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Degradation of many eukaryotic proteins requires their
prior ligation to polyubiquitin chains, which target
substrates to the 26S proteasome, an abundant cellular
protease. We describe a yeast deubiquitinating enzyme,
Ubpl4, that specifically disassembles unanchored
(‘free’) ubiquitin chains in vitro, a specificity shared
by mammalian isopeptidase T. Correspondingly, dele-
tion of the UBP14 gene from yeast cells results in a
striking accumulation of free ubiquitin chains, which
correlates with defects in ubiquitin-dependent proteo-
lysis. Increasing the steady-state levels of ubiquitin
chains in wild-type cells (by expressing a derivative of
ubiquitin with an altered C-terminus) inhibits protein
degradation to a degree comparable with that observed
in ubpl14A cells. Inhibition of degradation is also seen
when an active site mutant of Ubp14 is overproduced
in vivo. Surprisingly, overproduction of wild-type
Ubpl4 can inhibit degradation of some proteins as
well. Finally, Ubp1l4 and human isopeptidase T are
shown to be functional homologs by complementation
analysis. We propose that Ubpl4 and isopeptidase T
facilitate proteolysis in vivo by preventing unanchored
ubiquitin chains from competitively inhibiting poly-
ubiquitin—substrate binding to the 26S proteasome.
Keywords isopeptidase T/proteasome/ubiquitin/Upb14/
yeast

Introduction

Covalent modification of proteins by the 76 residue
ubiquitin polypeptide is involved in many aspects of
protein metabolism and cell function. Among the cellular

et al, 1989; Hochstrasseet al, 1991). There is also
evidence that ubiquitin chains with other isopeptide link-
ages can be formed (Arnason and Ellison, 1994; Spence
et al, 1995; Baboshina and Haas, 1996).

Ubiquitination of proteins is reversible. Deubiquitin-
ation is catalyzed by specialized proteases -called
deubiquitinating or DUB enzymes (Wilkinson and
Hochstrasser, 1997). These thiol proteases hydrolyze the
amide bond between Gly76 of ubiquitin and the substrate
protein. One of the two known classes of DUB enzymes
is the so-called ubiquitin-specific processing protease or
UBP class. The UBP family is extremely divergent, but
all members contain several short consensus sequences,
the Cys and His boxes, that are likely to form part of the
active site (Bakeret al, 1992; Papa and Hochstrasser,
1993). These sequence motifs include absolutely conserved
Cys and His residues, respectively, which are critical for
catalytic activity. Several additional short sequences show
some conservation as well (Wilkinson and Hochstrasser,
1997). As a group, DUB enzymes comprise the largest
known family of enzymes in the ubiquitin system. There
are 17 genes encoding such enzymes in the y&sastharo-
myces cerevisigeof which 16 are of the UBP class
(Hochstrasser, 1996). However, very little is known about
their physiological functions.

We have been analyzing protein degradation by the ubiqui-
tin—proteasome pathway irs.cerevisiae(Hochstrasser
et al, 1995) and had previously discovered a UBP enzyme,
Doa4, that plays a critical role in the degradation of
substrates of this pathway (Papa and Hochstrasser, 1993).
Doa4 can remove ubiquitin both from N-terminal ubiqui-
tin—protein fusions, in which the ubiquitin is linked by a
standard peptide bond, and from ubiquitinated species in
which the ubiquitin(s) is attached by an isopeptide bond
to a lysine side chain of another protein. Although Doa4
is similar in sequence to the humaRE17proto-oncogene
product and both are active DUBs (Papa and Hochstrasser,
1993), functional homology between the two enzymes has
not been established. The function of many of the other
UBP enzymes has been difficult to demonstrate using
genetic approaches. Many yeasbp deletion strains,
for instance, have minimal phenotypic abnormalities
(Hochstrasser, 1996).

processes affected by ubiquitin-dependent reactions are At the enzymological level, the best understood UBP
cell cycle progression, chromosome structure and segre-enzyme is isopeptidase T (IsoT) from mammalian cells
gation, endocytosis, gene expression, organelle biogenesis(Hadariet al., 1992; Falqueet al, 1995; Wilkinsonet al,,
viral pathogenesis and the stress response (reviewed inl995; Melandriet al, 1996). IsoT acts largely, if not
Ciechanover, 1994; Hochstrasser, 1995, 1996; Wilkinson, exclusively, on unanchored ubiquitin chains, i.e. oligomers
1995). Attachment of a polyubiquitin chain(s) to a protein with a free ubiquitin carboxy-terminus (Wilkinscet al,,
frequently serves to target the modified protein for proteo- 1995). In vitro studies suggest that IsoT could facilitate
lysis by the proteasome. The ubiquitin molecules in these protein degradation by the proteasome, possibly by pre-
chains are most often linked to one another by isopeptide venting accumulation of ubiquitin chains generated as
bonds between the carboxy-terminus of one ubiquitin and intermediates in substrate degradation (Haeail., 1992;

the e-amino group of Lys48 of the next ubiquitin (Chau Beat al, 1996). A number of enzymes can also
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synthesize unanchored ubiquitin chains from free ubiquitin Deletion of UBP14 leads to abnormalities common
(Chen and Pickart, 1990; Van Nocker and Vierstra, 1991), to mutants of the ubiquitin system
and these chains may need to be disassembled to avoid A null allele UBfP®4gene was generated by a PCR-
accumulation to levels that inhibit proteolysis. based procedure (Baud#al, 1993); the resultingbp14-

Here we describe a yeast UBP-type enzyme, Ubp14, Al::HIS3allele was transformed into the wild-type diploid
that is 31% identical to human IsoT. Ubp14 and IsoT have MHY®606 strain, and heterozygous mutants were identified.
similar enzymatic properties, e.g. neither can disassemble Heterozygous diploids were sporulated and tetrads dis-
a ubiquitin dimer terminating withdesSlyGly-ubiquitin sected. No growth defect was noted fabpl4 cells
(UbAGG), a truncated ubiquitin missing the last two growing on rich medium at 30 or 37°C (see Figure 5A).
residues. A yeast mutant lacking Ubpl4 has defects Cells deleted folUBP14 also grew well in the presence
in ubiquitin-dependent degradation and accumulates free piB@admium, a heavy metal; howeveihpl4cells
ubiquitin chains. Theubpl4 proteolytic defect can be were hypersensitive to canavanine, an arginine analog,
‘phenocopied’ by expression of WEG in wild-type and they exhibited a strong sporulation defect (Table II;
cells; in vivo expression of UAGG also creates an see also Figure 7A). Similar defects have been documented
overabundance of ubiquitin chains, suggesting that the for a variety of ubiquitin system mutants (Jentsch, 1992).
proteolytic defects resulting from loss of Ubpl4 are due To examine the role of Ubpl14 in the ubiquitin—proteasome
to the accumulation of ubiquitin chains. Finally, we show pathway more directly, we measured the degradation rates
that the defects of the yeasihpl4mutant can be reversed of several known proteolytic substrates of the pathway.
by expression of human IsoT, indicating that the yeast Degradation of the naturally short-lived2MApres-
and human proteins are functional homologs. sor (Hochstrasser and Varshavsky, 1990) was inhibited
~2-fold in ubpl4 cells (Figure 2). More pronounced
proteolytic defects (3- to 5-fold) were observed with two
well-characterized artificial substrates of the ubiquitin
The UBP14 gene encodes a deubiquitinating system, LBgal, an N-rule substrate (Varshavsky, 1992),
enzyme and Ub—PBgal, a substrate whose turnover depends on
TheUBP14gene (ORF YBR058c) on chromosome |l was both Lys48 and Lys29 of the N-terminal ubiquitin moiety
sequenced as part of tikecerevisiagienome project. That (Johnsenhal, 1995) (Figure 2).
it may encode a UBP enzyme was suggested by the Previously, mutations in enzymes with general roles
presence of recognizable Cys and His boxes in the in ubiquitin-dependent proteolysis were shown to cause
predicted protein. ThelBP140RF is predicted to encode characteristic changes in bulk ubiquitin—conjugate profiles
a protein of 803 amino acids (91 kDa). The sequences of (e.g. Seufert and Jentsch, 1990; Papa and Hochstrasser,
yeast Ubpl4 and the four most closely related protein 1993; Chen and Hochstrasser, 1995). Intracellular levels
sequences in the current sequence databases (three human of free ubiquitin and ubiquitin-containing species were
IsoT sequences and Bictyostelium discoideunentry determined by anti-ubiquitin immunoblot analysis in
called UbpA) are shown in Figure 1. In contrast to ubpl4 cells. A novel pattern of ubiquitin-containing
alignments involving other UBP enzymes, sequence simil- species was observed in the mutant strain (Figure 3A);
arity between the proteins shown in Figure 1 extends these species migrate on SDS—polyacrylamide gels with
along their entire lengths, suggesting the possibility of mobilities very similar to those of purified Lys48-linked
similarity in their physiological roles as well. ubiquitin chains. When wild-type and mutant cell extracts

To test the deubiquitinating activity of Ubpl4, the were resolved on two-dimensional gels followed by anti-
protein was expressed Escherichia colias a fusion with ubiquitin immunoblot analysis, the abundant ubiquitinated
glutathioneStransferase (GST). GST-Ubp14 was purified species were found to align in the isoelectric focusing
by glutathione—agarose affinity chromatography. Several dimension directly over the position of free ubiquitin
ubiquitin derivatives were synthesized and tested as sub-(Figure 3B). These species were seen in wild-type cells
strates for GST-Ubp14 and IsoT. The substrate specificity as well, but in much smaller amounts. Thus, all the
of GST-Ubp14 closely paralleled that of IsoT (Table I). detectable ubiquitin-containing species that accumulate in
Most strikingly, a Lys48-linked ubiquitin dimer lacking ubpl4cells have molecular weights and isoelectric points
the free C-terminal two glycines (Ub-WBG) was com- identical to unanchored ubiquitin chains, strongly sug-
pletely resistant to both enzymes even after extended gesting that these species are oligomers of ubiquitin that
incubation, whereas a normal Lys48-linked dimer (Ub— are not attached to other proteins. It is also important to
Ub) was the best substrate tested. The same preparation note that had a significant fraction of monomeric ubiquitin
of Ub—URAGG was disassembled efficiently by another in ubpl4 cells accumulated as conjugates of small
UBP (GenBank D38378) (data not shown). When a intracellular nucleophiles, e.g. polyamines, species of
purified and radiolabeled ubiquitiB-galactosidase (Ub—  differing isoelectric point should have been observed in
Bgal) fusion was used as a substrate, no ubiquitin cleavage Figure 3B.
was detected in a 1 h incubation at 37°C, even with an  Defective processing of the primatBl4 gene product,
excess of enzyme, whereas in a control reaction, a crude which consists of five ubiquitin monomers linked in head-
yeast extract caused90% cleavage within 10 min (data to-tail fashion (Qkaynaket al, 1984), would be one
not shown). possible explanation for the accumulation of ubiquitin

From these data, we conclude that tBecerevisiae  chains (with five or fewer ubiquitins) irubp14 cells.
Ubpl4 protein is a deubiquitinating enzyme with close To examine thigpidA ubplf double mutant was
similarities in both primary protein sequence andvitro constructed. Anti-ubiquitin immunoblot analysis demon-
enzymatic properties to mammalian IsoT. strated that ubiquitin chains accumulate to comparable

Results
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Fig. 1. Multiple sequence alignment of Ubp14 and related enzyBe=revisiadJbpl4 (SwissProt P38237), human isopeptidase T isozymes

(ISOT1, GenBank U35116; ISOT2, SwissProt P45974; ISOT3, GenBank U75362).distoideumJbpA (GenBank U48271). Residues that are
identical are shaded black; those that are conserved are shaded gray. The putative catalytic Cys and His residues are in the ‘Cys’ and ‘His’ boxes
respectively. These motifs and the ‘QQD’ and ‘KRF’ regions are conserved between all members of the UBP family. The three isoforms of human
isopeptidase T are the products of two independent gdB8€xT(1/2andISOT3 and an apparently tissue-specific alternative splicing event, as

indicated (compare ISOT1 and ISOT2).

levels in theubpl4 and ubi4 ubpl4mutants (data not antly, these results also indicate that the defeatpdf
shown). We note that there was no reduction in free cells are not due to depletion of free ubiquitin.

ubiquitin levels inubpl4cells (Figure 3) and little if any Yeast lackingBP14still have 16 other genes encoding
suppression of the canavanine hypersensitivitylop14 DUB enzymes, including enzymes capable of cleaving
cells by overproduction of ubiquitin (data not shown). ubiquitin chains (e.g. Papa and Hochstrasser, 1993), yet
Thus, it is very unlikely that there is a deficiency in ubpl4cells accumulate high levels of ubiquitin chains. A
processing of ubiquitin precursors in the mutant. Import- potential explanation for this paradox is that the accumulat-

4828



The Ubp14 deubiquitinating enzyme

ing ubiquitin chains are compartmentalized, e.g. by binding Expression of UbAGG in yeast causes

to proteasomes, and Ubpl4, unlike other DUBs, can accumulation of ubiquitin chains and inhibits
associate with or is part of this compartment. Alternatively, proteolysis

Ubp14 may simply have the highest specific activity of The correlation between ubiquitin chain accumulation and
any DUB toward ubiquitin chains. [There does not appear defects in ubiquitin-dependent proteolysid drcells

to be a high level of Ubpl4 protein relative to other might be due to such chains binding to, and thereby

DUBs (see below).] To help distinguish between these inhibiting, enzymes of the ubiquitin system. Ubiquitin
hypotheses, we measured Lys48-linked Ub—Ub dimer chains bind avidly to a subunit of the 26S proteasome
cleavage in wild-type andbpl4yeast cell extracts (Figure called S5a (Deveratxal, 1994), and high levels of
3C). A striking difference in cleavage rates was observed. ubiquitin chains can inhibit proteolysis by the proteasome
Longer incubations (30-60 min) of thebpl4 extracts in vitro, presumably because of competition with poly-
resulted in a substantial fraction of dimer cleavage, indicat- ubiquitinated protein substrates (Beetl al, 1996). To
ing that other active DUB enzymes were present, which investigate this issue further, we attempted to phenocopy
is consistent with the efficient cleavage of Bgal in the ubpl14 proteolytic defect in wild-type yeast cells by
yeast extracts noted above. In contrast, UbAGK cleav-
age rates in the two extracts were the same and approxim- A
ately equal to the rate of Ub—Ub cleavage in thitgp14 UBP14
extract (data not shown). These data suggest that Ubpl14
provides the major yeast DUB activity acting on the Ub-P-|sgal—-;.— _
cellular pool of free isopeptide-linked ubiquitin chains and I
argue against a limitation of Ubp14 action to proteasome- -
bound substrates [&1750-fold molar excess of Ub—Ub 500 — | o -
relative to proteasomes was used in the reactions, assuming o}
proteasomes represent ~0.5% of soluble cell protein (Chen 0 10 20 30 0 10 20 30
and Hochstrasser, 1995)]. Chase time (min)

We conclude that Ubp14 is requir@dvivo for maximal B
rates of degradation of ubiquitin—proteasome pathway UBP14 ubp14

substrates and for disassembling unanchored, isopeptide-
linked ubiquitin chains. The accumulation of ubiquitin
chains inubpl4cells provides a striking parallel to the L-pgal — | wer —
in vitro substrate specificity of Ubp14 (and IsoT) (Table I).

90kD — - ——

0 10 20 30 0 10 20 30
Chase time (min)

Table I. Hydrolysis of various substrates catalyzed by yeast Ubp14

and human isopeptidasé T c
UBFP14 ubpi4

Substrate Vops (Min—%)

IsoT GST-Ubp14 (2 —| ——— - —
Ub-e-Ub 177 56
Ub-ethyl ester 48 37 0 6 1218 0 6 12 18
Ub-e-N-acetyl+-lysine 12 0.8 Chase time (min)
Ub-e-Ub desGG ® oP

Fig. 2. Mutantubpl4cells are defective in ubiquitin-dependent protein
aTurnover numbersvf,g) were determined under initial rate conditions,  degradation. Pulse—chase analysis of UBgBF (A), L-Bgal (B) and

i.e. when the plot of substrate versus time was linear using high @2AC) degradation in wild-type (MHY501) andbpl14
concentrations of substrate (5-15 mM). Enzyme concentrations varied (MHY840) cells. For analysis afi2 degradation, cells expressed the
from subnanomolar to 40 nM. repressor from the chromosdvi#sla locus. For analysis of I3gal
PIncubation for 16 h at 37°C with 250 nM isopeptidase T or with and Ub—PBgal degradation, expression of plasmid-derived ubiquitin—
350 nM GST-Ubp14. Bgal fusion proteins was induced with galactose.

Table Il. Phenotype ofibpl4mutants

Wild-type? ubp14 ubp14[pUBP14] ubp14[plsoT]
Growth at 37°C + + ND ND
Growth on Cd* (30 mM) + + ND ND
Growth on canavanine (048g/ml) + (96%Y — (0.01%y + +
Sporulation of homozygous diploid (%) 20-40 1-4 30-40 20-40

awild-type, MHY501, except for sporulation assays, which used the MHY606 diploid.
bubp14,MHY840, except for sporulation assays, which used the MHY1053 diploid.
Plating efficiencies on canavanine relative to SD minimal medium.

dSporulation at 30°C; at 25°Qibpl4homozygotes sporulate at near wild-type frequency.
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Fig. 3. Unanchored ubiquitin chains accumulateuinpl4mutants. All
panels show results of anti-ubiquitin immunoblot analyseshyfl14
mutant (MHY840) and wild-type (MHY501) cellsA) One-
dimensional gel.B) Two-dimensional O’Farrell gels. The positions of
free ubiquitin and ubiquitin multimers are indicated. A pair of spots is
observed at the position of diubiquitin (Ybin both mutant and wild-
type cells. These two species are likely to be either free ubiquitin
dimers with different amide linkages or dimers differing by protein
modification. The antibodies used for the experiment shown in (B)
were affinity-purified anti-ubiquitin antibodies provided by A.Haas.
The purified unanchored Lys48-linked ubiquitin chains used as size
standards were synthesizedvitro from bovine ubiquitin and were a
gift from C.Pickart. Bovine chains are known to migrate slightly
differently from yeast chains (Van Nocker and Vierstra, 1993).

(C) Kinetics of cleavage of a Lys48-linked ubiquitin dimer in yeast
cell-free extracts.

expression of UNGG. The rationale of the experiment is

as follows. Because the carboxy-terminal glycines are
missing in UGG, it cannot be conjugated via its carboxy-
terminus to other proteins. However, yeast cells contain
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Fig. 4. Expression ofdleszG-ubiquitin (UBAGG) inhibits ubiquitin-
dependent proteolysis and causes accumulation of unanchored
ubiquitin chains in wild-type (MHY501) cellsA) Expression of
UbAGG derivatives leads to accumulation of ubiquitin chains.
Anti-ubiquitin immunoblot analysis of wild-type cells expressing
various UWAGG derivatives. The positions of free ubiquitin and
ubiquitin multimers are indicated. Cells in which chains were
synthesized in the presence of myc-tagged GG (MUMMGG)
contain ubiquitin chains of reduced mobility, as marked.

(B) Pulse—chase analysis of M&R and Ub—PRgal degradation in
cells expressing UBGG. Yeast cells carried the following plasmids:
pPES12 (vector), pES10 (WG) and pES3 (MUDGG).

observed, it would suggest that ubiquitin chain accumula-
tion and defective proteasome-dependent proteolysis are
related.

UbAGG was expressed in wild-type cells from a
plasmid-borne allele under the control of the copper-
inducible CUP1 promoter (no copper was added to the
medium; under these conditions, expression from the
CUP1 promoter results in a level of the plasmid-encoded
ubiquitin near that of endogenous ubiquitin; Ellison and
Hochstrasser, 1991). Anti-ubiquitin immunoblot analysis

(Figure 4A) revealed a pattern of ubiquitin chains under
these conditions similar to that seenubpl4strains. The
electrophoretic mobility of at least the dimer and trimer

enzymes capable of assembling unanchored ubiquitinspecies was reduced when an allele expressing a myc

chains, so endogenous ubiquitin can be ligated to Lys

residues of UAGG (Arnason and Ellison, 1994). If

UbAGG-terminated chains, which are not substrates for

peptide-tagged derivative®B.Heplaced the UG G-
expressing allele (Figure 4A). Thus, at least a large fraction
of the accumulated ubiquitin chains must contain the

Ubpl4, accumulate and a proteolytic defect is also UbAGG polypeptide. As expected, overexpression of
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and Doab are essentiglanda subunits, respectively, of
the 20S proteasome (Chen and Hochstrasser, 1995). The
doa3-1 and doa5-1 missense alleles are not lethal but
Inhibitor added Ratey(M/min) Activity (%) cause significant phenotypic abnormalities. We also tested
a doadA ubplA mutant; the Doa4 enzyme appears to

Table Ill. Synergistic inhibitory effect of ubiquitin and WG on
IsoT activity

BEZEG(ZHHM) 00_&755 16%0 function in conjunction with the proteasome (Papa and
Ubiquitin (130 M) 0.039 52 Hochstrasser, 1993), and a fraction of Doa4 co-purifies
Ubiquitin + UbAGG <0.001 <2 with the 26S proteasome during multiple chromatographic
] — ] steps (F.R.Papa and M.Hochstrasser, in preparation).
Reactions conditions: 50 mM Tris—HCI, pH 7.6; 10 mM DTT; The doa3-1 ubplA anddoa5s-1 ubplA mutants were

0.1 mg/ml ovalbumin; 1.5 nM IsoT; 5.AM Ub-Ub; 37°C. L
g/mi ovalbumi A much more sensitive to elevated temperatures than were the

corresponding single mutants, and they had an enhanced
Ubp14 failed to reduce the levels of NBG-terminated growth defect at 30°C (Figure 5A). Thaoadh ubpld

chains (data not shown). mutant also had an enhanced mutant phenotype, e.g. the
Rates of ubiquitin-dependent proteolysis in AGG- double mutant was unable to form colonies at 37°C.
expressing cells were measured using M&Tand Ub— Anti-ubiquitin immunoblot analysis revealed a massive

P{fgal as test substrates. Degradation of both proteinsaccumulation of unanchored ubiquitin chains indoa3-1
was impaired (Figure 4B). Expression of wild-type ubplf anddoa5-1 ubplA double mutants; the level of
ubiquitin from the same expression vector and under the unanchored chains observed significantly exceeded that
same conditions caused little if any accumulation of seeubpld) single mutants (Figure 5B). Based on
ubiquitin chains above that seen in wild-type cells and an analogous set of experiments usidg[protein A
did not lead to significant alteration in the degradation immunoblotting and Phosphorimager quantitation, ubiqui-
rate of either protein (data not shown). In comparison tin chains in the double mutants accumulate to levels
with ubpl14cells, the proteolytic deficiency was slightly higher than the sum of their levels in the corresponding
but reproducibly more severe in the phenocopy experi- single mutants. Levels of the YbUb; and Ul species
ments. This may reflect an additional effect of ARG were 66, 77 and 290% higher, respectively, indba3-1
on ubiquitin-dependent proteolysis beyond the creation of ubpl4A cells relative to the levels expected for a simple
inhibitory UbAGG-terminated chains. Indeed, we found additive effect of the two mutations, and 33, 38 and 330%
that a UWAGG derivative in which all the Lys residues higher indoa5-1 ubplA cells.
were converted to Arg also caused chain accumulation When levels HfUlly and Ul were summed and
and inhibition of proteolysis, although the effects were compared between strains, it was found that ubpl4\
significantly weaker than those seen withA®G (data mutation resulted in an ~3.1-fold increase relative to wild-
not shown). type (Uh, increased the most: ~4.5-fold), while doa3-1

These latter results could be explained by inhibition of dod5-1 cells, these levels were ~1.3 and ~1.0 times
cellular Ubp14 by UAGG. Consistent with this interpret-  that of wild-type, respectively. Irdoa3-1 ubpl4d and
ation, inhibition by excess ubiquitin or WG of diubiqui- doa5-1 ubplA cells, the sum of these species increased
tin cleavagdn vitro by IsoT showed a striking synergism dramatically, reaching levels>11- and 10-fold higher,
when both were added together (Table Il). Because wild- respectively, than in wild-type cells. Monomeric ubiquitin
type ubiquitin was also present in the yeast cells expressinglevels in all the strains varied<50% from wild-type.
UbAGG, inhibition of Ubp14 would also be predicted to Hence, a large increase in total ubiquitin levels occurs in
occur in vivo. Although the consequences of MBG mutant cells with only relatively minor changes in free
expressionn vivo are clearly complex (see also Arnason ubiquitin levels, suggesting the operation of a homeostatic
and Ellison, 1994), the data reinforce the possibility that mechanism that maintains relatively constant intracellular
ubiquitin chain accumulation can inhibit ubiquitin- and levels of free ubiquitin (for a discussion of ubiquitin pool
proteasome-dependent proteolysis in yeast. Moreover,dynamics, see Haas, 1988). Because ubiquitin is a stable
these results indicate that BBG can be useful as a protein in yeast (S.Swaminathan and M.Hochstrasser,
dominant-negative inhibitor of cellular proteolysis. unpublished data), it is likely that the increase in total

ubiquitin levels in these mutants results from an increase

Genetic interactions between ubp14 and in rates of ubiquitin synthesis.
mutations in the 26S proteasome Previous work demonstrated ttdda4cells accumulate
The defect in ubiquitin-dependent proteolysis ubpl4 small ubiquitin-containing species, which may represent
cells, as measured by pulse—chase experiments, is rela- ubiquitin chains (mostly dimers) linked to substrate-
tively mild when compared with many proteasome derived oligopeptides generated by proteasomes (Papa and
mutants. If ubiquitin chain binding to proteasomes is Hochstrasser, 1993). The electrophoretic mobility of these
indeed the basis of thebpl4proteolytic defect, it could species is slightly slower than that of unanchored ubiquitin
be that such binding competes relatively poorly with chains. A simple model for the integration of Doa4 and
substrate binding to the protease. However, if proteasomesUbpl14 action would be one in which Doa4 cleaves
are only partially impaired by ubiquitin chain binding, the ubiquitin chains still attached to peptide remnants
ubpl4 cells should be very sensitive to any further remaining after substrate breakdown, creating unanchored
deficiency in proteasome function. We tested this predic- ubiquitin chain substrates for Ubpl14 (see Figure 8). If
tion by constructing double mutants involvingopl4\ this were an obligatory pathway for Ubpl4 substrate
and different proteasome alleles. The double mutants generation in the cell, it would predict that the ubiquitin—
tested weredoa3-1 ubplA and doa5-1 ubplA. Doa3 conjugate profile of thedoadh ubpl4\ double mutant
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Fig. 5. Enhanced mutant phenotype when thpl14 allele is
> W D 4 combined with thedoa4A allele or with partial loss-of-function
v@m > \30@\ K X & b kel mutations in either of two different proteasome genes.
P R o st N g D G (A) Temperature sensitivity and growth defectsubp14 doadouble
e AW et oot g , W p y g
& 60& R & o " & «\@ b"‘b R s mutants. The plates were streaked with strains of the indicated
T " genotypes and were incubated for 3 dayg). Anti-ubiquitin
r 4 Fi —y _: : immunoblot analysis ofloa4 ubpl4doa3 ubpl4anddoa5 ubpl4
ﬂ: : 551 E L AR geen —ﬂgs double mutants. The antibody was an affinity-purified preparation from
- e = = _Ubg = W M C.Pickart; proteins were separated on a Tricine gel. Strains used were:
—— m UN B &8 -u, (IR wild-type, MHY501; doa3 MHY792; doa4 MHY623; doa5
e = —Ub, [ p_— MHY794; ubp14 MHY840; doa3 ubp1l4MHY976; doad ubpl4
-t . e e |—Ub, -'.-'ﬁ ~Ub, MHY844; anddoa5 ubp14MHY978. (C) Anti-ubiquitin immunoblot
analysis of yeast extracts using a polyclonal antiserum (East Acres
o e e -]l ~ —Ub Biologicals) and a standard Laemmli gel system. Ubiquitinated species
observed in cells carrying th#oa4 allele are marked with asterisks
and brackets.
should be the same as that of tdea4A single mutant may titrate ubiquitin chains and inhibit proteolysis (this
since Doa4 would act prior to Ubp14. would imply that pre-formed ubiquitin chains contribute
Instead, anti-ubiquitin immunoblots afoad ubpl4\ significantly to protein ubiquitinatiom vivo). We created
cell extracts revealed a pattern of ubiquitinated species a ubpl4allele that encoded a defective Ubpl4 enzyme in
resembling a combined profile of the two single mutants, which Cys354 of the Cys box (Figure 1) was changed to
indicating that neither mutation is fully epistatic to the Ala. Both wild-type and mutant alleles were expressed
other (Figure 5B and C). However, there was a substantial from the s&kbi¢fl promoter on high-copy plasmids
reduction in the level of the unanchored ubiquitin dimer (pUBP14 and pUBP14-Ala354, respectively). Substitution
species indoadd ubpld\ cells relative to theubpld\ of the conserved cysteine of the Cys box of several other

single mutant. These results indicate that Doa4 affects aUbps has been shown to eliminate catalytic activity
subset of unanchored chain substrates (dimers) for Ubp14 (Papa and Hochstrasser, 1993t Hilai§95; Zhu
but that ubiquitin chains are generated by more than oneet al,, 1996).

mechanisnin vivo. Transformation of wild-type cells with the pUBP14
plasmid caused a small but reproducible decrease in the

A dominant-negative allele of UBP14 level of unanchored ubiquitin chains normally present in

Mammalian IsoT is monomeric (Wilkinsoet al,, 1995), wild-type cells (Figure 6A), suggesting that the wild-type

but if it (or Ubp14) must associate with another protein(s) enzyme is being overexpressed under these conditions. The
to function in vivo, then high levels of a catalytically pUBP14 plasmid, but not pUBP14-Ala354, suppressed the
inactive derivative might compete with endogenous wild- canavanine hypersensitivity abpl4cells (Figure 7A and

type enzyme for binding. Alternatively, inactive Ubpl4 data not shown), consistent with Cys354 being critical for
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Fig. 6. A dominant-negative effect of the catalytically inactive
ubp14-Ala354allele. Wild-type Ubpl4 and the mutant Ubg12#54
proteins were overexpressed in wild-type yeast cells (MHY501) from
pUBP14 and pUBP14-Ala354, respectivelf) (Anti-ubiquitin
immunoblot analysis. The positions of free ubiquitin and ubiquitin
oligomers are indicatedB] Pulse—chase analysis of UbfBal and

MAT a2 degradation in cells overproducing Ubf#4%4 The half-life

of MAT a2 is increased ~2-fold by overproduction of the inactive
protein. C) Pulse—chase analysis offigal degradation in cells
overproducing wild-type Ubp14.

Ubpl4 enzymatic activity andn vivo function. Over-
expression of UbpX#3% in wild-type cells inhibited
degradation of MATG2 and Ub-PBgal to an extent
approaching that seen inbpl14 cells (Figure 6B) and

The Ubp14 deubiquitinating enzyme
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Fig. 7. Human IsoT complements é.cerevisiae ubpMmutation.

(A) Growth on canavanine. Wild-type andbpl4cells carrying the
indicated plasmids were streaked onto selective media containing
1.2 ug/ml canavanine sulfate. The plates were incubated at 30°C for
3 days. B) Reduction of unanchored ubiquitin chains to wild-type
levels inubpl4mutants by expression of human IsoT.
Complementation tests and anti-ubiquitin immunoblot analyses were
performed using wild-type cells angbpl4mutant cells carrying

pVT-U vector, pISOT and YEplac195UBP14. The positions of free
ubiquitin and ubiquitin multimers are indicated.

able with what was observed ibpl4cells (Figure 6A).
However, unlike theibpl4null mutant, these cells amass
mostly short ubiquitin oligomers (dimers and trimers).
Mammalian IsoT has been shown to be a non-processive
enzyme, with full ubiquitin chain disassembly requiring
multiple rounds of enzyme release from and rebinding to
substrate (Wilkinsonet al, 1995). The preponderance
of ubiquitin dimers and trimers in cells overproducing
Ubp14'a354 probably reflects a low net activity provided
by endogenous Ubp14.

Two observations made with cells overproducing wild-
type Ubpl4d deserve comment. First, the rate ot
degradation was unaffected, indicating that Ubp14 levels
are not rate-limiting fora2 proteolysisin vivo (data not
shown). This contrasts with overexpression of Doa4,
which acceleratea2 degradation (Papa and Hochstrasser,
1993). Second, elevated levels of Ubpl4 substantially
inhibited L{3gal degradation; for example, in Figure 6C,
11% of Lfgal remained after a 30 min chase in cells
carrying empty vector while 38% remained at this time
in pUBP14-bearing cells. Elevated Ubpl4 also had a
very slight inhibitory effect on Ub—Bgal turnover. The
unanticipated inhibition of N-end rule substrate proteolysis
suggests that attachment of pre-assembled ubiquitin chains
to these substrates might ocdarvivo (see Discussion).

Yeast Ubp14 and human isopeptidase T are
functional homologs
The sequence similarity of the yeast Ubp14 and mamma-
lian IsoT proteins and their similar substrate specificities
suggest that they may be functionally related. To test this
conjecture, the cDNA for human IsoT (Wilkinsaet al,
1995) was cloned into a yeast expression plasmid. The
resulting plasmid, pISOT, was transformed intbpl4
cells, and the phenotype of the transformants was charac-
terized. Expression of IsoT under these conditions almost
completely suppressed the canavanine hypersensitivity of
ubpl14 cells (Figure 7A). The sporulation efficiency of
ubpl14ubpl4homozygous diploid transformants was close
to wild-type levels (Table Il). At the same time, the level

caused an accumulation of ubiquitinated species compar-of unanchored ubiquitin chains was reduced to amounts
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comparable with those observed in wild-type cells (Figure ?

7B). This suppression occurred despite there being only ArA

low levels of IsoT expressed: levels were below our proteasome + ~r Doa4'w‘
detection limit in immunoblots with an antibody that "Trimming" DUB %

allowed detection of nanogram amounts of recombinant /—V <

IsoT (data not shown). In contrast, overexpression of
Ubpl, Ubp2 or Doa4 did not correct the phenotypic
abnormalities of theubpl4 mutant, indicating that the
suppression was not due to a general increase in intracellu-
lar ubiquitin isopeptidase activity; conversely, IsoT expres-
sion in doa4 cells did not alter their mutant phenotype
(data not shown). From these data, we conclude that
Ubp14 and IsoT are functionally homologous. Doad/UbpX

@ Ubp14
UbcX/UbrX D —
I % Ub ~ (ub)
Ub

UbcX/UbrX

Discussion @O

The results presented here show a close concordance | Proteasome

between thdn vitro substrate specificity of the Ubp14/ AN
IsoT enzymes and thia vivo profile of ubiquitin species ) ) o o o
that accumulate in a yeaBbp14mutant. pr14 provides Fig. 8. Model for Ub_p14 action and its integration into t_he _u_blqwtl_n—

. dependent proteolytic system. Release of complete ubiquitin chains
the f|r5t example of a DUB enzyme whose ) SubStrate from either proteasome-bound protein or peptide is shown, but
specificity has been determined by a combination of removal of ubiquitins by ‘trimming’ DUB enzymes (Laet al, 1997)
detailedin vivo andin vitro analyses, Accumulation of is not precluded and may actually occur concurrently with degradation,
unanchored ubiquitin chains is associated with a defect in Particularny in the upper pathway where the protein is ‘committed to

S - : . proteolysis while still ubiquitinated and may have more extende
ublqwtln-dependgnt protein degradqthn in mutapt cells, access to a slow-acting trimming DUB. Ubiquitin oligomers may also
and the proteolytic defect can be mimicked in wild-type get severed from polyubiquitinated substrates that are not bound to
cells by expression of UKGG. These findings have a proteasomes. The hypothesized ligation of pre-formed ubiquitin chains
number of implications for the regulation of intracellular by ubiquitin-conjugating enzymes (UbcX) and/or ubiquitin—protein

ubiquitin chain levels and of ubiquitin-dependent proteo- LE’;‘E:%;ZQ to protein is indicated by the dashed arrow. See text for
lysis. '

The Ubp14/IsoT subfamily of deubiquitinating

enzymes

Sequence comparisons between human IsoT and member
of the S.cerevisiadJBP family show that Ubpl4 is the
most closely related of the 16 yeast enzymes to the
mammalian protein (31% identity) (Figure 1). Correspond-
ingly, the purified yeast Ubpl4 and human IsoT
deubiquitinating enzymes have extremely similar substrate

specificities (Table I). That these two proteins are function- |€V€l of the unanchored ubiquitin dimers was reproducibly
ally homologous was directly confirmed by comple- reduced in thedoa4 ubpl4double mutant versus the

mentation analysis (Figure 7), the first example of Ubpl4single mutant (Figure 6), suggesting that Doa4
interspecies complementation between DUB enzymes.contr'bUtes to formation of unanchored dimérsvivo as

Recently, we have found that thBictyosteliumUbpA well (Figure 8). ) . .
protein can substitute for Ubp14 in yeast cells as well Our data also suggest a surprising relationship between

(D.Lindsey, A.Amerik, R.Gomer and M.Hochstrasser, rates of protein degradation by proteasomes an_d the steady-
unpublished data). These studies suggest that similarState !eve_ls of unanchored ub|qumln chalnslln th.e cell.
functional constraints have resulted in the SequenceComblnatlon of partial loss-of-function mutations in the
conservation of these enzymes. proteasome W|_th thebpl4null aI_IeIe_z_resuIt_s in a syner-
Interestingly, &.discoideunstrain lacking UbpA grows gistic increase in unanchored ubiquitin cham levels (Figure
normally but has a specific defect in multicellular develop- ©B)- Perturbation of the proteasome aloneloa3-1cells
ment when induced to differentiate (D.Lindsey, A.Amerik, also sl_lghtly increases ubiquitin chain levels over those
W.Deery, J.Bishop, M.Hochstrasser and R.Gomer, in pre- S€€n in wild-type cells (~1.2- to 2.5-fold, based on
paration). Given its functional homology with Ubp14 and 9uantitative immunoblots; see also DeMasnial, 1995).
the demonstration that yeasbpl4\ cells have a defect ~ These results demonstrate that proteasomes play a sig-
in ubiquitin-dependent proteolysis, the developmental Nificant role in ubiquitin chain metabolisin vivo.
defect inubpAmutants is very likely due to an impairment Interestingly, the levels of ubiquitin tetramers increase
of ubiquitin-dependent proteolysis, perhaps of only one or far more dramatically than any other unanchored oligo-

a few (negative) regulators of multicellular development. Meric species in the proteasomiepl4 double mutants.
As noted, analyses of WisG-terminated ubiquitin chains

Formation and disassembly of unanchored in vivosuggest thadle novasynthesis contributes primarily
ubiquitin chains in vivo to formation of dimers and trimers but not larger chains

As shown previously and confirmed here, yeast (and all (Figure 4A and Arnason and Ellison, 1994). Therefore,
other tested organisms; Van Nocker and Vierstra, 1993) release of ubiquitin chains from proteasome-bound poly-

contain significant amounts of unanchored ubiquitin
ghains. In principle, such chains could be generatedey
novo assembly from free ubiquitin and/or by ubiquitin—
conjugate disassembly or degradation. Because ubiquitin
oligomers terminating on WEGG can form in yeast
(Figure 4A), de novosynthesis of at least short chains
(mostly dimers) must be possible. On the other hand, the
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ubiquitinated proteins may account for a substantial thereby stimulates ubiquitin-dependent proteolysis by the
portion of at least those cellular chains with four or more proteasome, although our data indicate thativo, inhibi-
ubiquitins. This bias may reflect a binding preference of tory chains may not derive solely from proteasome-
the proteasome for substrates with longer ubiquitin chains generated species.

(Hershkoet al., 1984; Hough and Rechsteiner, 1986) and An important question is whether Ubp14 must associate
must also depend on the population average of ubiquitin with proteasomes in order to keep them relatively free of
chain lengths on polyubiquitinated proteins. Subunit S5a unanchored chains. Remarkably, Ubp14 alone is respons-
of the 26S proteasome, which binds both ubiquitin chains ible for most of the soluble cellular deubiquitinating

and polyubiquitinated proteins, shows a sharp increase in activity against free ubiquitin chains (Figure 3C), so it is
affinity for chains with four or more ubiquitins (Deveraux not necessary to invoke co-localization of chains and

et al, 1994). Ubp14 on proteasomes to explain ubiquitin chain accumu-

In wild-type cells in exponential growth, most poly- lation in ubpl4cells even though they have many other
ubiquitinated proteins targeted to proteasomes appear to DUB enzymes. However, the dominant-negative effect of
be substantially degraded before ubiquitin chain removal the inactiveubpl4-Ala354allele on ubiquitin-dependent
(Figure 8, top pathway). This inference is based on proteolysis (Figure 6) suggests that Ubp14 might function
the fact thatdoa4 mutants amass what appear to be in the context of a protein complex. Alternatively, the
ubiquitinated protein remnants (Papa and Hochstrasser, inhibitory effect abfiiel-Ala354allele could be due
1993), whereas proteasome mutants accumulate highto titration of ubiquitin chains required for efficient protein
molecular mass ubiquitinated proteins (Chen and ubiquitination (see next section). There may be a cellular
Hochstrasser, 1995; DeMariet al, 1995) (see Figure 4).  co-factor(s) for Ubpl14 that increases its substrate affinity
The relative shortness of the ubiquitin oligomers observed or catalytic rate, e.g. by converting it from a non-processive
in doa4 cells may result from DUB activities that can to a processive enzyme. The Ubpl4/IsoT subfamily is
trim proteasome-bound ubiquitinated proteins or peptides unigue among the known DUBs in that its members
from the distal ends of the ubiquitin chains. An activity contain two copies of the so-called UBA motif (Figure
in the 19S regulatory component of the 26S proteasome 1), a potential protein—protein interaction domain found in
with such a specificity has been described recently (Lam several ubiquitin system enzymes and substrates (Hofmann
et al, 1997). and Bucher, 1996).

It is possible that when rates of proteolysis by the
proteasome are reduced by mutation (Figure 5B), a sig- Potential role of ubiquitin chains in protein
nificant fraction of proteasome-bound polyubiquitinated ubiquitination in vivo
substrates is deubiquitinated before degradation of sub- The ability of overproduced wild-type Ubp14 to inhibit the
strate (or is released from proteasomes and deubiquitin-proteolysis of a subset of ubiquitin-dependent substrates
ated) (Figure 8, lower pathway). Unanchored ubiquitin in vivo (Figure 6C) was unexpected. It is possible that
chains would accumulate in the proteasome mutants if excess Ubpl4 leads to aberrant complexes between Ubp14
release of long ubiquitin chains from substrates is more and components of the ubiquitin system, thereby impairing
efficient in the mutants than in cells with wild-type their function. Overproduction of Ubpl4 also leads to a
proteasomes, e.g. because chain-trimming steps are reduction of unanchored ubiquitin chains relative to the
bypassed. If Ubpl4 enzyme is not saturated by the level seen in wild-type cells (Figure 6A). Hence, the
additional ubiquitin chains generated in the proteasome explanation we currently favor for proteolytic inhibition
mutants, then a synergistic effect on chain levels by is that ubiquitin chains can be ligated directly to at least
mutation of both proteasomes and Ubpl4 would be some substratéso and that such transfer of pre-
expected. The model in Figure 8 allows for the order in formed ubiquitin chains contributes significantly to the
which a substrate is proteolyzed by the 20S proteasome rate of degradation of these substrates (Figure 8, dashed
and deubiquitinated by proteasome-associated DUB arrow). Conceivably, certain substrates, e.g. N-end rule
enzymes to change depending on the relative rates of substrates, are deubiquitinated very efficiently by DUBs
these two processes. These rates may change as a resubly progressive trimming of ubiquitin chains, so transfer
of mutation or alterations in cell state and could vary of whole chains may increase the time such substrates
between substrates. stay in the polyubiquitinated state, increasing the likelihood

of their targeting to the proteasome.
Ubp 14 and the control of intracellular proteolytic These considerations suggest that the concentration of
rates free ubiquitin chains must be carefully controllgdvivo.
How is the enzymatic activity of Ubp1l4 mechanistically An excess of unanchored chains can inhibit proteolysis,
linked to ubiquitin/proteasome-dependent proteolysis? We e.g. by competing for substrate-binding sites on the
propose that by restricting the intracellular accumulation proteasome, but too low a level may reduce the efficiency
of ubiquitin chains, Ubp14 limits their binding to and of polyubiquitinated protein degradation as well, at least
inhibition of proteasomes (and potentially other enzymes for certain substrates. The control of cellular ubiquitin
of the ubiquitin system). This would be consistent with chain levels by regulation of ubiquitin chain assembly
the inhibition of ubiquitin—lysozyme conjugate degradation and/or disassembly rates (by Ubpl4 or its functional
observed when high concentrations of ubiquitin chains homologs) may thus provide a mechanism for changing
were added to a crude fraction of rabbit reticulocyte the relative degradation rates of different proteins during
lysates (Beakt al, 1996). The model is also consistent changing environmental or developmental conditions. The
with the original proposal of Hadawrkt al. (1992) that developmental defect associated with inactivation of the
IsoT disassembles polyubiquitin chain end-products and Dictyosteliumhomolog of Ubpl4 provides an apparent
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Table IV. Yeast strains

Strain Genotype
MHY5012 MATa his-A200 leu2-3, 112 ura3-52 lys2-801 trpl-1
MHY6062 MATa his-A200 leu2-3, 112 ura3-52 lys2-801 trp1-1
MATa his-A200 leu2-3, 112 ura3-52 lys2-801 trpl-1
MHY623¢ MATa his-A200 leu2-3, 112 ura3-52 lys2-801 trp1-1 doAd:: LEU2
MHY6424 MATa his-A200 leu2-3, 112 ura3-52 lys2-801 trpl-1 ulM::LEU2
MHY 7920 MATa his-A200 leu2-3, 112 ura3-52 lys2-801 trpl-1 doA3::HIS3 [YCplac22doa3-1]
MHY794P MATa his-A200 leu2-3, 112 ura3-52 lys2-801 trp1-1 doA%::HIS3 [YCplac22doa5-1]
MHY839 MATa his-A200 leu2-3, 112 ura3-52 lys2-801 trp1-1 ubpA2:HIS3
MHY840 MATa his-A200 leu2-3, 112 ura3-52 lys2-801 trpl-1 ubpA:=HIS3
MHY844 MATa his-A200 leu2-3, 112 ura3-52 lys2-801 trpl-1 doA4::LEU2 ubpl4A1::HIS3
MHY976 MATa his-A200 leu2-3, 112 ura3-52 lys2-801 trpl-1 doA3::HIS3 ubp14Al::HIS3 [YCplac22doa3-1]
MHY978 MATa his-A200 leu2-3, 112 ura3-52 lys2-801 trp1-1 doA%::HIS3 ubpl4Al::HIS3 [YCplac22doa5-1]
MHY981 MATa his-A200 leu2-3, 112 ura3-52 lys2-801 trpl-1 ubM::LEU2 ubpl4Al::HIS3
MHY1053 MATa his-A200 leu2-3, 112 ura3-52 lys2-801 trp1-1 ubpAd:zHIS3

MATa his-A200 leu2-3, 112 ura3-52 lys2-801

trp1-1 ubpA2:HIS3

aChenet al. (1993);PChen and Hochstrasser (1995papa and Hochstrasser (199%)zkaynaket al. (1984).

example of what can occur when such a regulatory
mechanism fails to work properly in a multicellular
eukaryote. It is also noteworthy that human IsoT isozymes
are encoded by two different genes in addition to being
subject to alternative splicing. Ubiquitin-dependent pro-
cesses could therefore be regulated by differential control
of the activity and/or localization of individual Ubpl4-
related isozymes.

Materials and methods

Strains, media and genetic techniques
The yeast strains used in this work are listed in Table IV. Yeast rich and

Site-directed mutagenesis of UBP14 and overexpression of

Ubp 147412354 and wild-type enzyme in yeast

The Cys354Ala mutation was introduced into Ubpl4 by a two-step
PCR-based approach. Oligodeoxynucleotide€BATTTGGGTAATT-
CCGCTTACTTAAATTCGGTTATAC-3 and B-GTATAACCGAATT-
TAAGTAAGCGGAATTACCCAAATTG-3' were used to mutate the
Cys354 codon. Oligodeoxynucleotides-GACTCGCATGCTTTGG-
ATCATTATCG-3' and B-ATTGTCCGGATATACAACATCCAGTG-3
served as flanking primers. pGEX-UBP14 was used as a template. The
second set of PCRs used the flanking primers and the two initial PCR
reaction products. The resulting DNA fragments were digested with
SpH andBspmll (the corresponding restriction sites had been introduced
into the first and second flanking primers, respectively) and gel purified.
SpH/Bspmll-digested pGEX-UBP14 was used as the backbone for
assembly of the full-lengtlubp14-C354Aallele. The mutant constructs
were verified by dideoxy DNA sequencing.

minimal media were prepared as described, and standard yeast genetic For overexpression of Ubp14 and Ubp#4°* in yeast, the pvT102-

methods were used (Shermeinal,, 1986). TheE.coli strains used were
JM101 and MC1061, and standard procedures for recombinant DNA
work were used (Ausubedt al, 1989).

Cloning and expression of UBP14 in E.coli

For UBP14 cloning by PCR amplification, two oligodeoxynucleotides
derived from theUBP14 sequence were synthesized. The first, 5
TCTTCTAGATATGGCAGTAGAGATGACAGGT-3, corresponds to
the sense strand @fBP14and contains the start codon (underlined); an
upstreamXbd site was introduced for subsequent cloning. The second
oligodeoxynucleotide, SATCTCTCGAGTTAGCATCTTGTATAGAA-
ATAAATATAAC-3 ', was complementary to the sense strandBP14

An Xhd site was added downstream of the terminator (underlined) to
facilitate cloning steps. The two primers were used for PCR amplification
of theUBP14coding sequence frol.cerevisiagenomic DNA. Agarose

gel electrophoresis of PCR products showed a single band of the expectedT

size (~2400 bp). The amplified DNA fragment was digested vitial
and Xhd, gel-purified, and subcloned intgba—Xhad-digested pGEX-
KG (Pharmacia), yielding pGEX-UBP14.

Cloning and expression of human isopeptidase T in yeast

For expression of human IsoT in yeast cells, the IsoT cDNA (Wilkinson
et al, 1995) was subcloned into the pVT102-U expression vector (Vernet
et al, 1987), between th&.cerevisiae ADHDbromoter and terminator
sequences to make pISOT. IsoT cDNA was amplified with oligodeoxy-
nucleotides 5GATTCTAGAATGGCGGAGCTGAGTGAGGAGGCG-
CTG-3 and B-GATAAGCTTAGCTGGCCACTCTCTGGTAGAAG-
TAG-3', corresponding to the’sand 3 ends of the IsoT cDNA coding
region, respectively (ATG start and TAA stop codons are underlined).
Xba and Hindlll restriction sites were built into the’%nd 3 primers,
respectively. An IsoT cDNA cloned into the pCRII vector (Invitrogen)
was used as the template for PCR amplification with Vent polymerase
(NEB). Three independent PCR reactions were done. Amplified DNAs
were digested withiXba and Hindlll, gel purified and subcloned into
XbalHindlll-cut pVT102-U.
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U plasmid was again used as the expression vector. Mutant pGEX-
UBP14-Ala354 or wild-type pGEX-UBP14 was digested withd and
incubated with Klenow enzyme in the presence of dNTPs to generate
blunt ends. Subsequent digestion witha and agarose gel purification
yielded insert fragments appropriate for subcloning. The pVT102-U
vector was digested witHindlll, treated with Klenow enzyme to fill in

the 8 overhangs and cut witiXba. Two independent isolates of both
pUBP14 (wild-type) and pUBP14-Ala354 were used for further analysis.
To expressUBP14 under the control of its own promoter in the high-
copy YEplac195 vector, a 3 kb DNA fragment including the entire
UBP14 ORF and 550 bp of upstream sequence was amplified using as
the upstream primer'SACCAGAGCTCAAGTACTAGAGATAAAGA-
GTGTAGAAACC-3 and the same’3rimer used above to clonéBP14

into the pGEX-KG vector. The amplified DNA fragment was digested
with Xhd, the overhang was filled in using Klenow enzyme and the
DNA was then digested witBad (site underlined in preceding primer).

he purified DNA fragment was subcloned int8ad/Sma-cut
YEplac195.

Construction of a ubp14 null mutant

To make a null allele olUBP14 the HIS3 gene was amplified with
primers whose 5sequences corresponded to the region jusbfSthe

ATG start codon and to the complement of the sequence just downstream
of the termination codon, respectively. The primers used wére 5
ATCAAATTTATCACTTGATGAAATCACAGTGAAAAGCGACTTG-
CACTCTTGGCCTCCTCTAG-8 and B-TATATATATGTGTGTGTGT-
GTGTGTGTGTGTGTGTAAACGTTCTTTCGTTCAGAATGACACG-

3. The amplified DNA fragments were transformed into MHY606
diploid cells. His" transformants were checked for the disruption allele
by PCR. Heterozygous diploids were sporulated and tetrads dissected.
The His' trait segregated 2:2 in all tetrads. Haploid mutants were
verified by PCR and Southern DNA hybridization analysis.

Purification of GST-Ubp 14 from E.coli cells
To induce expression of GST-Ubp14, JM101 bacterial cells transformed
with pGEX-UBP14 were grown to an @ of 0.7 in LB + 100 pug/ml
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ampicillin at 37°C. After addition of 1 mM isopropy-p-thiogalacto- was supported by grants from the NIH to M.H. (GM53756) and K.D.W.
pyranoside (IPTG) and subsequent incubation at 37°C for 3 h, cells (GM30308).

(100 ml) were collected by centrifugation and resuspended in 3 ml of

phosphate-buffered saline (PBS). The suspension was sonicated with a

microtip attachment until clarified; 1/20 volume of 10% Triton X-100
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