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ABSTRACT

A general method for the agsaf deubiquitinating enzmes was described in detail usitfg-labeled
ubiquitin-fusel aNH-MHISPPEPESEEEEEHYC (referred to as Ub-PESTc) as a substrate. Since the
tyrosine residue in the PESTc portion of the fusion protein was alxdsse&ely radioiodinated under

a mild labeling condition, such as usil@DO-BEADS, the engmes could be asged directy by

simple measurement of the radioactivieleased into acid soluble products. Using thisyageatocol,

we could puriy six deubiquitinatig enzmes from chick skeletal muscle apelast and compare their
specific activities. Since the extracts f coli showed little or no actiwt against the substrate, the
assy protocol should be useful for identification and purification of eyidar deubiquitinating
enzymes cloned andxpressed in the cells.

INTRODUCTION

Ubiquitin (Ub) is a high} conserved 76 amino acid protein found in all eyéte cells (1,2). Ub is
covalenty ligated to a varigtof intracellular proteins through an isopeptide linkage. Whhémselves

or that have alreatbeen conjugated to proteins yralso be ligated to additional Ub molecules to form
branched potUb chains. This ubiquitination has been implicated in tigala¢éion of diverse cellular
processes, such as selective protein breakdown, y&# cegulation, and stress response (3H3).
addition, protein ubiquitinatiom vivois a d/namic, reversible process that is under control responding
to external stimuli, such as heat shock and starvation (6-8). Therefore, yheesrthat protegtically
remove Ub from Ub-protein conjugates should be of importance in maintaining thestetadevels

of free Ub for its diverse cellular functions.

Ubs are encodedykiwo distinct gene classes. One is aygdb gene that encodes a pglrotein of
tandemy repeated Ubs (9,10). The other encodes a fusion protein in which a single Ub is linked to a
ribosomal protein consisting of 52 or 76-80 amino acids. The transient association of Ub with the
ribosomal proteins has been suggested to promote their incorporation into ribosomes (11). Therefore,
proteoysis at the peptide bonds between Ub and #tension proteins is required for generation of
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ribosomal proteins for ribosome biogenesis as well as of free Ubs.

Deubiquitinating engmes (DUBs) are known to consist of a large protein famileukayotes. For
example, the buddingeast has 17 genes for DUBs (4). Moreover, so far more than 60 full-length DUB
sequences have been identified in eyd®s (12). However, comprehensive searches for DUBS,
particularly in mammalian cells, were hampered due to the lack of rapid and efficient methods for
assying the engmes. We have recenptreported that?3-labeled Ub-PESTc serves as aweadlent
substrate for the sensitive and quantitative yas$ararious DUBs (13,14). Using this agsave have

also isolated a number of novel DUBs in chick skeletal muscleeamst (13, 15-18). Here we describe
the detailed protocol for assag DUBs using‘*1-labeled Ub-PESTc. We also compare the sensitivity

of this method to that using a fluorogenic peptide substrate, carbolydtR&GG-7-amido-4-
methylcoumarin (CbzZ-RGG-AMC), that has also been used as a substrate for DUBs (19).

MATERIALS AND METHODS
Materials

Yeast Ub kdrolase-1 (YUH1) was purified as described previpyg0). The purified Ub-specific
protease-6yUBP-6) inyeast and cUBP41, Ub C-terminaidnolase-1 (cUCH-1), cUCH-6, and cUCH-

8 in chick skeletal muscle were prepared as described (13, 15-18). Ub-PESTc was purifiedBEtom an
coli strain AR13 caging pNMHUB-PESTCc as describeg oo et al (21). Ub-aldeixde was prepared

as described (13). CHARGG-AMC was kindy provided ly Dr. K. Tanaka (Toko Metropolitan
Institute of Medical Sciencdapan).

Radioiodination of Ub-PESTc

Ub-PESTc was radiolabeled with 83 using IODO-BEADS (Pierce) ¥ following the procedure
recommendedybthe manufacturer and Markwell (22). Or@DO-BEAD was incubated in 0.2 ml of

0.1 M Tris-HCI (pH 7) in a microfuge tube for 5 min at room temperature. After incubation, 0.2 mg of
the purified Ub-PESTc and 2Qi of Na* were added to the tube and further incubated for the ne

15 min. The radioiodinated Ub-PESTie(, the liquid portion) was then removed and subjected to gel
filtration on a Sephadex G-10 column equilibrated with the Tris buffer to remove free iodine. Upon the
iodination procedure, apptimately 85% of'*3 was incorporated into Ub-PESTCc.

Assay for hyd olysis of*?1-labeled Ub-PESTc

Reaction mitures (final 0.1 ml) contained proper amounts of the purified DUBs, 1j0g26f **3-

labeled Ub-PESTc, 0.1 M Tris-HCI (pH 7.8), 1 mM EDTA, 1 mM dithiothreitol, and 5% (wegbl.

After incubation of the mxitures for appropriate periods at 37, the reaction was terminateg &dding

50 pl of 40% (v/v) trichloroacetic acid and 30 of 1.2% (w/v) bovine serum albumin. The samples
were vorteed and centrifuged for 10 min at 10,000 x g using a microfuge, and aliquots (0.1 ml) of the
resulting supernatants were counted for radioagtiiding a gamma-counter (13).
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Assay for hydrolysis of Cbz-LRGG-AMC

Reaction mxtures (final 0.1 ml) contained appropriate amounts of the purified DUBs, 0.2 mM Cbz-
LRGG-AMC, 0.1 M Tris-HCI (pH 7.8), 1 mM EDTA, 1 mM dithiothreitol, and 5% (v/vyagirol.

After incubation of the mitures for various periods a? 3C, the reaction was terminateg &dding 0.1

ml of 1% (w/v) SDS and 0.8 ml of . Release of free AMCytthe engme reaction was determined

by measuring its fluorescence at 380 nmc{@tion) and 440 nm (emission) (23). Proteins were
guantified as described iBradford (24).

Gel electophoresis

Polyacrylamide gel electrophoresis in the presence of SDS and 2-mercaptoethanol was performed using
Tris-Tricine buffer as describedybSchagger and vodagow (25). The discontinuous slab gels
contained 4, 10 and 16% patiylamide to improve resolution of small proteins. The sample buffer
contained 150 mM Tris-HCI (pH 6.8), 1.5% (w/v) SDS, 2% (v/v) 2-mercaptoethanol, 0.002% (w/v)
bromophenol blue and 7% (v/v)ygkrol. After electrophoresis, the gels were stained with Coomassie
blue R-250 or subjected to autoradiograph

RESULTS AND DISCUSSION

Rechsteiner and coworkers (21) have constructecaNM-peptide &tensions containing "PEST"
sequences. Of these, Ub-PESTc contains a peptidaston of 18 amino acids, which carries a single
tyrosine residue that can be radioiodinated and is short enough to be released as an acid-soluble produc
when incubated with DUBs. Moreover, thieave reported that the recombinant Ub-PESTc protein can

be easy purified by heating, such as at 8&, because fusion of the short peptide to Ub does not alter

the heat resistance of Ub molecula. addition, thg have demonstrated that Ub-PESTc appears
correctlyy processed tgield free Ub upon incubation with the chromatographic fractions of rabbit
reticulogites. Therefore, we chose Ub-PESTc for labeling With and hence for using the labeled
protein as a substrate for the 3sebDUBs. Overall procedure for the gmze assgais summarized in

Fig. 1.
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Fig. 1. Schematic representation forraethod for assang DUBs usim **31-Ub-PESTec.
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By following the protocol, we determined the acyviaf YUH1 by measuring its abilt to release
radioactive PESTc into an acid-soluble form fréf-labeled Ub-PESTc. The purified gmze was
incubated with the radioiodinated substrate for various periods in the absence and presence of Ub-
aldetyde, which is known as a specific inhibitor of DUBs (26). Table 1 shows that the acid-soluble
radioactiviyy increases in an incubation time-dependent fashion and this increase can be completely
blocked ly the treatment of Ub-aldgtie. Since YUH1 as well as other DUBs are known to specifically
cleave the carbgl side of the C-terminal @lresidue of Ub, the acid-soluble products should represent

the PESTc peptide released from the Ub-peptitiension.

Table 1.Hydrolysis of**-labeled UBPESTc by the purified YUH1.

Incubation period Radioactiviy (cpm) released into acid-soluble form
(min) without with Ub-aldelyde
0 29 31
20 1,235 112
40 2,481 147
60 3,957 220

1239 labeled UBPESTc (20ug) was incubated with YUH1 (04ig) at 37°C for various periods in the presence
and absence of fig of Ub-aldetyde After incubation, radioactity in the acidsoluble fraction was counted
using agamma-counter.

To validate further the assaethod,**-labeled Ub-PESTc was incubated with increasing amounts of
YUH1 for 30 min at 37C. The samples were then subjected tyamylamide gel electrophoresis in
duplicate under denaturing conditions. After electrophoresis, one of the gels was stained with
Coomassie R-250. Fig. 2A shows that the intgnsiita protein band corresponding to the size of Ub
increases upon incubation with increasing amounts of YUHL1.

A B

' <~ Ub-peptide

- -— Ub

Fig. 2. SDSpolyactylamide gel electrophoresis of the produasnerated ¥ incubation of YUH1 and®3-
labeled UBPESTc. The radioiodinated substrate (@) was incubated in the absence (lane b) and presgnc
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0.1pg (lane c), 0.2ug (lane d) and 0.4 pg (lane e) of the purified YUH1 for 3@in at 37°C. The sanples were
then electrophoresed in duplicate on a discontiaugels containirg SDS and 2-mercaptoethanol After
electrophoresisone of thegels was stained with Camssie R250 (A), and the other was diregtéxposed on
an X-ray film (B). Lane a contains 1j0g of unlabeled Ub as a control.

In this gel, however, we could not find the band corresponding to the PESTc peptide, which might have
been diffused out during the staining and destaining process. Therefore, the other gel was covered with
a Saran wrap and diregtéxposed on an X-safilm. Upon the autoradiograghwe were able to detect

the band of the PESTc peptide, whose intgradgo increased upon incubation with increasing amount

of YUH1. In addition, this increase in the band intgnaias appreimately proportional to the increase

in the release of acid-soluble radioacyiitlata not shown). Furthermore, the amino acid sequence of
the acid-soluble product determinegt Edman degradation after separation from undigestdd

labeled Ub-PESTcybgel filtration was shown to be identical with the N-terminal sequence of PESTc
(see Fig. 8 of ref. 13). Thus, it is clear that the acid-soluble radiogateptesents PESTc released

from *?9-labeled PESTcypthe action of YUHL.

Surprisingy, however, the band intengibf Ub upon the autoradiograplvas far lower than the others,
despite the fact that Ub itself has a singt®gine residue at the 59th position that can also be labeled
by 2. Typically, chloramine T is used for radioiodination of Ub moleculasour studies, we used
IODO-BEADS, in which chloramine T is
immobilized on non-porous pgatyrene beads.
Perhaps, theytosine residue in Ub is no .f f
accessible to electrophilic idodine species.,( B0 /
1), which are producedybthe immobilized !
chloramine T, due to structural barrier, unlil
that in PESTc, that is fused to the flexible
terminal region of Ubln ary event, we could
obtain*?-labeled Ub-PESTc, in which PEST

was almost xclusively radioiodinated. This
fortuitous finding allowed us to determin
rapidly the activiy of YUH1 as well as of othel
DUBs and to quanyf precisey cleavage
products lg simple measurement of th
radioactiviy released into the acid-solubl
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products. Fig. 3. Hydrolysis of “I-labeled Ub-PESTG by various

, , DUBs. The sane anount (0.1ug) of the purified YUH1
Usmg the assamethod, we have preV|ou.sI(D), yUBP6 (A), CUCH1 (V), cCUCH®6 (e), cUCHS8
purified several novel DUBs from Ch'C(A), or cUBP41 &) was incubated with 20g of **3-Ub-
skeletal muscle angeast, including cUBP41pggtc at 37C forvarious periods. After incubation, the
(15), cUCH-1 (16), cUCH-6 (13), cUCH-irelease of PESTc was deténed as describé under
(17), and yUBP-6 (18), using conventioneMaterials and Methods.

chromatographic procedures. To compare tne
activities of these DUBsgainst'*1-Ub-PESTc, the same amount of eachyemz was incubated with
the substrate for various periods. Fig. 3 shows thatyttieltic rates differ markeglfrom each other.
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Among the DUBs, cUCH-6ydrolyzed Ub-PESTc most rapidl TheK, values for the erymes were
also different, ranging from 5 to @8/ (e.g.,5.1uM for cUCH-6 and 64.5M for yUBP-6.)

Ub ends with the amino acid sequence dfREG®. Based on the C-terminal sequence, Stein and
coworkers (19) haveyathesized a varigtof fluorogenic peptidesybconjugating AMC to the C-
termini of the peptides and used them as substrates for determination of the gpetifcpeptidase

T, which exists in all mammalian cells angdholyzes the isopeptide lingas of poy-Ub chains (27).

Of these, Cb2-RGG-AMC was used in the present studies to compare its segsitivihe purified
DUBs to that of*?3-Ub-PESTc. Table 2 shows that all of the DUBs have at least three order higher
specific activities gainst**J-Ub-PESTc than those against ABRGG-AMC, indicating that the assay
method usig **%-Ub-PESTc is much more sensitive for deterngrtine activities of DUBs than that
using the fluorogenic peptide substrdteaddition, we have recentfound that the xdracts ofE. coli

by themselves are capable of releasing AMC from the peptide substrate (data not showimy ihmgui

E. coli contains a protease(s), which specificalleaves off AMC from the peptide substrate. On the
other hand, the sameteacts could not ydrolyze 1*1-Ub-PESTc at all. Thus, the protease(s) is likely
to interfere with the asgdor overproduced eukgotic DUBs n E. coli cells, when Cbz-RGG-AMC

was used as a substrate. Furthermaxgaets prepared from most of euyatic cells also contain a
protease(s) that rapidtleaves Cbz-RGG-AMC but not?%-Ub-PESTc. Thus, the assmethod using
129.Ub-PESTc should be appropriate for identification of DUBs in eutir cells and their clones
expressed irE. coli. In fact, we were able to identiand partialy purify at least 10 different DUBs
from the etract of chick skeletal muscle (13) and to pursieveral novel chick DUBs cloned and
expressed irk. coli(15,28).

Table 2. Comparison of the specific awtties of various DUBs gainst Clz-LRGG-AMC to those gainst **3-
labeled UBPESTC.

Specific activiy against

DUBs CbzL{RGG-AMC 129 |abeled Ub-PESTc
YUH1 3.2 x 10% 5.1 x 10°
yUBP6 2.0 x 10" 3.2x10°
cUCH-1 0.7 x 10" 2.8x 10’
cUCH-6 1.2 x 10%° 1.1x 1¢°
cUCH-8 0.9 x 10" 3.3x 10
cUBP41 2.5x 10" 5.3x 10

The anounts of the ezymes used were 0ylg ard 5 g for assging the tydrolysis of**1-Ub-PESTc and Cbz-
LRGG-AMC, respectiely. Incubations were perfored at 37°C for various periods to obtain initigelocity for
ead DUB. The specific actwities of the emymes were expressed aml *I-PESTc released into aeciwluble
products or AMC released into the solution p&m permg protein.

Recenty, Stein and coworkers (29) have developed a newyassdhod for DUBs based on the

substrate Ub C-terminal AMC (Ub-AMC). Thieshowed that the rate constanig/K,) for the
hydrolysis of Ub-AMC are 18 and 16-fold over those for the cleavage of CbRGG-AMC for
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isopeptidase T andUCHS3 respectivel. UCH-L3 is a 26 kDa Ub C-terminalytirolase (30) isolated
from rabbit reticulogtes. However, it has nget been tested whether Ub-AMC is susceptible to any
protease in bacterial or eulyatic cells other than DUBSs.
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