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The role of proteasomes in ubiquitin (LJb)-dependent protein degradation was studied by analyzing lysates of human promyelocytic leukemia HL-60 
cells by glycerol density gradient centrifugation. High succinyl-Leu-Lcu-VaI-Tyr-4-methylcoumaryl-7-amide hydrolyzing activity was found in the 
26s fraction, whereas the 20s fraction containing proteaomes had no activity. Addition of 0.05% sodium dodecylsulfate to the latter fraction, how- 
ever, induced marked activity. The 26s. but not the 20s fraction catalyzed ATP-dependent degradation of [~251]lysozyme-Ub conjugate. Depletion 
from the lysate of ATP caused complete shift of the active 26s complex to the latent 20s form. whereas in the lysate prepared from ATP-depleted 
cells, ATP converted 20s proteasomes to 26s complexes. The immunoprecipitatcd 26s complexes were found to consist of proteasomcs and 13-l 5 
other proteins ranging in size from 35 to 1 IO kDa. We conclude that in the lysate. latent proteasomes undergo reversible. ATP-dependent association 

with multiple protein components to form 26s complexes “Ihat catalyze ATP-dependent degradation of Ub-protein conjugates. 

Proteasome: 26s Protcasc complex; ATP: Ubiquitin: HL-60 Cell 

1. INTRODUCTION 2. MATERIALS AND METHODS 

ATP is involved in several steps of energy-dependent 
proteolysis. One role of ATP is in the covalent modifi- 
cation of substrate proteins by ubiquitin (Ub), a process 
involving multiple enzymatic reactions [l]. This Ub li- 
gation to substrate proteins serves as a signal for their 
proteolytic degradation. There are reports that a large 
26s protease complex catalyzes ATP-dependent break- 
down of Uh-conjugated proteins [2,3] and that the 20s 
proteasome, a multicatalytic proteinase complex [4,5], 
is a component of this 26s complex [6,7]. However, the 
properties of the 26s complex are not yet well charac- 
terized. 

In this work, we examined the role of proteasomes in 
ATP-dependent, Ub-mediated protein degradation in 
human promyelocytic leukemia HL-60 cells, which ex- 
press very high levels of proteasomes [S]. We found that 
the incorporation of 205 proteasomes into 26s particles 
is A-l-P-dependent and reversible. By immunoprecipita- 
tion with anti-proteasome monoclonal antibody, we 
also found that 26s complexes contain multiple other 
protein components in addition to proteasomes. 
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rlhhr~~~in/iarrs~ Ub, ubiquitin; Sue-LLVY-MCA, ruccinyl-lcu-lcu- 
Vol-Tyr-4-~~~e~l~ylcou~~~aryl-7-amide; SDS-PAGE, sodium dodccyl- 
sulpllatc-polyacrylalnidc gel clccfrophorcsis: mAb, monoclonal anti- 
body: IgG, immunoglobulin G. 

Human promyelocytic leukemia HL-60 cells (approximately 2-5 x 
10s cells) were lysed by sonication, the sonicate was centrifuged for 30 
min at 15 000 x g. and the resulting supernatant was used as crude 
cell lysate. The lysate was incubated for 60 min at 37°C in buffer A 
(20 mM Tris-HCI buffer, pH 7.5, containing 2 mM ATP, 5 mM 
MgClz and I mM dithiothreitol) with an ATP-regenerating system (10 
mM creatine phosphate and 10 pg/ml of creatine kinase) or in buffer 
A without ATP and supplemented with an ATP-depleting system (10 
mM glucose and I pg/ml of hexokinase). About 1.0 ml of crude lysate 
(0.8-5.0 mg prorcin) was loaded on a 16-m] linear gradient of IO-40% 
(v/v) glycerol in buffer A. The gradient was centrifuged at 27 000 rpm 
for 18 h in a Hitachi SRPZSSA rotor, and then 16 fractions rjf I ml 
each were collected at 4°C. 

Sue-LLVY-MCA-hydrolyzing activity was measured after incuba- 
tion for 10 min at 37°C as described [5]. Breakdown of [“‘l]lyso- 
zyme-Ub conjugates was assayed by measuring the acid-soluble 
radioactivity after incubation for 60 min at 37’C in the presence or 
absence of 5 mM ATP as described [3]. Lysozyme was radio- 
iodinated and [‘~‘lllysozyme-Ub conjugates wcrc prepared with rab- 
bit reticulocyte extracts by the method of Hough et al. [2]. 

Monoclonal antibody against human liver proteasomcs, named 
mAb 2-17. was prepared as described [8]. Immunoelcctrophorctic 
blot analysis wits sarricd out by the method of Towbin ct al. [Y]. t-01 
ilnIllllnoprccipil;ltio11 cspcriments, approsimarcly 5.0 mg of protein 
of cell lysate was mixed wirh 150 pg of anti-protcasomc mAb 2.17 for 
60 min at room temperature. Then the mixture was treated for 30 min 
with Protein A-Scpharosc CL-4B in an amount corresponding to a 
t-fold cscess over the binding capacity of the added IgG, or with 
CH-Scpharosc 413 coupled with a similar amount of mhb 2-17. The 
rcsuhing prccipitotc was wnshcd cxtcnsivcly with buffer A containing 
0. I5 M NaCl and 0.050;0 ‘twcen 20 and solubilixcd in 400 ul of 20 mhl 

plycinc-HCI buft-cr (pH 3.0). The solubilizcd ptutcins wcrc 
precipitated with cold acctonc and subjcctcd to SDS-PAGE (10-209’0 
gradisnl gel) [IO). Proteins wcrc dctcctcd by ailvcr staining, 
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3. RESULTS 

3.1. Dissociation of 26s active complexes into latent 
proteasomes and multiple protein components 

Removal of proteasomes from a lysate of human pro- 
myelocytic leukemia I-IL-60 cells by immunoprecipita- 
tion caused parallel loss of the activities for hydrolyzing 
Sue-LLVY-MCA, a good substrate for proteasomes 
[S], and catalyzing ATP-dependent breakdown of 
[‘Z51]lysozyme-Ub conjugates (data not shown), in- 
dicating that proteasomes are involved in both reac- 
tions. These reactions, however, differ from each other 
in that ATP-Mg’+ is required only for lysozyme-Ub 
conjugate degradation. The Sue-LLVY-MCA 
hydrolyzing activity was lost time-dependently when the 
lysate was incubated in the absence, but not the 
presence, of ATP (data not shown). These findings sug- 
gest dual effects of ATP on proteasome-dependent pro- 
teolysis in the lysate: (a) in ATP-Mg’+-dependent 
degradation of Ub-conjugated proteins, and (b) for 
protection of the peptide hydrolyzing activity from in- 
activation. 

5 6 7 9 9101112131415 
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To characterize these proteolytic activities, we 
analyzed the cell lysate by glycerol density gradient ccn- 
trifugation. When the lysate prepared with ATP was 
fractionated, Sue-LLVY-MCA hydrolyzing activity 
was recovered in a fraction with a sedimentation coeffi- 
cient of about 26s (Fig. lA, fraction 8), but no activity 
was detected in the fraction of 20s containing pro- 
teasomes (Fig. lA, fraction 11). However, addition of 
0.05% SDS, a potent artificial activator of latent pro- 
teasomes [5], markedly activated the enzyme in the 205 
fraction, indicating that the proteasomes in this frac- 
tion were in a latent form. This concentration of SDS 
had little effect on the peptidase activity in the 26s frac- 
tion. Anti-proteasome mAb 2-17, which specifically 
recognizes the largest C2 subunit (M, = 31 kDa) of pro- 
teasomes [8], reacted with the 31 kDa component in 
both the 26s and the 20s fraction (Fig. IA, upper 
panel), confirming the presence of proteasomes in both 
fractions. When the ATP level in the lysate prepared 
without ATP was further reduced by incubation with 
hexokinase and glucose, the SDS-insensitive Suc- 
LLVY-MCA hydrolyzing activity in the 2% fraction 
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Fig. I. Dissociation of naive 26s co~~lplcxcs imo latcm 20s pro~cnsonm ifi l-IL-60 cdl lysatcs 011 dcplctioli of ATP. Snmplcs of about IO” HL-60 
cells wrc lyecd by sonicalion iv buffer A contniliing 2 mM ATP (A). For 13, a Iysnrc prcparcd wirhoui ATP WIS furilrcr incubalcd for GO min al 

37°C with ~II ATP-dcplehg syntcm. Tlrcsc crude IJXUC~ (800 1~) were fraclioaatcd by glycerol density gradient ccntrirugarion and aliquots (20 
J) of individual fractions wcrc used for assay of SWLLVY-AICA breakdown wirh (*) or without (o) 0.05% SDS. The upper panels show the pro- 
filca of IIK snmplcs in corresponding froclionr inlItlurlo.hloricd with whprowsomc mAb t- 17. l’llc prohtls in 200 bi volumes of the fractions 

wxc prccipiralcd will1 ~KC~OI~C and wbjwcd IO immuno.blol analysis. Arrow indicntc 111~ posilion of clution of purified protwomcs. 
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was lost almost completely, and the SDS-activated ac- 
tivity in the 20s fraction was greatly increased (Fig. 1B). 
This suggests that ATP depletion caused dissociation of 
the 26s complexes liberating latent 20s proteasomes. In 
fact, immunoblot analysis showed that the C2 subunit 
shifted from the 26s fraction to the 20s fraction (Fig. 
IB, upper panel). These findings are consistent with the 
apparent loss of activity for Sue-LLVY-MCA degrada- 
tion upon incubation of the lysate without ATP. 

As mentioned earlier, ATP-dependent degradation 
of Ub-protein conjugates has been shown to be catalyz- 
ed by 26s protease complexes containing proteasomes 
[2,3,6,7]. Actually, the 26s fraction from HL-60 cells 
catalyzed the degradation of [“‘I]lysozyme-Ub con- 
jugate in a totally ATP-dependent fashion (Table I). In 
contrast, the 20s fraction did not degrade the Ub- 
conjugated protein even in the presence of ATP-Mg*+ . 

We next immunoprecipitated the 26s and 20s com- 
plexes with anti-proteasome mAb 2-17 from cell lysates 
with .a high level and depleted of ATP as described in 
section 2. The SDS-PAGE patterns of total lysate pro- 
teins appeared identical regardless of the ATP level 
(Fig. 2, lanes 2 and 3), but upon silver staining of pro- 
teins immunoprecipitated from the ATP-depleted lysate 
only the multiple subunits of proteasomes (Mr = 21-31 
kDa) and the light and heavy chains of the IgG used 
were detected with a few faint non-specific bands (Fig. 
2, lane 5). These results confirm that the anti-C2 
subunit antibody precipitated whole proteasomes as 
multisubunit complexes [8]. In contrast, the SDS- 
PAGE profile of the immunoprecipitate from the lysate 
with a high ATP level exhibited a number of additional 
protein bands ranging in size from 35 to I10 kDa (Fig. 
2, lane 6). This profile was reproducible in 5 experi- 
ments. However, under these conditions some com- 
ponents seemed to overlap the broad band of the heavy 
chain of mouse IgG. Therefore, we performed another 
immunoprecipitation experiment using mAb 2-17 

Table I 

Effects of ATP on breakdown of [‘Lsl]lysozyme-Ub conjugates by 
26s complex and 20s proteasome fractions from HL-60 cells 

Fraction Breakdown of [“Jl]lysozyme-Ub 
conjugates (%/h) 

- ATP + ATP 

Crude cell lysatc 0.3 9.5 
26s Protcasc complex 0.2 7.8 
20s Proteasomc 0.0 0.5 

Urcakdown of [‘L’l]lysozyme-Ub conjugates was assayed with 
samples of crude lysates (125 ,rg) in fhr presence or absence of 5 mM 
ATP. For assay of ATP-indepcndcnt activity, an ATP-depleting 
system consisting of hcxokinase and glucose was nddcd to the ass;~y 
mixture, because the lysatcs and cntymc solutions wcrc prcparcd in 
the prcscncc of 2 mM ATP. The fractions of 26s complex (fraction 
8) and 205 protcasomc (fraction I I) wcrc prepared as for fig, 1A cs- 
ccpt what 4.0 mg of ccl1 lysatcs wrc frachonatcd. Values arc means of 

IWO indcpcndcn~ dctcrmiaations. 
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Fig. 2. Separation of the 26s complex consisting of a proteasome and 
multiple protein factors by immunoprecipitation in the presence of 
ATP. lmmunoprecipitation with anti-proteasome mAb 2-17 was car- 
ried out as described in section 2. ATP (+) indicates lysates prepared 
in buffer A containing 2 mM ATP and then incubated for 60 min at 
37°C in the same buffer supplemented with an ATP-regenerating 
system. ATP (-) indicates lysates prepared in buffer A without ATP 
and then incubated for 60 min at 37’C with an ATP-depleting system. 
Samples of total lysates (lanes 2 and 3,3.0 pg), IgG of m Ab 2-17 (lane 
4, I .O pg) and P, purified human liver proteasomes [S] (lane 10, I .O 
pg) were used. Lanes I and 9 show M, marker proteins. Immuno- 
precipitation was performed by treatment with mAb 2-17 (1SOpg I&) 
and protein A-Sepharose CL-4B (lanes 5 and 6) or mAb (150 fig IgG) 
coupled to I ml of CH-Sepharose 48 (lanes 7 and 8). Lysates with 
ATP at 1.0 mg and 5.0 mg were used for immunoprecipitation 
analysis in lanes 7 and 8, respectively. Arrowheads indicate various 

protein factors immunoprecipitated with proteasome. 

coupled to CH-Sepharose 4B and identified several 
more protein bands in the heavy chain region (Fig, 2, 
lanes 7 and 8). From these findings, we concluded that 
the 26s complex that degrades Ub-conjugated proteins 
is composed of 13-15 protein factors in addition to a 
proteasome. These multiple protein factors appear to 
be similar, but not identical in size, to those found in 
26s ATP-dependent protease complexes partially 
purified from reticulocyte extracts [2,6]. 

3.2. ATP-dependenr association of the proteasotne 
with multiple components IO form the 26s 
complex 

Eytan et al. [6] and Driscoll and Goldberg [7] in- 
dependently reported that the 20s proteasome is a com- 
ponent of the larger 26s complex and that it is incor- 
porated into the complex ATP-dependently, To con- 
firm this in our system, we incubated intact HL-60 cells 
with 2-deoxyglucose and dinitrophenol to deplete them 
of intracellular ATP, and then prepared cell lysates in 
buffer without ATP, These ATP-depleted lysates were 
compIcteiy devoid of 265 complexes, as shown by 
glycerol density gradient centrifugation (unpublished 
data). When these fysatcs were incubated with ATP and 
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Fig. 3. ATP-dependent formation of active 26S complexes from latent proteasomes in ATP-depleted HL-60 cell lysates. For the left panel, washed 
intact HL-60 cells (5 × l0 s cells) were resnspended in 20 mM Na-HEPES buffer (pH 7.2) containing 0.2 mM 2,4-dinitrophenol and 20 mM 
2-deoxyglucose and incubated for 2 h at 37°C to deplete them of intracellular ATP. Then they were washed, rcsuspended in buffer A without ATP 
and lysed by sonication, The lysates were incubated for 60 rain at 37°C in the presence of  2 mM ATP and 5 mM Mg z'~ together with an ATP- 
regenerating system and analyzed by glycerol density gradient centrifugation as described in section 2, The procedures for assay of protease activity 
with (-) or without (o) SDS, and immuno-blot analysis were as for Fig. 2. The arrow indicates the position of elution of purified proteasomes. 
The right panel shows electrophoretic analysis of ATP-dependent association of proteasomes with multiple protein components to form 26S com- 
plexes. Lysates of the ATP-deplcted cells described above were used. Immunopreeipitation experiments were carried out as for Fig. 2, using non- 
incubated lysates (Ni, lane 4) or lysates after incubation with 0.1 mM (lane 5) or 5 mM (lane 6) ATP together with an ATP-regenerating system 
for 60 rain at 37°C. Lane 1 (Mr, marker proteins), lane 2 (mAb 2-17 lgG, 1/~g), lane 3 (P, purified proteasomes, I/tg). Arrowheads indicate various 

protein components co.precipitated with proteasomes by anti-proteasome mAb 2-17. 

an ATP-regenerating system and then analyzed by 
glycerol density gradient centrifugation, the 26S frac- 
tion showed high Suc-LLVY-MCA hydrolyzing activity 
in the absence o f  SDS and the level of  SDS-activated 
20S proteasomes was decreased significantly (Fig. 3, 
left panel). This restoration of the leeel of  large 26S 
complexes was confirmed by immuno-blot analysis 
(Fig. 3, left-upper panel). The sedimentation profile 
resembled that o f  a freshly prepared lysate with ATP 
(Fig. IA), but a considerable amount of  the 20S frac- 
tion still remained, and additional treatment with ATP 
did not cause any further shift of  the 20S form to the 
26S form, probably because of  the presence of an excess 
amount of  proteasomes over the other protein com- 
ponents of the 26S complex. 

Finally, we confirmed that the 26S complex thus 
reformed by ATP treatment contained the multiple 
other protein components as well as proteasomes. As 
shown in Fig. 3 (right panel, lane 4), on SDS-PAGE, 

the precipitate obtained from the ATP-depleted lysate 
with anti,.proteasome mAb 2-17 gave bands of only pro- 
teasome subunits and the added IgG. On the other 
hand, the immunoprecipitate from the lysate that had 
been incubated with ATP yielded multiple additional 
protein bands (Fig. 3, lane 6), the pattern being essen- 
tially similar to that seen in Fig. 2 (lane 6). We also 
found that larger amounts of  these other protein com- 
ponents were immunoprecipitated after incubation with 
5 mM ATP than after incubation with 0.I mM ATP 
(Fig. 3, lanes 5 and 6). This difference suggests that a 
high ATP concentration is required for complete con- 
version of the 20S particle to the 26S complex or for 
stabilization of the active 26S complex, 

4. DISCUSSION 

The results reported above indicate clearly that ATP 
is required for the formation of a 26S protease complex 
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from a 20s latent proteasome and 13-l 5 additional pro- 
teins. This function of ATP appears to be essentially 
identical with its function in reticulocyte extracts pro- 
posed before [G,7]. Previous findings also showed that 
for this function Mg2 + is necessary and that ATP can- 
not be replaced by a non-hydrolyzable ATP analogue, 
indicating that ATP-hydrolysis, namely ATP-energy, is 
essential for assembly of this 26s complex. The reason 
why this energy is required is unknown. ATP also seems 
to be required for stabilization of the proteolytic activi- 
ty, because ATP depletion causes dissociation of the 
26s complexes with release of latent 20s proteasomes, 
and the decrease in Sue-LLVY-MCA hydrolyzing ac- 
tivity of the HL-60 cell lysate on aging was prevented by 
the nucleotide. Tsukahara et al. [l l] reported a similar 
protective effect of ATP against the rapid inactivation 
of Sue-LLVY-MCA degrading activity in extracts of 
K562 erythroleukemia cells at alkaline pH. The 26s 
protease complex was precipitated with anti- 
proteasome mAb 2-17 only in the presence of ATP; in 
its absence, the multiple protein components were 
readily detached from the complex and the mAb 
prepicitated only the 20s proteasomes. As this 26s com- 
plex stabilizing effect did not require Mg2 + , it ap- 
parently did not require ATP-energy. A third role of 
ATP in proteasome-mediated proteolysis is to support 
the selective degradation of Ub-conjugated proteins 
catalyzed by the active 26s complex [2,3]. This process 
appears to require ATP-energy, because it requires 
Mg2 + and is not supported by ATP analogues. Recent- 
ly, the purified 26s protease complex from mammalian 
cells has been shown to contain an ATPase essential for 
ATP-dependent breakdown of Ub-protein conjugates 
[12] and Ugai et al., in preparation. Thus the con- 
tinuous requirement for ATP-hydrolysis coupled with 
protein breakdown in eukaryotes may be related to ac- 
tivation and inactivation through a resolution- 
association cycle of the 26s complex. This possible role 
of ATP is very attractive in considering the regulation 
of intracellular protein degradation, but further 
characterization of the 26s complex as an ATP- 
dependent protease is necessary. 

We recently purified rat and human 26s complexes 
by conventional chromatographic techniques in the 
presence of ATP (manuscript in preparation) and 
found that the purified proteasomes contained a set of 
protein components closely resembling those identified 
by immunoprecipitation in the present study. As 
reported previously [4,5], a proteasome is a multi- 
subunit complex consisting of at least 13 non-identical 
components. But the 26s particle is even more complex 
in that it contains 13- 15 additional protein components 
ranging in size from 35 to 110 kDa. In the 26s complex 
these protein components may regulate the proteolytic 
activity of the core-proteasome, but their precise 
physiological functions are still unknown. 
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