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F1G. 5. Elution of Fbs proteins bound to RNase-B immobilized beads with oligosaccharides. After Fbs2 AF (A) or Fbsl AN-2 (B) was

retained on the RNase B immobilized beads, the bound Fbs protein was eluted by incubation with various concentrations of Man,GleNAc, (M,Gn,),
Man,GlcNAc, (M Gn,), Man,GleNAc, (M,Gny), Man;GlcNAc, (M.Gn,), ManGlcNAc,-asparagine (M;Gng-Asn), Man;GleNAc, (M,Gn,), N, N'-
diacetylchitobiose (GnGn), GleNAc;ManyGleNAc, (GnzM;Gny), or GleNAce,Man,GleNAc,(Fuc) (GngM Gn,F,). Note the differences in the concen-

trations of high mannose type oligosaccharides for elution between Fbs2 and Fbal.

expression of Fbsl is restricted to the brain and testis, the
Fbs2 transcript is ubiquitously expressed in all tissues
examined.

In Vitro Ubiquitylation Assay of Fbs2—To directly demon-
strate the E3 ubiquitin ligase activity in SCFF™*2, we devised a
fully reconstituted system for ubiquitylation of GTF in the
presence of the NEDDS8 system. To this end, we produced all
components required for these systems as recombinant or pu-
rified proteins (see “Experimental Procedures”). Ubiquitylation
of GTF by GST-tagged ubiquitin was detected by immunoblot-
ting using an anti-fetuin or anti-GST antibody. No ubiquityla-
tion activity was detected in the absence of El, E2, ATP,
SCFT™2 or GTF (Fig. 34). The amount of ubiquitylation in-
creased in a time-dependent manner (Fig. 8B). In addition,
N-glycanase F-treated fetuin (DGF) was not ubiquitylated in
vitro by SCF¥**2 (Fig. 3B). These results indicate that SCF¥?=2
is an E3 ubiquitin ligase that recognizes N-glycans in
glycoproteins.

Binding Specificities of N-Glycans to Fbsl and Fbs2—To
compare the binding specificities to N-glycans between Fbsl

and Fbs2, a pull-down assay using several N-linked glycopro-
teins was carried out (Fig. 4). Whereas Fbs2 could bind to GTF
but weakly to fetuin and asialofetuin, Fbsl bound to asialofe-
tuin and GTT more efficiently than to intact fetuin. Both Fbsl
and Fbs2 bound efficiently with glycoproteins containing man-
nose-terminated N-glycan(s), mannose-terminated fetuin, thy-
roglobulin, and RNase B, suggesting that mannose-terminated
N-glycans (the number of mannose residues is irrelative) are
required for the efficient binding of these Fbs proteins. On the
other hand, the efficiency of elution of the proteins from the
glycoproteine by chitobiose was different between Fbsl and
Fbs2, Although Fbsl could be eluted efficiently by 0.1 M chito-
biose from the N-linked glycoproteins tested, Fhs2 failed to be
eluted by chitobiose. To characterize in more detail the binding
specificities, we first quantified the oligosaccharide binding to
Fbs proteins using a series of oligosaccharides labeled with
2-aminopyridine (25). However, we found that the innermost
GlcNAc residue modified with 2-aminopyridine greatly reduced
(10%%) the Fhs1 and Fbs2 binding (data not shown). Therefore,
we next examined the efficiency of elution of the Fbs proteins
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Fic. 6. Involvement of Fbs2 in the ERAD pathway. A, interaction between TCRe-HA and wild-type or truncated forms of Fbs2. 293T cells
were transfected with TCRo-HA and/for various ¥bs2 constructs. Twenty-four hours after transfection, cells were treated with (+) or without (—)
§ pg/ml tunicamycin (TA) for 2 h. Then, colls were labeled with [**S]Met/Cys in the absence or presence of tunicamycin for 30 min. TCR« and Fhs2
derivatives were immunoprecipitated by anti-HA and anti-FLAG antibodies, respectively. CHO, carbohydrate oligosaccharide. B, effect of Fbs2 on
the stability of TCRa. TCRa-HA was co-transfected with an empty vector (Vector), wild fype (full) or FLAG-Fba2 AF. 283T cells were pulse-labeled
with [S]Met/Cys and chased for the indicated times. TCRa and Fbs2 derivatives were immunoprecipitated (IP) by anti-HA and anti-FLAG
antibodies, respectively. The plotted data provide quantification analysis of the stability of TCRa over time. C, effect of nonspecific (N) or
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from RNase B by several oligosaccharides (Fig. 5) (7). All N-
glycans containing a diacetylchitobiose structure with man-
nose residues, ManyGlcNAc,, MangGlcNAc,, Manz;GlcNAc,,
and MangGlecNAc, were found to cause elution of Fbs2 from
RNase B at similar concentrations (Fig. BA, lanes 1-16). In
addition, the presence of the asparagine residue did not affect
the efficiency of the elution (lanes 13-20). However, the amount
of Fbs2 eluted by Man;GlcNAc; or chitobiose was 3—4 orders of
magnitude lower than that by Man,; oGlecNAc,, indicating that
both the inner diacetylchitobiose structure and terminal man-
nose residues are required for efficient Fbs2 binding (compare
lanes 13-16 with lanes 21-28). The addition of GlcNAc residues
on mannose residues in ManyGleNAc, reduced ~102 the elu-
tion efficiency, and core-fucosylation caused further reduction
(lanes 9-12 and lanes 29-34, Fig. BA). The tendency of elution
of Fbsl bound to RNase B by oligosaccharides was similar to
that of Fbe2 (Fig. 5B). Compared with Fbs2, howsever, all oli-
gosaccharides tested were found to elute Fbsl at almost 102
lower concentrations. These data suggest that Mang_oGlcNAc,
is required for the efficient binding of both Fbsl and Fbs2 and
that the dissociation of Fbs2 from the N-glycans is lower than
that of Fhsl.

Involvement of Fbs2 in the ERAD Pathway—To investigate
the role of Fbs2 in the ERAD pathway, we used the TCR«a
subunit as a substrate for ERAD. TCRa is a type I glycoprotein
attached to four N-glycans, and unassembled TCRa chains are
degraded by proteasomes following their dislocation from the
ER membrane (26). To examine whether the interaction of
Fbs2 with TCRa mediates N-glycans, TCRa-expressing cells
were labeled in the presence of tunicamycin, a glycosylation
inhibitor, and immunoprecipitated. After tunicamycin treat-
ment, 38-kDa glycosylated TCRa-HA protein shifted to 28 kDa.
Full-length Fbs2 and AF could interact with glycosylated
TCRa, whereas they failed to interact with deglycosylated
TCRa (Fig. 64).

We performed pulse-chase analysis using 293T cells co-ex-
pressing HA-tagged TCRa (TCRa-HA) and FLAG-tagged Fbs2
derivatives (Fig. 6B). Although wild-type Fbs2 did not influ-
ence the kinetics of TCRa degradation, co-expression of AF
efficiently suppressed the decay of TCRa (Fig. 6B). To confirm
the involvement of Fhs2 in the ERAD pathway, we performed
further experiments aimed at reducing the level of endogenous
Fbs2 using synthetic siRNA (Fig. 6, C and D). Although a
nonspecific control duplex (designated N in Fig. 6, C and D) did
not affect the expression of Fba2, Fbs2-gpecific siRNA (285 or
754) decreased the Fbs2 expression (Fig. 6C). In the pulse-
chase analysis of TCRa, although reduction of TCRa expres-
sion still occurred with siRNAs both specific and nonspecific to
Fbs2, only Fbs2-specific 8iRNAs, not the nonspecific ones, de-
creased the rate of TCRa degradation (Fig. 6D). These results
point to the involvement of Fbs2 in the ERAD pathway for
misfolded and unassembled glycoproteins through its interac-
tion with N-glycans.

DISCUSSION

Most proteins in the secretory pathway, such as membrane
proteins and secretory proteins, are modified with N-glycans in
the ER. In the early secretory pathway, N-glycosylation facili-
tates conformational maturation by promoting the glycopro-
tein-folding machinery consisting of two homologous lectins,
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calnexin and calreticulin, which interact with monoglucosyl-
ated N-linked core glycans in concert with UDP-glucose:glyco-
protein glucosyltransferase (UGGT) and glucosidase II (10, 27).
Recent studies suggest that mannosidase I and EDEM, an
ER-degradation-enhancing a-mannosidase-like lectin, play a
pivotal role in the selective disposal of misfolded glycoproteins
(14-16) and that the misfolded proteins are accepted from
calnexin by EDEM (28, 29). In the present study, we report that
Fbs2, in addition to Fbsl, formed an SCF-type ubiquitin ligase
that is responsible for the ubiquitylation of N-linked glycopro-
teing in the ERAD pathway. These findings indicate that the
N-glycan of misfolded proteins functions as a covalent tag for
recognition by not only folding but also by degradation
machinery.

Our data indicate that both Fbsl and Fbs2 recognize N-
linked high mannose oligosaccharides, especially their internal
diacetylchitobiose structure. In many native glycoproteins, the
internal diacetylchitobiose is not accessible to macromolecules
such as peptide N-glycanase (PNGase), and cleavage of oligo-
saccharides requires denaturation of the glycoproteins ir vitro.
On the other hand, it has been suggested that UGGT, which is
responsible for re-glucosylation of the substrate so that it can
reassociate with calnexin or calreticulin in the ER, recognizes
both the innermost GlcNAc unit of the oligosaccharide and
protein domains with hydrophobic patches exposed in the sub-
strates (30). As it is well known that re-glucosylation by UGGT
occurs only if the glycoprotein is incompletely folded, UGGT
gerves as a sensor for misfolded proteins in the ER (27). Be-
cause Fbs proteins are involved in the ERAD pathway, the
inner chitobiose residues of the target glycoproteins for Fbs
may be exposed to outside molecules generated through protein
denaturation. Thus, it is possible that ¥bs proteins recognize
inner chitobiose in a manner similar to peptide N-glycanasge or
UGGT.

We also found that ¥bs2 as well as Fbsl could recognize not
only high mannose oligosaccharides but alse other type N-
glycans (Fig. 4), suggesting the general role of Fbs-related SCF
in glycoprotein clearance in the cytosol. It is also possible that
these ubiquitin ligases mediate ubiquitylation of exogenous or
membrane proteins endocytosed, but leaked in the cytosol, into
the cells. This is not unusual, because it is well known that
extracellular proteins incorporated by phagocytosis into den-
dritic cells are presented to major histocompatibility complex
class I molecules after proteasomal degradation (31). There are
also other studies that demonstrate that the transfer of endo-
cytosed proteins into the cytosol by unknown mechanisms prior
to their proteasomal processing and/or destruction is sensitive
to proteasome inhibitors (32).

Although Fbs proteins recognize high mannose N-glycans,
their affinities for oligosaccharides seem to be different. An
overlay assay for the glycoproteins using labeled Fbs proteins
revealed that the strength of the binding ability of Fbs2 was
weaker than that of Fbsl (Fig. 1). Furthermore, using several
oligosaccharides from N-linked glycoproteins, we showed that
the dissociation of Fbs2 was lower than that of Fbsl (Fig. 5).
Although the in vitro ubiquitylation of GTF by SCF¥! and the
interaction of glycoproteins with Fbsl in the overlay assay
were inhibited by chitobiose, the addition of chitobiose inhib-
ited neither ubiquitylation by SCF¥™2 nor the interaction with

Fhbs2-specific siRNAs (siRNA?%5-3% and siRNA®4-773, here named simply 285 and 754, respectively) on the relative level of the Fhs2 transcript in
293T cells. mRNAs prepared from cells were converted to cDNAs, and then the same amount of each ¢cDNA (a8 estimated with 25 cycles of PCR
for the glyceroaldehyde-3-phosphate dehydrogenase (G3PDH) gene) was subjected to 35 cycles of PCR. D, effect of siRNA-Fbs2 on the stability of
TCRa. TCRa-HA was co-transfected with an empty vector (Vector), 60 nM siRNA directed against Fhs2 (285 and 754), or 60 nM nonspecific siRNA
(N). 293T cells were pulse-labeled with [*°S]Met/Cys and chased for the indicated times. The relative intensities were quantified as the plotted data

to show the stability of TCR« over time.
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Fbs2 (data not shown). In addition, whereas Fbsl interacted
strongly with pre-integrin B1 (7), Fbs2 did so only weakly (data
not shown). On the other hand, Fbs2 bound strongly to TCRq,
relative to Fbsl, in 293T cells, and the degradation of TCRa
was more markedly suppressed by the dominant negative form
of ¥Fbs2 than by that of Fbal (Fig. 6, and data not shown). In
addition to these properties, the Fbs2 transcript is widely ex-
pressed in various tissues in contrast to the limited expression
of Fbsl in the brain and testis (Fig. 2), suggesting that these
Fbs proteins have distinct substrates or roles in vivo.

It has been reported that Fbsl belongs to a subfamily con-
gisting of at least five homologous F-box proteins (23). Among
them, the FBG3 protein exhibits 75% identity with Fbs2, and
the identity of Fbsl and Fbs2 is similar to that of Fbsl and
FBG3 (23). Interestingly, Fbsl, FBG3, and Fbg2 genes are
located in tandem on chromosome (23), and the expression of
FBGS3 is observed ubiquitously but strongly in the brain and
testis (data not shown). It is anticipated that FBG3 can recog-
nize high mannose N-glycans because of their high homology.
However, we could not detect any sugar-binding activity for
FBG3 even though several assay systems were used in our
studies. One possibility is that FBG3 suffers a negative modi-
fication that prevents it from accessing glycoproteins or that
some modification of FBGS is needed for the target recognition.
Alternatively, this could be simply due to different substrate
specificities. On the other hand, the expression of FBG4/Fbx17
and FBGS5 transcripts is restricted, compared with those of
Fbs2 and FBG3 (23), and the FBG4 protein shows a high
homology with FBGH (23), suggesting that they are another
subfamily of F-box proteins that recognizes other sugar chains
or other modifications.
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Hsp90 has a diverse array of cellular roles including
protein folding, stress response and signal transduc-
tion. Herein we report a novel function for Hsp%0 in
the ATP-dependent assembly of the 26S proteasome.
Functional loss of Hsp90 using a temperature-sensitive
mutant in yeast cavsed dissociation of the 268 protea-
some. Conversely, these dissociated constituents
reassembled in Hsp90-dependent fashion both in vive
and in vitro; the process required ATP-hydrolysis and
was suppressed by the Hsp90 inhibitor geldanamycin.
We also found genetic interactions between Hsp%0 and
several proteasomal Rpn (Regulatory particle non-
ATPase subunit) genes, emphasizing the importance
of Hsp90 to the integrity of the 268 proteasome. Qur
results indicate that Hsp990 interacts with the 26S pro-
teasome and plays a principal role in the assembly
and maintenance of the 26S proteasome.

Keywords: assembly/Hsp90/maintenance/26S proteasome/
yeast

Introduction

The high density of protein molecules in the cytosol
increases the likelihood that partially folded or unfolded
proteins will undergo off-pathway reactions, such as
aggregation, in the protein biosynthetic pathway or by
postsynthesis damage. Molecular chaperones recognize
proteins with non-native structures, prevent them from
irreversible aggregation and assist in their conversion to a
functional conformation (Frydman, 2001). On the other
hand, the ubiquitin-proteasome pathway plays a pivotal
role in selective destruction of misfolded and unassembled
proteins (Sherman and Goldberg, 2001). Since chaperones
and proteasomes appear to recognize common substrates
under non-native states, these two pathways act jointly to
prevent aggregation and accumulation of abnormal
proteins, thus maintaining protein homeostasis in cells.
However, the relationship between molecular chaperones
and the ubiquitin—proteasome system is still largely
unknown.

© European Molecular Biology Organization

Most cellular proteins in eukaryotic cells are targeted
for degradation by the 268 proteasome, usually after they
have been covalently attached to ubiquitin in the form of a
poly-ubiquitin chain functioning as a degradation signal
(Pickart, 2001). The 26S proteasome, a enkaryotic ATP-
dependent protease, is composed of a catalytic 208
proteasome (alias CP, core particle) and a pair of
symmetrically disposed regulatory particles (RP, alias
PAT700 or the 195 complex) (Baumeister et al., 1998). RP
is aftached to both ends of the central CP in opposite
orientation to form the active 26S proteasome. The 26S
proteasome with a molecular mass of ~2.5 MDa acts as a
highly organized apparatus for proteolysis. The 208
proteasome is composed of two copies of 14 different
subunits, seven distinct o-type and seven distinct B-type
subunits. It is a barrel-like particle formed by the axial
stacking of four rings made up of two outer a-rings and
two inner B-rings, associated in the order offo. Three
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 regulator RP is a protein complex (>700 kDa)
composed of ~20 subunits, each 25-110 kDa in size
(Baumeister et al., 1998). RP consists of two subcom-
plexes, known as ‘base’ and ‘lid’, which, in the 26S
proteasome, correspond to the portions of RP proximal and
distal, respectively, to the 20S proteasome (Glickman
et al., 1998). The base is mainly composed of up to six
ATPases (Rpt, Regulatory particle triple ATPase), while
the lid contains multiple non-ATPase subunits (Rpn). The
metabolic energy liberated by these Rpt functions is
probably utilized for unfolding target proteins so that they
can penetrate the channel of the o~ and B-rings of the 20S
proteasome. However, the roles of many other RP subunits
remain undefined.

Of many molecular chaperones, Hsp90 is one of the
major species which also requires ATP for its in vivo
functions (Panaretou ef al.,1998; Young er al., 2001). It is
among the most abundant proteins in cells, occupying
~1-2% of total cellular proteins (Frydman, 2001). The
major role of Hsp90 is to manage protein folding, but it
also plays a critical role in signal transduction pathways
that include mainly steroid receptors and protein kinases
(Richter and Buchner, 2001). In Saccharomyces cerevi-
siae, two Hsp90 species with redundant functions, named
Hsp82 and Hsc82, are present, which are equivalent to
mammalian Hsp90o and Hsp90p, respectively.

In the present study of Hsp90 in the budding yeast, we
unexpectedly noticed that in vivo inactivation of Hsp90
using the temperature-sensitive (ts~) hsp82—4Ahsc82
mutant cells (Kimura et al., 1994) caused almost complete
dissociation of the 26S proteasome into its constitnents.
Furthermore, we found that Hsp90 contributes not only to
maintain the functional integrity of the 26S proteasome but
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also to assist its assembly in vivo and in vitro in an ATP-
dependent manner. In addition, we also provide the genetic
evidence of in vivo linkage between Hsp90 and the 268
proteasome. Thus the participation of Hsp90 in the 26S
proteasome assembly may provide new mechanistic
insight into the cooperative interactions between mol-
ecular chaperones and proteolysis systems.

Results

Severe thermal stress causes disassembly of the
268 proteasome
To focus on the relationship between stress response and
the cellular proteolysis machinery, we examined the effect
of severe heat stress on the functional state of the
proteasome, which is subclassified into three species in
the budding yeast; i.e. the free 20S proteasome (alias CP
and here designated simply as C) and RP associated with
both sides of CP (R2C) or one side of CP (RC), as
described by Glickman ez al. (1998). Wild-type (WT) cells
grown at 25°C were first incubated at 37°C for 1 h. This
step was essential to allow the cells to survive a subsequent
severe thermal insult. The same cells were incubated at
50°C for 20 min and then shifted to normal culture
conditions at 25°C. Upon these stresses, after precondi-
tioning at 37°C, more than 80% of the cells were viable,
forming colonies when plated at 25°C (Imai and Yahara,
2000).

Native (non-denaturing) polyacrylamide gel electro-
phoresis (PAGE) analysis and subsequent western blotting
using antibodies against the yeast 20S proteasome
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Fig. 1. Dissociation and reassembly of the 26S proteasome after severe
heat shock. (A) Crude extracts (5 ig) of cells thermally treated as indi-
cated were subjected to native PAGE followed by western blotting
(WB) with anti-20S proteasome (top). Cell extracts (20 pg, top, lanes
1, 2, 4, 6 and 7) were loaded onto native PAGE, and thereafter Suc-
LLVY-AMC degrading activities were assayed by the in-gel overlay
method with 2 mM ATP (bottom). See text for explanation of symbols
R2C, RC and C (20S). (B) Effect of overexpression (designated as
+++) of Hsc82 on the disassembly of the 26S proteasome by severe
heat shock. The analyses were similar to those described in (A), except
that cells were grown in SC-U medinm and cell extracts were prepared
from control cells (YPH500/pY0326, lanes 1 and 3) and Hsc82 over-
expressing cells (YPH500/pY0326-HSC82, lanes 2 and 4). Note that
the magnitude of the increased level by a plasmid overexpressing
Hsp82 was more than 5-fold (Imai and Yahara, 2000).
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revealed a marked decrease of both the R2C and RC
forms of the 26S proteasome after severe heat shock at
50°C, and a considerable increase in the amount of free
20S proteasome (Figure 1A, lanes 2-4). When these heat-
shocked cells were reversed to culture at 25°C, it took ~6 h
for the full recovery of the 26S proteasome (Figure 1A,
lane 6). We also examined the peptidase activity of the 268
proteasome by the in-gel overlay assay. Samples of cell
extracts were subjected to native PAGE, and peptide-
degrading activity was detected by soaking the gel in a
solution containing the fluorogenic peptide succinyl-
Leu-Leu-Val-Tyr-7-amino-4-methylcoumarin - (Suc-LLVY-
AMC). As shown in Figure 1A (bottom), the dissociated
20S proteasome due to severe thermal insults was the
latent form and the reassembled 26S proteasome (after
incubation at 25°C) was functionally active.

In addition, we found that overexpression of Hsp90
(Hsc82) partially suppressed the destruction of the 26S
proteasome caused by severe thermal insult, as detected
by western blot and in-gel overlay analyses (Figure 1B).
On the other hand, overexpression of Hsp70 (Ssal) had
no appreciable protective effect on the proteasome
disassembly (data not shown).

Disassembly of the 268 proteasome caused by
inactivation of Hsp$0

In the next step, we examined the mechanism through
which Hsp90 protects against disassembly of the 268
proteasome by severe thermal stress. For this purpose, we
analyzed the structure of the 265 proteasome under
defective conditions of Hsp90 using temperature-sensitive
(ts7) hsp82-4Ahsc82 cells (YOKS) (hereafter, the mutant
yeast is simply described as hsp82-4 cells). First, we
examined the 26S proteasome by the in-gel peptidase
assay. As shown in Figure 2A (top), two slowly migrating
active proteasomes, corresponding to R2C and RC, were
evident in extracts of WT cells irrespective of the culture
temperature (25 or 37°C). However, the signals corres-
ponding to positions of R2C and RC markedly decreased
when only samples prepared from hsp82-4 cells that had
been cultured for 8 h at non-permissive temperature of
37°C were used (Figure 2A). Activities similar to those of
WT cell extracts were observed when extracts of hsp82-4
cells cultured at permissive temperature were used.
Moreover, the addition of SDS, which activates the latent
20S proteasome in vitro, caused marked activation of the
20S proteasome, and the magnitude of activation was
augmented when we used the crude extracts of hsp82-4
cells that had been cultured for 8 h at 37°C (Figure 2A,
bottom). These results indicate that inactivation of Hsp90
causes dissociation of the active 26S proteasome into its
constituents containing the 20S proteasome.

To confirm these observations, we loaded the samples
prepared from WT and hsp82-4 cells, which had been
incubated for various times under a non-permissive
temperature, onto native PAGE and SDS-PAGE, and
then conducted western blotting with anti-208 proteasome.
In the native PAGE, the three species of the proteasome,
i.e. R2C,RC and C, were evident in WT cells even after 8 h
incubation (Figure 2B, bottom). In contrast, destruction of
both bands with lower electrophoretic mobility, corres-
ponding to the R2C and RC forms of the 26S proteasome,
began within only 4 h of inactivation of Hsp90, though it



took 8 h for their complete loss in hsp82-4 cells.
Consequently, loss of Hsp90 was associated with an
increase in free 20S proteasome. However, the total
amounts of the 20S proteasome analyzed by western
blotting after SDS-PAGE, detected as several bands
ranging from 20 to 35 kDa, remained unchanged. Thus it
is clear that loss of function of Hsp90 causes dissociation
of the 26S proteasome into its constituents, including the
208 proteasome. We then compared peptidase activities of
the proteasome and cell viability under the same condi-
tions. Both values were unchanged in WT cells, but the
peptidase activities gradually decreased after around 4 h
incubation at 37°C and almost completely disappeared
upon incubation for 8 h in Asp82-4 cells (Figure 2B, top). It
was noteworthy that in these cells, the R2C form
disappeared before the RC form and the activities of the
proteasome were decreased (4 h after the shift), followed
by the loss of the RC form (Figure 2B, top and bottom).
Importantly, the loss of proteasome activities in hsp82-4
cells occurred faster than cell death, indicating that the
structural abnormality of the 26S proteasome is not due to
cell death.

When the same electrophoretic and immunoblotting
analyses were conducted using anti-Rptl (Figure 2C, left)
and anti-Rpn12 (Figure 2D, left), the former is an ATPase
base subunit and the latter is a non-ATPase lid subunit of
RP (Glickman ez al., 1998), two slowly migrating R2C and
RC bands were evident in native PAGE in all cases, except
hsp82-4 cells, under non-permissive temperature. Again,
comparable amounts of Rptl and Rpnl2 subunits of the
RP complex wete detected even under culture at 37°C by
SDS-PAGE (see bottom panels). Intriguingly, excess
loading of samples revealed the presence of Rpni2 and
Rpn9, another lid subunit, at rapidly migrating positions,
but their electrophoretic mobilities differed from each
other (Figwre 2E), indicating dissociation of the lid
complex under defective Hsp90 conditions of the cells.

We also confirmed the involvement of Hsp90 in the
maintenance of the 268 proteasome by shutting off Hsp82
expression using GAL] promoter. Repression of Hsp82
expression by replacement of galactose with glucose in the
media resulted in the disappearance of the 26S proteasome
(Figure 2C, right). Moreover, we observed that geldana-
mycin (GA), an Hsp90 inhibitor, caused loss of the 265
proteasome in hsp82-4 cells even under permissive
temperature, although it had no appreciable effects on
the proteasomal states in WT cells (Figure 2D, right).
These results strongly suggest that Hsp90 is essential for
the 26S proteasome. Curiously, we repeatedly observed
the sensitivity of ksp82-4, but not WT cells, to GA in both
in vivo (Figures 2 and 3) and in vitro (Figure 4) analyses.
The exact reason is unclear, but GA may be easily
accessible to the active ATPase site of the hsp82-4 protein,
perhaps because of its abnormal conformation.

Hsp90-dependent in vivo assembly of the 268
proteasome

We first tested the physical interaction between Hsp90 and
the 268 proteasome ir vivo. For this purpose, we purified
the 268 proteasome in a single step, using a Ni*-resin
column, from extracts of WT (J106) and hsp82-4 cells
(YOKS5RH), whose RPTI was replaced by 6 XHis-RPT1.
The subunit composition of the enzyme from WT cells

Assembly and maintenance of 26S proteasome by Hsp80

resembled that from hsp82-4 cells grown at 25°C (data not
shown). In both preparations, the addition of MG132
almost completely inhibited the hydrolysis activity of Suc-
LLVY-AMC, revealing no contamination of other pro-
tease(s), and the specific activity of the purified 26S
proteasome resulted in >10-fold increase in Suc-LLVY-
AMC hydrolysis (data not shown). Intriguingly, compared
with that WT cells, considerable amounts of Hsp82 were
associated with affinity-purified 26S proteasome and
larger amounts of Hsp90 were associated with the 26S
proteasome from hsp82-4 cells, as judged by the similar
contents of various proteasomal subunits (Figure 3A, left),
though the total Hsp90 contents in hsp82-4 cell extracts
were much less than those of the WT extracts because of
the lack of Hsc82 in hsp82-4 cells. Native PAGE and
immunoblotting using anti-Hsp82 against Hsp82-depleted
cells revealed that anti-Hsp82 reacted strongly with the
R2C form than with RC form, but not appreciably with CP,
indicating that Hsp82 associates with the 26S proteasome
through the RP complex (Figure 3A, right). Intriguingly,
even when the amounts of Hsp82 decreased to ~one-tenth
of WT, Hsp82 only bound to R2C and RC (Figure 3A,
right), indicating a high affinity of Hsp90 with the 26S
proteasome.

We next examined the role of Hsp90 in the in vivo
assembly of the 26S proteasome. When both WT and
hsp82-4 cells were grown at 25°C, the Suc-LLVY-AMC
degrading activity of the 26S proteasome affinity-purified
from the same amounts of crude cell extracts was almost
similar, even when the peptidase assay was carried out at
37°C in the presence of ATP (time zero in Figure 3B, blue
line). However, when hsp82-4 cells were cultured for 8 h
after a shift to 37°C, no appreciable amounts of
proteasomal proteins were recovered by purifying oper-
ation using the same Ni*-resin column, and consequently
very little Suc-LLVY-AMC degrading activity was
observed in the peptidase assay (data not shown). These
results again indicated loss of the 26S proteasome under
Hsp90-defective conditions of the cells.

In the next experiments, we examined whether, once
disassembled, the proteasome in hsp82-4 cells cultured

. under a non-permissive temperature could reassemble

when the same Hsp90-inactivated cells were shifted to
permissive temperature of 25°C. After heat shock at 37°C
for 6 h, we added cycloheximide (CHX) to inhibit de novo
protein synthesis (time zero in Figure 3B) and then these
cells were shifted to 25°C for further culture. The 268
proteasome was affinity-purified from the same amount of
cell extracts after reculture for the indicated time intervals.
As shown in Figure 3B (right), 2 h after shifting to 25°C a
considerable Suc-LLVY-AMC degrading activity was
restored (black line). Of note, this restoration was inde-
pendent of the newly synthesized proteasome because of
the presence of CHX, suggesting the reassembly of the
268 proteasome subsequent to the functional recovery of
Hsp90. Interestingly, this reactivation was diminished in
GA-treated hsp82-4 cells at the time of shift to 25°C and
then was maintained at 25°C (red line), indicating that the
ATPase function of Hsp90 is necessary for the restoration
of the 268 proteasome. In contrast, continued culture in
non-permissive temperature at 37°C was not associated
with such increment in proteasomal peptidase activity
(green line). In parallel analyses using WT cells
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(Figure 3B, left), irrespective of heat shock, and hsp82-4
cells under permissive temperature (Figure 3B, right, blue
line), the Suc-LLVY-AMC degrading activities gradually

diminished after addition of CHX. These results suggested
that the restoration of peptidase activity is linked to the
proper assembly of the 26S proteasome, assuming that the
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Fig. 2. Electrophoretic analyses of the 265 proteasome in hsp82-4 cells. (A) In-gel overlay assay of peptidase activity of the proteasome separated by
- native PAGE. WT cells (YPH500) and hsp82—4Ahsc82 cells (YOKSH) grown at 25°C were shifted at 37°C and maintained for another 8 h or con-

tinued culturing at 25°C. These cell extracts (20 jig) were analyzed as in Figure 1 in the presence of 2 mM ATP (top) or 0.01% SDS (bottom). (B) WT
and hsp82-4 cells grown at 25°C were shifted to 37°C and maintained for various times up to 12 h. Cells were sampled at each time point and then
cell viability and Suc-LLVY-AMC degrading activity of the 268 proteasome affinity-purified were measured (top). The results are expressed relative
to the result at time zero in WT cells. Open and closed squares represent activities of the 26S proteasome from WT and hsp82-4 cells, respectively.
Open and filled circles represent viability of WT and hsp82-4 cells, respectively. Identical amounts of cell extracts were loaded onto native PAGE
(top, 5 pg) and SDS-PAGE (bottom, 1 j1g), followed by immunoblotting with anti-20S proteasome (bottom). (C) Western blotting with anti-Rpt1. The
analyses were the same as for (B), except that anti-Rptl and 1 pg protein were used for native PAGE (left). The WT and GALI:HSP82 Ahsc82 cells
(5CG2) grown at 30°C in YPGal were transferred to YPD and maintained for another 12 h or continued culturing in YPGal (right). The analyses were
the same as for the left panel. (D) Western blotting with anti-Rpn12. The analyses were the same as for (B), except that anti-Rpn12 was used (left)
and WT and hsp82-4 cells grown at 25°C were treated (+) or mock treated (-) with GA (18 uM) followed by further culture at 25°C for 3 h (right).
(E) Excess loading analyses. The same cell extracts in (D) for hsp82-4 cells were analyzed by native PAGE and western blotting with anti-Rpn12
(left), except that 10 pg protein (lanes 1 and 2) was used. The same analysis was conducted using anti-Rpn9 and 10 pg protein (lanes 3 and 4). The

band, indicated by arrowheads in both panels, was specific for antibodies against Rpn9 and Rpn12, respectively. Asterisks in the right panel indicate
non-specific bands for anti-Rpn9.
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Fig. 3. In vivo analyses of the 265 proteasome under conditions with or without Hsp90 insctivation. (A) Western blotting was carried out with anti-
Hsp82 and various proteasomal antibodies for the 26S proteasome (100 ng, left) affinity-pusified from the extracts of WT (J106) and hsp82-4Ahsc82
cells (YOKSRH) grown at 25°C by a Ni*-resin column (-, YPHS500, WT cells without 6XHis-RPT1). Western blotting after unconventional (low)
SDS-PAGE (Imai and Yahara, 2000) was conducted to differentiate between Hsc82 and Hsp82 in the crude extracts (1 pg, left). Note that anti-Hsp82
reacted in a fashion similar to Hsc82 and Hap82, Western blotting with anti-Hsp82 and anti-20S proteasome was carried out for Hsp82-depleted cells
(5CG2) whose Hsp90 levels were varied by culturing with different combinations of Gal and Glu (right). The same amounts of cell extracts were
loaded onto native PAGE (top, 5 pg) and SDS-PAGE (bottom, 1 pg), followed by immunoblotting with anti-Hsp82 and anti-20S proteasome. (B) WT
(left) and hsp82-4 cells (right) grown at 25°C were shifted to 37°C and maintained for an additional 6 h. At time zero, cells were shifted to the indi-
cated temperatures followed by the addition of cycloheximide (CHX, 100 pg/ml). Cells were sampled at each time point and the Suc-LLVY-AMC
degrading activity of the 268 proteasome affinity-purified as in (A) was measured. The activities are expressed relative to the activity at time zero in
WT cells grown at 25°C. Blue lines, cells grown at 25°C throughout the experimental period; black lines, cells grown at 25°C were ghifted to 37°C for
6 h and then to 25°C at time zero; red lines, similar to black lines except that the cells were treated with GA (18 pM) af time zero; green lines, cells
grown at 25°C were shifted to 37°C for 6 h and further incubated at 37°C after time zero. Crude extracts (1 pg) of hsp82-4 cells from positions de-
noted 1, 2 and 3 (right bottom) were separated by native PAGE and analyzed by western blotting with anti-Rpt1 (right top). Data are means = SEM.
(C) ATP requirement for Hsp90-dependent 268 proteasome assembly. WT and hsp82-4 cells grown at 25°C were metabolically poisoned with 10 mM
deoxygiucose and 10 mM sodium azide for 1 h at 37°C (designated + for ATP depletion). Cells cultured with YPD media without ATP-depletion are
marked —. Thereafter, cells were shifted to YPD media for 30 min at 37°C (left panels) or YPD media containing GA (18 pM) for 30 min at 25°C
(right panels). Activities of the 268 proteasome in gel-overlay assay were visualized as in Figure 1 with 2 mM ATP. Note that a considerable amount
of Hsp90 is associated with the affinity-purified 26S proteasome fraction.
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Hsp90 inactivation-induced disassembly of 26S protea-
some is reversed by recovery of functional Hsp90. To
confirm this attractive conclusion, we analyzed the 26S
proteasome 2 h after incubation shown in Figure 3B (right,
see arrows) by native PAGE and western blotting using
anti-Rptl. As shown in Figure 3B (right top), changes in

We next examined the ATP requirement for the Hsp90-
dependent reassembly of the 26S proteasome. Depletion of
ATP by treatment of cells with metabolic poisons
(deoxyglucose and sodium azide) resulted in almost
complete dissociation of the 268 proteasome, irrespective
of WT and hsp82-4 cells. When these cells were incubated

for 30 min at 37°C in YPD media, reassembly of the 26S
proteasome appeared in WT cells following culture in

activity apparently coincided with reassembly of both the
R2C and RC forms of the 268 proteasome.
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Fig. 4. In vitro analyses of the 26S proteasome under conditions with or without Hsp90 inactivation. (A) The Suc-LLVY-AMC degrading activities of
the affinity-purified 26S proteasome from WT and hsp82-4 cells were measured and expressed as percentages of the control (representing the activity
of WT cell extracts without incubation). The extracts (10 mg/ml of protein) from both cells grown at 37°C for 8 h were incubated at 36°C for 15 min
or at 16°C for 1 h with or without purified Hsp90 (0.1 mg/ml) and in the presence of an ATP-regeneration system (10 mM creatine phosphate, 5 mM
MgCl, and 10 pg/ml of creatine kinase), an ATP-depletion system (10 mM glucose and 1 pg/mi of hexokinase) or GA (18 pM, left). The cell extracts
corresponding to lanes 1, 2, 5 and 6 (left) were subjected to native-PAGE, followed by western blotting with anti-Rpn12 (right bottom). Each strain
harboring the human-HspS0u-expressing plasmid (YOKSH/pRS316-hHsp900:), the Hsc82-expressing plasmid (YOKS/pRS316-HSC82) or the vector
alone (corresponding empty vector) was spotted on the same plates and incubated at 36°C for 2 days (right top). (B) In vitro inactivation and reactiva-
tion of the 268 proteasome from hsp82-4 cells. The affinity-purified 268 proteasome from the same amounts of cell extracts of WT cells (J106) and
hsp82-4Ahsc82 cells (YOKSRH) were maintained at 37°C with an ATP-regenerating system for 2 h and shifted to 16°C for 1 h, 4°C for 12 h or 36°C
for 10 min in the presence of an ATP-regenerating system with or without GA (18 uM) or purified Hsp90 (0.1 mg/ml)(left panel). Suc-LLVY-AMC
hydrolysis is expressed relative to the activity at time zero of WT cells grown at 25°C. The affinity-purified 26S proteasomes corresponding to lanes 3,
4, 9 and 10 that had been treated at 37°C for 2 h were shifted to 16°C for various times as indicated, and thereafter Suc-LLVY-AMC hydrolysis was
assayed as described above (right bottom panel). The affinity-purified 26S proteasomes corresponding to lanes 7-10 were subjected to native PAGE,
followed by western blotting with anti-Rpn12 (right top panel). Data in A and B are means = SEM.
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glucose-containing (i.e. ATP-generating) YPD media, but
not in hsp82-4 cells, indicating the indispensable need for
ATP in the Hsp90-dependent reassembly of the 26S
proteasome (Figure 3C, left). Moreover, GA suppressed
the assembly of the 268 proteasome in hsp82-4 cells, but
not WT extracts, at 25°C (Figure 3C, right). Taken
together, the above results clearly showed that Hsp90 is
required for the in vivo reassembly of the 26S proteasome
even when this was partial, and, most importantly, the
ATPase function of Hsp90 seems to play a pivotal role in
this assembly process.

Hsp80-dependent in vitro reassembly of the 265
proteasome

In the next series of experiments, we examined whether
Hsp90-dependent dissociation-reassociation of the 26S
proteasome occurs in the in vitro system. Crude cell
extracts were prepared from WT and Asp82-4 cells grown
at 37°C for 8 h, and subsequently incubated at 36°C for
10 min or 16°C for 1 h in the presence of an ATP-
regenerating system, ATP-depleting system or GA, and, in
some experiments, purified porcine Hsp90 was supple-
mented. Thereafter, Suc-LLVY-AMC degrading activity
was assayed for the 268 proteasome affinity-purified from
these cell extracts as shown in Figure 4A (left). The
peptidase activity of the purified 26S proteasome
decreased to nearly 10% from hsp82-4 cells upon incuba-
tion for 8 h at 37°C compared with 26S proteasome from
WT cell extracts, even when ATP was regenerated (see
lane 5), but completely disappeared in the absence of ATP
irrespective of temperature. Intriguingly, addition of
purified Hsp90 caused partial suppression of the reduction
in the presence of ATP (lane 6), indicating that Hsp90 is
required for the in vitro assembly of functional 268
proteasome. Moreover, this Hsp90 effect was ATP
dependent, because no obvious protective effect was
detected under ATP-depletion conditions (lane 8).
Addition of GA partially suppressed this reactivation
(lanes 7, 10 and 12). It is noteworthy that in vitro
reincubation of hsp82-4 cell extracts for 1 h at 16°C caused
almost complete recovery of the peptidase activity
irrespective of Hsp90 supplementation (lanes 9 and 11).
These findings suggest that Hsp90 promotes ATP-depend-
ent reassembly of the 26S proteasome that had been
dissociated by ts—dependent Hsp90 inactivation.

We also confirmed that the activity change was
proportional to the amounts of the purified 268 proteasome
detected by western blotting with anti-Rpn12 (Figure 4A,
bottom right ). No appreciable amounts of the 26S
proteasome were adsorbed by the Nit*-resin column due
to their disassembly in extracts of hsp82-4 cells incubated
in vitro at a restricted temperature. However, incubation of
the same extracts supplemented with purified Hsp90
caused association of considerable amounts of the 26S
proteasome with the affinity column, although the level of
the recovered proteasome was somewhat low compared
with similarly treated extracts of WT cells. These results
indicate that Hsp90 is required for the in vitro reassembly
of the 268 proteasome. Consistent with this notion, in vivo
forced expression of Hsp90 rescued the growth defect of
hsp82-4 cells under non-permissive conditions, although
yeast HscB82 was effective compared with human Hsp90a.
(Figure 4A, right top).

Assembly and maintenance of 265 proteasome by Hap80

To assess the above conclusion further, the 26S
proteasome was inactivated and reactivated in vitro
using the Nit*-resin 268 proteasome purified from WT
and hsp82-4 cells grown at 25°C. Note that a considerable
amount of Hsp90 is associated with the affinity-purified
268 proteasome fraction (see Figure 3A). Under incuba-
tion for 2 h at non-permissive temperature of 37°C, the
purified 26S proteasome from hsp82-4 cells showed rapid
reduction of the peptidase activity, unlike WT enzymes,
even after addition of an ATP-regeneration system
(Figure 4B, left panel, lanes 2 and 8). This reduced
activity of the 268 proteasome after 2 h of incubation at
37°C was markedly increased after incubation at 16°C for
1 h (lane 9) or at 4°C for 12 h (lane 11) in the presence of
an ATP-regeneration system. However, no appreciable
restoration of the peptidase activity was observed when an
ATP-depletion system was added during incubation at
16°C or 4°C (data not shown), indicating again that
metabolic energy is necessary for reactivation of the 268
proteasome. Addition of GA partially inhibited this
reactivation (lanes 10 and 12), confirming the importance
of ATPase function of Hsp90 for the reactivation, and
presumably reassembly, of the 26S proteasome in vitro. In
addition, such restoration was observed under in vitro
incubation up to 60 min, which was clearly abrogated by
addition of GA, although the activities of WT enzymes
were gradually decreased, irrespective of GA (right
bottom panel). In accordance with these results, when
the 26S proteasome from hsp82-4 cells that had been
treated at 37°C for 2 h was incubated for 10 min at 36°C
with purified Hsp90, the peptidase activity was partly
recovered (Figure 4B, left panel, lanes 13 and 14). We also
confirmed that the change in activity was proportional to
the amount of the 26S proteasome detected by western
blotting with anti-Rpn12 (Figure 4B, right top panel).

Genetic interactions between HSC82/HSP82 and
genes encoding subunits of regulatory particle

To investigate the above findings in vive, we examined
genetic interactions using various proteasome mutants
(Figure 5A). The hsp82-4Ahsc82 double mutant showed
severe growth defects when combined with mutants of
rpnl-1, Arpn2 and rpn3-1. Although each parental strain
showed no or only a weak growth defect at 30°C, the
resultant triple mutants showed no growth at 30°C. When
the combination of rpnl2-1 was examined, the effect was
more severe because growth arrest occurred even when the
cells were cultured at 25°C. Combination with Arpnl0 was
most surprising; the resultant triple mutant did not grow at
all even at 25°C, although Arprnl0 single mutation showed
no growth defect even at 37°C (Figure 5B). On the other
hand, overexpression of HSC82 suppressed the ts~ growth
defects of several mutants of the RP subunits of the 265
proteasome, such as rpnl-1 cells, Arpn2 cells and rpn3-1
cells (Figure 5C, top). Surprisingly, overexpression of
Hsc82 inhibited the growth of Arpnl0 cells and rpni2-1
cells when they were cultured at 36°C and 25°C,
respectively. At both temperatures, cells lacking the
ectopically expressed Hsc82 showed no appreciable
growth defect (Figure 5C, bottom). Thus genetic inter-
actions between HSC82/HSP82 and the genes encoding
the RP subunits are strong, implying substantjal inter-
actions of the Hsp90 and the 26S proteasome.
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In addition, even under permissive temperature of 25°C,
GA caused severe growth defects in Arpnl0 and rpnl2-1
cells (Figure 5D, bottom), though its influence was less in
rpnl-1 and Arpn2 cells (top). On the other hand, Rpn3-1
cells showed obvious growth defect upon addition of GA
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at 30°C, but not at 25°C (Figure 5D, bottom). These
findings support the genetic interactions between HSC82/
HSP82 and several proteasome genes.

Effects of Hsc82 overexpression on 268
proteasome assembly in various proteasome
mutants

Finally, we examined why overexpression of Hsp90 had
opposing effects on cell proliferation, which was depend-
ent on the type of mutation against the RP subunits of the
26S proteasome. Since our results showed that Hsp90
influenced the assembly of the 26S proteasome, we
examined the role of Hsp%0 on the 26S proteasome
assembly. Since HSC82 served as a multicopy suppressor
of the temperature-sensitive growth of rpnl-1 cells, Arpn2
cells and rpn3-1 cells (Figure 5C, top), we examined the
molecular species of the proteasome in these cells using
native PAGE followed by western blotting using anti-20S
proteasome. Overexpression of Hsc82 suppressed the
disassembly of the 26S protecasome in rpnl-1 cells,
Arpn2 cells and rpn3-Icells under non-permissive tem-
peratures of 37°C (rpnl-1 cells and rpn3-1 cells) and 34°C
(Arpn2 cells) (Figure 6A, middle and bottom panels),
while absence of such overcxpression markedly affected
the disassembly of the 26S proteasome. In contrast, the
inhibitory effects of overexpression of Hsc82 on Arpni0
cells and rpni2-Icells (Figure SC) appeared to be the
results of disassembly of the 26S proteasome in these cells
(Figure 6A, bottom). Note the appearance of several bands
in these experiments, which were different from the main
three bands observed initially which represented the 20S
proteasome and the symmetric and asymmetric forms of
the 26S proteasome. These extra bands represented
incompletely assembled forms of the 26S proteasome,
perhaps out by several components, because reactive
bands by western blotting with anti-Rpt] and anti-Rpn12
differed from each other and those with anti-20S
proteasome (Figure 6A, middle). Furthermore, we con-
firmed peptidase activities of these extra bands by the in-
gel peptidase assay (Figure 6B). Since the effects of
overexpression of Hsc82 in various proteasome mutants
correlate with the presence of the functional 26S
proteasome, the above results also suggest that Hsp90
plays an important role in the regulation of assembly and
disassembly of the 26S proteasome in vivo.

Fig. 5. Genetic interactions between HSC82/HSP82 and varions RPN
genes. (A) Growth defects of triple mutants with hsp82—4Ahsc82
together with rpnil-1 (J821), Arpn2 (1822), rpn3-1 (J823) or rpni2-1
(18212). Each strain was spotted on YPD and incubated at the indicated
temperatures for 2 days. (B) Synthetic lethality in Arpnl0 and hsp82-
4Ahsc82 mutations. JD8210 cells were sporulated and dissected. No
germination of a Ura* His* Len* colony corresponding to triple mutants
was noted. Germination of small colonies was noted, though rarely
(e.g. lanes 3 and 8). (C) Effects of overexpression of Hsc82. Each
strain  harboring HSC82 (4--+) overexpressing plasmid (YPHS500/
pYO0326-HSC82, JR1/pY0323-HSC82, JR2/pY0323-HSC82, JR3Y/
pYO0325-HSC82, JR10/pY0326-HSC82, JR12/pY0326-HSC82) and
the vector alone (corresponding empty vector) (+) was spotted on SD
plates containing appropriate amino acids and incubated at the indi-
cated temperatures for 2 days. Note that the expressed levels of Hsc82
were not affected by these proteasomal mutations (data not shown).
(D) Sensitivity to GA in various rpn mutants. Each strain used in A
was spotted with or without GA (18 uM) and incubated for 2 days at
indicated ternperatures.



Discussion

The 26S proteasome is an unusually large complex,
consisting of two subcomplexes, CP and RP. A major
challenge to our understanding of the quaternary structure
is how the large complex, composed of many subunits of
various sizes, is accurately assembled in the cells. Recent
studies of 208 proteasome assembly have shown that a key
molecule termed ‘Umpl’ functions as a core factor to
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+ 4+ HE o+ +H+ + bbE Heol2
B
: rpnl-1 37°C ‘ rpni2-1 25°C
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4+

+ 4+ HscB2

+ 444 HscB2

Fig. 6. Effects of overexpression of Hsc82 on the 26S proteasome
assembly in various rpn mutants. (A) WT cells and various proteasome
mutant cells harboring control plasmid (+), multicopy plasmid carrying
HSC82 (+++), as in Figure 5C, grown at 25°C were shifted to the
indicated temperatures and incubated for an additional 8 h. Samples of
cell lysates (5 pg) were loaded onto native PAGE and analyzed by
western blotting with anti-20S proteasome, anti-Rptl or anti-Rpnl2.
(B) Corresponding cell extracts as in (A) were analyzed by gel-overlay
assay as in Figure 1 with 2 mM ATP or 0.01% SDS.
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gather multiple proteasomal f-subunits (Ramos et al.,
1998). At present, however, little is known about the
mechanism(s) involved in the assembly of the 26S
proteasome, especially the RP complex.

In the present study, we showed that inactivation of
Hsp90, using yeast mutants, caused almost complete
disassembly of the 26S proteasome, indicating that Hsp90
plays a role in keeping the structural integrity of this large
complex (Figure 2). Inactivation of Hsp90 resulted in
dissociation of the 26S proteasome into the core 205
particle, which settled into a latent state, as evidenced by
the marked activation upon the addition of SDS
(Figure 2A). In contrast, Rpn9 and Rpnl2 subunits
migrated to different positions in native PAGE
(Figure 2E), indicating loss of integrity of the lid complex.
However, it is not known whether these lid subunits
dissociated into their monomeric forms. It is also not
known how Hsp90 influences the organization of the base
complex, but it is clear at least that the functional loss of
Hsp90 triggers disruption of the RP complex. These
findings indicate that the RP complex is structurally
fragile, requiring continuous supply of a functional Hsp90
to assemble and maintain these complexes, unlike the 208
proteasome, which is apparently stable without functional
Hsp9%0. Thus the assemblies of the CP/20S proteasome and
RP complexes are mechanistically different.

The genetic evidence provided in the present study also
strongly suggests in vivo linkage between HspS0 and the
26S proteasome. In fact, we demonstrated that over-
expression of Hsc82 suppressed ts~ growth defects of
rpnl-1 cells, Arpn2 cells and rpn3-1 cells (Figure 5C) and
prevented dissociation of the 268 proteasome, which
occurred under conditions otherwise non-permissive for
these mutants (Figure 6). Consistent with this genetic
interaction, hsp82-4Ahsc82 showed weak synthetic leth-
ality with those proteasomal mutations (Figure 5A).
Furthermore, strong synthetic lethality was observed
between hsp82-—4Ahsc82 and Arpnl0 or rpnl2-1.
Interestingly, even though the Arpnl0 mutation itself
showed no growth defect at all, it exhibited the most
severe growth defect when combined with hsp82-4Ahsc82
mutant (Figure 5B and D). However, overexpression of
Hsc82 in Arpnl0 cells and rpnl2-1 cells enhanced their
growth defects and was associated with decreased 26S
proteasome levels in these two strains (Figure 6). One
possible explanation for these antagonizing effects is that
the tight interaction between Hsp90 and some subunits of
regulatory particle might hinder them from proper forma-
tion of the 26S proteasome, leading to inhibition of cellular
proliferation.

‘We obtained evidence that a larger amount of Hsp90 is
associated with the 26S proteasome from hsp82-4 cells
grown at permissive temperature, compared with the WT
proteasome, irrespective of the lower content of Hsp90 in
mutant cell extracts (Figure 3A, left), suggesting that the
larger amount of mutant Hsp90 might be required to
maintain the 26S proteasome because of its functional
impairment. We also found that considerable amounts of
Hsp90 are associated with the 26S proteasome through the
RP complex, and this association is so tight that it occurs
even under low Hsp90 conditions in which many other
client proteins were dissociated from Hsp90 (Figure 3A,
right). In addition, hsp82-4 cells showed a faster decay of
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Table 1. Yeast strains used in this study

Strain Source

Genotype

YPH500 MATo ura3 lys2 ade2 trpl his3 leu2

Sikorski and Hieter, 1989

YOKS MATa ura3 lys2 ade2 trpl his3 leu2 Ahsc82::URA3 hsp82-4::LEU2 Kimura et al., 1994
YOK5H MATa ura3 lys2 ade2 wrpl his3 leu2 Ahsc82::HIS3 hsp82-4::LEU2 Our laboratory stock
YOKSRH MATa ura3 lys2 ade? trpl his3 leu2 Ahsc82::HIS3 hsp82-4::LEU2 6 X His-RPT1::URA3 Present study
5CG2 MATa ura3 lys2 ade2 trpl his3 leu2 Ahsc82::URA3 hsp82-4::GALI-HSP82::LEU2 Kimura et al., 1994
J106 MATo. 6 X His-RPT1::URA3 ura3 lys2 ade2 trpl his3 leu2 Takeuchi et al., 1999
YK109 MATa ura3 lys2 ade2 trpl his3 leu2 rpnl2-1 Kominami et al., 1997
JR1 MATa ura3 lys2 ade2 trpl his3 leu2 rpnl-1 Present study
1821 MATa ura3 lys2 ade2 trpl his3 leu2 Ahsc82::HIS3 hsp82-4::LEU2 rpnl-1 Present study
R2 MATa ura3 lys2 ade? trpl his3 leu2 Arpn2::URA3 Present study
J822 MATa ura3 lys2 ade2 trpl his3 leu2 Ahsc82::HIS3 hsp82-4::LEU2 Arpn2::URA3 Present study
JR3 MATa ura3 lys2 ade2 trpl his3 leu2 rpn3-1::HIS3 Present study
1823 MATa ura3 lys2 ade2 trpl his3 leu2 Ahsc82::URA3 hsp82-4::LEUZ2 rpn3-1::HIS3 Present study
JR10 MATa ura3 lys2 ade2 trpl his3 leu2 Arpnl0::HIS3 Present study
JR12 MATa ura3 lys2 ade? trpl his3 leu2 rpnl2-1 Present study
18212 MATa ura3 lys2 ade2 trpl his3 leu2 Ahsc82::HIS3 hsp82-4::LEU2 rpnl2-1 Present study
J38 MATuw. leu2 his3 ura3 trpl Arpnl0::HIS3 Takeuchi et al., 1999
JD8210 MATe/o. ura3/ura3 lys2/lys2 ade2/ade2 trpl/trpl his3/his3 leu2/leu2 Ahsc82::URA3/Ahsc82:: Present study

URA3 hsp82-4::LEU2/hsp82-4::LEU2 RPN10/Arpnl10::HIS3
rpnl::URA3 MATuo, ura3 lys2 ade2 trpl his3 leu2 rpnl::URA3 (rpnl-1) QOur laboratory stock
W1646-1C MATo. leu2 his3 ura3 trpl ade2 Arpn2::URA3 Our laboratory stock
YK137 MATa leu2 his3 ura3 trpl rpn3-1::HIS3 Kominami et al., 1997

the peptidase activities of the 26S proteasome after
addition of CHX even under permissive temperature
compared with WT cells (Figure 3B). Taken together,
these results suggest that the 268 proteasome is the most
important substrate for Hsp80, and HspS0 is continually
required for maintenance of the 26S proteasome.

The energy requirement for 26S proteasome assembly
has been recognized since the discovery of the 26S
proteasome (Armon et al., 1990; Driscoll and Goldberg,
1990; Chu-Ping et al., 1994), but the molecular mechan-
isms of ATP consumption have remained elusive. In the
present study, we have provided evidence that ATPase of
Hsp90 plays an active role in supplying energy required
for the 26S proteasome assembly. Thus, we have shown
that the dissociated constituents of the 268 proteasome
from hsp82-4 cells under non-permissive conditions,
reassembled in vivo and in vitro by reactivation of ts-
Hsp82 or addition of purified Hsp90 (Figures 3 and 4).
Although the reason for not being able to get the full
restoration by purified Hsp90 in vitro is not clear at
present, it is plausible that Hsp90 acts in concert with
various cochaperones, such as p23 (Young et al., 2001), to
exert its full activity, some of which might be lost in the
purification of Hsp90 by the present technique. More
importantly, we demonstrated that ATP is required for
Hsp90-dependent reassembly and that inhibition of
Hsp90-ATPase function by GA also blocked in part this
restoration of the 26S proteasome. Thus we propose that
the energy reguired for the assembly of the 26S
proteasome is at least utilized by Hsp90.

An important question is whether the dissociation—
association cycle of the 26S proteasome has any physio-
logical significance. An intriguing scenario is that a
dissociation—association cycle might be envisaged for
the 268 proteasome or it might be regulated to respond to
changes in certain environmental circumstances in cells.
For example, marked increases have been found in the
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amounts of the 268 proteasome during the stationary phase
compared with those in logarithmically growing yeast
cells (Fujimuro et al., 1998). In this regard, it is interesting
to note that yeast Hsp90 also increases during the
stationary phase (Ilida and Yahara, 1984), implying that
Hsp90 may contribute to these dynamic alterations,
repeating assembly and disassembly in logarithmic/sta-
tionary phase shift. In addition, the involvement of an
Hsp90 chaperone in the assembly of the 26S proteasome
indicates that changes in the physiological state of Hsp90
may alter the amounts of the 26S proteasome. In fact, we
initially found that the amounts of the 26S proteasome
decreased upon exposure to the thermal insult of 50°C but
showed full recovery within 6-8 h after the temperature
was reversed to 25°C (Figure 1). In this regard, previous
studies reported that the cellular ATP level remained
largely unchanged under such severe heat shock condi-
tions (Jamsa et al., 1995), indicating that disassembly of
the 26S proteasome is not due to reduced availability of
ATP. However, such temporary reductions in the 26S
proteasome are conceivable because while Hsp90 is
required for the 26S proteasome assembly, it is also
responsible for refolding stress-damaged proteins and
thereby might be sequestered to those damaged proteins
after severe thermal insults. Thus it is conceivable to view
the disassembly of the 26S proteasome as a stress response
regulated by Hsp90. In other words, our results highlight
the importance of Hsp90 in the disassembly-reassembly
cycle of the 268 proteasome, although further studies are
necessary to determine its precise molecular action.

Materials and methods

Microbiological techniques

Experimental methods for yeast were performed as described (Guthrie
and Fink, 1991). Yeast cells were cultured in YPD on logarithmically
growing phase, unless otherwise indicated.



Plasmids

Plasmids pY0323-HSC82 and. pY0325-HSC82 carry the 4.2 kbp Spel—
Spel fragments of HSC82 in the Xbal site of pY0323 and pYO325 (Ohya
et al., 1991), respectively. Plasmids pY0326-HSC82 (Imai and Yahara,
2000) and pRS316-pADH-hHsp900. were our laboratory stock.

Antibodies and reagents

Rabbit polyclonal anti-Rpn9 and anti-Rpn12 antibodies were a kind gift
from Dr AToh-e (Tokyo University). Rabbit polyclonal anti-Rptl
(Takeuchi et al., 1999), anti-20S proteasome (Tanaka et al., 1988) and
anti-Hsp82 (Imai and Yahara, 2000) antibodies were used. Purified
porcine Hsp90 was our laboratory stock. Suc-LLVY-AMC was obtained
from Peptide Institute Inc. CHX, deoxyglucose and azide were purchased
from Sigma Chemical Co. (St Louis, MO). GA was obtained from Gibco
BRL (Gaithersburg, MD). Protein concentration was determined using
BCA protein assay reagent (Pierce Chemical Co.) with bovine serum
albumin (Sigma) as the standard.

Strains
The yeast strains used are listed in Table 1. Strains referred to in this study
were constructed by conventional genetic methods.

Electrophoresis

We used 10-20% and 7.5-15% (Figure 2B only) gradient gel for SDS—
PAGE and 2-15% polyacrylamide gradient gel (Daiichi Pure Chemical
Co.) for native PAGE.

Western blotting

The crude cell extracts were subjected to SDS-PAGE or native PAGE,
transferred onto a PVDF membrane. Then the blot was developed with
the indicated primary antibodies, horseradish peroxidase conjngated
secondary antibodies and the chemiluminescent substrate.

Peptidase activity

Peptidase activity was assayed using Suc-LLVY-AMC as a substrate.
Suc-LLVY-AMC (0.1 mM) was incubated with an enzyme source for
10 min at 37°C as described previously (Tanaka ef al., 1988). The
activities are expressed as averages of three independent experiments or
as mean *= SEM. The overlay assay of peptidase activities of the
proteasome after native PAGE was described previously (Glickman et al.,
1998). Peptidase activity was visualized by irradiating the gel with 380 nm
UV light.

Preparation of crude extracts

Yeast cells were harvested and washed once with ice-cold lysis buffer
(100 mM Tris-HCl pH 7.6, 2 mM ATP, 0.5 mM EDTA, 2 mM MgCl; and
2% glycerol), and then disrupted with glass beads in 200 pl of lysis buffer.
After removal of unbroken cells and glass beads by brief centrifugation at
100 g, the extracts were clarified by centrifugation twice at 20 000g and
4°C for 10 min. The final supernatant was used as the crude extract.

Affinity-purification of 268 proteasome

Purification of 268 proteasome by Ni-nitrilotriacetic acid (NTA) affinity
chromatography was performed. Briefly, the yeast extracts were clarified
by centrifugation at 100 000 g at 4°C for 30 min. The supernatant was
subjected to ultracentrifugation at 235 000 g and 4°C for 5 h to precipitate
the proteasome. The resulting precipitates were gently dissolved in 10 ml
of buffer A (20 mM Tris-HC1 pH 7.8, 1 mM ATP, 0.1 mM EDTA, 2 mM
MgCl,, 100 mM NaCl and 10% glycerol) with an ATP regeneration
system. After removal of insoluble materials by centrifugation at 9100 g
and 4°C for 10 min, the resulting supemnatant was loaded onto a Ni*-
NTA-agarose column (Qiagen, Hilden, Germany). After washing the
column with buffer A containing 50 mM imidazole, the His-tagged
column associated with the proteasome was eluted with elution buffer
(buffer A with 200 mM imidazole). In successive experiments, the 26S
proteasome was purified from the same volume of cell extracts containing
the same amount of protein.
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Sterol regulatory element-binding proteins (SRERPs)
are major transcription factors that activate the genes
involved in cholesterol and fatty acid biosynthesis. We
here report that the nuclear forms of SREBPs are mod-
ified by the small ubiguitin-related modifier (SUMO)-1.
Mutational analyses identified two major sumoylation
sites (Lys'®® and Lys*'®) in SREBP-1a and a single site
(Lys*®*) in SREBP-2. Mutant SREBPs lacking one or two
sumoylation sites exhibited increased transactivation
capacity on an SREBP-responsive promoter. Overez-
pression of SUMO-1 reduced whereas its dominant neg-
ative form increased mRNA levels of SREBP-responsive
genes. Nuclear SREBPs interacted with the SUMO-1-
conjugating enzyme Ubc8, and overexpression of a dom-
inant negative form of Ubed increased the mRNA levels
of SREBP-responsive genes. Pulse-chase experiments
revesaled that sumoylation did not affect the degrada-

tion of SREBPs through the ubiquitin-proteasome path--

way. In viiro ubiquitylation assay showed no competi-
tion between ubiquitin and SUMO-1 for the same lysine.
Considered together, our regults indicate that SUMO-1
modification suppresses the transactivation eapacity of
nuclear SREBPs in a manner different from the negative
regulatory mechaniem mediated by proteolysis.

SREBPs! control the transcription of a number of genes
encoding enzymes and proteins involved in cholesterol and
fatty acid metabolism (1). These transcription factors belong to
a large class of transcription factors containing a basic helix-
loop-helix leucine zipper (bHLH-Zip) motif. The SREBP family
comprises three subtypes: SREBP-1a and SREBP-1c, which are
generated by alternative splicing, mainly regulating lipogenic
gene expression, and SREBP-2 governing cholesterol metabo-
lism. Unlike other members of the bHLH-Zip transcription
factors, the SREBPs are synthesized as membrane-bound pre-
cursors on the endoplasmic reticulum (ER) and activated by a
two-step proteolytic process (2—4). The precursor proteins con-
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tain an N-terminal transcriptional activation domain with a
bHLH-Zip motif and a C-terminal regulatory domain separated
by two transmembrane regions. The C-terminal regulatory do-
main associates with SREBP cleavage-activating protein
(SCAP), an ER membrane protein with eight membrane-
spanning segments, which contains a sterol-sensing domain
(6). An SREBP-SCAP complex remains on the ER membrane as
long as intracellular cholesterol levels are high, whereas in
cells depleted of cholesterol ER-derived membrane vesicles con-
taining this complex moves to the Golgi, where a sequential
cleavage of the SREBPs by site 1 and site 2 protease occurs,
releasing the active nuclear forms (6). Once the nuclear form of
SREBPs is released into the cytoplasm, it is actively trans-
ported into the nucleus in an importin g-dependent manner (7).
In the nucleus, the SREBPs are modified by polyubiquitin
chains and rapidly degraded by the 26 S proteasome (8). In the
presence of proteasome inhibitors, ALLN and lactacystin, the
stabilized nuclear SREBPs are capable of enhancing their re-
sponsive gene expression. Thus, ubiquitylation of the nuclear
SREBPs and the subsequent turnover play important roles in
regulation of lipid metabolism.

Posttranslational modification of a variety of cellular pro-
teins has been variably linked to protein phosphorylation and
acetylation other than ubiquitylation. SUMO-1, a 101-amino
acid protein bearing 18% identity with ubiquitin but with a
remarkably similar secondary structure, has been recently
identified. SUMO-1 differs from ubiquitin in its surface-charge
distribution, eliciting its specificity (9), and does not have a
consensus sumoylation motif, (I/V/L)KX(E/D), in its molecule,
explaining why SUMO-1 does not make multichain forms
(10, 11).

Sumoylation requires a multiple-step reaction similar to that
of ubiquitin, but the specific enzymes are distinet from those
involved in ubiquitylation (12). SUMO-1 is synthesized as a
precursor with the C-terminal extension of several amino acids,
which needs to be processed to expose the C-terminal Gly®"
residue that is essential for conjugation to target proteins (13).
Then the processed SUMO-1 is recognized ‘as a substrate by
SUMO-activating enzyme (E1), which is a heterodimer consist-
ing of SAE1 (also called Uba2) and SAE2 (also called Aosl)
subunits (14). Ube9 is a SUMO-conjugating enzyme (E2), re-
ceiving SUMO-1 from the E1 enzyme and transferring it to
target proteins (15). Most sumoylated proteins directly interact
with Ubc9, which catalyzes the sumoylation of such proteins
(16). A recent report showed that Ubc9 recognizes the consen-
sus sequence that surrounds the acceptor lysine residue in
sumoylation substrates (17), implying that Ubc9 itself might
play to a certain extent a ubiquitin E8-like role in determining
the substrate specificity (18). However, recent studies have
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identified ubiquitin ligase (E3)-like ligases for sumoylation
that enhance SUMO-1 conjugation to target proteins in yeasts
and mammals (19).

In recent years, a growing number of SUMO-1 target pro-
teins including several transcription factors have been reported
(20). In contrast to ubiquitylation, which usually marks pro-
teins for rapid degradation, sumoylation is invoived in the
regulation of protein functions through changes in protein-
protein interactions (21, 22), subcellular localization (23), and
antagonism to ubiquitylation. Thus, sumoylation serves to en-
hance the stabilization of target proteins (24) and inhibit DNA
repair (25).

The effects of SUMO-1 modification of transcription factors
are very diverse, depending on the nature of transcription
factors. SUMO-1 modification induces nuclear relocalization of
p53 and enhances the DNA-binding ability of heat shock tran-
scription factor 1 and 2, resulting in increased transcriptional
activities (26-28). In contrast, sumoylation to p73a does not
affect its transcriptional activity but rather its subeellular lo-
calization (29), whereas SUMO-1 modification attenuates the
transcriptional activities of ¢-Myb, ¢-Jun, and androgen recep-
tor (30—32). Thus, SUMO-1 modification might be a common
mechanism that regulates specific activities of transcriptional
factors.

Here we report a novel postiranslational modification of
SREBP-1 and SREBP-2 by the covalent attachment of two
molecules and a single molecule of the SUMO-1 protein, respec-
tively. We show that sumoylation does not affect ubiquitylation
and the stability but does modulate transcriptional activities of
the SREBPs. Our results point to another mechanism through
which the SREBPs activities are attenuated in conjunction
with degradation by the ubiquitin/26 S proteasome pathway.

EXPERIMENTAL PROCEDURES

Materials—We obtained Redivue Pro-mix L-2*8 in vitro cell labeling
mizx, glutathione-Sepharose 4B, and Protein A-Sepharose C1-4B from
Amersham Biosciences; protease inhibitor mixture and lipoprotein-de-
ficient serum from Sigma; MG-182 (benzyloxycarbonyl-Leu-Leu-Leu-
CHO) and N-ethylmaleimide from Calbiochem; and iodoacetamide from
Fluka (Buchs, Switzerland).

Expression Plasmids—The pSREBP-1a-(1-487) and the pSREBP-2-
(1-481) were described previously (33, 34). Expression plasmids
PFLSBP-1a~(2-487) and pFLSBP-2-(2-481) were constructed by insert-
ing fragments coding amino acids 2--487 of human SREBP-1a and
2—481 of SREBP-2 into the pCMV-8Flag (Sigma), reapectively. To gen-
erate expression plasmid pGSTSBP-1e-(2-487) and pGSTSBP-2-(2-
481), the fragments were transferred to the pME-GS8T(6P-8), which was
kindly provided by Dr. Tezuka (Institute of Medical Science, University
of Tokyo). To generate the expression plasmid pG4-FLSBP-1a-(2-487),
the fragment coding amino acids 2-487 of SREBP-1a was ligated into
the expression plasmid pM-Flag, which was constructed by inserting a
GAL4 DNA-binding domain expression vector, pM (Clontech). The ex-
pression plasmid pG4-HisSBP-2-(2-481) was constructed by inserting
the fragment for amino acids 2-481 of SREBP-2 into the expression
plasmid pM-His, which was engineered to contain the in-frame N-
terminal His epitope tag MRGS(H),. All expression plasmids encoding
SREBP mutants were synthesized by a PCR-assisted method using the
site-directed mutagenesis kit following the instructions provided by the
supplier (Stratagene, La Jolla, CA).

The pEGFP-SUMO-1 was a kind gift from Dr. Minoru Yoshida
(RIKEN). The pHA-SUMO-1 was kindly provided by Dr. Chiba (Tokyo
Metropolitan Institute of Medical Science). The expression plasmid
pHisBUMO was constructed by inserting a fragment encoding buman
SUMO-1 cloned into the pME-His (8). Expression plasmids pHis-
SUMO(GG) and pHisSUMOAGG were generated by ligating PCR-gen-
erated fragments. To construct expression plasmids pHisUbc9 and pG-
FPUbcY, a fragment of human Ubc9 was amplified by reverse
transcriptase-PCR and inserted into the pME-His and the pME-GFP
(8). The expression plasmid pHisUbc8(C838) was generated using the
site-directed mutagenesis kit. To generate the pGbLuc reporter plas-
mid, five copies of Gal4 binding sites in the pGBCAT (Clontech) were
transferred to the pGL3-Basic (Promega, Madison, WI).

Sumoylation of SREBPs

Antibodies—The anti-SREBP-1 polyclonal antibody RS005 and the
anti-SREBP-2 polyclonal antibody RS004 have been described previ-
ously (8, 85). The anti-RGS(H), monoclonal antibody was purchased
from Qiagen (Hilden, Germany); the anti-FLAG monoclonal antibody
M2 and anti-GST polyclonal antibody were obtained from Sigma; anti-
Ubce9 polyclonal antibody was from Santa Cruz Biotechnolegy, Inc.
(Santa Cruz, CA); anti-multiubiquitin monoclonal antibody was from
Medical & Biological Laboratories Co. (Nagoya, Japan); anti-HA mono-
clonal antibody was from BabCO (Richmond, CA); and anti-GMP-1
(anti-SUMO-1) monoclonal antibody was from Zymed Laboratories
(San Francisco, CA).

Cell Lines and Culture Corditions—HeLa, COS-1, HEK293 and M19
colls and site 2 protease null mutant Chinese hamster ovary cells,
which were kindly provided by Dr. Chang (Dartmouth College, Hano-
ver, NH), were cultured as described previously (8, 36).

Immunoprecipitation and Immunoblotting—For detection of sumoy-
lated endogenous SREBPs, HeLa cells (20 100-mm dishes) were set up
on day 0 in medium A (Dulbecco’s modified Eagle’s medium; Sigma)
supplemented with 10% fetal bovine serum supplemented with 10%
fetal bovine serum. On day 1, the cells were transfected with 3 pg of
pHA-SUMO-1 using X-tremeGENE Q2 Transfection Reagent (Roche
Applied Science). After transfection, the cells were refed with medium
A containing 5% lipoprotein-deficient serum, 50 uM pravastatin, and
sodium mevalonate. After incubation for 48 h, the cells were harvested
with Buffer C* containing 20 mx HEPES/KOH (pH 7.9), 20% glycerol,
1.5 mu MgCl,, 300 mu NaCl, 0.5% Nonidet P-40, and 0.2 mu EDTA
supplemented with a mizture of protease inhibitors, 10 um MG-132, 20
my N-gthylmaleimide, and 10 mM iocdoacetamide. After centrifugation
at 13,000 X g for 10 min at 4 °C, the supernatant was immunoprecipi-
tated by the Seize Classis X Protein A immunoprecipitation kit (Pierce)
following the instructions provided by the supplier and resolved on
SDS-PAGE and immuncblotted as described previously (8).

COS-1 and M19 colls were set up on day 0. On day 1, the COS-1 cells
werae transfected using the DEAE-dextran methods and then refed with
medium A supplemented with 10% fetal bovine serum. M19 cells were
transfected using LipofectAMINE (Invitrogen) and then refed with
medium B (a 1:1 mixture of Ham’s F-12 medium and Dulbacco’s mod-
ified Eagle’s medium) containing 5% lipoprotein-deficient serum sup-
plemented either with 1 pg/ml 25-hydroxycholesterol pius 10 pg/mi
cholesterol (the sterol-loaded condition) or 50 pM pravastatin plus 50 pum
sodium mevalonate (the sterol-depleted condition). After incubation for
48 h, the cells were harvested with a radicimmune precipitation buffer
containing 50 mu Tris/HCI (pH 7.8), 160 mM NaCl, 5 mm EDTA, 15 mm
MgCl,, 1% Nonidet P-40, 0.76% sodium deoxycholate, 1 mu dithiothre-
itol for binding assays or Buffer C* for sumoylation assays supple-
mented with a mixture of protease inhibitors, 10 uM MG-182, 20 mM
N-ethylmaleimide, and 10 mM iodoacetamide. After centrifugation at
13,000 X g for 10 min at 4 °C, the supernatant was incubated with 50
ul of a 50% slurry of glutathione-Sepharose 4B or immunoprecipitated
with the indicated antibodiez and 50 pl of a 50% slurry of Protein
A-Sepharose CL-4B. All resing were resolved on SDS-PAGE and immu-
noblotted as described previously (8).

Northern Blotting—HeLa cells (6 X 10° cells/60-mm dish) transfected
with various expression plasmids were cultured under the sterol-de-
pleted condition for 48 h and then harvested. Northern blot analysis
was performed as described previously (34, 87). Membranes transfer-
ring total RNA were hybridized with radiocactive cDNA probes, human
hydroxymethylglutaryl (HMG)-CoA synthase, LDL receptor, and glye-
eraldehyde-3-phosphate dehydrogenase.

Reporter Assays—Reporter Assays were performed as described pre-
viously (36). HEK293 cells were transfected with 0.2 ug of the pLDLR
(38) or the pGbLuc, 0.01 ug of the pRL-CMV, an expression plasmid
encoding Renilla luciferase (Promega), and the indicated amounts of
various expression plasmids. After incubation for 48 h, the Dual-Lucif-
erase™ Reporter System (Promega) was used to determine luciferase
activities.

Pulse-Chase Experimenis—On day 0, monolayers of COS-1 cells were
set up and transfected on day 1 with wild-type or mutant SREBPs. One
day after transfection, the cells were trypsinized and reseeded to nor-
malize the transfection efficiency. On day 8, the cells were preincubated
for 1 h with methionine/cysteine-free medium A (Invitrogen) supple-
mented with 10% fetal bovine serum and then pulsed with 200 pCi of
L-%58 coll labeling mix for 1 h. After the pulse period, the cells were
incubated for 1 h and then washed with phosphate-buffered saline and
refed with a prewarmed complete medium. After each chase period, the
cells were harvested and lysed with a cold lysis buffer containing 10 m»
Tris/HC1 (pH 7.4), 0.1% Triton X-100, 0.1% SDS, and 2 mm EDTA. The
immunoprecipitates with anti-FLAG antibodies were visualized by au-
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A potential sumoylation sites in nuclear SREBPs
Consensus sequence (I/V/L)X(Q/T)E
SREBP-1a 120-128 PGIR'VEESVP
378-386 QKLR’“QENLS
415-423 EGVK™'TEVED
467-475 SKAK'PEQRP
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toradiography. Exposed filters were quantitatively analyzed on Fluor-
Image Analyzer with Image Gauge (Fuji Film).

In Vitro Ubiguitylation Assey-~The ubiquitylation assay was previ-
ously deseribed (89). Substrate GST-SREBPs were prepared from
CO8-1 cells transfected with pGSTSBPs. The cslls were treated with 20
i MG-132 for the last 12 h of the culture and then lysed. The GST-
SREBFs immobilized on the glutathione-Sepharose 4B were incubated
with 40 ng of E1, 0.4 pg of E2, and 8.0 ug of GST-Ub in 40 pl of the
ubiquitylation buffer containing 50 mM Tris/HC] (pH 7.5), 2 mam MgCl,,
1 muM dithiothreitol, and 4 myu ATP for 8 h at 37 °C. The reactions were
terminated by the addition of the SDS sample buffer.

RESULTS

Posttranslational Modification of Endogenous SREBPs by
Covalent Attachment of SUMO-1—Analysis of the amino acid
sequences of the nuclear forms of human SREBPs revealed
that SREBP-14a contains four matches to the consensus sumoy-
lation sequence centered around Lys'?®, Lys®®!, Lys*!%, and
Lys*”°, and that SREBP-2 contains two matches, centered
around Lys*®® and Lys** (Fig. 14). To examine whether the
endogenous SREBPs are modified by SUMO-1, HeLa cells were
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F16. 2. A dominant-negative form of SUMO-1 induces the expression of SREBP-responsive genes. HeLa cells in a 60-mm dish were
transfected with the indicated amounts of expression plasmids, either His-SUMO-1(GG) (A) or His-SUMO-1AGG (B). After transfection, the cells
were cultured under sterol-depleted conditions for 48 h. Total RNA (8 ug/iane) was subjected to electrophoresis and blot hybridization with the
indicated **P-labeled probe as described under “Experimental Procedures.” The results were normalized to the signal generated from glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH). The same results were obtained in three separate experiments. LDLR, LDL receptor.

transiently transfected with an expression plasmid for HA-
SUMO-1 and cultured under sterol-depleted conditions for 48 h
to increase in the amount of the nuclear SREBPs. The nuclear
extracts treated with isopeptidase inhibitors, N-ethylmaleim-
ide and iodoacetamide, were subjected to immunoprecipitation
and immunoblot analysis. In the case of SREBP-1a, anti-HA
antibodies recognized several slower migrating bands in the
immunoprecipitates with anti-SREBP-1 antibodies (Fig. 1B,
left top). Anti-SREBP-1 antibodies also detected weaker bands
for SUMO-1-modified forms above the parental form of
SREBP-1a (left boitom). In the case of SREBP-2, anti-HA an-
tibodies recognized a single band in the immunoprecipitates
with anti-SREBP-2 antibedies (right iop), and anti-SREBP-2
antibodies detected a faint SUMO-1-modified form above the
parental form of SREBP-2 (right botiom). These results dem-
onstrated that endogenous SREBPs are modified by SUMO-1.
Based on the fact that SUMO-1 can be covalently attached to a
lysine residue only in a monomeric form (40), our findings
suggest that more than two residues of lysine among four
potential sifes in SREBP-1a and a single residue of lysine
between two potential sites in SREBP-2 are modified.

A Dominant Negative Form of SUMO-1 Induces the Expres-
sion of SREBP-responsive Genes—7To determine whether the
transcriptional activities of endogenous SREBPs are regulated
by sumoylation, either SUMO-1(GG), a processed mature form
of SUMO-1 (13), or SUMO-1AGG, a dominant-negative form of
SUMO-1 that is unable to attach target proteins (42), was
overexpressed in HeLa cells. Northern blot analyses for
SREBP-responsive genes shown in Fig, 2 indicate that overex-
pression of SUMO-1(GG) decreased the amounts of HMG-CoA
gsynthase and LDL receptor mRNA in a dose-dependent man-
ner, suggesting that sumoylated endogenous SREBPs (Fig. 1B)
down-regulate transcription of their target genes (Fig. 24). In
contrast, overexpression of SUMO-1AGG increased the
amounts of HMG-CoA synthase and LDL receptor mRNA in a
dose-dependent manner, indicating that block of sumoylation
accelerated transcription of SREBP target genes (Fig. 2B).
These results indicate that sumoylation of endogenous
SREBPs can affect regulation of the SREBP-responsive gene
expression.

Two Lys Residues (Lys'®® and Lys*'®) in SREBP-1a Are
Sumoylated—To determine which Lys residues in SREBP-1a

are sumoylated, we cotransfected COS-1 cells with expression
plasmids for His-SUMO-1 and either wild-type or mutant ver-
sions of GST-SREBP-1a. GST-SREBP-1a bound to glutathione-
Sepharose resins were subjected to immunoblotting with anti-
SUMO-1 antibodies (Fig. 3, A and B, top panels). Three
sumoylated bands were detected in cells transfected with an
expression plasmid for wild-type SREBP-1a, whereas a single
sumoylated band was detected in cells expressing either
SREBP-1a K381R/K418R/K470R or K123R/K381R/K470R
(Fig. 34, top, lanes 1, 2, and 4). No bands were observed after
the removal of four lysine residues in potential sumoylation
sites (lane 6). Another immunoblotting analysis with anti-
SREBP-1a antibodies confirmed that all sumoylated bands ob-
served in the top panel were derived from sumoylated
SREBP-1a (bottom). It is likely that the most slowly migrating
sumoylated band in GST-SREBP-1a (top, lane I) represents
doubly sumoylated proteins at Lys'?® and Lys*'5. Fig. 3B also
shows that mutation at both Lysi?® and Lys*'® completely
abolished sumoylation of SREBP-1a (lane 10). Mutation of one
of two possible sumoylation sites, Lys1*® and Lys*'8, resulted
in a gingle sumoylated band (lanes 8 and 9), confirming that
these residues are major sumoylation sites. Taken together,
these results clearly demonstrate that the molecule of
SREBP-1a contains two possible sumoylation sites, Lys'?® and
Lys*®,

SREBP-2 Is Sumoylated at Lys?%*—To determine which
Lys residues of two putative sumoylation sites in SREBP-2
are modified, COS-1 cells were transiently transfected with
expression plasmids for His-SUMO-1 and either wild-type or
mutant versions of SREBP-2. Fig. 4 shows that a slowly
migrating SUMO-1-conjugated band (~83 kDa) was detected
when either wild-type or K420R SREBP-2 was expressed
together with His-SUMO-1. These results clearly indicate
that Lys%%4 gerves as the sumoylation site in the nuclear form
of SREBP-2.

Sumoylation Decreases the Transactivation Activities of
SREBPs—To assess the potential consequences of sumoylation
of SREBPs, we examined whether sumoylation influences the
transcriptional activities of SREBPs. HEK293 cells were co-
tranafected with a reporter plasmid, pLDLR, containing the
promoter region of human low density lipoprotein receptor
gene, and expression plasmids encoding either wild-type or. .
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Fia. 3. Both Lys'® and Lys**® in the nuclear form of SREBP-1a are medified by SUMO-1. COS-1 cells were transfected with expression

plasmids for His-SUMO-1 and either wild-type or mutant versions of GST-SREBP-1a. GST fusion proteins were purified with glutathione-

Sepharose resins and subjected to immunoblotting (IB) with anti-SUMO-1 (top) and SREBP-1a (bottom) antibodies. A, the cells were transfected

with expression plasmids for mutant versions of GST-SREBP-1a lacking 3 or 4 lysine residues ameong four potential sumoylation sites. B, mutant

versions of SREBP-1a containing one or both of two possible sumoylation sites, Lys'2® and Lys*'8, were expressed in the cells. The mobilities of the
SUMO-1-modified and -unmodified SREBP-1a are indicated on the right. An asterisk marks the nonspecific bands observed in all lanes.

IP: anti-SREBP-2 o &
'y
& &

K
g

KDa
834

@

1B: anti-His
-SUMO-1-SREBP-2

sk

a2 l
IB: anti-SREBP-2
B34

e SUMO-1-SREBP-2

<15REBP-2

1 2 3

F16. 4. Lys*®* is the sumoylation site in the nuclear form of
SREBP-2, COS-1 cells were cotransfected with expression plasmids for
His-SUMO-1 and either wild-type or mutant versions (K420R and
K464R) of SREBP-2. After 48 h of culture, immunoprecipitates (IP) with
anti-SREBP-2 antibodies were subjected to immunoblotting (IB) with
anti-RGS(H), (top) and SREBP-2 (bottom) antibodies as described in
the legend to Fig. 1. The mobilities of the SUMO-1-modified and -un-
modified SREBP-2 are indicated on the right.

mutant versions of SREBPs. The cells were cultured under the
sterol-loaded condition to suppress the processing of endoge-
nous SREBPs, and luciferase assays were carried out. As
shown in Fig: 6A, both SREBP-1aK123R and -K418R signifi-
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cantly increased luciferase activities compared with wild-type
SREBP-1a. Double mutation markedly activated the transcrip-
tion of the reporter gene. Fig. 5B also shows that SREBP-
2K464R markedly activated transcription of the reporter gene
compared with wild-type SREBP-2. Similar results were ob-
tained using a reporter plasmid containing the promoter region
of the human HMG-CoA synthase gene (data not shown). These
results indicate that sumoylation of both SREBP-la and
SREBP-2 negatively regulates their transcriptional activities
and that sumoylation at both Lys2® and Lys*'® of SREBP-1a
coordinately attenuates the transcription.

SREBPs require co-regulatory transcription factors, such as
Spl and CBF/NF-Y, that bind DNA sequences adjacent to the
SREBP binding sites and enhance the transcriptional activities
of SREBPs by forming complexes with SREBPs (88, 41). Based
on these early findings, we speculated that sumoylation might
influence the interaction between SREBPs and these co-regu-
latory factors. Alternatively, it is possible that modification by
SUMO-1 may weaken the affinity between SREBPs and their
responsive DNA sequences. Instead of focusing on these possi-
bilities, we evaluated whether sumoylation of SREBPs directly
resulted in inactivation of these proteins. Accordingly, we used
the heterologous Gal4 system with a reporter plasmid, pG5Luc.
In this assay the luciferase gene transcription is driven by a
promoter that contains five consensus Gal4-binding sites, with-
out any co-regulatory transcription factors. Sumoylated SREBPs
were shown in the insets in Fig. 5, C and D. The mutations at
Lys?3 and Lys*'® resulted in a 1.9- and 2.1-fold increase in
luciferase activities compared with Gal4-SREBP-1a, respec-
tively (Fig. 5C). Furthermore, Gal4-SREBP-1aK123R/K418R,
which was no longer sumoylated (Fig. 5C, inset), was more
potent than Gal4-SREBP-1aK123R and -K418R. Fig. 5D also



