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The transcription factor Sp1 was previously shown to undergo

proteasome-dependent degradation when cells were glucose-

starved and stimulated with the adenylate cyclase inducer,

forskolin. However, the control of the Sp1 degradation process

is largely unknown. Using in �itro and in �i�o interaction studies,

we show in the present study that Sp1 interacts with human Sug1

[hSug1, also known as p45 or thyroid-hormone-receptor inter-

acting protein (‘TRIP1’)], an ATPase subunit of the 26 S

proteasome and a putative transcriptional modulator. This

interaction with Sp1 occurs through the C-terminus of hSug1,

the region that contains the conserved ATPase domain in this

protein. Both in �itro studies, in reconstituted degradation assays,

and in �i�o experiments, in which hSug1 is overexpressed in

normal rat kidney cells, show that full-length hSug1 is able to

stimulate the proteasome-dependent degradation of Sp1. How-

ever, hSug1 truncations that lack either the N- or C-terminal

INTRODUCTION

The transcription factor Sp1 is important for the expression

of many cellular genes, particularly housekeeping genes [1].

Although Sp1 has generally been considered to constitutively

regulate gene expression, its activity and cellular content have

been shown to be regulated during a variety of cellular processes

[2,3]. We have previously shown that Sp1 is rapidly degraded by

the proteasome in cells that are both glucose-starved and

stimulated with cAMP [4]. Under these conditions, protein

modification of Sp1 and other cellular proteins by O-linked N-

acetylglucosamine (O-GlcNAc) is markedly reduced. Conversely,

treatment of cells with glucose or glucosamine results in increased

levels of O-GlcNAc and blocks the cAMP-mediated degradation

of Sp1. We have postulated that Sp1 degradation by the

proteasome might be part of the cellular response to nutrient

deprivation and stress. The loss of Sp1 would down-regulate

general gene transcription to conserve nutrients.

The 26 S proteasome is a complex organelle that degrades

certain proteins via an ATP-dependent proteolytic pathway

[5–7]. There is considerable evidence that the proteasome plays

an important role in the regulation of diverse cellular processes,

such as gene transcription, cell cycle progression and metabolism

[5]. The 26 S complex is composed of a 20 S proteolytically active

core and a 19 S regulatory complex [8–10]. The 19 S complex is

located at the end(s) of the 20 S core and provides the components

necessary for selective degradation of proteins and regulation of
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RT, reverse transcription ; Stat3, signal transducer and activator of transcription 3.
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domain of hSug1 act as dominant negatives, inhibiting Sp1

degradation in �itro. Also, an ATPase mutant of hSug1, while

still able to bind Sp1, acts as a dominant negative, blocking Sp1

degradation both in �itro and in �i�o. These results demonstrate

that hSug1 is involved in the degradation of Sp1 and that ATP

hydrolysis by hSug1 is necessary for this process. Our findings

indicate that hSug1 is an exchangeable proteasomal component

that plays a critical regulatory role in the proteasome-dependent

degradation of Sp1. However, hSug1 is not the factor limiting

Sp1 degradation in the cells treated with glucosamine. This and

other considerations suggest that hSug1 co-operation with other

molecules is necessary to target Sp1 for proteasome degradation.

Key words: diabetes, glucosamine, glycosylation, O-GlcNAc,

transcription.

the activity of 20 S proteases [11,12]. The ATP-dependence for

proteolysis by the 26 S proteasome derives from the ATPase

subunits in the 19 S complex. Thus far at least six distinct, but

related, ATPases have been found in the 19 S complex of

mammalian proteasomes: human Sug1 [hSug1, also known as

p45 or thyroid-hormone-receptor interacting protein (‘TRIP1’)],

S4 (also known as p56), MSS1, TBP1, TBP7, and p42 [13–18]. It

is thought that ATP hydrolysis by these ATPases provides

energy for the unfolding and translocation of the substrates to

the lumen of the 20 S core and for the assembly of the 26 S

proteasome [19]. It is not clear why proteasomes have multiple

ATPases and whether there is functional specificity among

them. However, in yeast, it has been shown that different pro-

teasomal ATPases have well-differentiated functions [20,21], and

mutations in individual ATPases can markedly reduce the

degradation of some substrates, while not affecting others [22].

Thus the ATPases in the proteasome might participate in the

recognition of distinct substrates [5].

hSug1, one of the six known mammalian proteasomal

ATPases, is the human homologue of yeast Sug1 [23]. Sug1 has

been identified as an integral component of the 26 S proteasome

in that it co-purifies with the proteasome in both conventional

and nickel-chelate affinity chromatography [18]. In yeast,

mutations in Sug1 cause the accumulation of mitotic cyclins and

cell cycle arrest in G2}metaphase [22]. The processing of nuclear

factor-κB via the ubiquitin–proteasome pathway is inhibited

when this protein is expressed in yeast with Sug1 mutations [24].
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Besides being a proteasome component, Sug1 has also been

shown to interact with transcription factors and to be involved

in the regulation of transcription. A yeast two-hybrid screen in-

dicated that transcription factor c-Fos, also a known proteasome

substrate, interacts with mammalian Sug1 [25]. Sug1 has been

reported to mediate the association of transcriptional activators

with the RNA polymerase II holoenzyme and to interact with the

family members of nuclear receptors [26–29]. Recent evidence

that Sug1 is a DNA helicase and that its ATPase activity is

stimulated by RNAs supports the idea that Sug1 is involved in

gene transcription [30,31]. How the activities of Sug1 as a

transcriptional modulator and as a proteasome component can

be reconciled is not clear. The observation that Sug1 is pre-

dominantly located in the nucleus implies a possible role for Sug1

in the degradation of transcription factors [25,32].

In the present study we report that hSug1 interacts with Sp1

protein both in �itro and in �i�o. The C-terminal domain (amino

acids 173–405) of hSug1 (C.Sug1) confers this interaction. Using

an in �itro reconstituted degradation assay and an in �i�o

expression system, we show that wild-type hSug1 accelerates the

proteasome degradation of Sp1, while inactivated mutant forms

of hSug1 inhibit this Sp1 degradation. Our results provide direct

evidence that hSug1 is involved in the degradation of at least one

transcription factor, Sp1.

MATERIALS AND METHODS

Cell culture

Normal rat kidney (NRK) cells were grown in Dulbecco’s

modified Eagle’s medium (DMEM) with 10% (v}v) fetal bovine

serum (FBS) with non-essential amino acids (Gibco BRL, Grand

Island, NY, U.S.A.), 100 µg}ml penicillin (Sigma, St. Louis,

MO, U.S.A.) and 50 µg}ml gentamicin (Sigma), at 37 °C in

air}CO
#

(93:7). For stimulation of the cells, exponentially

growing cells were seeded at 2.5¬10' cells}100 mm diameter

dish. After overnight incubation, the cell culture medium was

changed to glucose-free DMEM containing 10% FBS, and the

cells were incubated for an additional 20 h. The cells were then

stimulated with vehicle alone, 100 µM forskolin or 5 mM glucos-

amine (Sigma) in glucose-free DMEM containing 10% FBS,

and incubation was continued for an additional 24 h before cells

were harvested.

DNA constructs

The hSug1 cDNA was cloned and amplified by reverse-tran-

scription (RT)-PCR from human breast cancer cell line MDA

468 mRNA using high-fidelity Pfu DNA polymerase (Stratagene,

La Jolla, CA, U.S.A.). The PCR primers used to clone hSug1

cDNA were designed according to the hSug1 cDNA sequence.

They were: 5«-primer, 5«-CGCGGATCCCCGATGGCGCTTG-

ACGGACC-3« and 3«-primer, 5«-CATAGGCCTTCACTTCCA-

TAATTTCTTGATGG-3«. The N-terminal domain (amino acids

1–176) of hSug1 (N.Sug1) cDNA and C.Sug1 cDNA were cloned

and amplified using the same strategy as that used for hSug1 full-

length cDNA. The PCR primers used for N.Sug1 were: 5«-
primer, 5«-CATGAATTCATGGCGCTTGACGGACCAG-3«
and 3«-primer, 5«-ATGCTCTAGACTTCGAAGAGCTCAGG-

ATGC-3«. The PCR primers used for C.Sug1 were: 5«-primer, 5«-
ATGCTCTAGAGAGCTCTTCGAAGCACTGG-3« and the 3«-
primer was the same as that used for cloning the full-length

hSug1. The lysine residue at position 196 in hSug1 was converted

to a methionine by site-directed mutagenesis to generate an

ATPase mutant of hSug1 (hSug1mk). All the above constructs

were confirmed by DNA sequencing.

Expression and purification of glutathione S-transferase (GST)
fusion proteins in Escherichia coli and vaccinia virus

The GST fusion proteins were expressed in E. coli and purified

on glutathione–Sepharose beads (Pharmacia, Piscataway, NJ,

U.S.A.) according to Pharmacia’s pGEX protocol. The GST

fusion proteins expressed using recombinant vaccinia viruses

were purified as described previously [33].

In vitro protein interaction assay

Equal quantities of the GST fusion proteins immobilized on

glutathione–Sepharose affinity beads were washed extensively

with binding buffer [50 mM KH
#
PO

%
(pH 6.0), 100 mM KCl,

10 mM MgCl
#
, 10% (v}v) glycerol and 1% (v}v) Tween-20].

The Promega in �itro transcription and translation (‘TNT’) kit

from reticulocyte lysate was used as directed by the manufacturer

to synthetically label Sp1 protein with [$&S]methionine. The

labelled Sp1 (in 5 µl of reticulocyte lysate) was added to 5 µg of

GST fusion proteins, immobilized on the glutathione beads.

After incubation for 1 h at 4 °C the beads were washed extensively

with the binding buffer and boiled in SDS}PAGE sample buffer.

The proteins bound to the beads were then separated by

SDS}PAGE. The $&S-labelled proteins that had bound to the

beads were visualized by fluorography, while the unlabelled GST

fusion proteins were visualized following Coomassie Brilliant

Blue staining of the gel.

The reconstituted degradation assay

Nuclear extract from differently treated NRK cells was prepared

using the high salt extraction method described previously [33].

Vaccinia virus-expressed GST–hSug1, GST–hSug1mk, GST–

N.Sug1, GST–C.Sug1 or GST were purified and eluted with

20 mM free glutathione. These GST proteins were preincubated

with 50 µg of NRK nuclear extract at room temperature for

15 min in ATPase assay buffer containing 20 mM Tris}HCl (pH

7.5), 70 mM KCl, 1.5 mM MgCl
#

and 1.5 mM dithiothreitol

(DTT). Vaccinia virus-expressed GST–Sp1 protein (10 ng) and

2 mM ATP were then added into the reaction mixture. Following

incubation at 37 °C for 30 min, the reaction mixture was

separated by SDS}PAGE and subjected to Western-blot analysis

using anti-GST antibodies.

In vivo protein interaction assay

NRK cells were cultured in 5 mM glucose medium to 90%

confluency. The cells were infected with recombinant vaccinia

viruses that allowed expression of the GST fusion proteins. After

infection of NRK cells with recombinant viruses for 16–23 h, the

cells were collected and resuspended in the whole-cell lysate

buffer containing 20 mM Hepes (pH 7.9), 0.4 M NaCl, 3 mM

MgCl
#
, 0.5% Nonidet P40, 0.2 mM EDTA, 0.2 mM EGTA,

10% glycerol, 1 mM DTT, 1 mM PMSF, 5 µg}ml leupeptin and

5 µg}ml aprotinin. After incubation on ice for 10 min the cells

were gently vortex-mixed for 10 s and centrifuged for 15 min at

16000 g at 4 °C. The supernatant was collected and designated as

whole-cell lysate. Glutathione–Sepharose affinity beads were

incubated with the whole-cell lysate for 2 h at 4 °C in the same

buffer as above except that the concentration of NaCl was

150 mM. The beads were then collected and washed 4 times with

the incubation buffer. The proteins bound to the beads were then

separated by SDS}PAGE followed by Western-blot analysis.
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RESULTS

Protein structure of hSug1 and the expression of hSug1 in E. coli
and vaccinia virus

Structural analysis has identified hSug1 as a member of the AAA

(ATPase associated with a variety of cellular activities) super-

family of putative ATPases [34]. As shown in Figure 1(A) the C-

terminus of hSug1 contains a highly conserved ATPase domain

(‘CAD’ or AAA domain). The N-terminus of hSug1 contains a

putative coiled-coil structure whose function is still unknown.

Recent evidence has shown that yeast and mammalian Sug1 are

ATPases, and mutation of the lysine residue at position 196

eliminates their ATPase activity [30]. The lower panel in Figure

1(A) is a diagram showing the N-terminal domain (amino acids

1–176) and the C-terminal domain (amino acids 173–406) of

hSug1 used in the present study. We cloned the cDNA of hSug1

by RT-PCR and expressed hSug1 as a GST fusion protein. As

shown in Figure 1(B) GST–hSug1 was expressed with the correct

molecular mass in mammalian cells using vaccinia virus (Figure

1B, lane 1) and in E. coli (Figure 1B, lane 2). GST expressed in

E. coli is shown in Figure 1(B), lane 3.

Figure 1 hSug1 protein structure and expression of hSug1 in E. coli and vaccinia virus

(A) hSug1 protein structure. The putative coiled-coil structure and the conserved ATPase domain are represented. The consensus ATP-binding motif is shown in the box. The lysine residue which

is critical for ATP binding is indicated by the asterisk. The N- and C-terminal domains of hSug1 used in the present study are also shown. (B) The expression of hSug1 as GST fusion protein

in E. coli and vaccinia virus (V.V.).

hSug1 protein interacts with Sp1 in vitro

As an initial step to investigate whether hSug1 is involved in the

degradation of Sp1, we first examined the potential for direct

interaction between the hSug1 protein and the Sp1 protein. We

performed in �itro binding studies using a GST pull-down assay.

GST and GST–hSug1 fusion proteins were expressed in E. coli

(Figure 2A). Equal amounts of GST or GST–hSug1 were

immobilized on glutathione–Sepharose beads and incubated with

in �itro-translated, [$&S]methionine-labelled human Sp1 (full-

length Sp1). As shown in Figure 2(B), GST–hSug1 pulled down

Sp1 (lane 2), while GST alone did not pull down Sp1 (lane 1). We

observed the same results with vaccinia virus-expressed GST

fusion proteins (results not shown). These results show that

hSug1 specifically interacts with Sp1 in �itro.

C.Sug1 and hSug1mk interact with Sp1 efficiently in vitro

To determine which domain of hSug1 interacts with Sp1 we

expressed C.Sug1 and N.Sug1 as GST fusion proteins in E. coli

and tested their abilities to interact with Sp1 by in �itro protein-

# 2000 Biochemical Society



284 K. Su and others

Figure 2 hSug1 protein interacts with Sp1 in vitro

In vitro-translated, [35S]methionine-labelled human Sp1 (amino acids 1–778) was incubated

with GST–hSug1 (amino acids 1–406 of hSug1) or GST protein immobilized on

glutathione–Sepharose beads. After the beads were washed, bound proteins were eluted and

resolved by SDS/PAGE. Coomassie Brilliant Blue staining of the gel confirmed equivalency of

loading (A). Fluorography shows the bound 35S-labelled proteins (B). The signals from one-

third of the labelled input proteins are indicated in the left panel of (B).

interaction studies. Equal amounts of GST, GST–hSug1 (full-

length hSug1), GST–C.Sug1 and GST–N.Sug1 were applied in

each reaction (Figure 3A). As shown in Figure 3(B) C.Sug1

bound Sp1 to approximately the same extent as the full-length

hSug1 (lanes 2 and 3), while N.Sug1 bound Sp1 at a near

background level, as indicated by the GST control (lanes 1 and

4). These results demonstrate that the C-terminal ATPase domain

of hSug1 interacts with Sp1 efficiently in �itro.

The assembly of the 19 S complex and the 20 S catalytic core

of the proteasome is ATP-dependent, suggesting that the inter-

actions between the subunit proteins require ATP-binding [35].

To test if the ATPase activity of hSug1 is required for its

interaction with Sp1, we used site-directed mutagenesis to replace

lysine"*' with a methionine residue, thereby creating an ATPase

mutant of hSug1, hSug1mk. We expressed hSug1mk as a GST

fusion protein in E. coli and tested if this mutant hSug1 could

interact with Sp1 using the in �itro interaction assay. Figure 3(C)

shows that equal quantities of GST, GST–hSug1 or GST–

hSug1mk proteins were applied in each reaction and Figure 3(D)

shows that the mutant hSug1mk bound Sp1 to the same extent

as the wild-type hSug1 (lanes 2 and 3). Our results show that the

ATPase mutation of hSug1 does not detectably affect its binding

affinity with Sp1.

Figure 3 C.hSug1 and hSug1mk interact with Sp1 efficiently in vitro

In vitro-translated [35S]methionine-labelled human Sp1 was incubated with GST–hSug1 (amino

acids 1–406 of hSug1), GST–C.hSug1 (amino acids 173–406), GST–N.hSug1 (amino acids

1–176), GST–hSug1mk (ATPase mutant) or GST immobilized on glutathione–Sepharose beads.

After the beads were washed, bound proteins were eluted and resolved by SDS/PAGE.

Coomassie Brilliant Blue staining of the gel confirmed equivalency of loading (A and C).

Fluorography shows the bound 35S-labelled proteins (B and D). The signals from one-third

of the labelled input proteins are indicated in the left panels of (B) and (D).

hSug1 interacts with Sp1 in vivo

To determine if the interaction of hSug1 and Sp1 can occur in

living cells, we used vaccinia virus to express GST, GST–hSug1,

GST–hSug1mk, GST–N.Sug1 and GST–C.hSug1 in NRK cells.

The cells were cultured in 5 mM glucose medium in the presence

of the proteasome inhibitor, N-acetyl-Leu-Leu-norLeu-al

(LLnL), to prevent Sp1 degradation. The expressed GST fusion

proteins were purified on glutathione–Sepharose beads and the

endogenous Sp1 in the cells that co-purified with the indicated
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Figure 4 hSug1 interacts with Sp1 in vivo

(A) NRK cells cultured in 5 mM glucose medium were infected with vaccinia virus expressing

GST, GST–hSug1, GST–hSug1mk, GST–N.Sug1 or GST–C.Sug1 for 22 h in the presence of

the proteasome inhibitor LLnL. The whole-cell lysate was prepared and the expressed GST

fusion proteins were purified on glutathione–Sepharose beads. The glutathione beads were

extensively washed and the proteins bound on the beads were separated by SDS/PAGE followed

by Western-blot analysis using an anti-Sp1 antibody (lanes 6–10). Lanes 1–5 were loaded with

the whole-cell lysate before glutathione bead purification. It represents one-fifteenth of the input

whole-cell lysate for glutathione bead purification. (B) The membrane from (A) was stripped and

reprobed with an anti-GST antibody.

GST fusion proteins was examined by Western-blot analysis

using Sp1 antiserum. Figure 4(A) shows that the endogenous Sp1

did not co-purify with GST alone or with N.Sug1 (lanes 6 and 9),

but did co-purify with the wild-type hSug1, hSug1mk and C.Sug1

(lanes 7, 8 and 10). The expression levels of the GST fusion

proteins in the NRK cells are shown in Figure 4(B). Although the

mutant hSug1mk appears to have pulled down less Sp1 than

wild-type hSug1, the level of expression of GST–hSug1mk was

less in this experiment than the level of expression of the wild-

type form (Figure 4B, lanes 7 and 8). These results demonstrate

that in �i�o, hSug1 through its C-terminal domain can interact

with Sp1 in an ATPase-independent fashion. These in �i�o results

are in general agreement with those of the in �itro studies.

Wild-type hSug1 stimulates Sp1 degradation while hSug1mk,
N.Sug1 and C.Sug1 inhibit Sp1 degradation in vitro

To determine if hSug1 is involved in the proteasome-dependent

degradation of Sp1, we tested the effect of hSug1 proteins and its

mutant forms on the degradation of Sp1 using an in �itro

reconstituted assay. We have previously established this recon-

stituted degradation assay to map the domain in Sp1 that

targets its proteasome-dependent degradation [33]. We have

shown that recombinant GST–Sp1 protein is degraded in �itro in

a proteasome-dependent manner in a two-step process by

an activated nuclear extract made from glucose-starved and

forskolin-stimulated NRK cells. Affinity-purified vaccinia virus-

expressed GST–hSug1 was preincubated with the activated NRK

nuclear extract. Then the substrate, GST–Sp1, and 2 mM ATP

were added to the mixture and incubated at 37 °C for 30 min.

The reactionmixturewas separated by SDS}PAGEand subjected

to Western-blot analysis using anti-GST antibodies. GST–Sp1

was not degraded when it was mixed with inactive nuclear extract

from glucosamine-treated NRK cells (Figure 5, lane 1). GST–Sp1

was degraded when it was mixed with the activated nuclear

extract from glucose-starved and forskolin-stimulated NRK cells

and the usual degradation product, GST–SpX, was generated

(lane 2). The addition of increasing amounts of GST–hSug1

protein resulted in further degradation of GST–Sp1, with the

generation of more GST–SpX (Figure 5, lanes 3–5), while

GST–hSug1 itself was not degraded. As a negative control GST

alone had no effect on the GST–Sp1 degradation process (Figure

5, lanes 11 and 12). These results indicate that wild-type hSug1

augments the proteasome-dependent degradation of Sp1.

The ATPase subunits of the 26 S proteasome play important

roles in the degradation of the substrates [36]. We therefore

tested if the ATPase activity of hSug1 is required for Sp1

degradation. We performed the reconstituted degradation assay

as described above. The addition of increasing amounts of

GST–hSug1mk to activated extract resulted in progressively

less GST–Sp1 degradation and less generation of GST–SpX

(Figure 5, lanes 8–10). Thus not only is the ATPase activity of

hSug1 necessary for its activity in the augmentation of Sp1

degradation, but also the ATPase mutant of hSug1 acts as a

dominant negative, thereby inhibiting the proteasome-dependent

processing of Sp1. Similarly, GST–N.Sug1 and GST–C.Sug1

also inhibited Sp1 degradation in a dose-dependent manner

(Figure 5, lanes 13–18). In this experiment GST–hSug1mk,

GST–N.Sug1 and GST–C.Sug1 themselves were not degraded.

Taken together, while hSug1 stimulates Sp1 degradation in this

in �itro system, both the N- and C-terminal domains of hSug1 are

necessary for this function, and the ATPase activity of hSug1 is

required in the degradation process of Sp1. The ability of mutant

forms of Sug1 to act as dominant negatives and the ability of the

wild-type form to augment processing suggest that hSug1 is at

least one of the ATPases involved in the proteasome-dependent

degradation of Sp1.

Wild-type hSug1 stimulates Sp1 degradation, while hSug1mk
inhibits Sp1 degradation, in vivo

To determine if the effects of hSug1 seen in �itro can occur in �i�o

on native Sp1, we again used vaccinia virus to drive expression

of GST–hSug1 or GST–hSug1mk in NRK cells stressed with

glucose starvation and forskolin stimulation. After glucose starv-

ation NRK cells were stimulated with forskolin in glucose-

free medium for 5 h, before the cells were infected with vaccinia

virus. The cells were then incubated in glucose-free medium in

the presence of forskolin for an additional 16 h before cells were

harvested. The whole-cell lysate was prepared and the levels of

endogenous Sp1 were examined by Western-blot analysis using

an anti-Sp1 antibody. As shown in Figure 6(A) the content of

endogenous Sp1 was lower in the cells expressing GST–hSug1

than that in the cells expressing GST alone (lanes 1 and 2),

suggesting that the expression of wild-type hSug1 in stressed

NRK cells further stimulated Sp1 degradation. However, the

expression of hSug1mk did not affect the levels of Sp1 in this

experiment (Figure 6A, lane 3). The same blot in Figure 6(A) was

stripped and reprobed with anti-[signal transducer and activator
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Figure 5 Wild-type hSug1 stimulates Sp1 degradation while hSug1mk, N.Sug1 and C.Sug1 inhibit Sp1 degradation in vitro

Nuclear extract (NE) from the NRK cells that had been glucosamine-treated (GlcN) or glucose-starved and forskolin-treated was preincubated with purified proteins GST–hSug1, GST–hSug1mk,

GST–N.hSug1, GST–C.hSug1 (for each fusion protein, approx. 4 ng, 12 ng and 24 ng of protein was used in the first, second and third doses respectively), GST (approximately 12 ng and

25 ng was used in the first and second doses, respectively) or buffer alone as a control. Recombinant GST–Sp1 protein was then added to the preincubation mixture. After incubation, the reaction

mixture was resolved by SDS/PAGE and subjected to Western-blot analysis using an anti-GST antibody.

Figure 6 Wild-type hSug1 stimulates Sp1 degradation while hSug1mk inhibits Sp1 degradation in vivo

After 24 h of glucose starvation NRK cells were stimulated with 100 µM forskolin (A–F) or 5 mM glucosamine (G–I) in glucose-free medium for 5 h. The cells were then infected with recombinant

virus expressing GST, GST–hSug1 or GST–hSug1mk for 16 h (A–C) or 23 h (D–F) in glucose-free medium with 100 µM forskolin, or for 16 h in glucose-free medium with 5 mM glucosamine

(G–I). The whole-cell lysate was prepared and separated by SDS/PAGE followed by Western-blot analysis using anti-Sp1 antibody (A, D and G). The membranes from (A), (D) and (G) were stripped

and reprobed with an anti-Stat3 antibody as a protein loading control (B, E and H). The same membranes were stripped and reprobed with anti-GST antibody to show the levels of GST fusion

proteins expressed in those cells (C, F and I).
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of transcription 3 (Stat3)] antibody to confirm the known

specificity of this proteasome response and to assess equal loading

of proteins in each lane (Figure 6B). As shown in Figure 6(C),

approximately similar amounts of GST fusion proteins were

expressed in the cells.

In a separate experiment the NRK cells were incubated in

glucose-free medium in the presence of forskolin for 23 h, rather

than 16 h, after vaccinia virus infection. The cells were then

harvested and lysed. In this case basal degradation of Sp1 was

nearly complete in the cells expressing GST (Figure 6D, lane 1).

In contrast, this degradation was effectively blocked in the cells

expressing GST–hSug1mk (Figure 6D, lane 3). Since Sp1 degra-

dation was nearly complete under the basal conditions of this

experiment, the augmentation of degradation by wild-type hSug1

was not clearly appreciable (Figure 6D, lane 2). The specificity}
loading control with Stat3 is shown in Figure 6(E) and the

expression level of the GST fusion proteins is shown in Figure

6(F). Taken together these results suggest that the expression of

hSug1 in stressed NRK cells is able to stimulate the degradation

of endogenous Sp1, while the expression of hSug1mk is able to

inhibit Sp1 degradation.

While nutritional stress stimulates the proteasome-dependent

degradation of Sp1 in NRK cells, glucosamine treatment of these

cells blocks this process. Since hSug1 augments Sp1 degradation

in stressed cells, we next determined whether hSug1 could

stimulate this degradation in glucosamine-treated cells. After

glucose starvation, NRK cells were stimulated with glucosamine

for 5 h before the cells were infected with the vaccinia viruses that

drive expression of either GST–hSug1 or GST–hSug1mk. The

cells were incubated in the presence of glucosamine for an

additional 16 h before cells were harvested. The content of Sp1

in the whole-cell lysate was examined by Western-blot analysis

using an anti-Sp1 antibody. The levels of Sp1 remained constant

in the cells expressing GST, GST–hSug1 or GST–hSug1mk

(Figure 6G, lanes 1–3). The protein loading (Figure 6H) and

GST-fusion protein expression (Figure 6I) were confirmed as

above. These results show that the expression of hSug1 cannot

stimulate Sp1 degradation in glucosamine-treated cells. Similar

results were obtained using the in �itro reconstituted degradation

assay. The addition of GST–hSug1 protein to an extract from

glucosamine-treated NRK cells was unable to restore the

proteasome-dependent degradation of Sp1 (results not shown).

hSug1 protein is not modified by O-GlcNAc

The inability of hSug1 to stimulate Sp1 degradation in glucos-

amine-treated cells could result from the modification of this

protein by O-GlcNAc and an alteration in its ability to

function in the degradation process. To determine if GST–hSug1

synthesized in glucosamine-treated NRK cells is modified by

O-GlcNAc, we purified the protein from the cells and attempted

to measure the O-GlcNAc content of the protein using the

galactosyl-transferase method [37]. Recombinant proteins GST,

GST–hSug1 and GST–SpE (SpE contains domain B, a gluta-

mine-rich activation domain of Sp1 [37]) were expressed and

purified from glucosamine or forskolin-treated cells as described

above. Approximately 50 ng of these proteins was labelled with

[$H]galactose using galactosyltransferase. Our results show that

GST–hSug1, prepared from either glucosamine- or forskolin-

treated cells, was not labelled by [$H]galactose, suggesting that

GST–hSug1 was not modified by O-GlcNAc (results not shown).

However, we readily detected the glycosylation of the Sp1 pep-

tide, SpE, prepared from glucosamine-treated cells (results not

shown). As a negative control, GST alone was not modified by

O-GlcNAc (results not shown). We also performed Western-blot

analysis using a GlcNAc-specific monoclonal antibody, RL-2,

to attempt to detect O-GlcNAc modification of hSug1 under

denaturing conditions [38]. Recombinant protein GST–hSug1

prepared from glucosamine-treated cells was not recognized by

the RL-2 antibody (results not shown). Our results suggest that

no O-GlcNAc modification of hSug1 protein is detectable under

native or denaturing conditions.

DISCUSSION

Previous studies have shown that Sp1 is rapidly degraded by the

proteasome under the conditions of glucose-starvation and

stimulation by cAMP [4]. However, the control of this degra-

dation process is largely unknown. The accurate and specific

selection of substrates for proteasome degradation may depend

upon the signals in the substrates and also upon the proteasome

itself. We have previously identified the N-terminal 54 amino

acids of Sp1 as the major domain that targets Sp1 for proteasome-

dependent degradation [33]. In the present study we further

dissected the molecular basis for the control of Sp1 degradation.

Our results demonstrated that the proteasomal ATPase hSug1

is involved in the degradation of Sp1. Through its C-terminal

domain, hSug1 interacts with Sp1 both in �itro and in �i�o. While

the interaction between these molecules does not depend on the

ATPase activity of hSug1, in a reconstituted degradation assay

and in the living cells, wild-type hSug1 stimulates Sp1 degra-

dation, whereas the ATPase mutant hSug1mk and the N-and C-

terminal domains of hSug1 block this Sp1 degradation. These

results suggest that the recombinant hSug1 can exchange with

the endogenous hSug1 in the degradation assay. Furthermore,

full-length hSug1 with intact ATPase activity is both sufficient

and necessary for the proteasome degradation of Sp1 under the

experimental conditions. Like the ATPase mutant, the N- and C-

terminal fragments of hSug1 both block Sp1 degradation possibly

by perturbing the function of endogenous wild-type hSug1.

There are two possiblemechanisms to account for the observation

that the N-terminal fragment of hSug1 inhibits full-length hSug1

function. The N-terminal Sug1 moiety encompasses a putative

coiled-coil structure, which has been proposed to be involved in

protein–protein interactions. Furthermore, previous evidence

indicates that mammalian Sug1 can dimerize or oligomerize and

that the N-terminus is required for Sug1 oligomerization [26]. If

the activity of hSug1 depends on dimer formation, then the N-

terminal hSug1 fragment could compete for dimerization with

the full-length hSug1 and act as a dominant negative, thereby

inhibiting the activity of this molecule in the Sp1 degradation

process. The other possibility relates to the mechanism by which

Sug1 is recruited to the 19 S complex of the proteasome. It has

been determined that the coiled-coils in the N-terminal region of

proteasomal ATPases probably direct the placement of these

proteins within the proteasome [39]. Thus the truncated hSug1

N-terminal domain could inhibit the recruitment of full-length

hSug1 to the proteasome by occupying the available docking

sites on this organelle. Similarly the C-terminal fragment of

hSug1 could compete with wild-type hSug1 for interaction with

Sp1. Failure of the C-terminal fragment to dimerize or interact

with the proteasome could account for the inhibitory properties

of this Sug1 fragment on Sp1 degradation by the proteasome.

Since there is high sequence similarity among the six proteasomal

ATPases [34], our evidence does not exclude the possibility that

other proteasomal ATPases may also be involved in the degra-

dation of Sp1. However, the fact that the N-terminal domain of

hSug1 has only about 18% sequence similarity with other family

members and yet inhibits Sp1 degradation argues that hSug1 is
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the predominant proteasomal ATPase responsible for Sp1 degra-

dation.

Regulation of transcription factor abundance by proteasome-

dependent degradation is important in the control of tran-

scription and has been shown to play a role in the regulation of

transcription factors that include c-Fos, c-Jun and p53 [40–42].

However, the controlling mechanism for the proteasome rec-

ognition of transcription factors and the proteins involved in this

recognition are not totally clear. Among the six ATPases in the

26 S proteasome Sug1 has been most extensively shown to

interact with transcription factors, although the functional role

of this interaction has not been definitively elucidated. An

intriguing possibility is that hSug1 might co-operate in the

targeting of certain types of transcription factors for proteasome

degradation. There is precedence for this idea in E. coli. The 26 S

proteasome resembles the E. coli protease ClpAP (also known as

Ti) in its general organization and structure [5]. The ClpP

protease cylinder is capped at both ends by a large regulatory

ATPase complex, ClpA}ClpX. Interestingly, it has been shown

that the ATPases ClpA and ClpX direct the substrate specificity

for the ClpP protease to different proteins [43–45]. In yeast,

mutations in the different regulatory ATPases of the proteasomes

result in different phenotypes [21] and alter the degradation of

different substrates [46]. This result has suggested that the

ATPases co-operate in the degradation of individual substrates

[21]. Similarly, the different ATPases in the mammalian 26 S

proteasome may direct substrate recognition thereby providing

an additional means of control of substrate specificity for the

proteasome. There is some evidence supporting this idea. Human

proteasomal S6 ATPase (and MS73 ATPase in Manduca Sexta)

binds the ankyrin repeats present in a set of proteasome substrates

and this interaction may complement ubiquitination as rec-

ognition signal by the 26 S proteasome [47]. For Sug1 it has been

shown that this proteasomal ATPase is predominantly located in

the nucleus, while the proteasome is distributed in both the

cytoplasm and the nucleus [32,48]. Sug1 interacts with c-Fos [25]

and also appears to be involved in the degradation of the vitamin

D nuclear receptor [49]. The present study clearly shows that

hSug1 is also required for the proteasomal degradation of another

transcription factor, Sp1. However, whether hSug1 participates

in the recognition of certain types of transcription factors by the

proteasome and whether there is a common structural motif in

these proteins recognized by hSug1 remains to be elucidated.

Previously we have identified an N-terminal domain of Sp1

that targets its proteasome-dependent degradation. Elimination

of this target domain impairs Sp1 degradation and stabilizes the

protein. Our preliminary results indicate that hSug1 does not

interact with this target domain of Sp1 (results not shown). We

have also shown that increased modification of proteins by O-

GlcNAc is associated with Sp1 stabilization [4] and that nuclear

extract from glucosamine-treated cells fails to degrade recom-

binant Sp1 [33]. However, hSug1 is not modified by O-GlcNAc

even in cells that had been treated with glucosamine, and hSug1

cannot restore the activity of the proteasomes derived from

glucosamine-treated cells. This evidence suggests that hSug1 is

not the unique factor that links the O-GlcNAc state of the cell

with Sp1 stability and targets Sp1 for degradation. Rather, it

appears that Sp1 degradation results from the co-operation of

other proteasome factors that require Sug1. We propose that

this other factor directly recognizes the N-terminal target of

Sp1 in an O-GlcNAc-dependent fashion and co-operates with

Sug1 in the proteasomal degradation process. Collectively our

results show that hSug1 interacts with Sp1 through a region in

the C-terminal half of hSug1 and this interaction is required

for the proteasome-dependent degradation of Sp1. These findings

provide more detail concerning the molecular interactions

involved in the proteasomal degradation of Sp1 and shed light

on the function of hSug1 as a proteasomal component.

This work was supported by a program grant from the Juvenile Diabetes Foundation
International.
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