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The Mata2 («2) protein is a transcriptional repressor necessary for the proper expression of cell type-
specific genes in Saccharomyces cerevisiae. Like many transcription factors, a2 is rapidly degraded in vivo by
the ubiquitin-proteasome pathway. At least two different ubiquitin-dependent pathways target o2 for destruc-
tion, one of which recognizes the well-characterized Degl degradation determinant near the N terminus of the
protein. Here we report that the o2 corepressors Tupl and Ssn6 modify the in vivo degradation rate of o2.
Tupl modulates the metabolic stability of a2 by directly binding to the Degl-containing region of the protein.
TUPI overexpression specifically stabilizes Degl-containing proteins but not other substrates of the same
ubiquitination enzymes that recognize Degl. Point mutations in both o2 and Tupl that compromise the
a2-Tupl binding interaction disrupt the ability of Tupl to stabilize Degl proteins. The physical association
between Tupl and o2 competes with the ubiquitination machinery for access to the Degl signal. Finally, we
observe that overproduction of both Tupl and Ssn6, but not either alone, strongly stabilizes the endogenous
a2 protein. From these results, we propose that the fraction of a2 found in active regulatory complexes with
Tupl and Ssné is spared from rapid proteolytic destruction and is stabilized relative to the uncomplexed pool

of the protein.

The determination of different cell types in Saccharomyces
cerevisiae provides a simple model for understanding the tran-
scriptional regulatory mechanisms that specify distinct cellular
identities (10, 11, 17). Haploid yeast cells exist as either of two
types, a or a, that can conjugate with each other to produce a
third kind of cell, the a/a diploid. These three cell types are
phenotypically distinct because of the expression of cell type-
specific genes: cells of the « type exclusively activate a-specific
genes, while the a-specific genes are transcribed only in a cells.
In addition, a set of haploid-specific genes are expressed in
both a and « cells but are repressed in a/a diploids. These
unique patterns of gene expression are regulated by a small
number of transcription factors that function in various com-
binations to create this complex transcriptional circuit (7). For
example, the a-specific genes are activated in a cells by the
DNA-binding protein Mcm1 but are strongly repressed in o
and a/a cells through the combinatorial action of Mcm1 and
the homeodomain protein Mata2 («2). The binding of these
two proteins to sequences in the upstream region of a-specific
genes tethers the Tup1-Ssn6 general repression complex in the
vicinity of a-specific gene promoters (19, 20), where it potently
represses transcription by a variety of mechanisms (35). This
repression complex is recruited to target promoters by a2
through several distinct protein-protein interactions: Tupl
binds to the N-terminal domain of a2, while Ssn6 directly
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contacts the homeodomain in the C terminus of the protein
(22, 34, 36).

Although a2 directs the extremely robust and stable repres-
sion of a-specific genes in « haploid cells, the a2 protein itself
is very short lived in vivo (half-life, <5 min) (16). This rapid
degradation is carried out by the ubiquitin-proteasome system
(4, 14), which plays an essential role in a wide array of diverse
cellular processes (9, 13, 43). In addition to degrading naturally
short-lived regulators like 2, the ubiquitin system is also re-
sponsible for recognizing aberrant, nonnative proteins and tag-
ging them for destruction. For efficient degradation by the 26S
proteasome, nearly all substrates are modified by polymers of
the small protein ubiquitin (9, 30). The conjugation of ubig-
uitin to target proteins requires a series of enzymes that in-
clude the E1 ubiquitin-activating enzyme, E2 ubiquitin-conju-
gating enzyme, and E3 ubiquitin-protein ligase. Although
some E3 proteins directly participate in the catalytic transfer of
ubiquitin to substrates by forming a ubiquitin-E3 thiolester
intermediate, most E3s facilitate E2-dependent protein ubig-
uitination through direct interactions with both the E2 and the
substrate that bring them in close proximity and activate ubig-
uitin transfer (29, 43).

For the a2 protein, normal rates of degradation in « haploid
cells depend on at least two different ubiquitination pathways
that each require distinct E2 and E3 enzymes (5, 24, 38). One
of these pathways recognizes an undefined degradation signal
and utilizes the closely related E2 enzymes Ubc4 and UbcS.
The other uses a ubiquitination complex composed of a
RING-CH domain E3 called Doal0O and the E2s Ubc6 and
Ubc7 to recognize the Degl degradation signal found in the N
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TABLE 1. Yeast strains

Strain Genotype Reference or source
YPH499 MATa ura3-52 lys2-801 ade2-101 trpI1-A63 his3-A200 leu2-Al 33
YPHS00 MATo ura3-52 lys2-801 ade2-101 trp1-A63 his3-A200 leu2-Al 33
JY100 MATao ura3-52 lys2-801 ADE2 trp1-A63 his3-A200 leu2-Al::LEU2-Degl-lacZ This study
JY102 MATo ura3-52 lys2-801 ADE?2 trpI1-A63 his3-A200 leu2-Al1 This study
JY103 MATa ura3-52 lys2-801 ADE?2 trp1-A63 his3-A200 leu2-Al This study
JY104 MATo ura3-52 lys2-801::LYS2-Degl-URA3(al) ADE2 trp1-A63 his3-A200 leu2-Al::LEU2-Degl-lacZ This study
JY112 MATo ura3-52 lys2-801::LYS2-Degl-URA3 ADE?2 trp1-A63 his3-A200 leu2-Al::LEU2-Degl-lacZ This study
JY115 MATo ura3-52 lys2-801::LYS2-Degl-URA3 ADE?2 trp1-A63 his3-A200 leu2-Al This study
JY172 MATo ura3-52 lys2-801::LYS2-Degl-URA3 ADE?2 trp1-A63 his3-A200 leu2-A1 ubc4A::HIS3 ubc6A::LEU2 This study
JY187 MATo ura3-52 lys2-801 ADE?2 trp1-A63 his3-A200 leu2-Al ubc6A::HIS3 This study
JY204 MATo ura3-52 lys2-801 ADE?2 trp1-A63 his3-A200 leu2-Al prcl-1 This study
JY253 matoa2A::HIS3MX ura3-52 lys2-801 ADE2 trp1-A63 his3-A200 leu2-Al This study
JY352 mato2A::kanMX ura3-52 lys2-801::LYS2-Degl-URA3 ADE?2 trp1-A63 his3-A200 leu2-A1 ubc4A::HIS3 ubc6A::leu2::TRPI1 This study
JY381 MATa ura3-52 lys2-801 ADE2 trp1-A63 his3-A200 leu2-Al ubc4A::HIS3 ubc6A::LEU2 This study
JY383 mato2A::kanMX ura3-52 lys2-801 ADE?2 trpI1-A63 his3-A200 leu2-Al ubc4A::HIS3 ubc6A::leu2::TRPI This study
YTX140 MATa ura3-52 lys2-801 trpI-1 his3-A200 leu2-3,112 prcl-1 3

terminus of a2 (5, 38). Mutagenesis experiments have impli-
cated the hydrophobic face of a predicted amphipathic helix as
the critical determinant of the Deg! signal, suggesting that this
surface serves as the primary element that is discriminated by
the Ubc6/Ubc7/Doall complex (18).

Interestingly, both of these degradation signals in a2 are
concealed by the formation of a heterodimer between a2 and
its partner protein Matal (al). In a/a diploid cells where both
proteins are normally expressed, the exposed hydrophobic sur-
face of the N-terminal amphipathic helix in a2 is buried within
the interface of a coiled-coil interaction with al, effectively
masking Deg! from the ubiquitin system and stabilizing the a2
repressor (18). In addition to al, other proteins interact di-
rectly with 2 and potentially modify the degradation of this
protein. These include the corepressors Ssn6 and Tupl, the
latter of which binds to the N-terminal domain of «2 that
contains the Deg! signal. In the studies presented here, we
identify Tupl as an inhibitor of Degl-dependent proteolysis,
which upon binding to the N terminus of a2 blocks the ubig-
uitination machinery from accessing the Deg! degradation sig-
nal. Moreover, we show that Tupl, in conjunction with Ssn6,
can strongly stabilize the o2 protein, suggesting that the tran-
scriptionally active form of a2 bound by its corepressors rep-
resents a distinct pool of a2 with increased metabolic stability.
These observations imply a mechanism by which a constitu-
tively unstable transcription factor is able to exert stringent
transcriptional control and highlight the important role played
by functionally relevant protein-protein interactions in modu-
lating the stability of regulatory proteins.

MATERIALS AND METHODS

Yeast methods and strains. Standard methods were used for the growth and
genetic analysis of yeast. Experiments involving galactose-dependent regulation
used media containing 3% raffinose and 3% galactose. Quantitative assays of
B-galactosidase (B-gal) activity were performed on cells grown in liquid media
using o-nitrophenyl-p-p-galactopyranoside (ONPG) as a substrate essentially as
described previously (26).

Table 1 lists the strains utilized in this study. JY100 is an Ade™ revertant of
YPHS500 (33) in which Degl-lacZ was integrated into the LEU2 locus (using
Y1p33-Degl-lacZ [16]). JY102 and JY103 were derived from a cross of JY100
and YPH499. Strain JY104 was derived from JY100 by integrating YDp-K/DegI-
URAS3 (al) into the LYS2 locus and JY112 from JY100 after integration of
YDp-K/Degl-URA3 (note that the Degl-URA3 fragment integrated in JY104
also contained other MATa sequences, including the matal [al] gene, while the
fragment integrated in JY112 did not contain /). JY115 was derived from a

cross of JY112 and JY103. JY172 was generated from JY112 in several steps by
disrupting UBC4 and UBC6 with restriction fragments containing ubc4A::HIS3
and ubc6A::LEU2, respectively. JY187 was constructed by disrupting UBC6 in
JY115 with a ubc6A::HIS3 PCR fragment and crossing the resulting strain to
JY103. To generate JY204, the prcl-1 allele from YTX140 was introduced into
the JY102 background by repeated (four times) backcrossing. Strain JY253 was
derived from JY102 by disrupting the MATa2 (a2) gene with an a2A::HISIMX
PCR fragment. The strain JY383 was generated from a cross of JY381 (a lys~
mutant derivative of JY172) and JY352, which was produced from JY172 in a
series of steps by disrupting MATa2 with an a2A::kanMX PCR fragment and
swapping the LEU2 marker with a TRPI marker. Proper integration of all gene
disruptions or integrations was determined by genomic PCR or Southern anal-
ysis, and single-site integration was verified by segregation analysis.

Isolation of cDNAs that inhibit Degl-mediated degradation. The pTRP plas-
mid expression library used in this study was generated by cre-mediated recom-
bination from lambdaTRP (ATCC number 87277). In this library, the yeast
c¢DNAs are cloned between the GALI promoter and the CYC! terminator in the
pTRP vector, which contains a TRPI marker and the 2um origin of replication.
Two different approaches were utilized to isolate pTRP transformants in which
Degl-dependent turnover was disrupted. Approximately 60,000 Trp* transfor-
mants of JY100 were screened for increased blue color development on 5-bro-
mo-4-chloro-3-indolyl-B-p-galactopyranoside (X-gal) plates, while ~350,000
Trp* transformants of JY104 were plated on media lacking uracil to select for
Ura™ colonies. Transformant colonies that turned blue on X-gal media or were
Ura™ were rescreened by plating again onto the same media. Potential positives
were then subjected to quantitative B-galactosidase activity assays using ONPG
as a substrate. To identify plasmids that increased B-gal activity in a galactose-
dependent manner, B-galactosidase assays were performed on cultures grown in
raffinose or raffinose plus galactose. Plasmid DNA was isolated from these
transformants and reintroduced into JY100 to confirm that the increase in
Degl—B-gal activity was plasmid dependent. The ends of the isolated cDNAs
were sequenced using primers that hybridize to the GALI promoter or CYCI
terminator.

Plasmids. To construct an integrating vector containing Degl/-URA3, the
5.2-kb HindIII fragment from YCp-Degl-URA3 (5) was subcloned into YDp-K
(2), generating YDp-K/Degl-Ura3 (al). This vector also contains other MATo
sequences, including the o/ gene. A Degl-URA3 integrating vector that lacks o/
(YDp-K/Degl-Ura3) was constructed by subcloning a 3-kb EcoRV fragment
from YCp-Degl-URA3 into the Smal site in YDp-K.

The plasmid YCplacl11-Degl-URA3 (L10S) was constructed from YCp-
Degl-URA3 by replacing the NdeI-BamHI fragment containing the wild-type
Degl sequence with that carrying a L10S mutant version of Degl, which was
amplified from pKK99 (22) by PCR.

The L10S and R173A changes in a2 were constructed by the PCR-based
QuikChange site-directed mutagenesis method (Stratagene) in pAV115, a CEN
LEU2 MATo plasmid. The construction of plasmids pAV115 and pAV115/
H3-3A have been described previously (41).

The pTRP-tupl-C348R and pTRP-tup1-S448P plasmids are derived from
pTRP-TUP1 (3.2.2), which was isolated from the pTRP library as described
above. These mutants were constructed by PCR in two steps. Segments of TUPI
from Val codon 228 to the site of the mutation were amplified, with the down-
stream primers introducing the Arg-348 or Pro-448 mutations. A second set of
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primer pairs was used to amplify other segments of TUPI from the site of the
mutation to Tyr codon 541, with the upstream primers introducing the Arg-348
or Pro-448 mutation. The two TUP! segments for each mutation were combined
by a second PCR step, and the resulting fragments were digested with BamHI
and BstEII and ligated to similarly digested pTRP-TUP1 (3.2.2). The resulting
plasmids were sequenced to confirm that no mutations other than the one
desired were introduced.

A plasmid to express SSN6 from the GALI promoter was constructed by
isolating the SSN6 coding sequence from pLN113-3 (32) on a Spel/Xbal frag-
ment and ligating it into Spel-digested p426GALI (27).

Expression plasmids for Leu—B-gal and Ub-Pro—3-gal were constructed by
amplifying the respective coding sequences and subcloning the resulting PCR
fragments in p415GPD (28). A plasmid that expresses B-gal-SL17 has been
described previously (8).

Pulse-chase analysis and ubiquitination assays. Pulse-chase experiments were
performed as described previously (5). Degradation rates were determined after
quantitation on a PhosphorImager. Proteins containing B-galactosidase were
immunoprecipitated with anti-B-gal antibodies (ICN), while Deg/-containing
proteins and a2 were immunoprecipitated with antibodies raised against a2 (16).

The ubiquitination of Degl-B-gal was monitored as described previously (23).
Proteins were precipitated from cell lysates with anti—B-gal and immunoblotted
with an anti-ubiquitin monoclonal antibody (a gift of Dan Gottschling, Fred
Hutchinson Cancer Research Center).

RESULTS AND DISCUSSION

A genetic selection for negative regulators of a2 degrada-
tion. To identify genes that affect the turnover of the short-
lived a2 protein, we constructed S. cerevisiae strains in which
the degradation of unstable reporter proteins can be moni-
tored readily. The well-characterized Degl degradation signal
from o2 was fused to the normally stable yeast Ura3 and
bacterial B-galactosidase enzymes to create short-lived ver-
sions of these proteins. Since the steady-state level of these
proteins is a function of their intracellular half-life, the activity
of the fusion proteins in cells reflects their degradation rate.
Rapid turnover of Degl-Ura3 strongly impairs the growth of
cells on media lacking uracil when the fusion protein is the only
source of Ura3 activity (5, 38). Similarly, yeast cells expressing
a Degl—B-galactosidase (Degl—B-gal) fusion have low levels of
B-galactosidase activity and produce very pale blue colonies on
plates containing the chromogenic substrate X-gal (5, 16).
Variants that fail to rapidly degrade these Degl-containing
substrates can be identified by their increased B-gal activity and
enhanced growth on medium that does not contain uracil.

Strains expressing these short-lived reporter constructs were
transformed with a high-expression yeast cDNA library to
identify genes or gene fragments whose overexpression inhib-
ited Degl-mediated protein degradation (Fig. 1A). The cDNAs
in this library were expressed from the GALI promoter, which
is strongly induced in the presence of galactose (6, 31). We
obtained over 400,000 library transformants and isolated a
total of 54 clones that exhibited a plasmid- and galactose-
dependent increase in the activity of the Degl-containing pro-
teins. DNA sequencing of the cDNA inserts identified 15 dif-
ferent genes, 8 of which were represented by full-length clones
inserted in the correct orientation (Table 2).

Interestingly, seven of the isolated plasmids contained frag-
ments from the 5’ or 3’ ends of genes or were full-length
cDNAs inserted in the reverse (antisense) orientation (Table
2). Among this group were cDNAs that, when overexpressed,
produced some of the largest increases in Degl—3-gal protein
activity. To determine if expression of the nonphysiological
products of these cDNAs affected the turnover of Degl-con-
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A Deg1-URA3 Deg1-lacZ strain

(ura- with low Bgal activity)

Transform library of
overexpressed cDNAs

Select URA* colonies with
high Bgal activity

-Uracil

Complete

FIG. 1. Genetic selection for negative regulators of a2 proteolysis.
(A) Selection scheme. The screen exploits the portability of the well-
characterized Degl degradation signal of a2 (16). Yeast cells, whose
only functional copy of URA3 is the Degl-URA3 construct, require
uracil for growth, since the Degl-Ura3 protein is rapidly degraded.
Overexpressed cDNAs that stabilize Deg/-Ura3 and Degl—3-gal were
isolated by their ability to allow cell growth in the absence of uracil and
by an increase in B-gal activity. (B). Overexpression of TUPI confers
uracil prototrophy. Yeast cells expressing the Degl-URA3 construct
(JY104) were transformed with the empty GAL1 expression vector or
with TUPI expressed from this vector and grown on minimal complete
media or minimal media lacking uracil.

taining proteins specifically or instead led to general defects in
ubiquitin-mediated proteolysis, representatives of this class
(“MNR2,” “SI1S2,” and “STE12;” quotation marks are used to
emphasize that these DNAs are not the named full-length
genes) were tested with other short-lived substrates of the
ubiquitin-proteasome pathway (Leu—f-gal, Ub-Pro—B-gal, and
B-gal-SL17). Although all of these proteins are targeted to the
26S proteasome for destruction, each is recognized by a dif-
ferent ubiquitination pathway (8, 40).

Expression of the “SIS2” ¢cDNA from the GALI promoter
increased Leu—B-gal and Ub-Pro—B-gal activity approximately
fourfold, similar to its effects on Deg/—f3-gal (Fig. 2) and, based
on pulse-chase analysis, also slowed the degradation rate of
Ub-Pro—B-gal (data not shown). These results imply that the
product of this cDNA insert, which is predicted to be an ex-
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TABLE 2. Overexpressed cDNA clones impair deg/-mediated degradation

Increase in
Degl—B-gal
activity (fold)

No. of isolated
Gene clones/no. of
different cDNAs

Comment(s)

Full-length cDNAs

cDNA in inverted orientation
Fragment from 5’ end of gene; predicted to encode the first 269 amino acids of

the 619-residue wild-type protein

Fragment from 3’ end of gene; 5’ end of cDNA starts at +2258; predicted to

encode a 22-amino-acid peptide from the +1 reading frame

c¢DNA in inverted orientation
cDNA in inverted orientation; predicted to encode an 118-amino-acid polypeptide
Fragment from 3’ end of gene; 5’ end of cDNA starts at +825; predicted to

encode a 63-amino-acid polypeptide from the +1 reading frame

GLC7 1/1 2
SKPI 11 2
SMI1 11 2
SRL1 11 2
TUP1 2/2 7
UBC4 11 2
UBC6 20/6 2-4
YDRI32c 11 2
cDNA fragments or
inverted cDNAs
“EFBI” 2/1 2
“HEX3” 11 2
“MNR2” 71 3
“SAS3” 31 2
“S1S2” 2/1 3
“STE12” 8/1 6
“YHRO054c” 31 3

Fragment from 3’ end of gene; 5’ end of cDNA starts at +467

tremely hydrophobic polypeptide of 118 amino acids (residues
11 to 70 are exclusively leucine, valine, isoleucine, or phenyl-
alanine), impairs a common step in the ubiquitin pathway
utilized by each of these protein substrates, such as binding to
the 26S proteasome.

In contrast to the effects of the cDNA from the “SIS2” gene,
overexpression of the other two cDNAs (fragments of “MNR2”
and “STE12”) did not alter the degradation kinetics of Ub-
Pro—B-gal or increase Leu—f-gal or Ub-Pro—3-gal activity. In-
stead, increased expression of the “MNR2” or “STE12” gene
fragments selectively enhanced Degl/—f3-gal and B-gal-SL17 ac-
tivity (Fig. 2). Both of these proteins are degraded in a DOA10/
UBC6/UBC7-dependent manner (38; R. Swanson and M.
Hochstrasser, unpublished observations), suggesting that the
overexpression of these cDNA products inhibited an early step
in the degradation of Degl/—f-gal and B-gal-SL17, perhaps
when the proteins are recognized by the Ubc6/Ubc7/Doal0
enzymes. The products of the “MNR2” and “STEI2” gene
fragments may inhibit one or more of these ubiquitination
enzymes noncompetitively or could be substrates that, when
present in excessive amounts, titrate limiting quantities of
Ubc6, Ubc7, and/or Doal0. In support of this latter hypothesis,
we have found that the 63-amino-acid missense polypeptide
presumably expressed from the “STE72” cDNA fragment has
a predicted a-helical region that conforms to a 3,4-hydropho-
bic heptad repeat, consistent with it folding into an amphi-
pathic helix. Since the hydrophobic face of an amphipathic
helix is the critical determinant of the Degl signal recognized
by the Ubc6/Ubc7/Doal0 ubiquitination complex, this finding
suggests that the product of the “STE12” cDNA fragment
mimics the Degl degradation signal and interferes with Degl-
mediated degradation in a competitive manner.

Of the properly oriented full-length genes identified by our
genetic methods, UBC4 and UBC6 were known previously to
be involved in a2 degradation (5). Although Ubc4 functions in

Deg1-pgal Leu-pgal
» 30 ,. 20
3 i =
g ® £ 200
2 2 g 150
3 8
E 15 2
100
8 10 H
i 5 i "
0- 0-
vector MNR2 SIS2 STE12 vector MNR2 SIS2 STE12
Ub-Pro-pgal pgal-SL17
> 100 200
g g
® 751 B 1501
2 o
a @
S s 2 100
2 2
& ]
25- T 50
g :
0- 0-

vector MNR2 SIS2 STE12 vector MNR2 SIS2 STE12

FIG. 2. Overexpression of specific protein fragments can impair the
degradation of various substrates at different steps along the ubiquitin-
proteasome pathway. Turnover of the short-lived 3-gal fusion proteins
was monitored by assaying B-galactosidase activity in JY104 cells ex-
pressing Degl—p-gal or in JY102 cells transformed with expression
plasmids for Leu—B-gal, Ub-Pro—f-gal, or B-gal-SL17; these cells also
contained the empty GAL expression vector or this vector expressing
the indicated cDNAs. The bars represent the averages of B-galactosi-
dase activity measurements (in Miller units), and the error bars indi-
cate the standard deviations.



VoL. 26, 2006

another o2 ubiquitination pathway that does not utilize the
Degl degradation signal (15), overexpression of this protein
was known to stabilize both a2- and Degl-containing substrates
(M. Hochstrasser, unpublished observations). In fact, the over-
expression of UBC4 was used as a positive control during our
screen. UBC6 was the gene identified most frequently in our
screen (Table 2); overexpression of this gene has been ob-
served previously to inhibit the turnover of Ubc6-dependent
proteolytic substrates (25, 37). Consistent with this, the over-
expression of UBC6 only increased the activity of substrates
(Degl—B-gal and B-gal-SL17) that are known to be degraded in
a UBCo6-dependent manner and did not alter the levels of
Ub-Pro—B-gal or Leu—B-gal, proteins that are destroyed by
UBC6-independent pathways (data not shown; see also refer-
ence 25). Since Ubc6 itself is a relatively short-lived proteaso-
mal substrate that requires its own catalytic activity for turn-
over (42), excess amounts of this unstable protein may
outcompete other UBC6-dependent proteolytic substrates, like
Degl-containing proteins, for ubiquitination and degradation.
Alternatively, an overabundance of Ubc6 may compete with
Ubc7 for binding to the Doal0 ubiquitin ligase, which requires
both of these E2s for activity.

To recognize the Degl degradation signal, Ubc6 functions
with Ubc7 and the Ubc7 cofactor Cuel (3, 5). Since all three of
these proteins work together in Degl-mediated proteolysis and
only UBC6 was isolated in our screens, we determined if UBC7
or CUE1 overexpression had a similar effect on the steady-state
level of Degl—B-gal. Expression of CUE! from the GALI pro-
moter increased Degl—B-gal activity to a degree comparable to
that observed with UBC6 overexpression, whereas GALI-
driven expression of UBC7 did not (data not shown). Levels of
Cuel, which is required for Ubc7 function, might be limiting in
the latter case. It is unclear why CUET was not identified in the
overexpression screen, but one likely explanation is that the
screen was not saturating.

Five of the identified genes (GLC7, SKP1, SM11, SRLI, and
YDRI32c) were each isolated only once, and their overexpres-
sion only weakly increased Degl—B-gal activity (Table 2).
Pulse-chase analyses of Deg/—B-gal degradation were per-
formed to confirm that this enhanced B-gal activity was caused
by the stabilization of the Degl—B-gal protein. In wild-type
cells, Degl—B-gal has a 15-min half-life, and its stability was
increased ~1.5-fold (GLC7) to ~2-fold (SKPI, SMII, and
YDRI32c¢) in cells overexpressing the indicated cDNAs (SRLI
was not assayed). The degradation of Degl-containing sub-
strates was also determined in strains carrying loss-of-function
mutant alleles of these genes. Pulse-chase experiments indi-
cated little, if any, alteration in protein stability (data not
shown). Therefore, the analysis of these genes in Degl-medi-
ated turnover was not pursued further.

The final full-length gene identified was TUPI, which en-
codes a corepressor protein recruited to a2-target genes by
direct contact with the N terminus of o2 (20, 22, 35). TUPI
overexpression confers strong uracil-independent growth on
ura3 cells carrying the Degl-URA3 fusion (Fig. 1B) and in-
creased Degl—B-gal activity sevenfold (Table 2). Because of
these strong effects on the activity of Degl-containing proteins
and the fact that Tupl1 is involved in the transcriptional repres-
sion activity of the a2 protein, we concentrated on character-
izing its role in the degradation of 2.
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A vector tTuPt
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FIG. 3. Overexpression of TUPI specifically stabilizes Degl-con-
taining proteins. (A) Pulse-chase analysis of Degl—B-gal and Degl-
Ura3 degradation in JY104 cells transformed with the empty GALI
expression vector (vector) or with TUPI expressed from this vector
(1 TUPI). Degl-containing proteins were immunoprecipitated from
lysates with antibodies to a2 and quantitated by PhosphorImager anal-
ysis. (B) The degradation kinetics of B-gal-SL17 in vector-containing
JY102 cells and in cells overexpressing TUPI. Radiolabeled B-gal-
SL17 was immunoprecipitated from lysates with antibodies to B-gal
and quantitated with a PhosphorImager.

Tupl stabilizes Degl-containing proteins through a direct
physical interaction. To confirm that the enhanced B-gal ac-
tivity and increased growth on media lacking uracil observed in
cells overexpressing 7UPI was due to the stabilization of Degl—
B-gal and Degl-Ura3, we determined the degradation rate of
these proteins by pulse-chase experiments (Fig. 3A). In cells
carrying the empty GALI expression vector, the half-lives of
Degl—B-gal and Degl-Ura3 were ~20 min and ~10 min, re-
spectively. In contrast, in cells overexpressing TUPI, very little
degradation of these proteins was apparent after the 60-min
chase. Cells expressing increased amounts of TUP! therefore
have strong defects in Degl-mediated proteolysis.

We envisioned two different models to explain how the in-
creased expression of TUPI could alter the stability of Degl-
containing proteins. Since the Tupl protein is targeted to a
wide variety of genes and potently represses transcription (35),
TUPI overexpression could indirectly regulate the turnover of
Degl substrates by repressing the expression of a positive reg-
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ulator of Degl-mediated proteolysis. Alternatively, Tupl may
directly interfere with the ability of the degradation machinery
to recognize and/or degrade Degl-containing proteins, e.g., by
competing with the Doal0 E3 ligase for binding to the Degl-
encoded region of 2.

To discriminate between these two hypotheses, we moni-
tored the specificity of the TUPI overexpression effect by as-
sessing the degradation of a number of other ubiquitin-protea-
some pathway substrates. As measured with pulse-chase
assays, extra TUPI did not alter the degradation kinetics of
Leu—B-gal or Ub-Pro—B-gal proteins (data not shown). It also
did not change the degradation rate of CPY* (data not shown).
CPY* is a misfolded endoplasmic reticulum protein that is
degraded by a Ubc7- and Cuel-dependent mechanism but
requires the Hrd1/Der3 ubiquitin ligase rather than Doal0 (1,
12). Most tellingly, overexpression of TUPI did not stabilize
B-gal-SL17 (Fig. 3B), a substrate whose degradation requires
precisely the same set of E2 and E3 enzymes implicated in the
destruction of Degl-containing proteins (8, 38, and R. Swanson
and M. Hochstrasser, unpublished observations). This clear
specificity for a2-derived Degl-encoded proteins suggests that
Tupl directly modulates the metabolic stability of these sub-
strates rather than indirectly repressing a positive regulator of
Degl-mediated turnover.

If Tupl binding at or near Degl sterically occludes this
degradation signal from the ubiquitination machinery, as sug-
gested above, then mutations that impair Tupl-a2 binding
should relieve the inhibitory effect of overexpressed TUPI on
the degradation of Degl-containing substrates. Amino acid
substitutions in the WD repeats of Tupl (C348R and S448P)
had been isolated previously and shown to disrupt the direct
interaction between Tupl and «2 (21). These fupl mutant
alleles were expressed from the GALI promoter, and the deg-
radation of Degl—B-gal was examined by pulse-chase analyses.
While the overexpression of wild-type TUPI inhibited Degl—
B-gal turnover, neither of the mutant proteins affected the
stability of this substrate (Fig. 4A and B, compare TUPI to
vector). A trivial explanation for this result is that the mutant
Tupl proteins accumulate to lower levels than the wild-type
protein. However, immunoblotting experiments using Tupl-
specific antibodies performed in parallel demonstrated that all
three Tupl proteins are overproduced to a similar extent (data
not shown). Thus, point mutations in Tupl that impair its
binding to the Degl portion of a2 abrogate TUPI-mediated
stabilization of Degl—f3-gal.

In complementary experiments, the stability of a Degl mu-
tant protein defective for interaction with Tupl was examined.
An L10S mutation in o2, which was previously shown to se-
verely compromise binding to Tupl (22), was constructed in
the context of the Degl-Ura3 fusion protein, and the degrada-
tion of this protein was assayed by pulse-chase experiments. In
contrast to the impaired turnover of wild-type Degl-Ura3 in
cells expressing increased amounts of TUPI, the degradation
kinetics of the Degl(L10S)-Ura3 protein were identical in cells
carrying the empty GALI expression vector and in cells over-
expressing TUP! (Fig. 4C and D, compare TUPI to vector).
Although the Degl(L10S)-Ura3 protein is moderately stabi-
lized relative to wild-type Degl-Ura3 (probably because the
L10S mutation slightly impairs Deg/-mediated degradation),
Tupl overproduction did not further stabilize this protein.
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FIG. 4. Point mutations that disrupt «2/Tupl binding prevent
TUPI-mediated stabilization. (A) Pulse-chase analysis of Degl—B-gal
degradation in JY112 cells transformed with the empty GAL! expres-
sion vector, the GALI-TUPI plasmid, or the same vector expressing
the tup1<3*R and wp15**" mutant alleles. Radiolabeled Degl—B-gal
was immunoprecipitated from lysates with antibodies to B-gal and
analyzed as described in the legend to Fig. 3. (B) Quantitation of the
pulse-chase data shown in panel A. (C) Pulse-chase analysis of Degl-
Ura3 or Degl(L10S)-Ura3 degradation in JY102 cells transformed
with the empty GALI expression vector (vector) or with TUPI ex-
pressed from this vector (1 TUPI). The Degl-Ura3 proteins were
expressed from YCplacl11-Deg/-URA3. Radiolabeled Degl-Ura3
was immunoprecipitated from lysates with antibodies to a2 and ana-
lyzed as described in the legend to Fig. 3. (D) Quantitation of the
pulse-chase data shown in panel C. WT, wild type.

Importantly, Degl(L10S)-Ura3 was strongly stabilized in
ubcoA cells (data not shown). This UBC6-dependent turnover
demonstrates that the same degradation pathway that recog-
nizes wild-type Degl-containing substrates also targets this mu-
tant Degl-containing protein. Taken together with the analysis
of interaction-defective fupl alleles, these mutational studies
demonstrate that direct binding of Tupl to Degl blocks the
degradation of Degl-containing substrates.

Binding of Tupl to the Degl region of a2 blocks Degl-
mediated ubiquitination. One mechanism by which the direct
interaction of Tupl with Degl-containing proteins could in-
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FIG. 5. Overproduction of Tupl inhibits Deg/-mediated ubiquiti-
nation. (Top) The level of polyubiquitin-Deg/—B-gal conjugates in ly-
sates of JY102 cells carrying YEplac195-Degl-lacZ or the empty vec-
tor. The cells also contained plasmids for overexpressing TUPI, the
tupl mutants, or the empty vector. Proteins were immunoprecipitated
with anti-B-gal antibodies and then analyzed by antiubiquitin immu-
noblotting. (Bottom) The immunoblot was reprobed with anti-p-gal
antibodies as a control for loading. IP, immunoprecipitation; IB, im-
munoblot; Ub, ubiquitin.

hibit their degradation is that the ubiquitin-conjugating ma-
chinery does not recognize the Degl degradation signal in the
presence of bound Tupl. To test this, the ubiquitination state
of Degl—B-gal was analyzed. Degl—f3-gal was immunoprecipi-
tated from cell lysates, and its ubiquitinated forms were visu-
alized by anti-ubiquitin immunoblotting. Ubiquitin conjugates
of Degl—B-gal were observed in cells expressing this protein
but were not detected in cells that lack Deg/—B-gal (Fig. 5,
compare lanes 1 and 5) or in cells that express a mutant
Degl—B-gal with an amino acid substitution that inactivates the
Degl degradation signal (23). In cells overproducing wild-type
Tupl, the levels of ubiquitinated Deg/—p-gal were dramatically
reduced (Fig. 5, lane 2). Moreover, in agreement with the
pulse-chase experiments described above, overproduction of
the Tupl mutants defective in binding to a2 did not inhibit
Degl-mediated ubiquitination (Fig. 5, lanes 3 and 4). These
results indicate that the binding of Tupl to the N terminus of
a2 blocks the ability of the ubiquitin-conjugating machinery to
utilize the Degl degradation signal.

Increasing the expression of both TUP1 and SSN6 strongly
stabilizes «2. Since the overexpression of TUP1 impaired
Degl-dependent turnover, we also examined whether overpro-
duction of Tupl could stabilize the endogenous a2 protein. In
addition to the Degl-mediated pathway, a second ubiquitina-
tion pathway is required for normal rates of a2 proteolysis.
Blocking either the Ubc4/UbcS or the Ubc6/Ubc7 pathway
results in only a modest increase (~2-fold) in the half-life of
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FIG. 6. Co-overexpression of TUPI and SSN6 strongly stabilizes
a2. (A) The degradation kinetics of a2 in JY102 cells carrying the
empty GALI expression vectors (vector) or plasmids for overexpress-
ing TUPI alone (1 TUPI), overexpressing SSN6 alone ( 1 SSN6), or
overexpressing both TUPI and SSN6 simultaneously (1 TUPI+
1 SSN6). (B) The degradation kinetics of o2 in wild-type cells and
ubc4A ubc6A mutants. For comparison, the pulse-chase data of vector-
containing cells and TUPI plus SSN6-overexpressing cells from panel
A are added. (C) The kinetics of a2 turnover in JY253 cells carrying
the MATa-containing plasmid pAV115 and the empty GALI expres-
sion vectors (vector) or plasmids for overexpressing fupl<*® and
SSN6 (1 tup1©3*R+ 1 SSN6). (D) The degradation of o2M10S/RI73A
was monitored in JY253 cells containing pAV115-L10S/R173A and
the empty GALI expression vectors (vector) or plasmids for overex-
pressing tupl*R and SSN6 (1 tup1“3*R+ 1 SSN6). In all of these
pulse-chase experiments, radiolabeled a2 was immunoprecipitated
from lysates with antibodies to a2 and analyzed as described in the
legend to Fig. 3. WT, wild type.
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a2. However, when these ubiquitination pathways are dis-
rupted simultaneously, the degradation of a2 is strongly im-
paired (5, 24, 38). Pulse-chase experiments with cells express-
ing extra TUPI demonstrated that the degradation of a2 was
weakly inhibited, consistent with the isolation of Tupl as an
inhibitor of the degl/-dependent pathway (Fig. 6A, 1 TUPI).
Interestingly, TUPI overexpression appears to impair more
than just the Ubc6/Ubc7 pathway, since overproduction of
Tupl in ubc6A mutant cells stabilized a2 by an additional
twofold (data not shown).

Tupl functions as a transcriptional regulator as part of a
complex with the corepressor Ssn6. In a2-mediated repression
of a-specific genes, both Tupl and Ssn6 make independent
physical contacts with the a2 protein (22, 35, 36). Because of
these observations, we tested whether overexpression of SSN6,
like that of TUPI, also affected o2 turnover. Similar to the
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results observed with TUPI, expressing SSN6 from the GALI
promoter modestly increased the stability of a2 (Fig. 6A,
1 SSN6). In striking contrast to the weak effects of increasing
the expression of either TUPI or SSN6 alone, the simultaneous
overexpression of both these genes strongly impaired the deg-
radation of a2 (Fig. 6A, 1 TUPI+ 1 SSN6). The degree of a2
stabilization in cells overexpressing both TUPI and SSNG6 is
identical to that seen in a ubc4A ubc6A double mutant (Fig.
6B), which has the most severe a2 degradation defect known
(5, 38). This result highlights the potency of overproducing
Tupl and Ssn6 on «?2 stability.

The most straightforward interpretation of these Tupl and
Ssn6 overexpression results is that the physical association of
these corepressors with a2 precludes the rapid ubiquitin-de-
pendent turnover of «2. This conclusion is based on (i) the
demonstration that the binding of Tupl to the N terminus of
o2 is required for Tupl to block the ubiquitination and turn-
over of proteins containing the Deg! signal from o2 (Fig. 4 and
5), (ii) the finding that Tupl and Ssn6 are associated together
in a protein complex (39, 44), and (iii) the observation, noted
above, that Ssn6 binds directly to the homeodomain in the
C-terminal domain of a2 (34, 36). Furthermore, we have ob-
served that the stabilization of the a2 protein by TUPI and
SSN6 overexpression is abolished by mutations that impair
a2-corepressor binding (Fig. 6C and D). These experiments
utilized a mutant form of a2 containing the L10S and R173A
amino acid substitutions; these single mutations have been
isolated previously and shown to disrupt the «2-Tupl and
«2-Ssnb6 interactions, respectively (22, 34). The a2M109/RI734
double mutant was expressed in cells, and the degradation of
this protein was examined by pulse-chase assays. Overexpres-
sion of wild-type TUPI and SSN6 stabilized this doubly mutant
form of a2 (data not shown), suggesting that any deficit in
affinity of the a2 mutant for the corepressors could be over-
come by the overproduction of Tupl and Ssn6. In contrast, the
co-overexpression of SSN6 and the tup<>*R mutant, which is
expected to further compromise the interaction between o2
and its corepressors, did not strongly impair the degradation of
the a2™10S/RI73A protein (Fig. 6D). The stability of wild-type
a2, however, was increased by the overexpression of tup<3*5%
and SSN6 (Fig. 6C).

To verify that the same ubiquitination pathway that operates
on wild-type a2 also targets the a2 '%R1734 protein, we de-
termined the degradation kinetics of a2™!9R1734 jn wild-type
and ubc4A ubc6A cells. This mutant protein, like wild-type a2,
was degraded in a UBC4/UBC6-dependent manner (data not
shown). Thus, the degradation of endogenous a2 is markedly
influenced by protein-protein interactions between o2 and its
COTEpIessors.

Interestingly, the stabilization of a2 by overproduced Tupl-
Ssn6 does not require complex formation at a2 DNA-binding
sites. The turnover of the «2™3* mutant, which is severely
compromised in its ability to bind DNA-target sites because of
three substitutions of amino acid residues that make direct
contacts with DNA (41), was strongly impaired in the presence
of increased TUPI and SSN6 (Fig. 7). This finding suggests that
under conditions where Tupl-Ssn6 is expressed in excess,
Tup1-Ssn6 can interact with a2 in solution and thereby inhibit
the rapid turnover of a2. Such a mechanism for stabilizing a2
recalls previous data demonstrating that the physical associa-

MoL. CELL. BIOL.

A
vector 1 TUP1 + } SSN6
0 10 20 30 0 10 20 30
chase time (min)
B
100
o
£
'g A a2H¥3Afyector
o B a2H334/4 TUPT
3 + 1 SSN6
- 4
[+']
[
a2
10 - r T
0 10 20 30

chase time (min)

FIG. 7. Mutations in a2 that disrupt DNA binding do not alter its
stabilization by Tup1-Ssn6. (A) Pulse-chase analysis of «2"334 degra-
dation in JY253 cells carrying pAV115/H3-3A and the empty GALI
expression vectors (vector) or plasmids for overexpressing 7UPI and
SSN6 (1 TUP1+ 1 SSN6). Radiolabeled o233 was immunoprecipi-
tated from lysates with antibodies to a2 and analyzed as described in
the legend to Fig. 3. (B) Quantitation of the pulse-chase data shown in
panel A.

tion of al with a2, which normally occurs in a/a diploid cells,
blocks the ubiquitination and degradation of full-length a2 as
well as a truncated form consisting of the N-terminal globular
domain of a2 that does not bind DNA (18). An important
distinction from this earlier study is that o2 is being stabilized
in cells that must at some point degrade the entire active pool
of the repressor because efficient cell type switching demands
its elimination. These results emphasize the importance of
physiologically relevant, alternative protein complexes in reg-
ulating the degradation of 2.

«2 is protected from degradation by interactions with its
corepressors Tupl and Ssn6. Taken together, the results pre-
sented here suggest that the endogenous a2 protein is rela-
tively stable when assembled into complexes with its corepres-
sors Tupl and Ssn6. Distinct pools of the repressor, each with
different protein stability, can therefore exist in o haploid cells:
“bulk” a2 with a very short half-life and a much smaller but
more stable fraction of the functionally engaged repressor pro-
tein.

Current models of a2-mediated repression suggest that, un-
der normal expression levels of a2 and its corepressors, DNA-
bound a2 recruits the Tupl-Ssn6 complex to promoters (35),
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which implies that the functionally engaged, stabilized form of
a2 exists primarily, if not exclusively, on DNA. This relatively
stable pool of a2 has not been observed previously in haploid
cells, as newly synthesized protein is destroyed with first-order
kinetics (16), similar to the degradation of the steady-state
population (24), suggesting that all detectable a2 molecules
are equivalent in their susceptibility to rapid turnover. How-
ever, since <10 specific sites for a2 repression complexes exist
in the yeast genome (45), we expect that only a small number
of repressor molecules at any given time belong to this “priv-
ileged” pool of relatively stable a2. Experiments designed to
detect the small fraction of 2 that is stabilized and character-
ize its dynamics under different physiological conditions are
under way.

Why might the active fraction of a2 be stabilized? Although
rapid degradation of the repressor is necessary to prevent the
misregulation of cell-type-specific genes after mating-type
switching (24), sufficient amounts of a2 must accumulate in o
haploid cells to provide for the very strong repression activity
of a-specific genes observed in this cell type. Stabilizing the
actively engaged repressor, even partially, may allow for the
maintenance of strong and stable a-specific gene repression,
even though a2 is otherwise a rapidly degraded protein. Thus,
the protection of a small pool of o2 may reflect the opposing
requirements that the a2 protein initiate and maintain the
stable repression of its a-specific gene targets yet still be suf-
ficiently short lived to allow for cells to change phenotypically
from the « to a state after a DNA switch at the MAT locus.

Our data imply that protein degradation rates can be dra-
matically altered by the dynamics of a protein’s association
with its physiological partner proteins. Changes in protein-
protein interaction may represent a regulated step in the ubiq-
uitination and degradation of a specific pool of a target pro-
tein. In the example of o2, this might depend on
posttranslational modification of a2 or one of its binding part-
ners or on the process of DNA replication through a DNA
sequence bound by a2. Because many proteins, particularly
transcription factors, function in the context of multiprotein
complexes, we believe the principles illustrated by the present
study will have broad relevance.
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