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Differential Effects of Ubiquitin Aldehyde on Ubiquitin and ATP-Dependent
Protein Degradation
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ABSTRACT. ATP-dependent proteolysis &8-labeled humam-globin, bovinea-lactalbumin, bovine serum
albumin, or chicken lysozyme was assessed in a rabbit reticulocyte extract supplemented with ATP, excess
ubiquitin, and variable amounts of ubiquitin aldehyde (Ubal), an inhibitor of many ubigtptiotein
isopeptidases. Low concentrations (@) of Ubal increased the ATP-dependent degradatiof®f

o-globin by ~30% after 2 h at 37C, had little effect ort23-lysozyme turnover, and decreas&d-a-
lactalbumin or*?3-albumin degradation by~20%. The ATP-dependent degradation of all substrates
was inhibited by high concentrations 8 uM) of Ubal throughout the incubation (15 min to 2 h); after

2 h, this inhibition ranged from 15% fd#3-a-globin to ~85% for 1?3-a-lactalbumin and?3-albumin.

Levels of ubiquitin-1?3-protein conjugates were increased significantly with Ubal; wi®.0 M Ubal,

high molecular mass multiubiquitinated conjugates were patrticularly evideA®fem-globin and23-
a-lactalbumin. These mixtures also accumulated ubiquitin conjugates with sizes expected for di- through
pentaubiquitin oligomers. The results are consistent with the following proposed events: The ATP-
dependent degradation Bfi-a-lactalbumin o?3-albumin is probably mediated almost exclusively through
polyubiquitinated intermediates. High Ubal concentrations inhibit an isopeptidase(s) which normally
disassembles “unanchored” polyubiquitin chains that remain after substrate degradation by the 26S
proteasome; these chains accumulate to inhibit further conjugate degradation. Much of the ATP-dependent
degradation of?3-a-globin and, to a lesser degré@&l-lysozyme may occur through alternative structures
where ubiquitin monomers or short oligomers are ligated to one or more substrate lysine'$3-&er

globin, even low concentrations of Ubal effectively inhibit deubiquitination of these conjugates to enhance
a-globin degradation.

In the ATP- and ubiquitin-dependent pathway for the above. For example, enzymes which deubiquitinate newly-
proteolysis of intracellular proteins, the carboxyl terminus formed Ub-protein conjugates (Hershlat al, 1984; Hough
of the monomeric protein ubiquititM; = 8565) is covalently & Rechsteiner, 1986; Hershko & Rose, 1987) cleave the
linked to thee-amino group of a lysine residue of the protein isopeptide bond(s) between the Ub (or polyubiquitin) adduct
destined for degradation (for recent reviews, see Ciechanoverand the substrateamino group during protein degradation
1994, Hochstrasser, 1995). In some cases, ubiquitins areby the 26S proteasome (Eytahal,, 1993), or disassemble
linked by this “isopeptide” bond to multiple lysine residues polyubiquitin chains€.g, isopeptidase T; Hadagt al, 1992)
of the protein substrate (Shaeffer, 1994a). In other situations,have been reported. The role that each of these isopeptidases
additional UB molecules extend from the first to form a has in the proteolysis of a particular protein substrate is likely
branched-chain polyubiquitin moiety linked by isopeptide to depend on the pattern of its ubiquitination and the
bonds from the C-terminus of one Ub to ammino group  mechanism of its recognition and degradation by the 26S
(generally on Lys48) of another (Chaet al, 1989). proteasome. Selective inhibition of these enzymes might
Regardless of which form of ubiquitination is used to prepare reveal their functions in Ub-dependent proteolysis and, in
the substrate protein for proteolysis, the Ub “tag” of the tyr, differentiate protein substrates with respect to their
conjugate is then recognized by a large, 26S multisubunit patterns of ubiquitination and modes of degradation.

protease or *proteasome” present in the cytoplasm (reviewed In their studies of a 30 kDa Ub C-terminal hydrolase from

by Rubin & Finley, 1995). The protein substrate moiety is . ; )
d)égraded by thisy268 co)mplex, \?vhereas the Ub compo?]/entsral?b't. _retlculocytes, P'C"?” and Rose_ .(1986) found that
are returned to the soluble pool of free Ub monomers. ubiquitin aldehyde (Ubal)i.e., Ub modified to have an

Levels of free Ub are maintained in part by Ub C-terminal aldehyde instead of a carboxyl group at its C-terminus, was

hydrolases which release Ub from various C-terminal adducts @ Potent inhibitor. Subsequently, Ubal was found to inhibit

(Rose, 1988). Some of these hydrolases are isopeptidaseg]any’ lalthough nﬁt §1II, pr(;otein isopgptidgses. FOLer |
which may be involved in the proteolysis scheme outlined example, among the isopeptidases mentioned above, Uba
inhibited isopeptidase T (Hadaet al, 1992) and the as yet

uncharacterized isopeptidase(s) which disassembles newly-
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GM 37666. formed conjugates (Hershket al, 1984; Hough & Rech-
* Corresponding author (Tel: 319-335-8545; Fax: 319-335-9570). steiner, 1986; Hershko & Rose, 1987), but not an ATP-
+ Abstract published imdvance ACS Abstractsugust 1, 1996. stimulated isopeptidase associated with the 26S proteasome

! Abbreviations: SDS, sodium dodecyl! sulfate; PAGE, polyacryl- .
amide gel electrophoresis; TCA, trichloroacetic acid; Ub, ubiquitin; (Eytanetal, 1993). Thus, Ubal potentially could be used

Ubal, ubiquitin aldehyde. to elucidate roles of isopeptidases in protein ubiquitination
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and degradation.

Addition of Ubal severely inhibited the ATP-dependent
degradation o#?3-lysozyme in a crude reticulocyte extract
(fraction II), but only when Ub was present in limiting
amounts (Hershko & Rose, 1987). Accordingly, the pool
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say) by centrifugation at 4C in Amicon Centricon-10
concentrators. Aliquots of th&3-proteins were stored at
—20°C.

Construction and Incubation of Proteolysis Reaction
Mixtures. Each proteolysis reaction mixture in a total volume

of endogenous free Ub was progressively diminished during Of 25 uL contained the following: 50 mM Tri$iCl, pH
the reaction in the presence, but not in the absence, of Ubal.7-5 (23°C), 3 mM dithiothreitol, 5 mM MgC}, 1.25 mg of

The inhibition of 123-lysozyme degradation was almost

dialyzed rabbit reticulocyte extract, and 3% (~2 x 10°

abolished by the addition of excess Ub. These results CPm) of an'®-labeled protein as the proteolysis substrate.

suggested that Ubal inhibited Ub C-terminal hydrolases
responsible for recycling Ub in the cell extract. Much less

Some reaction mixtures (designatetdATP") also contained
0.5 mM ATP (N&), 10 mM creatine phosphate, 24 units/

is known about the effect of Ubal on the various stages of ML creatine phosphokinase (Sigma, C3755), and 2 units/
the proteolytic pathway in the presence of excess Ub. The ML inorganic pyrophosphatase (Sigma, 11643). TP
condition of excess Ub presumably will be necessary to study Mixtures usually were supplemented with either 141 or 282
selective inhibition of the various isopeptidases directly #M Ub. Some mixtures also contained Ub aldehyde (Ubal),
involved in protein degradation without the complications Which was prepared by a modification (manuscript in
caused by Ub depletion. In the investigation discussed Preparation) of the procedure described previously (Dunten
above, the amounts of Utprotein conjugate intermediates & Cohen, 1989). For experiments that employed a range
were increased substantially when Ubal was added to theof Ubal concentrations, from 1.25 to 14 of a stock
proteo|y5is reaction in the presence of adequate Supp|emen50|uti0n of Ubal in HO was transferred to a microcentrifuge
tary Ub. This effect of Ubal was used by us to isolate Ub tube and evaporated to drynéasvacua The residue was

conjugates of yeast cytochromegSokolik & Cohen, 1991,
1992) and of human-globin (Shaeffer, 1994a) in amounts
sufficient for structural studies.

The objective of the present work was to compare the

redissolved with the reticulocyte extract, and this mixture
was preincubated at 3TC for 5 min before addition of the

other components. For all other reactions, a batch mixture
containing the reticulocyte supernatant and Ubal at about

effects of Ubal on the ATP-dependent degradation of several™Wice its final concentration (or #0 as a control) was

129-labeled proteins in an unfractionated rabbit reticulocyte Pzglellngullnzzted at 37C tf)or 5 min. Agtsré:oohgg don .|ce|, tlhe
extract. The effect of this isopeptidase inhibitor on degrada- ¢ 'r‘? ebe %rotgm substrate was? e d, an |bent|ca aliquots
tion varied with its concentration, the time of incubation, ©' thiS batch mixture were transierred to tubes containing

and, most notably, the protein substrate. These variationsthe other reagents. Each tube was sealed and then incubated

are consistent with proposed patterns of ubiquitination and &t 37 °C for the time specified. _

subsequent degradation that differ among the substrates. The Assay fpr Degr'adatlon dfi-Labeled Pro'telln Sub;trates
results provide the first experimental evidence in support of Proteolysis reactions were stopped by chilling on ice, and 2
an “editing” role of Ub—protein isopeptidase(s) in which uL (~1.5 x 10> cpm) was transferred to a 1.5 mL

disassembly of ubiquitinated proteins competes with their microcentrifuge tube containing 7/ﬂ- of a_human eryth-
degradation by the 265 proteasome rocyte lysate (150 mg/mL) as carrier protein and 38 .3f
' H,0. Proteins were precipitated by the addition of 0.5 mL

of 10% trichloroacetic acid, incubated at@ for 1 h, and
centrifuged at 140a9for 5 min, and the soluble phase was
Preparation of Rabbit Reticulocyte Extract andd- transferred to a 3 mL plastic tube. The pellet (acid-insoluble
Labeled Protein Substratedfkabbits were made anemic with  phase) was dissolved in 0.5 mL of 1 N NaOH and transferred
phenylhydrazine, and the red blood cells (approximately 80% to a separate tube. TE&l-radioactivities of the acid-soluble
reticulocytes) were harvested and washed (Allen & Schweet,and acid-insoluble phases were determined in a Packard
1962). A cell extract was prepared, dialyzed against Multi-Prias y-counter. Protein degradation was calculated
hemolysate buffer, and concentrated to 150 mg/mL (hemo- as the fraction (%) of the totdP3-radioactivity recovered
globin Assp) as described previously for human blood in the acid-soluble phase corrected for thaB(0%) obtained
(Shaeffer, 1988), except that the crude lysate was centrifugedfrom an unincubated control reaction.
(8000@) for 2 h at 4°C to remove polyribosomes and Detection and Quantification of Ubiquitint?3-Labeled
residual stroma before dialysis. Humanglobin was Protein Conjugates by SDSAGE. Aliquots (4 uL) from
prepared from thex chains of adult human hemoglobin A, the proteolysis reactions were mixed with 86 of SDS—
labeled with N&3 using lodo-Beads (Pierce Chemical Co.), PAGE sample buffer (Laemmli, 1970), heated at°@5for
purified by SDS-PAGE to remove contaminating ag- 7 min, and then subjected to SBSAGE on 1.5 mm thick
gregates, treated with triethylamine to remove SDS, and slab gels (13% acrylamide) essentially as described previ-
dissolved in 10 mM Na formate, pH 4.0, as described ously (Shaeffer, 1994b). Molecular weight standards from
previously (Shaeffer, 1994b). About 1.0 mg each of bovine 14.2 to 66 kDa (Sigma, SDS-7) were used. After electro-
o-lactalbumin (Sigma, L5385), chicken lysozyme (Sigma, phoresis, the separating gel was fixed in 10% acetic acid/
L6876), bovine ubiquitin (Sigma, U6253), or bovine serum 37% methanol for 1 h and stained with 0.05% Coomassie

MATERIALS AND METHODS

albumin (Sigma, A7030) was labeled with 1.0 mCi of'Rta
using chloramine T (Ciechanoveat al, 1980), and the

Brilliant Blue R250 in 10% acetic acid/50% methanol for 2
h. The stained gel was rinsed briefly in 10% acetic acid/

iodinated proteins were desalted by gel filtration (Pharmacia 25% methanol and then destained with 25% methanol. The

NP10 columns) in K. '?5-Labeled proteins (except the
125-Ub) were concentrated to 122 mg of protein/mL
(determined with the Bio-Rad dye-binding protein microas-

gel was driedin vacuo at 70 °C between two sheets of
cellophane and counted for 10 h in a Packard Instantimager
to determine the distribution of9-radioactivity in each
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—_ 14 ' ' - Table 1: Supplementation with Ub Does Not Reverse the Inhibition
A or Enhancement of Proteolysis by Ubal
g . 129-protein substrate  Ubaki) Ub (mM)°  proteolysis (%)
2" bovinea-lactalbumin 0 0.28 66.3
£ 0} 0.70 64.1
= 8.0 0.14 34.0
B osf 0.28 32.8
;5; 0.70 34.3
S o4 1.41 33.6
C
'E.g chicken lysozyme 0 0.05 37.5
g 02 7.0 0.05 25.4
0.14 26.1
L T T R R S S 12 528 57
Ubiquitin aldehyde (uM) 1.22 27.3
Ficure 1. Effect of Ubal on the ATP-dependent proteolysis of  povine serum albumin 0 0.05 17.7
129-labeled substrates by a rabbit reticulocyte extract. Each reaction 0.14 16.6
mixture was incubated at 37C for 2 h with either'®3-human 0.28 13.9
a-globin (unfilled triangles)+?3-chicken lysozyme (filled circles), 0.70 10.3
129-bovine a-lactalbumin (unfilled squares), 8#3-bovine serum 8.0 0.05 4.7
albumin (filled triangles) with or without ATP and an ATP- 0.14 5.0
regenerating system. THeATP mixtures were supplemented with 0.28 4.9
282 uM Ub or, in reactions witht?3-bovine serum albumin, 141 0.70 45
uM Ub. Protein degradation was determined as described in h lobi 0 0.05 37.9
Materials and Methods. The values obtained in the absence of ATP "tumana-globin 014 376
(5.3%, 8.9%, 24.6%, and 1.7% f&f-labeleda-globin, lysozyme, 0.8 0.05 48 5
a-lactalbumin, and albumin, respectively) remained essentially ’ 0.14 496
constant with the different Ubal concentrations and were subtracted 0.28 499
from the corresponding-ATP values. For each Ubal concentration, 0.75 48.2
ATP-dependent proteolysis values are plotted as the ratio to the 3.2 0.05 36.4
ATP-dependent proteolysisithout added Ubal (39.0%, 28.7%, ’ 0.14 36.6
39.5%, and 17.4% fot?9-labeled a-globin, lysozyme a-lactal- 0.28 36.9
bumin, and albumin, respectively). Most data points shown are 0.75 365
averages of 24 experiments; standard errors are indicated by the - - — -
error bars (some are obscured by the point symbols). @ Reaction mixtures containing ATP and an ATP-regenerating system

were incubated at 37C for 2 h, and the amount of proteolysis was

sample lane. Thé2-containina bands in each lane that determined as described in Materials and Methods. The values shown
p : Ining : were not corrected for ATP-independent proteoly3indogenous Ub

represented undegraded substrate and its conjugates Withi<10 uM; Shaeffer, 1988) is not included.
either one (UP), two (Uby), from three to six (Ub-g), or

more th_an SiX _(Ube) moleqL_JIes of Ub were identified by dependent. With low Ubal<2 «M), the ATP-dependent
comparison with the positions of the stained molecular proteolysis of'23-bovine a-lactalbumin or of!23-bovine
weight standards. serum albumin was severely inhibited, whereas that%f
humana-globin was increased. With more thaw®! Ubal,
the ATP-dependent proteolysis of each of the substrates was
Protein Degradation Is Modulated by Ubiquitin Aldehyde decreased below the levels observed in the absence of the
in a Substrate-Dependent Mannehitial studies showed inhibitor. However, there was still substantial ATP-depend-
that the proteolysis (conversion to acid-solul-radioac- ent (and presumably Ub-dependent) degradatiort?®f
tivity) of the four substrates by the reticulocyte extrawt ~ humana-globin and of'?3-chicken lysozyme at the highest
the absence of added Ulnged from 16% fot23-bovine concentrations of Ubal used. The results of Figure 1 suggest
serum albumin to 67% fo¥d-bovine a-lactalbumin after a difference in Ubal-sensitive isopeptidase involvement, and
incubation at 37C for 2 h (data not shown). Most of this  possibly a difference in mechanism or rate-limiting step, in
degradation was ATP-dependent. Addition of Ubal at a the degradation of at least some of #i&-o-globin and*?3-
moderate concentration (@) to a similar reaction mixture  lysozymé substrates compared#l-a-lactalbumin and®3-
inhibited the ATP-dependent degradation by—&8%. albumin.
These results confirm and extend that observed previously The data in Figure 1 do not represent initial rates, and
with 129-lysozyme (Hershko & Rose, 1987) and occur this point is elaborated in the section below. To ensure that
presumably because of limiting amounts of endogenous Ubthe inhibition of proteolysis observed in Figure 1 with high
in the reticulocyte extract. Therefore, the reaction mixtures Ubal concentrations was not caused by Ub depletion,
used in our subsequent studies to determine the effect ofotherwise identical mixtures were incubated with additional
Ubal on the ATP- and Ub-dependent pathway were always free Ub. Table 1 shows that supplementary Ub even in
supplemented witk 1004M Ub (see Materials and Meth- ~ excess of 1 mM did not reverse the inhibition of proteolysis
ods); under these conditions, degradation rates were notdy high concentrations (3-28.0 uM) of Ubal. Moreover,
limited by the Ub concentration (see below).
Proteolysis reaction mixtures containing each of ik 2Reduction of a specific disulfide bond in lysozyme precedes its

; ; PRI inqubiquitination and can be rate-limiting for lysozyme’s degradation
labeled protein substrates were incubated with Ir]Creasmg(Duntenet al, 1991). This slow step might contribute to the relatively

concentrations of Ubal at 3°’C_f0r 2 h. Fi_gure 1 shows  \yeak inhibition by Ubal seen for the degradatiort®f-lysozyme. We
that the effect of Ubal on protein degradation was substrate thank one of the reviewers for bringing this possibility to our attention.

RESULTS
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60 LA mortman ocromn R concentrations was readily observed for all substrates as early
_ Lactalbumin " as 15 min (Figure 2) and continued throughout the incubation

50 ' P period. Together with the finding that inhibition was not
40 x"‘# = Vb further increased with Ubal concentrations greater th@n
30 i ;’f' - uM (Figure 1), this result indicates that the degradation of
20 /, "~ g ;F i “J .- all of the substrates was pror_npted, directly or indirect]y, by
ol £ ﬁ f a common Ubal-sensitive activity, presumably a-tfivotein

/f — &y isopeptidase(s). Figure 2 also shows that, as expected,
0L : MR increasing concentrations of Ubal had no effect on the

; T background level of ATP-independent proteolysis for each
I C. '®]-Lysozyme -"”" . . D.'?5|-Bovine Serum Albumin Substrate

|

30| £ — Ubal Enhances Leels of Ubiquitin—-Protein Conjugates.

P Samples of selected reaction mixtures from the experiments
e of Figure 2, panels AC, were denatured with SBFAGE

e sample buffer, and the patterns of the t}83-protein

o P g o conjugates were analyzed by SBBAGE. Figure 3A shows
el bh—— 1

Protein Degraded (% TCA-Soluble)
&
.4

20/
I

o I o the Coomassie Blue-stained proteins in the reaction mixtures
0 20 40 60 80 100 120 0 20 40 60 80 100 120 with 129-human a-globin, and Figure 3B shows thé-

Time (minutes) labeled species. Quantitative analyses of the data from this
FIGURE 2: Degradation of?3-labeled proteins with zero, low (0.8 gel and two similar gels with samples from reactions with
uM), or high (8.0uM) concentrations of Ubal. Reaction mixtures  129-q-lactalbumin or'®3-lysozyme are presented in Table
\évesr teé rﬁ;%%%fegcvgge%ra\{vgg}gtr Q;I;\F:er(gnfsagoAgg_gfglez%eﬁtri\ng 2. The concentrations of all Utprotein conjugates for each

INncu | y , , , | : :

a); described in Materials and Methods. The amount of proteolysis of th_g three'*-labeled protein Substr_ates were increased by
in each reaction mixture was determined after incubation with one @ddition of Ubal to the+ATP reaction mixtures. These
of the following substrates!?-humana-globin (panel A),*?3- results confirm those obtained previously from ubiquitination
bovine a-lactalbumin (panel B);#-chicken lysozyme (panel C),  reactions catalyzed by reticulocyte extracts containing as
or 129-bovine serum albumin (panel D). The results are plotted for g pstrates either oxidized RNase A (Hershko & Rose, 1987;

mixtures with ATP and no (filled circles), 0/8M (filled squares),
or 8.0uM (filled triangles) Ubal; the unfilled symbols represent Dunten & Cohen, 1989), lysozyme (Hershko & Rose, 1987),

data from the corresponding mixtures without added ATP. Note Cytochromec (Sokolik & Cohen, 1991), ou-globin (Shaef-
that most of the nonlinearity of the curves in panels B, C, and D fer, 1994b). Increased conjugate levels were evident par-

can be accounted for by the ATP-independent components of thetjcularly at the later incubation times with high (8.01)
degradation reactions. The data shown are from single experimentsy j5 for the multiubiquitinated (Uks) conjugates of23-
humana-globin (Figure 3B, lane 7, and Table 2, line 7) and
of *29-bovine a-lactalbumin (Table 2, line 13). A similar
finding, although less pronounced, was observed for the
Ub.¢—?9-lysozyme conjugates.

the extra Ub did not affect the30% increase in proteolysis
of ¥29-humana-globin observed with 0.&M Ubal. The
addition of supplementary Ub to reaction mixtures without
Ubal increased the proteolysis of eaf-labeled protein . ) , o
substrate only slightly, if at all, beyond that catalyzed by Inhibition of Degradation Correlates with Polyubiquitin

the Ub endogenous to the unfractionated reticulocyte lysateCh&in Accumulation. The accumulation of Ubprotein
(data not shown). Table 1 shows, however, that the conjugates together with the inhibition in the same mixtures

degradation of23-bovine serum albumin in the absence of Of total ATP-dependent proteolysis of théd-proteins
Ubal was significantly inhibited with~141 uM of added ~ (Figure 2) suggests that Ubal, either directly or indirectly,
Ub. The reason for this inhibition remains unknown. inhibits degradation of _polyu_blq.ul_u.nated conjugates by the
Nevertheless, in the experiments described in Figure 1 and26S _proteasome. Indirect inhibition could occur by the
below, proteolysis reactions wif#3-albumin were supple-  Pinding of “unanchored” polyubiquitin chainse., poly-
mented with 141uM Ub, whereas 282:M Ub was added ubiquitin chains not ligated to a protein substrate, at the 26S

with the other substrates. proteasome site normally reserved for polyubiquitinated
Time Course of Ubal's Effect on Protein Tume. degradation intermediates (Deveragixal, 1994; Bealet
Proteolysis reaction mixtures with each of the fd@- al.,, 1996). Excess unanchored polyubiquitin chains might

labeled protein substrates containing either zero, low (0.8 accumulate in a reaction mixture with Ubal due to inhibition
#M), or high (8.0uM) Ubal were incubated from 15 minto ~ ©f isopeptidases which normally disassemble them. Coo-
2 h at 37°C. The unique enhancement of ATP-dependent massie Blue-stained proteins from the reaction mixtures with
proteolysis observed fé#-o. globin at low Ubal concentra- - 1-a-globin (Figure 3A) in the presence of Ubal showed
tions was apparent only after 30 min (Figure 2A). This time bands at positions gxpgcted for dllubllqunm AJtriubiquitin
dependence, which was not observed with the other sub-(Ubs), and tetraubiquitin (Up. Similar patterns of these
strates, could be due to a lag in the accumulation of-Up ~PUtative unanchored polyubiquitin chains in the reaction
protein conjugates or, more directly, to slow-binding inhi- Mixtures containing Ubal ané-a-lactalbumin or2-
bition by Ubal of an isopeptidase. By either mechanism, lysozyme were observed (not shown). Stained bands rep-
the result further suggests that, for at least some fraction of€seénting polyubiquitin chains of molecular masses higher
the 129-a-globin, there is a different ubiquitination pattern than Uk were not seen, possibly because of the overlapping
or rate-limiting step for Ub-catalyzed degradation compared &rray of intensely-stained reticulocyte proteins.

to that of the other substrates. On the other hand, the Evidence for the accumulation of polyubiquitin chains also
inhibition of ATP-dependent proteolysis with high Ubal was obtained from experiments that employéitiabeled
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A. Total Protein B. 25|-Radioactivity
-66 - ” F ” ' J Ub>s'0(,
2(53 ﬁ ﬁ m ﬂ | Ubsg-0t
2 W .
24 e ‘ ‘ . : Ubf_(x

| 20-

-+ PPN -

1.2 3 4 5 6 7M 1 2 3 4 5 6 7

Ficure 3: Total and'?3-labeled proteins of proteolysis reaction mixtures wi-humana-globin. Samples of reaction mixtures selected
from those in the experiment of Figure 2A were analyzed by SBPAGE as described in Materials and Methods. The samples were from
mixtures which received no incubation (lane 1) or were incubated with ATP (and an ATP-regenerating systefi§ &r3l/5 min with

no (lane 2), 0.8M (lane 3), or 8.uM (lane 4) Ubal, or at 37C for 60 min with no (lane 5), 0.8M (lane 6), or 8.uM (lane 7) Ubal.

The gels were stained with Coomassie Blue and dried (panel AY28n@dioactivity was detected by counting in a Packard Instantimager
(panel B). Stained protein bands representing monomeric Ub (Ub) and putative unanchored chains (see text) of diubyjuitinkigbitin

(Ubg), and tetraubiquitin (U are identified in panel A. The positions and molecular masses (in kDa) of marker proteins, shown in the
border lane ¥1,) of panel A, also are indicated on the left side of panel B. ¥Heradioactivity in the regions of each gel lane denoted by
the brackets corresponds to undegraded substmter(conjugates of?3-a-globin with either one (Upa), two (Ub-a), three to six
(Ubs—e-0), or more than six (Ubs-o) molecules of Ub; these results are quantified in Table 2.

Table 2: Fates of?3-Labeled Proteins after Incubation in a
Reticulocyte Lysate with Ub, ATP, and Various Amounts of Wbal

reaction conditions distribution é#-radioactivity (%)

time Ubal TCA- intact conjugate speciés
(min) (M)  soluble substrate Ub Ub, Ubs Ubsg

Il A. 15 min incubation

A |

Ub2 Ub3 Ub4 Ubs >50 kDa

—
(=}

'29-Humana-Globin 30 B 60 min incubation
15 0 9.2 828 31 11 24 15
0.8 7.3 491 106 80 139 11.1
8.0 5.7 476 104 82 141 141
60 0 315 59.9 29 17 26 14 207

0.8 36.9 32.5 6.1 538 9.7 9.1
8.0 28.2 25.9 56 55 127 221

123-Bovine a-Lactalbumin
15 0 19.2 65.9 57 27 3.9 2.7
0.8 18.4 47.1 13.1 6.6 10.0 4.8
8.0 13.5 43.9 168 7.4 119 6.4

e
o

125|-Ub Conjugate Distribution (% Total Radioactivity)

120 0 651 215 1.8 14 49 53 0 Ub, Ubs Ub, Ubs >50kDa
8.0 33.9 6.1 1.0 22 237 330 . A
125~ Ficure 4. Ubal promotes the accumulation of polyubiquitin
9-Chicken Lysozyme conjugates. Reactions were as in Figure 3, except that unlabeled
15 0 127 827 11 02 19 14, 4johin (0.15ug/uL) and123-labeled Ub (282«M; 10* cpmiug)

gg 1§g’ ;;8 33 22 g’g g’g were used. Samples from 15 min (panel A) and 60 min (panel B)
120 0 383 58 2 13 02 14 06 incubations were analyzed by SBBAGE and the distributions
08 389 539 51 10 24 18 of 124-radioactivity measured with the Packard Instantimager.
80 296 577 54 18 37 49 Discrete '3-labeled bands corresponding in size to Ub and
: : i : : : : polyubiquitin chains (UR n = 2—5) were observed; highdvl,
a Samples selected from the reaction mixtures described in Figure 2 material 50 kDa) was an indistinct smear at the top of each lane.
were analyzed for conjugate formation by SBRAGE and assayed  These species are shown as the fraction (%) of the 3l
for total protein degradation (TCA-soluble radioactivity). The total radioactivity for reaction mixtures with zero (solid bars), 0.8
129-radioactivity in each lane was assumed to represent the TCA- (hatched bars), or 8.0 (unfilled bargM Ubal. In each lane, free
insoluble fraction, and values for the conjugate species were corrected'?d-Ub accounted for the balance of the radioactivity. When
for radioactivity in the corresponding gel zone of a control (unincubated) a-globin was omitted from otherwise identical reaction mixtures
reaction mixture® Ub,—substrate conjugates were resolved by SDS  with 8.0uM Ubal, virtually the same results were obtained as shown
PAGE, and the extent of ubiquitinatiom)( was determined by in panel B.

comparison to molecular mass standards (see Figure 3). concentrations are 2- to 6-fold higher than those observed
_ after only 15 min (Figure 4A). Additionally*?3-Ub was
Ub (Figure 4)} In the presence of 0.8 or 84M Ubal, incorporated into high molecular mass conjugatessof- 50

distinct radiolabeled species formed whose sizes correlatedkDa; in this size range, the higher Ubal concentration yielded
with Ub,, Ubs, Uby, and UR. The concentrations of these  significantly more labeled product. To what extent this
oligomers were only slightly higher with 8(M as compared  material included polyubiquitin conjugated to other proteins
to O.BﬂM Ubal, and in either condition, approximately 18 in addition to “unanchored’chains is not known.

uM Ub, 6 uM Ubs, 2 uM Uby, and 1uM Ubs had Low concentrations (0.«M) of Ubal promoted the
accumulated during the 60 min incubation (Figure 4B). These disappearance of23-human o-globin or of 29-bovine

3 Previously, the accumulation of Wb oligomers in Ubal- 4“Unanchored” is used here to include polyubiquitin chains which
supplemented reticulocyte fraction 1l had been noted for—Ub  may have an attached substrate peptide remnant as well as those with
cytochromec conjugation reaction mixtures (Sokolik & Cohen, 1991). a free Ub carboxyl terminus.
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a-lactalbumin from the substrate pool (Table 2). This etal, 1995; Beakt al,, 1996). High concentrations of Ubal
phenomenon was readily observed after only 15 min of strongly inhibit these enzymes. The undegraded polyubiqg-
incubation and was accompanied by an increase of conju-uitin chains bind to the site(s) on the 26S proteasome
gates, particularly those containing one or two ubiquiting;(Ub normally reserved for polyubiquitin conjugates of protein
and Ub in Table 2). These results are consistent with the substrates, thus inhibiting their degradation and resulting in
hypothesis that Ubal inhibits “disassembly” of the low their observed accumulation.
molecular mass conjugates of these substrates, thereby Deverauxet al.(1994) showed that branched Ub oligomers
preventing return of the unconjugated protein to the substrate(linked via Lys48) inhibited the binding of polyubiquitinated
pool. Inhibition by Ubal of the disassembly of conjugates 23-lysozyme to the S5 subunit of the 26S proteasome, and
of 129-lysozyme ligated to methylated Ub molecules has been that S5 separated in a polyacrylamide gel had greatest affinity
reported (Hershko & Rose, 1987). However, with unmodi- for polyubiquitin chains ofn >4. The addition of such
fied Ub, we did not observe a similar Ubal-promoted exogenously-synthesized polyubiquitin chains to an isopep-
disappearance ét3-lysozyme from the substrate pool (Table tidase-depleted reticulocyte extract inhibited substantially the
2). Perhaps the Ub- and Ub—'®-lysozyme conjugates  Ub-dependent degradation'8fi-o-lactalbumin (Beaét al,,
are less susceptible to disassembly by isopeptidases in thet996). Our results support those of Beahl., but because
reaction mixture (see the Discussion). the polyubiquitin chains in our experiments were introduced
by synthesisn situ, the nature of the UbUb linkages was
DISCUSSION not defined. However, in a recent comparison of polyubig-

Several isopeptidases probably are directly involved in the uitin chains linked via Lys6, Lys1l, or Lys48, Baboshina
ATP- and Ub-dependent pathway for proteolysis of intra- and Haas (1996) have shown that, for any of these-Ub
cellular proteins. Among these are isopeptidases which linkages, chains af >4 bind similarly to purified S5 subunit
disassemble Ubprotein conjugates, remove Ub (or poly- with K4 <18 nM. Thus, it is quite reasonable that Ub-
ubiquitin) at the 26S proteasome during degradation of the dependent degradation in cell extracts is inhibited by the
substrate protein, hydrolyze peptide remnants from (poly)- 106—-10"" M levels of Uk, and Ul that we see accumulate
ubiquitin chains, and recycle Ub by polyubiquitin chain in the presence of Ubal (see Figure 4). Interestingly, the
disassembly. We have studied the effect of Ubal, an inhibitor major difference between 0.8 and &®! Ubal with respect
of many isopeptidases, on this pathway in an attempt to to ubiquitinated species that accumulate is in the high mass
understand better the mechanism of degradation of various(>50 kDa) region of the gel. We speculate that polyubiquitin
protein substrates. The pattern of ubiquitination and sub- chains ofn =5 are enriched by high [Ubal] and that these
sequent ATP-dependent degradation of a protein substratehigher-order chains are responsible for the progressively
may depend on both its primary and higher-order structuresgreater inhibition of protein degradation seen in Figure 1.
(Dunten & Cohen, 1989; Sokolik & Cohen, 1992; Var- All of these studies make clear that, in addition to recycling
shavsky, 1992; Hillet al, 1993). For example, the Ub of Ub from conjugates, isopeptidases are required to prevent
conjugates of chicken lysozyme (Herstétaal., 1984; Hough the accumulation of polyubiquitin chains which otherwise
& Rechsteiner, 1986), bovine-lactalbumin, and bovine  would inhibit conjugate degradation by the 26S proteasome.
serum albumin probably have a branched-chain polyubiquitin ~ That substantial proteolysis é#3-a-globin and of*?3-
moiety attached to one (or a few) substrate lysine residues,lysozyme occurred even in the presence of high Ubal
whereas the conjugates of humanglobin may consist  concentrations (Figures 1 and 2) suggests a mechanism for
primarily of monomeric Ub molecules attached to several their ATP-dependent degradation in addition to that involving
o-globin lysines (Shaeffer, 1994a). With the former proteins, polyubiquitin chains. Monoubiquitinatééd-a-globin is the
which generally are not native to the cytoplasm and possesspredominant conjugate species observed after a 15 min
“destabilizing” N-terminal amino acid residues,d&8r E33 incubation of 29-human a-globin in a reaction mixture
Ub—protein ligases catalyze rapid and probably processive without Ubal (Shaeffer, 1994b). This monoubiquitinated
polyubiquitin chain assembly (Varshavsky, 1992; Ciecha- species probably is processed to a polyubiquitinated conju-
nover, 1994). These N-end recognizing-tiirotein ligases  gate very slowly compared to that &9-bovine o-lactal-
are not likely to be involved in the degradationaylobin, bumin (Table 2). Moreover, structural analysis of monou-
which has a “stabilizing” residue (valine) at its N-terminus; biquitin—'?4-a. globin showed that it was a mixture of
the ligase primarily responsible fer-globin ubiquitination molecules in which a Ub monomer could be attached to
has not yet been identified. either of at least two lysine residues @fglobin (Shaeffer,

In the current work, the ATP-dependent proteolysis of each 1994a). Low concentrations of Ubal not only partially inhibit
of the four *?3-labeled protein substrates was inhibited the isopeptidase(s) which degrades unanchored polyubiquitin
significantly by >3 uM Ubal throughout the period of chains but also inhibit deubiquitination of the newly-formed
analysis (15-120 min) of the reactions. A progressive ubiquitin—'24-a globin conjugates. The latter action pro-
accumulation of multiubiquitinated (U) conjugates of the ~ motes an increase of ubiquitit?3-a globin conjugates that
129-labeled substrates was observed, and there was acontain Ub monomers ligated to several lysine residues of
concomitant appearance of putatively “unanchored” poly- '?3-o globin with a concomitant decrease in the pool of the
ubiquitin chains. We suggest that the unanchored polyubig- free 124-a. globin substrate (Shaeffer, 1994a). These con-
uitin chains are produced during the ATP-dependent deg-jugates oft?3-a globin are recognized and degraded by the
radation of polyubiquitin-protein conjugates formed with  26S proteasome (Shaeffer & Kania, 1995), although probably
either the exogenous protein substrates or endogenousvith lower efficiency than'?d-o-globin conjugates of the
proteins in the reticulocyte extract. In the absence of Ubal, type with a branched-chain polyubiquitin moiety.
these unanchored chains are degraded rapidly by isopepti- Others (Hershko & Heller, 1985; Hershko & Rose, 1987)
dases such as isopeptidase T (Hadgal, 1992; Wilkinson have shown that?d-lysozymes, each ligated to several
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molecules of N-methylated Ub (conjugates which presumably _Ub _Ub

are similar to those proposed farglobin ligated to several B Uk o

Ub monomers), were degraded by the Ub-dependent pro- KoPEPTIOASE .p> Ub, Oligomers
tease, but less readily than polyubiquitinat&ttlysozyme. -7 . \&

In the reaction mixtures witf3-a-globin and low concen- e “ Ub-Prorem

trations (<2 uM) of Ubal, the level of 123-a-globin Frotain Targec) + Ub —< Drcwaoaton ov 265
conjugates with multiple Ub moieties gradually increases so Lioase ) >

that, after incubation for 30 min, the total ATP-dependent ) : A _ e
degradation o#?3-a-globin is higher than that observed in SoPEPTIDASE (F.-n.ur. rarger) 7

the absence of Ubal (Figures 1 and 2A). When the reaction = r

mixtures contain sufficiently high concentratiors3 uM v
y M9 LuM) Ficure 5: Editing within the Ub-dependent protein degradation

of L_Jbal, th_e degradation of polyubiquitiri*3-a-globin I;S)athway by competition between conjugate disassembly and
conjugates is blocked, and hence, the total ATP-dependenigypstrate proteolysis. In this model, two classes of ubiquitinated

degradation of?3-a-globin is less than that observed without degradation intermediates can be generated byybtein ligase,
Ubal. those with polyubiquitin chains (upper path) or single Ub adducts

Although low concentrations of Ubal result also in an (lower path). Both conjugate types are subject to either of two

. . fates: disassembly to regenerate substrate, or degradation by the
125
increase of Ub-'#3-lysozyme conjugates, there appears to 26S protease. The solid and dashed arrows represent, respectively,

be little, if any, concomitant decrease in the pool'#f- relatively rapid and slow processing steps, and steps susceptible to
lysozyme substrate (Table 2). The newly-formed monou- inhibition by Ubal or polyubiquitin chains are indicated. Note that

biquitin—123-lysozyme conjugates may be protected from ligase/isopeptidase-catalyzed interconversions of these two classes
isopeptidases which disassemble them, perhaps because G Ub—protein conjugates, though not shown, may occur.

the rapid extension of a nascent polyubiquitin chain with

additional Ub monomers by the concerted action of aUb . . : .

protein ligase £3) and Ub conjugating enzymeep), a  'sopeptidase to the removal of single Ub units from the
mechanism presumably absent in the processing of monou- 9°WINY end of a (pon)ublq'umn chain, conjugates with
biquitin—29-o. globin. Others have suggested that, in _smgle-Ub adducts can be dlsassembleql pr_eferentlally, as
proteolysis reactions with a crude reticulocyte enzyme Indicated by the relative reaction rates in Figure 5. The
fraction, Ub-lysozyme conjugates were less susceptible to turnover of such proteins would be enhanced selectively by

“Ub-releasing” enzymes than conjugates of RNase A deriva- inhibition of this “editing” iso_peptidase With Upe.lli A second_
tives (Hershko & Rose, 1987). Substantial accumulation of and separate effect of Ubal is the general inhibition of protein

polyubiquitinated'?3-lysozyme concomitant with a severe degradation that correlates with the accumulation of unan-

inhibition of its proteolysis was not observed with high Ubal chored polyubiquitin chains and polyubiquitinated protein
concentrations. at least to the extent found here Witk conjugates. However, although different Ubal concentrations

a-lactalbumin (Figure 1 and Table 2). PossibifSI- were observed to promote enhancement and inhibition of

lysozyme conjugates with relatively short polyubiquitin 129-a-globin degradation in the reticulocyte extract, it is not
chains can be readily degraded by the 26S proteasomesyet known if distinct isopeptidases are responsible for these

whereas the conjugates8fi-a-lactalbumin require a longer opposite effects.
ponubiqu_i'gin extension to b(_e recognized effi_cie_n_tly. _ REFERENCES
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