined model of SBD. Structure refinement of the

mutant SBD was guided by referring to the structure of the wild type,

£

Refinement statistics of both structures are summarized in Table 1.

Binding assay. Neuro2a cells were transfected with Flag-tagged murine Fbsl
AN-2(95-297) and its derivatives that lack the region from the N terminus to
the F-box domain’ by lipofection (Lipofectamine Plus; Gibco BRL). At 48 h
after transfection, the whole-cell extracts tWCEs), solubilized with TBS con-
taining 0.5% (v/v) NP-40, were used for immunoprecipitation using motuse
monoclonal anti-Flag  (M2; Sigmaj, or pull-down assay using RNase
B-immobilized resin, as described”. The (co-Jimmunoprecipitated proteins
were detected by immunoblotting using mouse monoclonal antibodies
anti-Flag (M2) and anti-integrin $1 (Transduction Laboratories).

In vitro ubiquitination assay. Recombinant His-tagged human Ubcd was pro-
duced in E. coli. Recombinant His-tagged mouse E1 (Ubal), His-tagged rat
Fbst (AN-2) and each SCFM™' (Flag-tagged human Skpl, human Cull-
HA/His-tagged rat Fbs1 derivatives, T7-tagged human Rocl) were produced by
baculovirus-infected HiFive insect cells. Each SCF™! complex was obtained by
simultaneously infecting four baculoviruses. These proteins were affinity-
purified by a HiTrap HP column (Amersham Pharmacia Biotech), as
fach 1 pg of GTF was incubated in 50 pl of the reaction mixture
:Fbsi

described’.
containing ATP-regenerating system, 0.5 pg E1, | pg Ubcd (E2), 2 pug SCH
6.5 pig recombinant GST-ubiquitin and NEDDS system™ at 30 °C. After the
reaction was terminated by adding 25 pl of 3x SDS-PAGE sample buffer, the
proteins in 8 pl of the boiled supernatants were separated with 5-20% (w/v)
SDS-PAGE, and the high-molecular-mass ubiguitinated proteins were detected
by immunoblotting with anti-fetuin (Chemicon International).

NMR spectroscopy. The DNA fragment encoding residues 97-297 of Fbsiwas
inserted into the pGEX-6P-1 plasmid vector (Amersham Biosciences) with a
N-terminal GST moiety. The protein was expressed in E coli BL2IDES)
CodonPlus strain (Stratagene) in M9 minimal medium with appropriate
[IININILCL and [BCJglucose, GST-fusion protein was purified from cell
lysates on a glutathione-Sepharose column. The fusion protein was cleaved by
incubation with PreScission protease (Amersham Biosciences), and GST was
removed by loading a second glutathione-Sepharose column. The protein was
further purified using a Superose12 gel filtration column.

NMR  samples contained 0.1-1.0 mM  S$BD(97-297) in 10 mM
NaH,PO/Na, HPO,, pH 6.5, 50 mM KCl and 10 mM DTT. For chemical shift
perturbation experiments, a ten-fold molar excess of chitobiose, ten-fold molar

excess of Mano] 3(Mana1/6)Man {Calbiochem) or one molar equivalent of

Man;GleNAc, (Sigma) was added to the protein solution. NMR spectra were
acquired at 30 °C on Bruker DMX500 and DRX800 spectrometers. The TH, PN

and MC resonances of the backbone were assigned using a standard set of

double- and triple-resonance experiments™,

Coordinates. The atomic coordinates of the SBIY and C132A SBD—chitobiose
complex have been deposited in the Protein Data Bank taccession codes 1TUMH
and 1UMI, respectively).

Note: Supplementary information is available os tie Natire Structural & Molecidar
Biology website,
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Parkin binds the Rpn10 subunit of 26S proteasomes
through its ubiquitin-like domain
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Parkin, a product of the causative gene of autosomal-recessive juve-

nile parkinsonism (AR-JP), is a RING-type E3 ubiquitin ligase and has
an amino-terminal ubiguifinlike (Ubl) domain. Although a single
mutation that causes an Arg to Pro substitution at position 42 of the
Ub! domain (the Arg 42 mutation) has been identified in ARJP
patients, the function of this domain is not clear. In this study, we
determined the three-dimensional structure of the Ubl domain of
parhnbyNMR,mpa‘hada'byutemveweofbadd:one“N-‘H
vesidual di data. § of chemsical-shift-perturba-
tion data showed that the parkin Ubl domain binds the Rpn10 subunit
of 265 proteasomes via the region of parkin that includes position 42,
Ouwr findings suggest that the Arg 42 mutation induces a conforma-
tional change in the Rpn10-binding site of Ub, resulting in impaired
proteasomal binding of parkin, which could be the cause of AR-JP.
EMBO reports 4, 301306 (2003)

doi:10.1038/5).embor.embor764

INTRODUCTION

Autosomal-recessive juvenile parkinsonism (AR-JP), one of the most
common forms of familial Parkinson’s disease, is characterized by
selective and massive loss of dopaminergic neurons in the substantia
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nigra of the midbrain and by the absence of Lewy bodies (cytoplasmic
inclusion bodies), which consist of aggregates of abnormally accu-
mulated proteins (Yamamura et al., 1973). The causative gene of
AR-JP, parkin, encodes a 52-kDa protein composed of three parts:
the amino-terminal ubiquitin (Ub)-like domain (Ubl), the carboxy-
terminal RING-finger box and the linker region, which connects the
two domains (Kitada et al., 1998). Recently, parkin was shown to be
a RING-type ubiquitin ligase (or E3 protein) that catalyses protein
ubiquitylation, leading to proteasome-mediated protein degradation
(Emai et al., 2000; Shimura et al., 2000; Zhang et al., 2000). Analysis
of parkin mutations in AR-JP patients has revealed that the molecular
basis of this disease is the loss of parkin E3-enzyme function in the
ubiquitin-proteasome pathway, which may resuit in the accumula-
tion of parkin substrates in neurons (Chung et al., 2001; Imai et al.,
2001; Shimura et al,, 2001).

The C-terminal RING box serves as a recruiting motif for ubiquitin-

. conjugating enzymes (E2 enzymes), such as Ubc4, Ubc?, UbcH7 and

UbcH8, whereas the functional role of the N-terminal Ubl domain is
poorly characterized. The number of identified mutations in the parkin
gene in patients with early-onset parkinsonism has recently increased
(Liicking et al., 2000), and a single mutation that causes an Arg to Pro
substitution at amino-acid position 42 of the Ubl domain has been
identified in one family of AR-JP patients (Terreni et al., 2001). This
mutated parkin protein retains the ability to bind UbcH?, but fails to
co-immunoprecipitate ubiquitylated proteins such as O-glycosylated
o-synuclein (Shimura et al., 2001). These data suggest that the Ubl
domain contributes to the recognition of target proteins.

However, accumulating evidence indicates that various proteins
with Ubl domains, such as Rad23, Dsk2 and their human homo-
logues (HR23a/h and PLIC1/2, respectively), provide links between
26S proteasomes and the ubiquitylation machinery (Hiyama et al.,
1999; Kleijnen et al., 2000; Wilkinson et al., 2001). All of these pro-
teins have Ubl domains at their N termini, and ubiquitin-associated
(UBA) domains at their C termini; the Ub! domains are able to interact
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with 265 proteasomes, whereas the UBA domains can bind to poly-
ubiquitin chains (Buchberger, 2002). Howevey, it has been reported
that a 50-kDa subunit of human 265 proteasomes, originally called
$5a, can bind to polyubiquitin conjugates in vitro, and could there-
fore possibly function as a polyubiquitin-binding subunit (Deveraux
et al., 1994). Several S5a homologues (such as Mbp1, Mcb1, Sunt,
Pus1, p-54 and Rpn1) have been identified in various eukaryotes
(Kawahara et al.,, 2000). Here, we call S5a and its homologues
‘Rpn10’ on the basis of a recent proposal (Finley et al., 1998).
Intriguingly, Rpn10 also binds the Ubl domains of HR23a/b and
PLIC2 (Hiyama et al., 1999; Walters et al., 2002). Mutagenesis studies
have shown that Rpn10 has two highly conserved polyubiquitin-
binding sites, PUbS1 and PUbDS2, each of which contains five
hydrophobic residues forming an alternating pattern of large and
small side-chains (Young et al., 1998). In addition, a homologous
motif with a similar structure, known as a ubiquitin-interacting motif
(UIM), which physically interacts with ubiquitin and/or polyubiquity-
lated chains, was recently identified in various proteins (Hofmann &
Falquet, 2001). NMR studies have shown that the Ubl domains of
HR23a and PLIC2 share a highly conserved hydrophobic surface for
binding Rpn10 (Walters et al., 2002). In the Ubl domain of parkin,
some of the residues comesponding to those in the hydrophabic
Rpn10-binding surface are substituted with polar residues. Therefore,
one cannot predict whether parkin can bind 26S proteasomes
through interaction with the Rpn10 subunit.

in this study, we have determined the three-dimensional (3D}
structure of the Ubl domain of parkin by NMR spectroscopy. Based
on chemical-shift-perturbation data, we provide evidence that Ubl
interacts with Rpn10 using a surface almost identical to the Rpn10-
binding surfaces of the Ubl domains of HR23a and PLIC2. The
Rpn10-binding site determined in this study includes position 42 of
the parkin Ubl domain. We also discuss how these results relate to
the molecular cause of AR-JP. ‘

‘Table 1 | Statistics for NMR structure calculations
Overhauser-effect distance restraints

Total number 489
Inter-residue 15%
Medium range 71
Long range 66
Intra-residue . 193
Number of hydrogen bonds 20
Number of residual dipolar-coupling restraints 129
Dihedral-angle restraints
41
v 41
Mean r.m.s. deviation of backbone atorns 0.371:+0.117
from the average structure (A)
Mean r.m.s. deviation of all heavy atoms 1.025 1 0.086
from the average structure (4)
Deviation from idealized covalent geometry
Bonds (A) 0.005 + 0.000
Angles (°) 0.684 1 0.012
Impropers (°) 0.697 +0.012
Ramachandran plot (%6)
Residues in most favourable region 69.1
Residues in additionally allowed region 26.5
Residues in generousty allowed region 4.4
Residues in disallowed region 0
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RESULTS AND DISCUSSION

The solution structure of the parkin Ubl domain

The Ubl domain of parkin, comprising residues 1-76 of the full-length
protein, was produced as a recombinant protein in Escherichia coli.
Preliminary NMR studies revealed that the Ubl domain forms a disul-
phide-linked dimer, causing a large amount of aggregation during
spectral measurement. Therefore, the solution conditions were opti-
mized by adding 10 mM H, ] dithiothreitol (DTT). However, the
concentration of Ubl never exceeded 0.1 mM, even under these
reducing conditions. Therefore, we carried out all spectral measure-
ments using the parkin Ubl domain at a concentration of 0.1 mM.
Gelfiltration analysis showed that the Ubl domain was monomeric in
the solution conditions used (data not shown). Because extensive col-
lection of the inter-proton restraints based on the nuclear Overhauser
enhancement spectroscopy (NOESY) spectra was difficult to carry
out, due to dilution of the sample solution (approximately 5-10% of
the concentration typically used), the structure determination relied
heavily on orientational restraints with respect to the NMR magnetic
field, We chose two orientational media: bicelle and cetyltriammo
nium bromide (CTAB)-doped bicelle (see Methods) for measuring the
backbone >N-'H residual dipolar couplings (RDCs). The NMR data
used for structure calculations are summarized in Table 1. A final set
of ten structures was selected for 50 restrained molecular dynamics
calculations for the Ubl domain, based on agreement with the experi-
mental data and overall structural quality according to the following
prerequisites: no nuclear Overhauser effect (NOE) violations >0.5 A,
no torsion angle violation >5° and no RDC violations >2 Hz (over a
0.6 Hz range) (Fig. 1A). The secondary structure of the parkin Ubl
domain consists of two a-helices (01: residues e 23-Arg 33; a2:
Gln 57-Asp 60) and five §-sheets (B1: ile 2-Phe 7; B2: His 11-Val 15;
B3: Arg 42-Phe 45; B4: lys 48-Glu 49; B5: Gln 64-Val 70). These are
arranged in a typical ubiquitin fold (Fig. 1B and C). The average r.m.s.
deviations from the average structure within the secondary structural
elements for backbone atoms and for all heavy ators are 0.371 A and
1.025 A, respectively.

Interaction of the parkin Ubl domain with Rpn10

To analyse the interaction of Rpn 10 with the Ub| domain of parkin, we
used the Rpn10 fragment comprising residues 196-306 (Rpn10,,, ,.),
which retains both PUbS1 and PUbS2. Figure 2A shows a comparison
of the '"H-"*N heteronuclear single-quantum coherence (HSQC) spec-
tra of the uniformly-[*N]-labelled Ubl domain in the presence and
absence of Rpn10,,, ... Twenty-one significantly perturbed amide
resonances were observed, whereas the rest of the spectrum remained
unchanged, indicating the formation of a specific complex between
Ubl and Rpn10,,, .. (Fig. 2B). The perturbed residues were mapped
onto the Ub! domain structure (Fig. 2C). The identified contact-surface
comprised the B3 and B4 strands of the parkin Ubl domain and the
residues in their spatial proximity, which comesponds with the
Rpn10-binding surfaces of the Ubl domains of PLIC2 and HR23a
(Walters et al,, 2002).

The Rpn10-binding sites of PLIC2 and HR23a have been character-
ized by the surface clusters of the hydrophobic residues that are bound
by basic residues on the molecular surface, whereas the ubiquitin-
binding site of Rpn10 seems to be a hydrophobic area bound by acidic
residues (Walters et al., 2002). In PLIC2, the hydrophobic cluster
comprises residues lie 75, Ala 77, lle 80, Val 101 and le 102, which
correspond to lle 44, Ala 46, Glu 49, Val 70 and Gln 71, respectively,
in parkin. Mutagenesis studies have shown that hydrophobicity at
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Fig. 1 | The solution structure of the ubiquitin-like (Ubl) domain of parkin. (A) Stereo view of ten converged structures of the parkin Ubl domain. (B) Ribbon
representation of the average structure. §-strands and o-helices are coloured yellow and pink, respectively, in (A) and (B). Numbers in (A) and (B) indicate amino-
acid positions in the Ubl domain sequence. (C) Sequence alignment and secondary-structure elements of the parkin Ubl domain and ubiguitin.

amino-acid position 8 in tetraubiquitin is required for its binding to
Rpn10 (Beal et al., 1998). Position 8 is occupied by Leu, Pro and Asn
in ubiquitin, PLIC2 and parkin, respectively. it should be noted that
parkin also has the ability to bind Rpn10, using the surface area corre-
sponding to the hydrophobic cluster of PLIC2 and HR23a, notwith-
standing the fact that half of the positions in this cluster are occupied
by polar residues in parkin. On the basis of the NMR data from this
study, we suggest that interactions between the Rpn10 and Ubl
domains are not soley due to the hydrophobic properties of the
Ubl domains. It is possible that the relative contributions of the two
ubiquitin-binding sites, PUbS1 and PUbS2, are different when binding
to different Ubl domains. indeed, little or no chemical-shift-perturba-
tion was observed for the Ubl domain of parkin after addition of
PUDBS? or PUbS2 alone (data not shown). This is in contrast with the
finding that the PUbS2 region can interact with the Ubl domain of
PLIC2 and HR23a (Walters et al., 2002), suggesting that the modes of
the interactions between the Rpn10 and Ubl domains are different,
depending on the particular Ubl-domain-containing protein.

Several lines of evidence suggest that E3 proteins associate with
26S proteasomes, thereby recruiting the ubiquitylation machinery (Xie
&Varshavsky, 2000; Jager et al., 2001). The NMR data presented here
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show the structural basis for the proteasomal binding of E3. Recent
studies suggest that the ATPase subunit of 265 proteasomes, not the
Rpn10 subunit, is responsible for binding to the polyubiquitin chain
(Lam et al,, 2002). Taking the data in the present study into considera-
tion, we suggest that parkin and a polyubiquitin-tagged substrate
come together on 26S proteasomes to form an efficient assembly line
for protein degradation.

Our preliminary experiments revealed that a region of endogenous
parkin was co-immunoprecipitated with 265 proteasomes in extracts
from Nero2a cells and from mouse brain extracts (data not shown),
suggesting that parkin interacts with 265 proteasomes, presumably
through the Rpn10 subunit. However, detection of a physical interac-
tion between a glutathione-S-transferease (GST)-fused Ubl domain of
parkin and FLAG-tagged Rpn10 by co-immunoprecipitation/western
biot analysis was unsuccessful, although a clear interaction between
HR23a and Rpn10 was seen under the same conditions (see supple-
mentary information online), indicating that the parkin-Rpn10 inter-
action is weak. Alternatively, it is possible that tagging of parkin and
Rpn10 may prevent any interaction between them under in vitro con-
ditions. However, in yeast, other proteasome subunits—Rpn1 and/or
Rpn2—also bind the ubiquitin-like domain of Rad23 (the yeast
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Fig. 2 | identification of the binding site for Rpn10,,, ., in the parkin ubiquitin-like (Ubl) domain. (A} 'H-*N} lear single-quantum coh e (HSQC)
spectrum of the parkin Ubl domain in the presence (red) and absence (black) of equimolar guantities of Rpn10,,, ... The peaks labelled with L-2, G-1 and $0
originate from the amino-terminal tag. (B) NMR chemical-shift-perturbation data for the parkin Ubl domain. The data are displayed for each residue according to
the equation (0.2 8,2 + 8,2)', where 8, and §,, represent the change in nitrogen and proton chemical shifts on addition of Rpn10,, .. Asterisks indicate residues
the peaks of which became undetectable due to broadening. Secondary structure elements for the parkin Ubl are shown below the graph. (C) Mapping of the
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homologue of HR23a), when only Rpn1 and/or Rpn2 are assembled
into the 268 proteasome complex (Elsasser et al., 2002; Saeki et al.,
2002). Therefore, the possibility of an interaction of parkin with Rpn1
and/or Rpn2, as well as with Rpn10, cannot be excluded. It is of note
that yeast Rpn10 lacks the PUbS2 sequence (Kawahara et al., 2000)
and that the human PUbS2 region, but not the PUbS1 region, can only
interact with HR23a (Hiyama et al., 1999). However, it is unclear

whether the 265 proteasome subunit(s) that functions as a Ubl-domain.

acceptor has changed during evolution. The determination of whether
both Rpni/Rpn2 and Rpn10 function redundantly as Ubl-domain
acceplors, or whether they have distinct functions, awaits further
studies.

SPECULATION

The NMR data presented here indicate that the Arg 42 residue of
parkin is located in the Rpn10-binding site. One family of AR-JP
patients have a point mutation at position 42 (Terreni et al., 2001), in
which Arg is substituted with Pro. it is possible that this mutation
induces a significant conformational change in the Rpn10-binding
site of the parkin Ubl domain, resulting in impaired proteasomal
binding by parkin. Indeed, mutant parkin carrying the Arg-42-Pro
mutation was extremely difficult to dissolve at a submillimolar con-
centration for NMR analysis (data not shown); this insolubility might
be associated with loss of the correct functional conformation in the
mutant form of parkin. We suggest that this defect hampers the for-
mation of an efficient assembly line for protein degradation, and
thereby causes the accumulation of parkin substrates in neurons,
leading to Parkinson’s disease.

METHODS v

Protein expression. The DNA fragment encoding the Ub! domain
(amino acids 1-76) of human parkin was cloned into the pGEX-6P-3
vector (Amersham Biosciences) with an N-terminal GST moiety. For
expression, the plasmid was cotransformed with the plysS plasmid
(Novagen) into the BL21(DE3)CodonPlus E. coli strain (Stratagene). For
the production of isotopically labelled protein, cells were grown in
M3 minimal media containing ["*NIJNH ,Cl(1 gi') and [u-*Clglucose
(2 g I"). The GST-fusion protein was purified from cell lysates using a
glutathione-sepharose column. The fusion protein was cleaved by
incubation with 3 units of PreScission protease (Amersham
Biosciences) for each miiligram of GST-fusion protein for 16 hat 4 °C.
GST was removed by the application of the digested products onto a
second glutathione-sepharose column. Further purification of the pro-
tein was carried out using a Superose12 gel-filtration column
{Amersham Biosciences). DNA encoding mouse Rpn10,,, . was
cloned into the pGEX-6P-1 vector. For expression of Rpn10,, ., the
plasmid was transformed into the £. coli BL21(DE3)CodonPlus strain,
and cells were grown in Luria~Bertani media. The expression and
purification protocols for Rpn10,,, ., were generally the same as
those used for the parkin Ubl domain.

NMR spectroscopy. NMR samples were prepared at a concentration
of 0.1 mMin 90% H,0/10% 2H,0 (v/v), 50 mM potassium phosphate
buffer, 10 mM [H, JDTT, pH 6.0. All NMR spectra were recorded at
303 K using Bruker DRX800 or DMX500 spectrometers equipped
with 5-mm inverse triple-resonance probes with three-axis gradient
coils. Backbone and CP resonances were assigned sequentially using
the following techniques: two-dimensional (2D) "H-"*N HSQC, con-
stant-time-'H-"C HSQC, and 3D HNCA, HN(CO)CA, HNCO,
CBCA(COINH and CBCANH spectra. Side-chain and Hou assign-
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ments were obtained from HBHA(CO)NH, HBHANH, sN-edited
total-correlation spectroscopy (TOCSY), 'N-edited NOESY, *C-
edited NOESY, HCACO, HCCH-COSY and HCCH-TOCSY spectra.
Distance restraints for the parkin Ubl domain were obtained by using
**N-edited NOESY and “C-edited NOESY spectra. For measurements
of residual dipolar couplings, the anisotropic medium used was a
nematic-phase liquid-crystalline state, induced by bicelle and cetyltri-
ammonium bromide (CTAB)-doped bicelie (Ottiger & Bax, 1998). The
final optimized bicelle concentration for both media was 5% (w/w)
for 0.1 mM of the parkin Ubl domain. The 2D 'H-coupled 'H-"SN
HSQC experiments were used to measure the one-bond '*N-'H scalar
coupling (/) values in the isotropic state (in the absence of the liq-
uid-crystalline media) and in the anisotropic media (in the presence of
the bicelle or CTAB-doped bicelle). Initial estimates for the axial com-
ponent of the molecular alignment tensor (Da) and the rhombicity (R)
were obtained from the powder-pattern distribution of the overall
SN-'H RDC ('D,,,) values {Clore et al., 1998). These values were then
optimized in a stepwise manner, using the calculated solution-struc-
ture of the parkin Ubl domain as described previously (Kikuchi et al.,
2002). The final values of Da and R for the parkin Ubl domain were 12
Hz and 0.21, respectively, for the bicelle media, and 18 Hz and 0.42,
respectively, for the CTAB-doped bicelle media. Data processing and
analysis was carried out using a Silicon Graphics O2 workstation with
XWINNMR. The 'H chemical shifts were referenced to external
4,4-dimethyl-4-silapentane-1-sulphonic acid.

Structural determination. Initial calculations were carried out
with the NOE-derived inter-proton distance restraints, and with
the backbone ¢ and y torsion angles restrained by the program
TALOS (Cornilescu et al., 1999), and hydrogen-bond restraints in
the secondary-structure region. The inter-proton restraints were
classified into three categories: 1.8-2.7 A, 1.8-3.5 A and 1.8-
5.0 A, corresponding to strong, medium and weak NOE intensi-
ties, respectively. The hydrogen-bond restraints (two per hydro-
gen bond) were set to INH-O = 1.7-2.3 Aand IN-O = 2.7-3.3 A,
according to the 'H-2H exchange rate for the amide protons,
TALOS-based secondary structure identification and the back-
bone NOE. The RDC-derived restraints were used in the SANI
modules (Clore et al., 1998) for performing a direct refinement
against the measured dipolar-couplings with the program CNS
version 1.1 (Briinger et al., 1998). The calculations were started
with extended structures (Nilges et al., 1988), and consisted of a
torsion angle space dynamics (TAD) measurement, followed by a
Cartesian minimization (Stein et al., 1997). The TAD consisted of
2,000 molecular dynamics steps of 15 picoseconds, carried out
at 50,000 K, and a cooling phase (50,000 steps of 5 femtosec-
onds each) with annealing temperatures from 50,000 K to 0 K.
A second TAD cooling-phase, consisting of 10,000 steps of
2 femtoseconds each, was applied, with annealing temperatures
from 500 Kto 0 K.

The final energy minimization was performed with the follow-
ing force constants: 1,000 kcal mol- A2 for bond lengths,
500 kcal mol™' rad? for angles and improper torsions (which
served to maintain planarity and chirality), 4 kcal mol- A+ for
the quartic van der Waals repulsion term, 10 kcal mol* A2
for the experimental distance restraints, and 0.2 kcal mol-' Hz?
for the 'D,,, RDC restraints. The stereochemical quality of the
structures of the parkin Ubl domain were assessed using the pro-
gram PROCHECK-NMR (Laskowski et al., 1996). Graphic figures
were generated by the program MOLMOL (Koradi et al., 1996).
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The 26 8 proteasome is an evolutionarily conserved
ATP-dependent protease complex that degrades poly-
ubiquitinated proteins and plays essential roles in a
critical part of cellular regulation. In vertebrates, the
roles of the proteasome have been widely studied by use
of specific inhibitors, but not genetically. Here, we gen-
erated a cell line Z~/~/~/Z-HA, in which the expression of
the catalytic subunit of the proteasome, Z (2) could be
manipulated. This cell line expresses exogenous Z pro-
tein under the control of a tetracycline-repressible pro-
moter in a Z-nullizygous genetic background. Treatment
of these cells with doxycycline inhibited Z expression
and, hence, the function of the proteasome. The latter
resulted in accumulation of poly-ubiguitinated proteins
and concomitant induction of molecular chaperones
Hsp70 and Hsp40. These resulis suggest a synergistic
role for the proteasome with these molecular chaper-
ones to eliminate misfolded or damaged proteins irn vivo.
Furthermore, knockdown of the proteasome induced
apoptotic cell death following cell-cycle arrest at Gy/M
phase. Qur Z~/~/~/Z-HA cell line would be useful for eval-
uating proteolytic processes catalyzed by the protea-
some in many biological events in vertebrate cells.

The 26 S proteasome with a molecular mass of ~2500 kDa
consists of the central 20 S protease (catalytic core) and two
outer 19 S regulatory particles (alias PA700), functioning as a
protein-destroying machine responsible for energy-dependent
proteolysis (1, 2). The 20 S proteasome is composed of two
copies of 14 different subunits: 7 distinct « and 7 distinct B type
subunits. It is a barrel-like particle formed by the axial stack-
ing of four rings made up of two outer a-rings and inner
B-rings, being associated in the order of affa. Three out of
seven B-type subunits of each inner ring have catalytically
active threonine residues at their N termini, and these active
sites reside in a chamber formed by the centers of the abutting
B-rings. The eukaryotic 20 S proteasome has at least three
different catalytic activities against synthetic peptide sub-
strates; i.e. a trypsin-like, chymotrypsin-like, and caspase-like

(or peptidylglutamyl-hydrolyzing) activities, that contribute to
the hydrolysis of multiple peptide bonds in a single polypeptide
by a coordinated mechanism (1, 3, 4).

To date, yeast proteasomal mutants and membrane-perme-
able inhibitors have been used to determine in vivo functions of
proteasomes, which have created diverse arrays of evidence on
the biological importance of proteasomes such as the cell cycle,
immune response, signaling cascades, and protein quality con-
trol in various eukaryotes (5, 6). Indeed, budding yeast mu-
tants that lack some peptidase activities have contributed
greatly to our understanding of the involvement of proteasomes
in the degradation of many unstable key proteins (7), but their
application to higher organisms has not been tested. Various
substrate-related peptidyl compounds such as MG-132 and
Z-L,VS have been devised as potent inhibitors of proteasomes
(8, 9), but caution must be exercised in their use for interpret-
ing proteasome functions, because they inhibit not only protea-
somes but also other proteases. In contrast to these compounds,
new microbial metabolites, such as lactacystin and eponemy-
cin, were found to induce selective inhibition of proteasomes
that do not affect other proteases examined so far (10, 11).
However, although these metabolites bind to active threonine
residues of proteasomes, the possibility that they inhibit other
as-yet-unidentified threonine protease(s) cannot be ruled out
completely. Therefore, genetic approaches capable of manipu-
lating proteasomal activities are still required to determine the
in vivo functions of proteasomes in higher organisms such as
vertebrate celis.

For this purpose, we disrupted proteasome subunit Z (for-
mally designated p2) gene (cpsmb7?) in chicken B cell line DT40
then established Z/~/~/Z-HA cells that express a tetracycline-
repressible HA'-tagged Z protein (Z-HA). This construct could
manipulate proteasome levels in vertebrate cells by repressing
the Z-HA by doxycycline (Dox) treatment. Using these cells, we
found that reduction of proteasomes caused not only G,/M
arrest during cell-cycle progression but also induction of apop-
tosis. Moreover, our results surprisingly showed that reduced
proteasomes functions induced the expression of major molec-
ular chaperones Hsp70 and Hsp40, suggesting a potential link

* This work was supported in part by a grant-in-aid from the Ministry
of Education, Culture, Sports, Science and Technology, Japan. The
costs of publication of this article were defrayed in part by the payment
of page charges. This article must therefore be heraby marked “adver-
tisement” in accordance with 18 U.S.C. Section 1734 solely to indicate
this fact.

The nucleotide sequence(s) reported in this paper has been submitted
to the GenBank™/ EBI Data Bank with accession number(s) ABO98728.

9 To whom correspondence should be addressed. Tel /Fax: 81-3-3823-
2237; E-mail: tehiba@rinshoken.or jp. .
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* The abbreviations used are: HA, hemagglutinin; Bleo, phleomycin;
Boc-LRR-AMC, ¢-butyloxycarbonyl-Leu-Arg-Arg-AMC; Bsd, blasticidin;
Dox, doxycyeline; ODC, ornithine decarboxylase; Puro, puromycin;
Suc-LLVY-AMC, succinyl-Leu-Leu-Val-Tyr-7-amino-4-methycouma-
rine; tTA, tetracycline-controlled transactivator; Z-LLE-AMC, carbo-
benzoxy-Leu-Leu-Glu-AMC; TdT, terminal deozytransferase; WST-8,
2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)- -
2H-tetrazolium, monosodium salt; TUNEL, TdT-mediated dUTP-bictin
nick end-labeling; ER, endoplasmic reticulum; UPR, unfolded protein
response.
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Fia. 1. Conditional knockdown of proteasome Z subunit in DT40 cells. A, schematic representation of part of Z locus and targeting
vectors. Wild-type (WT) and targeted alleles (Z/Bsd, Z/Puro, and Z/Bleo) are shown, B, genpmic Southern blot analysis of wild-type (+/+/+), two
heterozygous mutants (+-/+/— and +/—/~), and hemozygous mutant (—/—/—), Genomic DNAs were digested with EcoRI and hybridized with the
probs indicated in A. C, expresaion of Z-HA mRNA upon Dox treatment. Z~/~/~/Z-HA cells were Dox-treated for the indicated times, and total RNAs
were subjected to Northern blot analysis. Expression of Z-HA (fop) and ethidium bromide staining of the total RNAs (bottorn) are shown. D,
expression of Z-HA protein upon Dox treatment. Cell exiracts (2 ug of protein), obfained from cells treated as in C, were Western blotted with
anti-chicken Z antibody. The lower signal is the mature form (solid arrowhead), whereus the upper signal corresponds to the precursor form (open

arrowhead).

between proteasome-mediated proteolysis and stress response
for protein homeostasis in the cell.

EXPERIMENTAL PROCEDURES

Plasmid Constructs—Partial chicken Z ¢cDNA was obtained from
DT40 cells-derived mRNAs by reverse transcription-PCR method, The
primers (5'-GACACGAGGGCGACCGAAGGGATG-8' and 5'-GCGGCT-
GCTCAGGAAGTATCCATG-3') were synthesized based on expressed
sequence tag sequence (A.JJ897678). The full-length ¢cDNA and genomic
DNA were obtained by seresning chitken muscle eDNA and genomic
DNA libraries (Stratagene). The Z targeting vectors were designed by
replacing the DNA segment that encompasses ezon 1 to exon 3, with
drug-resistant cassettes for blasticidin (Bsd), puromyein (Puro), and
phleomycin (Bleo). A hemagglutinin (HA) tag was fused to the 3'-end of
chicken Z ¢cDNA coding regions by PCR amplifications. HA-tagged
chicken Z ¢DNA (Z-HA) was inperfed into the pUHD10-3 vector at the
EcoRI gite and the Sspl site was replaced with the HindIIl site by a
Hindlll linker. To construct a tetracycline (tet)-regulatable Z expres-
sion vector, tTA-dependent promoter flanked with HA-tagged chicken Z
¢DNA were recovered from pUHD10--3-Z-HA by digestion with HindIIl
and inserted into the HindIll site of ptTA2-Neo vector (Clontech) that
encode tet-ropressible tTA (tetR-VP16). The resulting plasmid (ptTA2-
Neo-tetZ-HA) expresses Z-HA protein under the control of the tetR-
VP16 (12).

Cell Culture and Transfection—ID¥T40 cells were cultured in
RPMI1640 medium containing 10% (v/v) fetal bovine serum, 5% (v/v)
chicken serum, 10 uM 2-mercaptoethanol, and antibiotics (panicillin
and streptomycin) at 89.5 °C under 5% CO,. Cells were electroporated
at 26 microfarads and 650 V (Bio-Rad) as described previously (13).
Stable transformants wers selected with each drug at the following
concentrations: 2.0 mg/ml Gensticin (Sigma), 0.5 pg/ml puromycin (Sig-
ma), 50 pg/ml blasticidin-8 (Funakeshi), and 0.3 mg/ml phleomyrin
(Sigma). Cell viability was assayed by measuring the metabolic activity
using tetrazolium salt WST-8 (2-(2-methoxy-4-nitrophenyl)-3-(4-nitro-
phenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt, Cell

Counting Kit-8, Wako). After incubating the cells with WST-8, the
optical density was read as specified hy the manufacturer. Dox was
used at a concentration of 2 pg/ml for the indicated times.
Antibodies—Anti-chicken Z polyclonal antibody was raised in rabbits
using a purified recombinant His-tagged Z protein expressed in Esch-
erichia coli BL21. Anti-Hsp70 (MBL), anti-Hap40 (Stress Gen), anti-
actin (Chemicon), anti-Weel {Santa Cruz Biotechnology), anti-poly-
ubiquitin (MBL), horssradish paroxidase-conjugated anti-rabbit and
anti-mouse IgG antibodies (Amersham Biosciences) were purchased.
Western. Blot Analysis—Cells were lysed in 60 my Tris-HCI (pH 8.0)
containing 0.1% TritonX-100 and protease inhibitor mixture (Roche
Molecular Biochemicals). Following a brief sonication, the extracts were
cleared by centrifugation and subjected to 10-20% SDS-PAGE (14).
After transfer onto polyvinylidene difivoride membranes (Millipore),
protoing were detected by specific antibodies with the ECL method
(Amersham Bioaciences), Protein concontration was measured by the
msthod of Bradford with bovine serum albumin as a standard (15).
Southern Blot Analysis—Genomic DNAs were isolated by using a
DNeasy tissue kit (Qiagen). Genomic DNA (16 pug) was digested with

EcoRl, separated in a 0.7% (w/v) agarose gel, and transferred onto a

Hybond N* nylon membrane (Amersham Biosciences). The membrane
was hybridized with ®**P-labeled probe (Clal-EcoRI fragment indicated
in Fig. 1A), washed at high stringency, and then autoradiographed.

Northern Blot Analysis—Total RNAs were isolated by using an
RNeasy Mini kit (Qiagen). Approximately 156 pg of total RNAs was
soparated and transferred onto a Hybond N* nylon membrane. The
membrane was hybridized with 52P-Iabaled full-length chicken Z cDNA
probe, washed at high stringency, and then autoradiographed.

Glycerol Gradient Fraction—Cells were lysed in 26 mu Tris-HCI (pH
7.5) containing 1 mu dithiothreitol with 2 mu ATP by eonication, and
the lysates were centrifuged at 15,000 X g for 30 min. The supernatants
were subjected to glycerol gradient centrifugation with 10-40% glyc-
erol in the above buffer. After centrifugation at 83,000 X g for 22 h
using a Beckman SW28 rotor, the gradient was separated into 30
fractions of 1 ml each (18).
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Assay of Peptidase Activity—Hydrolygis of the synthetic peptides,
succinyl-Leu-Leu-Val-Tyr-7-amino-4-methycoumarine (Suc-LLVY-
AMC), t-butyloxycarbonyl-Leu-Arg-Arg-AMC (Boc-LRR-AMC), and car-
bobenzoxy-Leu-Leu-Glu-AMC (Z-LLE-AMC) was measured under the
presence or absence of 0.05% SDS as described previously (17). One unit
of peptidase activity was defined as the amount that degraded 1 nmol of
a given fluorogenic peptide per minute.

Assay of [*°SIODC Degradation Activity—*S-Labeled ornithine de-
carboxylase (ODC) was produced in vitro by translating rat ODC mRNA
in rabbit reticulocyte lysates with 35S-labeled Met and Cys
(PerkinElmer Life Sciences) and then immunopurified. The degrada-
tion of ODC was assayed as described previously (17). In brief, #8-
labeled ODC (30004000 cpm) was incubated with antizyme, ATP, and
enzyme solution in buffer containing the ATP regenseration system at
87 °C for 1 h. The reaction mixtures were then precipitated with tri-
chloroacetic acid, the radioactivity of the trichloroacetic acid-zoluble
fraction was measured, and the activity was expressed as a percentage
of total ODC radioactivity added.

Flow Cytometric Analysis—Cells were fixed in 70% ethanol in phos-
phate-buffered saline at 4 °C. Fixed cells were washed in phosphate-
buffered saline, incubated with 0.26 mg/ml RNase A at 37 °C, and
stained with 10 pg/ml propidium iodide at 4 °C, DNA contents were
measured by a flow cytometry and cell cyele profiles were analyzed by
the Expo ADC analysis program (Beckman Coulter).

Immunofiuorescence and TUNEL Asscy—Cells were fixed in 1%
paraformaldehyde. For immunofiuorescence analysis, anti-HA mono-
clonal antibody (BAbCO) and Alexa Fluor 594 gost anti-mouse 1gG
antibody (Molecular Probes) were used. Nuclei were counterstained
with TOTO8 (Molecular Probes). Apoptotic cells were detected by TdT-
mediated dUTP-biotin nick end-labeling (TUNEL) assay using an
Apoptag kit (Intergen). The assay was pexformed according to instruc-
tions provided by the manufacturer. Fluorescence images were obtained
using a confocal laser microscope (Zeiss and Bio-Rad).

RESULTS

Genetic Manipulation of Proteasome Function—To examine
the cellular roles of proteasomes in vertebrates, we generated a
cell line that could genetically manipulate the level of the
proteasome subunit that confers a peptidase activity. Chicken
B cell line DT40 is advantageous for this purpose, because of its
officient rate of homologous recombination (13). Full-length
chicken Z cDNA was obtained by screening a chicken muscle
c¢DNA library using the partial ¢cDNA fragment obtained by
reverse transcription-PCR. The full-length chicken Z ¢DNA
deduced a protein of 277 amino acids (accession number
AB098728), displaying 57.4% and 83.8% identities with Sac-
charomyces cerevisiae and human, respectively, at the amino
acid level, To disrupt the proteasome Z gene (cpsmb7), chicken
Z genomic DNA was isolated from chicken genomic DNA 1i-
brary, and the targeting vectors were constructed as shown in
Fig. 1A, The vectors were designed to create a null allele by
replacing the DNA segment that encompasses exon 1 to exon 3,
which encodes the first 85 amino acids, including the essential
catalytic site (threonine 44 in the exon 2), with drug-resistant
casssttes. DT40 cells that contnin three functional Z genes
(cpsmb7) were succesgively transfected with each targeting
vector, and the homologously recombined clones were identi-
fied by genomic Southern blot (Fig. 1B). Because the null mu-
tant was expected to be lethal, we transfected the tet-regulat-
able Z-HA expression vector (ptTA2-Neo-tetZ-HA vector), in
which the expression of Z protein couid be shut off by Dox
treatment, and isolated their stable transformants after the
first allele was dierupted by Bad construct. The second and
third loci were disrupted by Puro and Bleo constructs, respec-
tively. Finally, we obtained the Z~/~/~/Z.HA clone thai ex-
pressed Z-HA in a Z-nullizygous genetic background. The
genomic Southern blots of representative clones are shown in
Tig. 1B. Homologous recombination was identified as appear-
ance of new 5.2-, 12-, and 11.5-kb bands cerresponding to the
targeted alleles generated by the Bsd, Puro, and Bleo con-
structs, respectively.

We then tested the effect of Dox freatment on Z-HA expres-
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F1G. 2. Proteasome activities in Dox-treated Z~'~/~/Z-HA cells.
Cell extracts (20 pg of protein) were obtained from Dox-ireated or
untreated cells for indicated times, and peptidase activities were meas-
ured against ODC (A) and synthstic peptides; i.e. a chymotrypsin-like
(B, Suc-LLVY-AMC), a trypsin-like (C, Boe-LRR-AMC), and a caspase-
like (D, Z-LLE-AMC) activities, Open circles, Dox~untreated Z~/~/~/
Z-HA cells; solid circles, Dox-treated Z™/~/~/Z-HA cells; open iriangles,
Dox-untreated wild-type cells; solid triangles, Dox-treated wild-type
cells. Note that a caspase-like activity was assayed in the presence of
0.06% SDS, whereas the chymotrypein-like and trypsin-like activities
were without 8DS (for the reason, see Fig. 8, upper panels, and text).
Data represent the mean + 8.D. values of four independent analyses.

sion in Z~/~/~/Z-HA cells. Dox treatment of Z~/~/~/2-HA cells
reduced the mRNA and protein expression of Z-HA to unde-
tectable lovels at 24 h after Dox treatment (Fig. 1, C and D).
Western blot with anti-Z antibody detected both precursor and
mature forms of Z-HA. The latter form migrated below the size
of the former (Fig. 1D). It is known that the catalytic subunits
are synthesized as precursor forms and processed into the
mature form during the assembly of the 20 S proteasome com-
plex (18). The mature form co-sedimented with the 20 S pro-
teasome, whereas the precursor form was detected in the
lighter fraction when the cell extracts were fractionated by
glycerol density gradient centrifugation (see Fig. 3, lower pan-
els), suggesting that Z-HA is processed and incorporated into
the 20 S proteasome.

Depletion of Z Subunit Resulted in Loss of Proteasome Ac-
tivity—Based on yeast studies, Puplp, which corresponds to
Z/B2, is known to confer trypsin-like activity (19, 20). In the
next step, we tested whether loss of Z results in specific loss of
trypsin-like activity. After Dox treatment, cells were serially
collected at the indicated times and cell fractions were pre-
pared. The cell fractions were firat tested for their ability to
degrade ODC, a proteasome-specific substrate independent of
ubiquitination. As shown in Fig. 24, ODC-degrading activities
gradually decreased upon Dox treatment. These effects were
not seen in Dox-untreated cells or Dox-treated wild-type DT40
cells. Testing for the specificity of peptidase activities showed
that not only trypsin-like activity, but also other peptidase
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Fic. 3. Sedimentation velocity anal-
ysis of wild-type and Z~/~/~/Z-HA eell
extracts. Samples (4 mg of protein) of the
wild-type (WT) and Z~'~/~/Z-HA cells
treated with or without Dox for 30 h were
fractionated by glycerol density gradient
centrifogation (10~40% glycerol from
fractions 1 to 30) as deseribed under “Ex-
perimental Procedures.” After fraction-
ation, aliquots (20 pl) of individual frac-
tions were used for an assay of three
peptide hydrolysis with (solid circles) or
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without (open circles) 0.06% SDS. The
degradation of **S-ODC (crosses) was also
assayed. Elution positions of purified 20
and 26 S proteasomes are shown. Lower
panel, Weatern blot analysis. Proteins in
200 ul of each fraction were precipitated
with acetone, subjected to SDS-PAGE,
and stained by Western blot analysis us-
ing an anti-chicken Z antibody. Numbers
correspond to fraction numbers in the up-
per panels. The golid and open arrow-
heads point to the mature and precursor

hydrolysds (eelteial)
g k%

&

A

forms of Z, respectively, similar to Fig.
iD.

2 4

4

LIB-AMC mluﬂifg Boo-lBR-AML

"1 2

chymoirypsin-like and caspase-like activities were reduced
(Fig. 2, B-D).

To further confirm that these peptidase activities represent
proteasome-specific activities, Z™/~/~/Z-HA cells were treated
with or without Dox for 30 h, and the cell extracts were further
fractionated by glycerol density gradient centrifugation and
subjected to peptidase assay and Western blot analysis. As

shown in Fig. 3 (upper panels), in wild-type cells, active enzyme '

with chymotrypsin-like and trypsin-like activities was sedi-
mented with a sedimentation coefficient of ~26 S, but low
activity was found in sglowly sedimenting fractions correspond-
ing to the sedimentation position of the purified 20 S protea-
some. Addition of 0.06% SDS, which is a potent artificial acti-
vator of the latent 20 S proteasome, caused marked
enhancement of chymotrypsin-like activity in fractions sedi-
menting like the 20 S proteasome, as reported previously (16).
Note that no obvious caspase-like activity was observed with-
out SDS, but its strong activity could be measured in the
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presence of 0.06% SDS. ODC-degrading activity as well as
thess three types of peptidase activities were high and compa-
rable in the Dox-untreated Z~/~/~/Z-HA cells at wild-type lev-
els, whereas they were greatly decreased in the Dox-treated
Z7/~'~17-HA cells (Fig. 3, upper panels).

Waestern blot analysis revealed that the mature form of Z
protein migrated in the fractions 11-19 with 20-26 S protsa-
somes (Fig. 3, lower panels). The precursor form of Z in wild-
type cell extracts migrated at lighter fractions 7-11. These
fractions corresponded to 16 S pre-proteasomal particles as
reported previously (18). On the other hand, the precursor
Z-HA in Dox-untreated Z~/~/~/Z-HA cell extracts was recovered
in fractions 1-11, The precursor Z-HA observed in fractions 1-6
might be the free form based on its exogenous overexpression.
Nonetheless, most mature Z-HA was recovered in the fractions
containing sediments of 20-26 S proteasomes, indicating that
Z-HA is assembled into these proteasomes. Of note, in the
21~ f7-HA cells with Dog, the mature Z-HA was reduced, and
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FiG. 4. Accumulation of poly-ubiguitinated proteins in Z/~/
Z-HA cells. The wild-type (WT) and Z""{Z-HA cells were txeated
with (+) or without (~) Dox for 30 h. Cell extracts (10 pg of protein)
were subjected to Western blot analysis using an anti-poly-ubiquitin
antibody. .

precursor Z-HA was not ebserved in fractions 7-11. In addition,
very low mature Z-HA was recovered neay top fractions 1-5,
which might be generated by disassembly of the 20 S
proteasome.

The peptidase activities in fractions of the mature form of
Z-HA were high in untreated cells, whereas they were mark-
edly low in Dox-ireated cells fractionated in the same manner
(Fig. 3, upper panels). Taken together, these results suggest
that Z-HA is functionally active and that proteasome activity is
dependent on the expression of Z-HA. Because not only trypsin-
like activity but also other peptidase activities were affected by
loss of Z-HA, we concluded that the integral functions of the
proteasome are impaired probably due to its inappropriate
assembly and/or maintenance of the complex.

Accumaulation of Poly-ubiquitinated Proteins Associated with
Loss of Z—In the next experiment, we analyzed the levels of
cellular poly-ubiquitinated proteins after Z depletion. After
wild-type DT40 and Z~/~/~/Z-HA cells had been treated with
Dox for 30 h, these cell extracts were analyzed by Western
blotting using an anti-poly-ubiquitin antibody. As shown in
Fig. 4, poly-ubiquitinated proteins considerably increased in
crude extracts from the Z~/~/~/Z-HA cells by Dox treatment,
whereas the pattern of poly-ubiquitinated proteins remained
unchanged in wild-type cells, irrespective of Dox treatment.
These results suggested that the dysfunction of proteasomes
leads to accumulation of poly-ubiquitinated proteins.

Z Subunit Is Essential for Viability—Because most of the
proteasome subunit is essential in yeast, we tested the effect of
loss of proteasome function on cell viability of Z~/~/~/Z-HA
cells. For this purpose, Z~/~/~/Z-HA cells were treated with Dox
for the indicated times and their viability was measured (Fig.
BA). Dox-treated Z~/~/~/Z-HA cells proliferated in the first 24 h
but began to decrease from 30 h of treatment. Flow cytometrie
analysis of these cells showed their arvest at G,/M phase (Fig.
5B). We next examined the expression of Weel kinase, which
plays a role in checkpoint mechanism at Go/M phase (21).
Considerable accumulation of Weel kinase was noted at 24 h

after Dox treatment (Fig. 6C). Furthermore, flow cytometry
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revealed cell death at 30 h after Dox treatment (Fig. 5B). To
examine whether this was due to apoptosis, we performed
TUNEL analysis (Fig. 8D). The apoptotic cells had large nuclei
and less Z-HA expression. Taken together, these resulis indi-
cated that loss of Z-HA and proteasomal activities result in
cell-cycle arrest at G,/M phase followed by cell death. It is
worth noting that residual Z-HA was present mainly in the
cytoplasm as a punctate-like structure and to a lesser extent in
the nuclei of Doxz-treated cells, whereas it was uniformly pres-
ent in the cytoplasm and rather abundantly in the nuclei of
untreated cells (Fig. 6D).

Enhanced Expression of Hsp70 and Hsp40 in Proteasome-
defective Cells—1It is known that damaged proteins and/or mis-
folded proteins are rapidly eliminated from the cells by the
ubiquitin-proteasome system. Indeed, proteasome inhibitors
induce accumulation of such abnormal proteins in the cells and
irigger signals that up-regulate the expression of certain mo-
lecular chaperones in the cells (22). Given that the expression
of proteasomes can be reduced in Z~/~/~/Z-HA cells, we next
examinetd whether Z depletion could up-regulate the expres-
sions of major molecular chaperones, Hsp40 and Hsp70 in
Z-'~'~{Z-HA colls. As shown in Fig. 6 (lower panels), Hsp40 and
Hsp70 were consistently up-regulated by Z depletion in Z™/~/
-fZ-HA cells, In contrast, these effects were not observed in
Dox-treated wild-type DT40 cells (Fig. 6, upper panels). These
results suggested that these molecular chaperones are up-reg-
ulated upon loss of proteasome function.

DISCUSSION

The protessome is a multifunctional protease complex and
essential for cell viability. We generated Z~/~/~/Z-HA cell line
in which the expression of proteasome subunit Z could be
manipulated by Dox. This cell line expressed Dox-repressible Z
protein, tagged with C-terminal HA peptide. The C-terminal
HA-tag did not interfere with the wild-type function of Z, be-
cause (i) Z-HA complemented the lethality of Z null-phenotype
(Fig. BA) and (ii) Z-HA was processed in mature form and
incorporated into the proteasome complex (Figs. 1D and 3).
Depletion of Z-HA resulted in inhibition of three types of pro-
teasomal peptidase activities and ODC-degrading activity
(Figs. 2 and 8). Furthermore, considerable accumulation of
poly-ubiquitinated cellular proteins was observed in vivo (Fig.
4). This is consistent with the fact that cellular poly-ubiquiti-
nated proteins accumulate in the yeast proteasomal tempera-
ture-sensitive mutants under restrictive temperature (23).
Taken together, these results suggest that the Z subunit is
esgential for the integrity of proteasome.

The proteasome is the major protease for poly-ubiquitinated
proteins and known to degrade many cell-cycle regulators dur-
ing the cell cycle progression. Most of the yeast proteasome
subunit mutants, although not all, exhibit cell-cycle arrest at
the Go/M phase rather than the G,/S phase (24). Our data also
indicate that the major function of the proteasome in cell-cycle
regulation is required at the G,/M phase rather than the G,/S
phase. The essential substrates to be degraded by the protea-
some at G,/M phase were not characterized in this study;
however, we observed accumulation of Weel kinase in Z-HA
knockdown cells (Fig. 8C). The Weel kinase is known to phos-
phorylate cyclin-dependent kinase 1 and thus plays a eritical
role in the checkpoint mechanism by inhibiting cyclin-depend-
ent kinase 1 activity (21). Whether Weel kinase is one of the
essential substrates or simply accumulates due to cell-cycle
arrest at G,/M phase remains to be elucidated.

The ubiquitin-proteasome system has been implicated in
quality control of proteins in the cytosol and endoplasmic re-
ticulum (ER). Accumulation of unfolded proteins in the ER
induces the unfolded protein response (UPR), which (i) halts
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FiG. 5. The Z subunit is essential for cell viability, A, eell survival after Dox treatment; Z7/~/~/Z.HA colls (2 X 10*cells) were cultured in the
presence (solid circles) or absence (open circles) of Dox -for indicated times (D, 6, 24, 30, and 48 h), and their viabilities were measured. Data
rapresent the mean *+ 8.D. values of four independent analyses. B, cell cycle analysis. Cells were treated as in A and subjected to flow cytometric
analyses. Left panel, Dox-untreated Z~/~"~/Z-HA cells; right panel, Dox-treated Z™/*/~/Z-HA cells. Displayed data show typical patterns, and

essentially similar results were obtained in at least thiree independent

ex/pedmenté. C, Increment of Weel in Z-depleted eells. The crude extracts

(20 pg of protein), prepared from wild-type (WT) (upper panels) and Z~/~/~/Z-5A (lower panels) calls that had been cultured with or without Dox
for 24 h were immuncblotted with anti-Wesl antibedy: D, immunofluoreseence analysis. Cells were treated as in A for the indicated times (0, 80,
and 48 h) and mounted onto slides, fixed, and stained, DNA stain (TOTQ-3, blue), the expression of Z-HA (eHA, red), and apoptotic signals
(TUNEL, green), in the same cells are shown together with the merged images (Merge).
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Fic. 6. Enhanced expression of molecular chaperones Hsp70
and Hsp49 in Dox-treated 2"/~ fZ-HA cells. Wild-4yps (WT) (upper
panels) and Z7'~'~/Z-HA (lower panels) cells were treated with or with-
out Dox for 30 h. Cell extracts (10 ug of protein) were prepared and used
for immunoblotting with antibodies against Z, Hsp40, Hep70, and actin.
The solid arrowheads indicate the respective proteins, whereas open
arrowheads show the precursor form of Z.

the translation of newly synthesized proteins, (if) enhances the
expression of molecular chaperones, and (iif) back transloeates
unfolded protein in the ER to the cytosol for proteasome deg-
radation (25). The last process is called ER-associated protein
degradation among the UPR reactions (26). In the present
study, our results showed that inhibition of the profeasome
enhances the expression of Hsp70 and Hsp40. The latter is
known to collaborate with the former for folding newly synthe-
sized and damaged proteins (27). How the cells sense the level

of the proteasome and induce these molecular chaperones is
unknown at present. However, this process is most likely due to
enhanced UPR, because failure of protein degradation results
in accumulation of abnormal proteins. Furthermore, the ex-
pression of molecular chaperone might be further enhanced
following failure of the ER-associated protein degradation
pathway. .

Ubiquitin and proteasome-dependent protein degradation
play essential roles in various biological events as mentioned in
the introduction. In this regard, recent studies in the ubiquitin
field reveal novel functions for ubiquitin in various biological
events such as endocytosis, DNA repair, transcriptional regu-
lation, and kinase activation (28). Whether these events do or
do not involve proteasome-dependent degradation remain to be
elucidated by genetic means, because proteasome inhibitors
are known to inhibit some of the above biological events, such
as endocytosis (29), Furthermore, many de-ubiquitinating en-
zymes that counteract with ubiquitination are vital in the cells
(28). Thus, Z~/~~/Z-HA cells could be used as a tool for exam-
ining the function of proteasomes in various cellular events
that, at least, involve ubiquitination.
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F-box proteins are substrate recognition components
of Skpl-Cullinl-F-box protein-Rocl (S8CF) E3 ubiquitin-
protein ligases. We reported previously that Fbsl (F-box
protein that recognizes sugar chains; equivalent to Fbx2
or NFB42) binds specifically to proteins attached with
high mannose oligosaccharides and subsequently con-
tributes to elimination of N-glycoproteins in cytosol (Yo-
shida, Y., Chiba, T., Tokunaga, F., Kawasaki, H., Iwai, K.,
Suzuki, T., Ito, Y., Matsucka, K., Yoshida, M., Tanaka, K.,
and Tai, T. (2602) Nature 418, 438-442). Here we report
the identification of another F-box protein that recog-
nizes N-glycan, Fbs2 (called Fbx6b or FBG2 previously).
Although the expression of Fbsl was restricted to the
adult brain and testis, the Fbs2 transcript was widely
expressed. The Fbs2 protein forms an SCFY™*2 ubiquitin-
ligase complex that targets sugar chains in N-glycopro-
teins for ubiquitylation. Only glycoproteins bound to
concanavalin A lectin and not to wheat germ agglutinin
or Ricinus communis agglutinin interacted with Fbs2 in
various tissues and cell lines. Pull-down analysis using
various oligosaccharides revealed that Man, ;GlcNAc,
glycans were required for efficient Fbs2 binding,
whereas modifications of mannose residues by other
sugars or deletion of inner GlcNAc reduced Fbs2 bind-
ing. Fbs2 interacted with N-glycans of T-cell receptor
a-subunit (TCRa), a typical substrate of the endoplasmic
reticulum-associated degradation (ERAD) pathway, and
the forced expression of mutant Fbs2AF, which lacks the
F-box domain essential for forming the SCF complex,
and decrease of endogenous Fbs2 by small interfering
RNA led to inhibition of TCRa degradation in cells.
Thus, Fbs2 is a novel member of F-box protein family
that recognizes N-glycans and plays a role in ERAD.

Selective protein degradation by the ubiquitin-proteasome
pathway serves as a powerful regulatory mechanism in a wide
variety of cellular processes. Ubiquitin conjugation requires
the sequential activities of three enzymes or protein complexes
called the ubiquitin-activating enzyme (E1),! the ubiquitin-
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conjugating enzyme (E2), and the ubiquitin-protein ligase (E3)
(1). In the ubiquitin pathway, E3 plays an important role in the
selection of target proteins for degradation, because each dis-
tinet E3 usually binds a protein substrate with a degree of
selectivity for ubiquitylation. E3s are believed to exist as mol-
ecules with a large diversity, presumably in more than hun-
dreds of species, which are classified into many subfamilies.
One of the best characterized E3 families is the Skp1-Cullinl-
F-box protein-Roel (SCF) complex (2). The SCF is composed of
a Cullin1/Cdc53, Skpl, Roc1/Rbx1/Hrtl, and one member of a
large family of proteins called F-box proteins. F-box proteins
typically have a bipartite structure with an N-terminal F box
motif consisting of ~40 amino acid residues and a C-terminal
region that interacts with the substrate and, thereby, the func-
tion of the F-box protein is to trap target proteins (3, 4). How-
ever, it remains elusive how E3s accurately recognize target
proteins. Accumhulating evidence suggests that phosphoryla-
tion of target proteins is a prerequisite for their recognition by
SCF complexes (1, 2, 4). In addition, it has been shown that
proline hydroxylation of the transcription factor hypoxia-in-
duced factor 1a (HIF1a) serves as a signal for ubiquitylation by
the SCF-like Cullin2-based VBC ubiquitin-ligase (5, 6). On the
other hand, we have reported recently that Fbx2 forms an
SCF¥*2 ybiquitin ligase complex that targets sugar chains in
N-linked glycoproteins for ubiquitylation (7). Thus, Fbx2 is a
novel example of F-box proteins that have evolved to recognize
protein modifications other than phosphorylation and hydroxy-
lation. N-glycosylation acts as a targeting signal to eliminate
intracellular glycoproteins by Fbx2-dependent ubiquitylation
and subsequent proteasomal degradation.

N-glycosylation of the proteins occurs when newly synthe-
sized proteins enter the endoplasmic reticulum (ER) through
the translocation channel “translocon.” N-glycans play an im-
portant role in glycoprotein transport and sorting (8), in par-
ticular at the initial step of secretion that occurs in the ER
compartment (9, 10). N-linked glycoproteins are subjected to
“quality control” in which aberrant proteins are distinguished
from properly folded proteins and retained in the ER (10). The
quality control system includes the calnexin-calreticulin cycle,
a unique chaperone system that recognizes Gle,Mang_
6GlcNAc, and assists refolding of misfolded or unfolded pro-

ubiquitin-conjugating enzyme; E3, ubiquitin-protein ligase; chitobiose,
di-N-acetylchitobiose; ConA, concanavalin A; WGA, wheat germ agglu-
tinin; ER, endoplasmic reticulum; ERAD, ER-associated degradation;
GST, glutathione S-transferase; GTF, GlcNAc-terminated fetuin; HA,
hemagglutinin A; RCA, Ricinus communis; SCF, Skp1-Cullinl-F-box
protein-Rocl; siRNA, small interfering RNA; TBS, Tris-buffered saline;
TCRa; T-cell receptor a-subunit; UGGT, UDP-glucose:glycoprotein
glucosyltransferase.
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TG, 1. Interaction of ¥bs2 and Fhsl with endogenous glycoproteins containing N-linked high mannose type oligosaccharides.
Each extract of Neuro2a (N2a), P19, PC12 cells, and tissues from adult mice (brain and testis) was incubated with ConA, RCA, or WGA
lectin-agarose. The lectin-bound proteins were separated with 4-20% SDS-PAGE and then transferred to membranes that were used for the
overlay assay. **S-labeled Fbs2/Fbx6b AF, Fbal/Fbx2 AN-2, and STrCP1 AF were used for the probes.

teins. When the improperly folded or incompletely assembled
proteins fail to restore their functional states, they are de-
graded by the ER-associated degradation (ERAD) system,
which involves a retrograde transfer of proteins from the ER to
the cytosol followed by degradation by the proteasome (11-13).
Precisely how they are selected for ERAD remains unclear, but
what is clear is that the trimming of N-glycans plays a key role
in the selection process. Recent studies have demonstrated that
MangGleNAc, structures serve as part of the signal needed for
ERAD and that a lectin for ManyGlcNAc; in ER accelerates the
turnover rate of the misfolded glycoprotein (14-16). It has been
reported that many E8s are involved in the ERAD pathway,
such as ER-embedded Hrd1 (17) and Doal0 (18), which have
overlapping functions in yeast, and gp78 (19), CHIP (20) and
Parkin (21), which ubiquitylate ER membrane proteins such as
cystic fibrosis transmembrane conductance regulator (CFTR)
and the Pael receptor in mammals. In addition, we have re-
cently identified a novel member of the ERAD-linked E3 fam-
ily, SCF*2 which participates in ERAD for selective elimina-
tion of glycoproteins (7). Misfolding or misassembly might be
the general feature of all substrates; however, Fbx2 is ex-
pressed mainly in neuronal cells in the adult brain (22). Win-
ston ef al. (3) and Hyin et al. (23) reported previously that
several F-box proteins, including Fbx2, contain a conserved
motif F-box-gssociated (FBA) domain or G-domain (sharing
similarity with bacterial protein ApaG) in their C termini.

The present study is an extension of the above mentioned
research work and was designed to determine whether these
F-box proteins also recognize N-glycans. Our results showed
that Fbx6b/FBG2 bound several glycoproteins, but other F-box
proteins failed to bind any of the glycoproteins tested so far. In
considering the results of these functional studies, we renamed
Fbx2/FBG1 and Fbx6b/FBG2 Fbsl (F-box protein that recog-
nizes pugar chains 1) and Fbs2, respectively. We found that
¥bs?2 is widely distributed in a variety of mouse tissues, differ-
ing from the restricted expreesion of Fbsl. Furthermore, a
dominant negative Fbs2 mutant suppressed degradation of a
typical ERAD substrate, the T cell receptor o subunit (TCRa).
Taken together, we concluded that Fba2 is a new member of the
E3-Fbs subfamily for ubiquitylation of N-linked glycoproteins
and plays a role in the ERAD pathway.

EXPERIMENTAL PROCEDURES

Materials—Ribonuclense B, fetuin, asialofetuin type II, and thyro-
globulin were purchased from Sigma. B-galactosidase (Strepiococcus
6646K) and B-N-acetylhexosaminidase (Jack Bean) were purchased
from Seikagaku-Kogyo (Tokyo, Japan), and N-glycosidase F was from
Roche Applied Science. Affi-Gel 10 and 15 were from Bio-Rad and were
used according to the instructions provided by the manufacturer. Di-N-
acetylchitobiose (chitobiose) was purchased from Seikagaku-Kogyo,
Man,GlcNAc, was from Glyko (Upper Heyford, UK), Man;GleNAc, was
from IsoSep AB, GleNAc;Man GlcNAc, (asialo-, agalacto-, tri-anten-
nary complex) and GleNAc,Man GleNAc,(Fuc,) (asialo-, agalacto-, core-
fucosylated bi-antennary complex) were from Ludger (Oxford, UK), and
ManyGleNAc,, Man;GlcNAc,, and Man QlcNAc,-Asn were
from Sigma. Man,GleNAc, was a kind gift from Y. Ito. ConA, RCA, and
WGA lectin-agaroses were purchased from Seikagaku-Kogyo.

Inolation of cDNAs Coding for F-box Proteins and Plasmid Construc-
tion—The sequences of mouse Fba2/Fbx6L/FBG2 (aceession number
AF176526), Fbx17/FBG4 (accession nurmber AF176532), and FBGS3 (ac-
cession number XM 204068) cDNAs were obtained from the Gen-
Bank™ data bass. The cDNAs for mouse Fba2, Fbx17, and FBG3 were
amplified by PCR with Tag polymerase (Sigma) from mouse kidney
¢DNA. The PCR primers were as follows: 5'-TCT CTG GGA TCC CCA
TGG TCC ACA TCA AGG AG-3' and 5'-GAG CCT GAG CGG CCG CTA
ACG CCT TAG CCT TTG CCA-3' for Fbs2; 8'-CTG ACC GGA TCC TCA
TGG GAG CGC GGC CCT CG-8' and 5'-ACC TGA AGG CGG CCG CAT
CAC ATC ATG GTA GTC C-8' for Fbx17; and 5'-ACG CCA GGA TCC
CAG TAG GCA ACA TCA ACG-8' and 5'-'TGA GGA CTG CGG CCG
CTC AGG AGG CAT CAG GGC AG-3’ for FBG3. PCR products were
digested with BamHI/Notl, subcloned into pBluescriptll SK+, and se-
quenced. The cDNAs of wild-type or deletion mutants were amplified by
PCR with appropriate primers and ligated into BamHI/NotI-cut
pcDNAS-FLAG or pVL1393-His expression vector. The coding residues
of the Fbs2 deletion mutant AF were from amino acids 47 to 205.

Overloy Assay-—Cultured cells and mouse tissues were homogenized
in 10 volumes of TBS (20 mM Tris-HCl, pH 7.5, and 1560 mm NaCl)
containing 0.5% Nonidet P-40 and protease inhibitor mixture (complete
EDTA-free; Roche Applied Science). After centrifugation of the homo-
genate at 15,000 X g for 30 min, each supernatant (15-mg proteing) was
incubated with 50 ul of various lectin-agaroses under gentle rotation at
4 °C for 2 h. The agaroses were washed with ice-cold TBS containing
0.5% Nonidet P-40, and bound proteins were boiled with SDS sample
buffer. Proteins were separated with SDS-PAGE and blotted onto a
membrane (Immobilon, Millipore, Bedford, MA). To prepare the
[®®S]methionine-Fbs1 and Fbs2 probes, we constructed Fbs1l-Metx3 and
Fbs2-Metx3 plasmids for Fbsl (AN-2) (7) and Fbs2 (AF), respectively,
with three additional methionines at the C termini by subcloning them
into pcDNA3-FLAG. The TNT Coupled Reticulocyte Lysate System
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FiG. 2. Expression of Fbs genes in mouse tissues. Total RNA was extracted from adult mouse tissues or mice brains at different stages of
development. A membrane preloaded with 15 ug of total RNA per lane was hybridized with radiolabeled mouse Fbsl and Fba2 cDNAs.

(Promega, Madison, WI) was used for generating [**Slmethionine-Fbal,
Fbs2, and gTrCP1. Membranes were blocked by 6% skim milk in TBS,
washed, and then incubated with probes in 1% skim milk at 4 °C for
18 h with gentle shaking. Membranes were waghed with TBS contain-
ing 0.06% Tween 20, air-dried, and analyzed by autoradiography.

Northern Blot Analyses—Tissues from 8-week-old ICR mice were
employed for RNA extraction using the guanidine thiccyanate method.
16 pg of total RNA was fractionated on a denaturing formaldehyde-
agarose gel (1%) and then transferred onto a nylon membrane (Nytran,
Schleicher & Schuell). Northern blots were probed with the full-length
Fbsl or Fbs2 ¢cDNA that had been labeled with [«®2P]JdCTP. The blots
were washed at 65 °C in 0.2X standard saline citrate containing 0.1%
SDS and then exposed and analyzed with a Molecular Imager FX
(Bio-Rad).

In Vitro Ubiquitylation Assays—Recombinant His-Ubcd and His-
Ubcl2, His-NEDDS, and GST-ubiquitin were produced in Escherichia
coli. Recombinant His-E1 (Ubal), His-APP-BPV/T7-Uba8, and SCF2
(FLAG-Skp1/Cull-HA/His-Fha2/T7-Rocl) were produced by baculovi-
rus-infected HiFive or Sf9 insect cells. The SCF™2 complex was ob-
tained by simultaneously infecting four baculoviruses. These proteins
were affinity-purified by a HiTrap HP column (Amersham Biosciences)
as described previously (24).

The methods for preparation of GlcNAc-terminated fetuin (GTF) and
deglycosylated fetuin (DGF) were described previously (7). One micro-
gram each of GTF or DGF was incubated in 50 pl of the reaction
mixture containing the ATP-regenerating system, 0.5 pug E1, 1 pg of
Ubc4 (E2), 2 pg of SCF¥2, and 6.5 ug of recombinant GST-ubiquitin in
the presence or absence of the NEDDBS system (24) consisting of NEDDS
(10 pg), APP-BPY/T7-Uba3 (0.5 ug), and Ubel2 (0.5 pg) at 30 °C. After
terminating the reaction by the addition of 25 ul of 3X SDS-PAGE
sample buffer, the proteing in 8 ul of the boiled supernatants were
separated with 4-20% SDS-PAGE, and the high molecular mass ubiq-
uitylated proteins were detected by immunoblotting with an anti-fetuin
(Chemicon) or anti-GST (Ab-1; Calbicchem, La Jolla, CA) antibody.

Pull-down Assay—Each 2.0 mg of glycoprotein was immobilized to
0.5 ml of Affi-Gel 10 or 15. Each cell extract prepared with TBS con-
taining 0.5% Nonidet P-40 from FLAG-tagged Fbs2 (AF) or Fbsl (AN-
2)-expressing cells (25 pg) was incubated with 15 pl of various glyco-
protein-immobilized beads, and bound proteins were eluted by boiling
with SDS sample buffer or incubation with 15 ul of various concentra-
tions of oligosaccharides at room temperature for 10 min. The eluates
were separated by spin filtration.

RNA Interference Experiment—Twenty-one nucleotide dsRNAs were
prepared by Dharmacon (Lafayette, CO). The siRNA sequences target-
ing Fhs2 mRNA (GenBank™! gacceesion number NM 018438)
corresponded to the coding regions 285-304 (GAGGAUAUGUUUGCA-
UGGC) and 7564-773 (ACAGCAGCAUUGUCGUCAGQG) relative to the
firat nucleotide of the start codon. A nonspecific control duplex was
purchased from Dharmacon. 293T cells were transfected with siRNA
and/or plasmid DNA by the use of LipofectAMINE Plus (Invitrogen).
Total RNA was isolated with TRIZOL reagent (Invitrogen). Reverse
transcription PCR was performed using total RNA of 293T cells as a
template. The 5’ and 3' primers were 5'-CCTCCTGGCGGGACCTCA-
TCG-3’ and 5'-ACCAGCTGGGACTTGAGGCAC-8' for Fbs2 and 5'-G-
AGCTGAACGGGAAGCTCAC-3' and 5'-ACCACCCTGTTGCTGTAG-
C-3' for the glyceroaldehyde-3-phosphate dehydrogenase, respectively.

Metabolic Labeling and Immunoprecipitation—298T cells were tran-
siently transfected withl ug of the TCRa-HA expression plasmid and 1

ng of the Fbs2 plasmid or pcDNAS. Twenty-four hours after transfec-
tion, 293T cells were starved for 30 min in methionine- and cysteine-
free Dulbecco’s modified Eagle’s medium containing 10% dialyzed fetal
calf serum. Cells were then labsled for 30 min with 150 pCi of Pro-Mix
L-%58 in vitro cell-labsling mix (Amersham Biosciences) per milliliter.
For pulse-chase experiments, cells were washed after labeling and
chased with complete Dulbecco’s modified Eagle’s medium containing
10% fetal calf serum for different lengths of time at 37 °C. In experi-
ments with tunicamyecin, cells were treated with 5§ pM tunicamycin
(Wako Pure Chemical Industries, Osaka, Japan) 2 h prior to and
throughout the labeling period. In the experiments of Fba2 knock-down
by siRNA, cells that had been co-transfected with 4.2 pg (300 pmol) of
#iRNA duplex and 1 pg of the TCRa-HA expression plasmid and cul-
tured for 48 h were metabolically labeled with the celi-labeling mix.
After labeling or chase, cells were washed with ice-cold phosphate-
buffered saline and lysed with TBS buffer containing 0.1% SDS and 1%
Nonidet P-40. In co-immunoprecipitation experiments, TBS buffer con-
taining 1% Triton X-100 was used for lysing. After one cycle of freeze-
thaw, cell lysates were cleared by centrifugation, and the supernatants
were used for immunoprecipitation. Briefly, the supernatants were
precleared with protein A-Sepharose (Amersham Biosciences), mouse
monoclonal antibodies, anti-FLLAG (M2; Sigwma), and anti-HA (HA11,
BABCO) were then added, and incubation was performed at 4 °C with
rotation. Immune complexes were then incubated with protein
A-Sepharose, collected by centrifugation, and washed four times with
the lysis buffer. For protein analysis, immune complexes were dissoci-
ated by heating in SDS-PAGE sample buffer and loaded onto SDS-
PAGE. After drying, gels were exposed, and radioactive band intensity
was measured using Molecular Imager FX. All experiments described
in this study were approved by the institutional ethics review commit-
tee for animal experimentation.

RESULTS

Fbs2 Interacts with High Mannose Oligosaccharide-contain-
ing Glycoproteins—We reported recently that Fbsl/Fbx2/
NFB42 forms a SCF**! ubiquitin ligase complex that targets
N-linked high mannose oligosaccharides in glycoproteins for
ubiquitylation (7). Fbsl interacts with substrate glycoproteins
through its C-terminal domain, which shows high homology
with other F-box proteins (3, 23). To explore the presence of
other F-box proteins that recognize N-glycans, we isolated
mouse ¢cDNA clones that encode F-box proteins homologous to
Fbsl and examined the properties of the proteins with regard
to interaction with N-linked glycoproteins. The mouse Fba2/
Fbx6b/FBG2, Fbx17/FBG4, and FBG3 ¢cDNA clones obtained
by reverse transcription PCR were expressed in 293T cells as
FLAG-tagged, full-length F-box proteins, and these cell ex-
tracts were incubated with various N-linked glycoproteins.
Only Fbs2 bound several glycoproteins, whereas the other F-
box proteins failed to bind any of the glycoproteins tested (gee
Fig. 3, and data not shown).

Next, we investigated the interaction of these F-box proteins
with oligosaccharides on endogenous proteins by overlay assay.
To enrich glycoproteins that were fractionated by their oligo-
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detected by anti-fetuin antibody.

gaccharide structures, we prepared proteins bound to lectins
from the extracts of several cell lines and adult mouse tissues.
These glycoproteins were then separated by SDS-PAGE and
detected by each 25S-labeled F-box protein. In glycoproteins
bound to ConA, a lectin that binds to high mannecse oligosac-
charides, many protein bands were detected by Fbal and Fbs2
probes (Fig. 1). These glycoproteins did not bind to gTrCP1,
which is a F-box protein with WD repeats for substrate recog-
nition (1, 2) (Fig. 1). On the other hand, a few proteins reacted
with Fbsl and Fbs2 in the glycoproteins bound to RCA120, a
lectin that binds to terminal Galpl-4GleNAc or WGA and is
specific for terminal GlcNAc or sialic acids (Fig. 1). The broad
76~80-kDa protein band(s) and the 60-kDa protein in the
WGA-bound fraction prepared from brain extract seemed to be
identical to that bound to ConA. Because many proteins con-
tain several and/or structurally diversified oligosaccharides,
these 75—80-kDa and 60-kDa proteins may be modified by high
mannose oligosaccharides and complex type glycans. The whole
pattern of the protein bands detected by the Fbs2 probe was
almost the same as those detected by Fbsl, but the strength of
binding activity with Fbs2 seemed to be somewhat weak com-
pared with Fbsl. Any glycoproteins concentrated with ConA,

RCA120, and WGA lectins failed to be detected with Fbx17 and
FBGS probes (data not shown). These results suggest that high
mannose oligosaccharides are important for the substrate rec-
ognition by Fbs2 as well as Fbsl.

Expression of Fbs Genes in Mouse Tissues—¥Fbsl is re-
ported to be expressed in the adult rat brain but not in
non-neural tissues (22). We compared the expression pat-
terns of Fbsl and Fbs2 by Northern blot analysis in 12
different mouse tissues. This analysis demonstrated that the
Fbsl transeript of ~1.5 kb mRNA was expressed in the brain
and, to a lesser extent, in the testis (Fig. 2). Western blot
analysis using Fbsl polyclonal antiserums confirmed that
Fbs1 protein is present only in the brain and testis among the
12 different tissues examined (data not shown). The tran-
seription of Fbsl appeared in 1-week-old mice, reaching the
highest level in the adult brain. On the other hand, an
~1.8-kb transcript of Fbs2 was detected in various tissues,
mainly in the heart, intestine, kidney, liver, lung, muscle,
stomach, and testis as well as other tissues (brain, skin,
spleen, and thymus) with low abundance. Fbs2 expression
was not observed in the fetus, but became detectable after
birth and increased in the adult brain. Thus, although the



