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DNA binding by the MATα2 transcription factor 
controls its access to alternative ubiquitin-
modification pathways

ABSTRACT  Like many transcription factors, the yeast protein MATalpha2 (α2) undergoes 
rapid proteolysis via the ubiquitin-proteasome system (UPS). At least two ubiquitylation path-
ways regulate α2 degradation: one pathway utilizes the ubiquitin ligase (E3) Doa10 and the 
other the heterodimeric E3 Slx5/Slx8. Doa10 is a transmembrane protein of the endoplasmic 
reticulum/inner nuclear membrane, whereas Slx5/Slx8 localizes to the nucleus and binds DNA 
nonspecifically. While a single protein can often be ubiquitylated by multiple pathways, the 
reasons for this “division of labor” are not well understood. Here we show that α2 mutants 
with impaired DNA binding become inaccessible to the Slx5/Slx8 pathway but are still rap-
idly degraded through efficient shunting to the Doa10 pathway. These results are consistent 
with the distinct localization of these E3s. We also characterized a novel class of DNA bind-
ing-defective α2 variants whose degradation is strongly impaired. Our genetic data suggest 
that this is due to a gain-of-function interaction that limits their access to Doa10. Together, 
these results suggest multiple ubiquitin-ligation mechanisms may have evolved to promote 
rapid destruction of a transcription factor that resides in distinct cellular subcompartments 
under different conditions. Moreover, gain-of-function mutations, which also occur with onco-
genic forms of human transcription factors such as p53, may derail this fail-safe system.

INTRODUCTION
The ubiquitin-proteasome system (UPS) is responsible for most se-
lective protein degradation in eukaryotic cells (Varshavsky, 2012). 
Ubiquitin is a small protein that can be covalently attached to other 
proteins in a process known as ubiquitylation. Ubiquitylation is cata-
lyzed by a cascade of three enzymes: ubiquitin-activating enzyme 
(E1), ubiquitin-conjugating enzyme (E2), and ubiquitin ligase (E3). 
All eukaryotes encode multiple E2s and many E3s, allowing a wide 

range of proteins to be specifically ubiquitylated under a variety of 
cellular conditions. E3s typically directly associate with substrate 
proteins and are the main source of specificity within the UPS.

Ubiquitin modifications occur most commonly on lysine side 
chains of substrates, though exceptions are known (Wang et al., 2009; 
Weber et al., 2016). Ubiquitin itself has seven lysine residues, and any 
of these lysines, as well as its N-terminal amino group, can be modi-
fied with additional ubiquitins, giving rise to polyubiquitin chains. 
While ubiquitylation of a protein can affect the modified protein in 
many ways, the prototypical fate of polyubiquitylated substrates is 
degradation by the proteasome (Inobe and Matouschek, 2014).

Among the most common substrates of the UPS are transcrip-
tion factors (Geng et al., 2012). We have long studied proteolysis of 
the yeast Saccharomyces cerevisiae transcription factor MATα2 
(α2), the first endogenous protein demonstrated to be a substrate 
of the UPS (Hochstrasser and Varshavsky, 1990; Hochstrasser et al., 
1991; Hickey, 2016). Yeast exist as one of three cell types: either of 
two haploid types (a or α), which can mate to generate the third 
type, and an a/α diploid (Haber, 2012). Yeast cell types are main-
tained by transcription factors that control genes involved in cell-
fate determination. These transcription factors are expressed from 
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Starting with an unbiased screen for residues of α2 that affect its 
Ubc4-dependent degradation, we have uncovered a major role for 
DNA binding in α2 degradation. Mutants of α2 with impaired DNA 
interaction are not further stabilized by loss of the Ubc4 pathway but 
are markedly stabilized by loss of the Doa10 pathway; this contrasts 
with wild-type (WT) α2, for which both pathways need to be inacti-
vated for robust protein stabilization. We propose that DNA binding 
by WT α2 constrains its localization or mobility within the nucleus, 
making it less susceptible to Doa10-mediated ubiquitylation at the 
inner nuclear membrane (INM) and more accessible to the chroma-
tin-associated Slx5/Slx8 enzyme. Therefore, the requirement for two 
distinct ubiquitylation pathways in α2 degradation appears to re-
flect the need to access the substrate in different subdomains of the 
nucleus.

RESULTS
Identification of α2 residues important for its degradation 
by the STUbL Slx5/Slx8
We have previously utilized reporter constructs fusing a degron to 
the Ura3 enzyme, allowing stability of the fusion protein to be esti-
mated by the rate of growth on media lacking uracil (Chen et al., 
1993; Hickey and Hochstrasser, 2015). A fusion protein encoding 
α2-Ura3-3HA, where 3HA denotes a C-terminal triple hemaggluti-
nin epitope tag, is targeted by the same two ubiquitylation path-
ways that target unmodified α2 (unpublished data) (Figure 1A). 
However, a variant of this fusion protein with two substitutions (I4T, 
L10S) in Deg1, which we call α2*-Ura3-3HA, was shown to be bi-
ased toward the Ubc4-Slx5/Slx8 pathway (Xie et al., 2010) (see 
Figure 1, B and C).

Using a LEU2-based plasmid expressing this fusion protein 
(Figure 1D), we performed a gap-repair screen for mutations that 
stabilize α2*-Ura3-3HA. Cotransformation of a gapped plasmid ex-
pressing this fusion with a PCR product spanning the deleted portion 
of the plasmid led to homologous recombination between the two 
DNA molecules. PCR was performed using the intrinsically error-
prone Taq polymerase and, in some cases, conditions to enhance its 
error rate (see Materials and Methods). If the transformed yeast grew 
well on media lacking uracil, which would occur if the mutated α2*-
Ura3-3HA protein was resistant to degradation, then we recovered 
the plasmid and sequenced the α2 open reading frame (ORF). Each 
unique plasmid was transformed back into yeast to confirm en-
hanced growth on synthetic defined (SD) uracil compared with yeast 
carrying the original plasmid expressing α2*-Ura3-3HA. Figure 1E 
shows a representative growth assay. It compares growth of WT 
yeast carrying either of two different variant plasmids from the screen 
to both WT and slx8Δ yeast bearing the unmutated input plasmid.

A total of 72 plasmids were sequenced, all of which encoded 
proteins with at least one amino acid substitution in the α2* portion 
of the fusion protein (Supplemental Table 1). Strikingly, all plasmids 
encoding proteins with only one substitution had that mutation 
within the homeodomain (Figure 1F, group I). Several plasmids en-
coded proteins with substitutions that were found singly but also 
included mutations not found singly (Figure 1F, group II). A third 
group of plasmids encoded proteins with multiple substitutions, 
none of which were found singly in the screen (Figure 1F, group III). 
The presence of mutations throughout the α2* gene in the collec-
tion of plasmids recovered from the screen, which also included si-
lent mutations, indicated that the mutagenesis by error-prone PCR 
was not limited to any region of the α2 ORF. However, some bias 
toward certain regions of the ORF cannot be ruled out. Supplemen-
tal Table 1 lists all nucleotide and amino acid changes for each se-
quenced plasmid.

the mating type (MAT) locus, which carries either a-type or α-type 
information. The MATα locus encodes two proteins: α2, which re-
presses seven specific a-specific genes, and α1, which promotes 
expression of several α-specific genes. Most wild haploid yeast can 
rapidly switch mating types in a process that involves replacing the 
information at the MAT locus with a DNA cassette encoding the 
opposite cell-type information from a silenced locus. While cells of 
α type that undergo gene conversion to a type at the MAT locus will 
no longer synthesize new α2, phenotypic switching is inhibited un-
less the existing α2 protein is degraded by the UPS (Laney and 
Hochstrasser, 2003).

Rapid degradation of α2 involves two distinct ubiquitylation 
pathways (Figure 1A) (Chen et al., 1993; Swanson et al., 2001; Xie 
et  al., 2010). One utilizes the Doa10 E3 operating with two E2s, 
Ubc6 and Ubc7; all three proteins are tightly associated with the 
endoplasmic reticulum (ER)/nuclear envelope (NE) (Swanson et al., 
2001). The other pathway is likely to involve more than one E3, but 
the main E3 is the heterodimeric Slx5/Slx8 working with the E2 Ubc4 
(Xie et al., 2010). Slx5/Slx8 is localized to the nucleus, and the Slx8 
subunit has been shown to bind DNA in a nonspecific manner (Yang 
et al., 2006; Cook et al., 2009).

Slx5/Slx8 has affinity for the small ubiquitin-like modifier (SUMO) 
protein, which can be conjugated to proteins in a process analogous 
to that for ubiquitin but involving enzymes specific for SUMO. Prior 
SUMO modification of proteins can stimulate their Slx5/Slx8-medi-
ated ubiquitylation (Uzunova et al., 2007; Xie et al., 2007). E3s from 
multiple organisms, including humans, have been characterized to 
have properties similar to Slx5/Slx8, and these E3s are collectively 
called SUMO-targeted ubiquitin ligases (STUbLs) (Sriramachandran 
and Dohmen, 2014). However, α2 is not detectably sumoylated in 
vivo, and its degradation does not require an active sumoylation 
pathway; moreover, Slx5/Slx8 can ubiquitylate α2 in vitro in the ab-
sence of SUMO (Xie et al., 2010). Thus, Slx5/Slx8 can act in a SUMO-
independent manner, an activity also observed for the Drosophila 
STUbL Degringolade (Abed et al., 2011).

Direct interaction of α2 with DNA is mediated through its home-
odomain (Figure 1B) (Hall and Johnson, 1987). The a-specific gene 
operators feature two α2 homeodomain-binding sites flanking 
binding sites for the protein Mcm1, and the two proteins bind coop-
eratively to this DNA motif (Vershon and Johnson, 1993). Interaction 
of α2 with Mcm1 is mediated through a mostly hydrophobic inter-
face involving a central linker domain of α2 (Mead et al., 1996).

The hydrophobic motif in the α2 linker also contributes to the 
Ubc4-dependent pathway of α2 degradation (Hickey and Hoch-
strasser, 2015). While the α2 linker domain is not sufficient to 
drive degradation in vivo, a fragment of α2 consisting of the linker 
and homeodomain is rapidly degraded. This fragment of α2 is 
referred to as Deg2 (Degradation signal-2 or Degron-2). A degron 
is defined here as a protein fragment that is sufficient for promot-
ing the degradation of proteins containing it (Hickey, 2016). We 
use the term “degradation element” to describe any region of a 
proteolytic substrate that is necessary for degron function. The 
first degron identified in α2  is called Deg1, an N-terminal frag-
ment of α2 that is targeted exclusively by the Doa10 pathway 
(Hochstrasser and Varshavsky, 1990; Swanson et  al., 2001). 
Though both the linker and homeodomain are required for a 
functional Deg2 in vivo, Slx5/Slx8 recognizes the homeodomain 
of α2 and not the linker in vitro (Hickey and Hochstrasser, 2015). 
Further experiments suggested that Arg-173 of the homeodo-
main is part of the surface recognized by Slx5/Slx8. However, the 
role of the homeodomain in α2 degradation has been only mini-
mally explored until now.
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structure of the α2 homeodomain bound to its site-specific DNA 
revealed the α2 residues directly involved in DNA interaction, 
most notably Arg-135, Ser-181, Asn-182, and Arg-185 (Figure 2A) 

All of the amino acid substitutions found singly in the screen—
and others that were not found singly—are predicted to disrupt 
DNA binding by the homeodomain. A published high-resolution 

FIGURE 1:  Screen for mutations in α2 that affect its STUbL-mediated degradation. (A) Schematic summarizing the 
ubiquitylation of α2. Deg1 and Deg2 are previously characterized degrons in α2. (B) Diagram of the domain 
organization of α2. The homeodomain is cartooned in more detail, with helices (H1, H2, and H3) shown as gray bars. 
Numbers indicate the amino acid boundaries of the different domains or helices. (C) Schematic depicting ubiquitylation 
of the α2*-Ura3-3HA protein, which contains I4T and L10S mutations in α2 (indicated by *) that were previously shown 
to bias its degradation to the Ubc4/Slx5/Slx8-pathway. (D) Diagram of the plasmid used in the screen to identify 
residues that stabilize α2*-URA3-3HA. The pJM130-α2*-URA3-3HA plasmid was cut with PstI and StuI and then 
transformed into yeast MHY501 along with DNA amplified by PCR from the same plasmid using primers cmh100 
(forward) and cmh105 (reverse). (E) Assay for growth on media lacking leucine or uracil following 10-fold serial dilution. 
Growth rate on media lacking uracil is dependent on the levels of the α2*-URA3-3HA fusion protein. Plasmids 
expressing the indicated version of α2*-URA3-3HA were transformed into either WT (BY4741) or slx8Δ (MHY4203) 
yeast, as indicated. (F) Mutations found in plasmids from the screen depicted in D. Mutations listed in group I are those 
with a single amino acid change. Mutants in group II are those in which an amino acid change found singly (listed in 
group I; underlined in group II) was accompanied by at least one other additional amino acid change. Mutants in group 
III had amino acid alterations that were not found singly.
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to disrupt the structure of the homeodomain, indirectly impairing 
its interaction with DNA. These mutations include likely helix 
breakers of helix 1 (L144P, E145G) and helix 3 (Q175P, W179G, 
V180G, S181P, R183G, R184G, R185G). In addition, mutation of 
residues buried within the core of the homeodomain (W147, F148, 
N151, I176, T169, L171, W179, V180) are predicted to disrupt 
packing of the helices involved in DNA recognition. Indeed, using 
an established assay of a-specific gene (asg) repression involving 
the Escherichia coli lacZ gene under control of an asg operator 
(Vershon et al., 1995; Hickey and Hochstrasser, 2015), each of the 
mutations tested disrupted the ability of α2 to repress transcrip-
tion (Figure 2B and unpublished data).

Noteworthy among the plasmids with multiple mutations in α2* 
are those encoding proteins with mutations at the Arg-173 position, 
which we previously showed is important for Slx5/Slx8-mediated 
ubiquitylation of α2 (Hickey and Hochstrasser, 2015). While no sub-
stitutions at Arg-173 were found singly in the screen, we subse-
quently showed that either α2*(R173L)-Ura3-3HA or α2*(R173W)-
Ura3-3HA yielded significantly enhanced yeast growth on SD-uracil 
compared with α2*-Ura3-3HA (Supplemental Figure 1A). Arg-173 is 
surface exposed but does not make direct contact with DNA (Wol-
berger et al., 1991). An R173A mutant is known to have normal DNA 
interaction but be impaired for interaction with the corepressor Ssn6 
(Smith and Johnson, 2000). Consistent with this, multiple substitu-
tions at Arg-173 partially reduced a-specific gene repression (Smith 
and Johnson, 2000) (Supplemental Figure 1B).

Since the growth assay on SD-uracil is only an indirect measure 
of protein stability, we employed radioactive pulse-chase assays 
to determine whether the mutated α2*-Ura3-3HA proteins were 
indeed more metabolically stable. For these analyses, we se-
lected variants with mutations in surface-exposed residues known 
to make direct contact with DNA over those likely to disrupt the 
homeodomain fold. We analyzed mutations in two distinct re-
gions of the homeodomain: the unstructured N-terminal arm, 
which contacts the DNA minor groove (R135Q), and helix 3 (also 
called the recognition helix), which contacts the major groove 
(K177E and N182D). All three mutations inhibited degradation of 
the α2*-Ura3-3HA protein (Figure 2C). Thus, mutating the DNA-
binding interface of an α2 derivative that is targeted for degrada-
tion through Deg2 and the STUbL pathway interferes with its 
turnover.

A previously characterized α2 DNA-binding mutant is 
strongly stabilized
We next determined whether mutants of otherwise-unaltered, full-
length α2 with reduced DNA interaction have altered degradation 
kinetics in cells. For this, we began with a set of α2 variants that were 
already characterized for their ability to bind DNA both in vivo and 
in vitro (Vershon et al., 1995). The α2(S181A, N182A, R185A) mutant 
(α2-3Ala), in which three residues within the recognition helix of the 
homeodomain (Figure 2A) are changed to alanines, had a strikingly 
slow degradation rate compared with WT α2 and other DNA bind-
ing mutants (Figure 3B). The three residues mutated in the α2-3Ala 
mutant make direct contact with DNA and mutation of each of these 
residues singly impairs DNA interaction (Wolberger et al., 1991; Ver-
shon et  al., 1995). However, alanine substitution for any of these 
three residues alone did not result in significant stabilization of α2 
(unpublished data and Supplemental Figure 4).

These results were surprising. On the one hand, the expected 
correlation between α2 DNA binding and degradation suggested 
from the screen in Figure 1 was not observed. On the other hand, 
α2-3Ala was remarkably stable for a protein that still contained an 

(Wolberger et al., 1991). Substitutions of these and other residues 
were later shown to impair interaction of α2 with DNA (Vershon 
et al., 1995). Examination of the structure of α2 bound to DNA also 
predicts that several of the mutations found in our screen are likely 

FIGURE 2:  Role for α2 DNA binding in the STUbL pathway of α2 
degradation. (A) Crystal structure of the α2 homeodomain (green) 
bound to operator DNA. Helices (H1, H2, H3) and select residues 
in α2 crucial for DNA interaction are indicated. PDB code: 1APL. 
Image rendered using Pymol, with expert assistance provided by 
Judith Ronau. (B) Assay for repression of a-specific gene transcription 
in MHY481 cells by α2 or the indicated variant, expressed from 
plasmid pJM130. Error bars represent SD (N = 3). (C) Radioactive 
pulse-chase analysis of α2*-URA3-3HA or the indicated variant, 
expressed from a p414MET25-based plasmid, in matα2Δ cells 
(MHY1147).
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intact Deg1 degron, unlike the still relatively rapid degradation of 
α2 bearing other Deg2 mutations.

We examined this unanticipated stabilization more closely by 
testing all possible two-residue mutant subsets of α2-3Ala. A dou-
ble substitution mutant of α2 in which Asn182 and Arg185 were 
mutated to alanine was as long lived as α2-3Ala (Figure 3C). By 
contrast, the other two possible double mutants were only margin-
ally more stable than WT α2. Notably, Asn182 is nearly invariant 
across homeodomains, always hydrogen bonding to an adenine 
base of DNA (Figure 2A) (Wolberger et al., 1991; Burglin and Af-
folter, 2016). Other residues in helix 3 are also involved in DNA bind-
ing. We tested whether mutation of Asn182 to alanine as part of 
other double alanine substitution mutants of helix 3 would give simi-
lar effects as the α2(N182A, R185A) mutant. This was not the case 
(Figure 3D). For instance, the α2(N182A, R184A) mutant, affecting 
two residues that are nearly invariant across homeodomains, had 
degradation kinetics identical to those of WT α2 (Figure 3D, open 
triangles). Thus, the drastic stabilization observed for the α2(N182A, 
R185A) mutant appears to be very specific, not being observed with 
any other tested DNA-binding mutants of α2.

Reduction of DNA binding generally does not impair 
α2 proteolysis
We next asked whether the nature of the mutations at the Asn182 
and Arg185 positions was important for the unusual stabilization of 
α2(N182A, R185A). Interestingly, multiple double-substitution mu-
tants of Asn182 and Arg185 involving residues other than alanine at 
one of the two positions had normal degradation kinetics (Figure 
4A). For example, α2(N182D, R185A), which includes the Asn-182-
to-Asp substitution found in our mutant screen using α2*-Ura3-3HA, 
was degraded similarly to WT α2. A general trend from the panel of 
double mutants tested was that Asn-182 must be mutated to a non-
polar residue (e.g., alanine, valine, or phenylalanine) for stabilization 
of α2 (Figure 4A). The residue at position 185 was important as well, 
but polar residues at this position yielded modestly stabilized pro-
teins (if position 182 was an alanine). Nonpolar residues at both po-
sitions led to very strong α2 stabilization.

We addressed the possibility that stabilization of α2 through re-
duction of DNA binding occurs only when such binding is very se-
verely impaired. We first tested the ability of different α2 DNA-bind-
ing mutants to repress a-specific genes. By this assay, the α2(N182D, 
R185A) mutant, which has a short half-life indistinguishable from 
that of WT α2, was even less functional than the highly stabilized 
α2(N182A, R185A) mutant (Figure 4B). This is at odds with the idea 
that α2 proteins with severely compromised DNA interaction would 
be stabilized.

The a-specific gene repression assay has two caveats: 1) it does 
not specifically measure α2-DNA interaction, and 2) α2 protein lev-
els may vary from one variant to another. This second caveat is a 
particular problem for our studies since α2(N182A, R185A) is very 
stable and therefore present at higher levels than other α2 variants 
in vivo (unpublished data). For these reasons, we developed an 
electrophoretic mobility shift assay (EMSA) using purified recombi-
nant proteins and fluorescently labeled DNA to directly measure 
α2-DNA interaction. In cells, α2-DNA interaction involves α2-α2 di-
merization via its N-terminus and cooperative DNA binding with the 
Mcm1 protein, with a-specific gene operators consisting of two 
Mcm1 binding sites flanked by two α2-binding sites. We assayed 
the direct α2 homeodomain–DNA interaction by using an α2 frag-
ment consisting of the α2 linker, homeodomain, and C-terminal 

FIGURE 3:  While most DNA binding mutants of otherwise WT α2 
are not stabilized, a specific double alanine mutant is very stable. 
(A) The amino acid sequence of the recognition helix (helix 3) within 
the α2 homeodomain is displayed. Underlined residues are those 
mutated to alanine in the α2(S181A, N182A, R185A) mutant. 
Residues that are conserved in nearly all homeodomains are marked 
with an asterisk. (B) Radioactive pulse-chase analysis of α2 or the 
indicated α2 variant, selected from a previously characterized panel 
of mutants (Vershon et al., 1995). Plasmids (pAV115-based) 
expressing the indicated α2 were transformed into matα2Δ cells 
(MHY2622). (C) Pulse-chase analysis of α2 or the indicated α2 
variant. Plasmids (pAV115-based) expressing the indicated α2 were 
transformed into matα2Δ cells (MHY2622). (D) Pulse-chase analysis 
of α2 or the indicated α2 variant. Plasmids (pRS314-based) 
expressing the indicated α2 were transformed into matα2Δ cells 
(MHY1147). Protein turnover experiments in this figure were 
performed only once; however, turnover for many of these α2 
variants was tested as part of other experiments (see subsequent 
figures and unpublished data). Slow turnover for the α2(S181A, 
N182A, R185A) and α2(N182A, R185A) variants was consistently 
observed in several experiments.
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protein bound DNA significantly less well 
than the α2103-210(N182A, R185A) protein 
(Figure 4C), congruent with its more severe 
gene repression defect in vivo (Figure 4B).

In our EMSAs, all variants except the 
α2103-210(N182D, R185A) protein caused 
the majority of the DNA to be to shifted at 
high protein concentrations (Figure 4C). In 
contrast, at low protein concentrations, only 
the WT α2103-210-6His protein resulted in a 
distinct band corresponding to a 1:1 interac-
tion between α2103-210-6His and DNA. The 
less mobile protein:DNA species observed 
at high protein concentrations, even with 
the WT protein, are presumably due to non-
sequence-specific interactions of multiple 
protein molecules with a single DNA mole-
cule (Vershon and Johnson, 1993). Since 
these super-shifted species are present us-
ing both the α2103-210(N182A, R185A) and 
α2103-210(R135A) proteins, it is unlikely that a 
nonsequence-specific DNA binding activity 
of α2 can explain the strong stabilization of 
the α2(N182A, R185A) protein. One possi-
bility is that the α2(N182A, R185A) protein, 
and not the WT or α2(R135A) protein, binds 
to an unidentified DNA sequence not pres-
ent in our EMSA assays but present in the 
yeast genome.

Given the unusual properties of 
α2(N182A, R185A) and related mutants, 
we hypothesized that these are gain-of-
function mutants, perhaps due to a DNA 
interaction that does not occur, or is less 
robust, with WT α2. Asn182 and Arg185 
are part of helix 3 of the homeodomain, 
and helix 3 can still form in the α2-3Ala mu-
tant (Vershon et al., 1995; Ke et al., 2002). 
Disrupting helix 3, by this model, would in-
terfere with the putative neomorphic DNA-
binding activity of α2(N182A, R185A) and 
may therefore at least partially restore its 
degradation in vivo. We added predicted 
helix-breaking mutations, each found in 
our screen for mutations in α2*-Ura3-3HA 
(Figure 1). Indeed, substituting Pro or Gly 
residues at Ser181 or Arg183, respectively, 
in the context of the α2(N182A, R185A) 
mutant restored degradation kinetics to 
WT α2 rates (Figure 5). Thus, it appears that 
the α2(N182A, R185A) mutant requires an 
intact DNA-recognition helix for a binding 
activity not exhibited by normal α2, which 
shields it from rapid degradation in cells.

We also considered the possibility that 
the α2(N182A, R185A) mutant would affect 
degradation and function of WT α2 in the 
same cell, perhaps by changing the local-

ization of the normal protein. However, this does not seem to be 
the case, as the presence of α2(N182A, R185A) did not affect the 
degradation rate of WT α2 or the ability of α2 to repress a-specific 
genes (Supplemental Figure 2).

tail and DNA containing a single α2-binding site (Figure 4C). While 
the α2103-210-6His protein bound DNA well, variants of this protein 
with mutations in key residues for DNA interaction all had reduced 
DNA binding. Importantly, however, the α2103-210(N182D, R185A) 

FIGURE 4:  Reduced DNA binding is not the sole cause of stabilization for the α2(N182A, 
R185A) mutant. (A) Degradation rates, reported as half-life, for the indicated α2 variant 
following pulse-chase analysis in matα2Δ cells (MHY1147) bearing plasmid pRS314-α2 or variant. 
Half-life ranges shown for α2-WT and the α2(N182A, R185A) mutant are from at least three 
replicates. All other half-life values are from a single degradation assay in which α2-WT was also 
tested and had a half-life of 4–6 min. Each α2 variant was tested at least twice with similar 
results. (B) Assay for repression of a-specific gene transcription in MHY481 cells by α2 or the 
indicated variant, selected from those characterized in degradation assays (A). Error bars denote 
SD (N = 3). *p = 0.025. No other α2 variant tested, besides α2(N182D, R185A), yielded 
statistically poorer repression than the α2(N182A, R185A) variant. (C) Representative EMSA data 
for the interaction of purified α2103-210-6His, or the indicated variants of this protein, with 
synthetic, Cy5-labeled DNA corresponding to regulatory sequence upstream of BAR1 (an 
a-specific gene). DNA used was a half operator (a single α2 binding site and single Mcm1 
binding site), and no Mcm1 protein was included in assays shown. Two previous experiments, 
using independent protein preparations, showed comparable DNA binding efficiencies for the 
different α2103-210-6His variants.
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N-terminal arm of the homeodomain were isolated in the α2*-URA3-
3HA stabilization screen (Figure 1F). By contrast, in the context of 
full-length and untagged α2, an R135A mutation allowed near-
normal degradation kinetics in WT yeast (Figure 3B). As was true of 
the recognition-helix mutant α2(N182D, R185A), degradation of 
α2(R135A) was drastically, and similarly, impaired in both ubc6Δ cells 
and ubc4Δ ubc6Δ cells (Figure 6C). WT α2 was only modestly stabi-
lized in ubc6Δ cells (Supplemental Figure 3), as expected.

DNA-binding mutants of α2 are largely Doa10 pathway 
substrates in vivo
Collectively, the data in Figures 3–5 argue that reduction of DNA 
binding by α2 generally does not impair its proteolysis. For ex-
ample, the α2(N182D, R185A) mutant had essentially no DNA-
binding activity in vitro and was nonfunctional as a transcriptional 
repressor in vivo (Figure 4, B and C), yet it displayed normal deg-
radation kinetics (Figure 4A). In apparent contradiction to this, 
our screen for stabilized α2*-URA3-3HA proteins identified nu-
merous DNA-binding mutations (Figure 1).

A hypothesis that might reconcile these findings would be that 
Deg2 targeting by the Ubc4-Slx5/Slx8 pathway, which is responsi-
ble for most α2*-URA3-3HA turnover, is strongly impaired by loss of 
substrate-DNA binding, whereas α2 targeting to the Doa10 path-
way is potentiated by loss of such binding. We say “potentiated” 
because simply blocking the Ubc4 pathway in cells where the 
Doa10 pathway is intact causes an approximately twofold drop in 
α2 degradation rate (Figure 6A) (Chen et al., 1993). WT α2 is only 
robustly stabilized when both pathways are disrupted. Strikingly, 
degradation of the α2(N182D, R185A) mutant was severely im-
paired in cells lacking only Ubc6 (one of the E2s for the Doa10 
pathway) and was not altered at all in cells lacking Ubc4 (Figure 6B). 
In fact, the degradation rate of α2(N182D, R185A) was as slow in 
the ubc6Δ single mutant as in cells lacking both Ubc6 and Ubc4 
(Figure 6B, triangles and diamonds). These epistasis data are con-
sistent with the hypothesis that loss of DNA binding had not only 
eliminated the ability of the Ubc4-Slx5/Slx8 pathway to target α2 
but also allowed the Doa10 pathway by itself to maintain WT rates 
of α2 degradation.

Further support for this conclusion arose from an analysis of a 
distinct set of α2 DNA-binding mutants. Several DNA binding-de-
fective mutations affecting Arg135 in the minor groove-contacting 

FIGURE 5:  Putative helix 3 helix breaker mutations destabilize 
the α2(N182A, R185A) mutant. (A) The amino acid sequence of the 
recognition helix (helix 3) within the α2 homeodomain is displayed. 
(B) Pulse-chase analysis of α2 or the indicated α2 variant. pRS314-
based plasmids expressing the indicated α2 were transformed into 
MHY1147 cells (matα2Δ). See Supplemental Figure 5 for additional 
data on the α2(N182A, R183G, R185A) allele. Turnover of the 
α2(S181P, N182A, R185A) allele was tested 3 times, with similar 
results. Turnover of the α2(N182A, R184G, R185A) allele was tested 
twice, with similar results.

FIGURE 6:  DNA binding mutants of α2 are largely substrates of the 
Doa10 pathway, not the Ubc4 pathway in vivo. Pulse-chase analysis 
of α2 or the indicated α2 variant, expressed from pRS314-α2 
plasmids, in the following strains, as indicated: matα2Δ (WT; 
MHY1147), matα2Δ ubc4Δ (MHY1149), matα2Δ ubc6Δ (MHY1148), or  
matα2Δ ubc4Δ ubc6Δ (MHY1131). See Supplemental Figure 3 and 
Figure 10 for additional data on degradation of the α2(R135A) and 
α2(N182D, R185A) proteins, respectively.
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DNA-binding mutants of an α2 homeodomain fragment 
partially mislocalize to the cytoplasm
The α2 protein has two reported nuclear localization signals (NLSs), 
one near its N-terminus and the other in the homeodomain (Hall 
et al., 1990). Consistent with these findings, a fusion of the α2 ho-
meodomain (residues 120–189 in our construct) to green fluores-
cent protein (GFP) was highly concentrated in the nucleus (Figure 
9A). However, whether the homeodomain has a true NLS is unclear. 
Based on deletion analyses, Hall et al. proposed that the homeodo-
main NLS consists of what is now known to be helix 1 of the home-
odomain (Hall et al., 1990; Wolberger et al., 1991). However, delet-
ing helix 1 is likely to disrupt the homeodomain fold; indeed, likely 
helix-breaking mutations within helix 1 were found in our mutagen-
esis screen (Figure 1). When we mutated surface-exposed, posi-
tively charged side chains (R142 and K150) within helix 1 to inacti-
vate the putative NLS, they caused little change in the localization of 
the homeodomain-GFP fusion protein (Figure 9A). We conclude 
that the helix 1 sequence of α2 is unlikely to contain a true NLS.

Instead, DNA binding by the α2 homeodomain may promote its 
retention in the nucleus. In support of this, DNA-binding mutants of 
the homoeodomain fusion protein showed significant mislocaliza-
tion to the cytoplasm, with the α2(N182D, R185A) mutant showing 
the greatest increase in cytoplasmic staining (Figure 9A). No GFP-
containing truncation products were detected for the mutants, and 
each was expressed at levels similar to those of the WT homeodo-
main fusion protein (Figure 9B). By contrast, because of the N-termi-
nal NLS, reductions in the ability of full-length α2 to bind DNA are 
not expected to have large effects on its nuclear localization. In-
deed, variants of full-length α2-GFP with DNA-binding mutations 
were still largely localized to the nucleus (Supplemental Figure 6 and 
unpublished data). Thus, full-length α2 that cannot bind to DNA is 
still transported into the nucleus where it is likely ubiquitylated by 
Doa10 at the INM (Deng and Hochstrasser, 2006).

Interplay of DNA binding and the three known degradation 
elements in α2
We previously characterized three distinct degradation elements in 
α2, summarized in Figure 10A (Johnson et  al., 1998; Hickey and 
Hochstrasser, 2015). The Deg1 degron bears hydrophobic residues 
in a predicted amphipathic helix that are crucial to Deg1 functional-
ity (Johnson et  al., 1998). For example, an F18S substitution in 
Deg1-URA3 leads to essentially full stabilization of the fusion pro-
tein. Although this amphipathic helix also functions as a degrada-
tion element in full-length α2, the F18S substitution has only very 
modest effects on its degradation (Johnson et al., 1998; Hickey and 
Hochstrasser, 2015). This element becomes much more important in 
α2 variants with a mutated Deg2 degron (Hickey and Hochstrasser, 
2015). Notably, if the F18S substitution was added to the α2(N182D, 
R185A) DNA binding-defective mutant, substantial stabilization of 
the resulting protein was also observed (Figure 10B). This is consis-
tent with full Deg2 functionality depending on DNA binding.

Although the α2(N182D, R185A) mutant is quite stable in cells 
lacking the Doa10 pathway, it still undergoes slow degradation me-
diated by a pathway(s) independent of Ubc4 and Ubc6 (Figure 6B). 
The Deg2 degron of α2 has two known degradation elements: a set 
of consecutive hydrophobic residues in the linker domain and the 
Arg-173 residue in the homeodomain (Figure 10A). We therefore 
tested whether these degradation elements still contribute to turn-
over of the α2(N182D, R185A) mutant. Indeed, addition of either a 
linker element mutation (LVFNVV to DKDNDD) or the R173E muta-
tion to α2(N182D, R185A) further stabilized the mutant protein 
in   cells also lacking the Doa10 pathway (Figure 10C). Hence, the 

FIGURE 7:  Slow degradation of the α2(N182A, R185A) mutant is 
facilitated by the Doa10 pathway. Pulse-chase analysis of α2(N182A, 
R185A), expressed from a pRS314-based plasmid in the following 
strains, as indicated: matα2Δ (WT; MHY1147), matα2Δ 
ubc4Δ (MHY1149), matα2Δ ubc6Δ (MHY1148), or  matα2Δ ubc4Δ 
ubc6Δ (MHY1131). Chase buffer had no cycloheximide in this 
experiment. Open symbols connected by dashed lines represent 
degradation of WT α2 (a portion of the same data shown in Figure 
6A) for comparison.

In contrast to α2(N182D, R185A), the α2(N182A, R185A) mu-
tant was very stable in WT cells; nevertheless, it did still undergo 
slow turnover (Figures 3 and 4). We therefore tested whether this 
residual degradation was dependent on one or both of the path-
ways that normally target α2 for destruction. As with the more 
typical, unstable DNA-binding mutants, the slowly degraded 
α2(N182A, R185A) mutant was targeted mainly by the Ubc6-
Ubc7-Doa10 pathway and not the Ubc4-Slx5/Slx8 pathway (Figure 
7). Since the single-residue mutants α2(N182A) and α2(R185A) 
have significant DNA-binding defects on their own (Vershon et al., 
1995), we tested degradation of these mutants in the different 
deletion strains. Again, the DNA binding-defective α2 variants 
were targeted by the Doa10 pathway and not the Ubc4 pathway 
(Supplemental Figure 4). However, the rate of degradation for the 
α2(N185A) mutant in ubc6Δ and ubc4Δ ubc6Δ cells suggests that 
additional, unidentified pathways contribute weakly to its degra-
dation. This was also the case with the α2(N182A, R183G, R185A) 
mutant, in which an alternative recognition helix (due to two ala-
nine substitutions) is likely disrupted by a glycine substitution 
(Supplemental Figure 5).

Recognition of α2 DNA-binding mutants by Slx5/Slx8 
in vitro
Using an in vitro ubiquitylation assay with different fragments of α2, 
we previously showed that Slx5/Slx8 mainly recognizes the home-
odomain of α2 (Hickey and Hochstrasser, 2015). Thus, mutations in 
the DNA-binding interface may directly or indirectly affect α2 bind-
ing by Slx5/Slx8. Indeed, the Arg-173 residue, which was previously 
suggested to be part of the Slx5/Slx8:α2 interface, is very close to 
the residues that make direct contact with DNA. Based on the same 
in vitro assay used in our previous work, two distinct DNA binding 
mutants of the α2103-210-6His protein showed only modestly reduced 
ubiquitylation compared with the WT α2 fragment (Figure 8). Thus, it 
is unlikely that decreased interaction between Slx5/Slx8 and α2 can 
explain the nearly complete loss of degradation dependence on the 
Ubc4-Slx5/Slx8 pathway in α2 DNA-binding mutants (Figure 6).
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Several other UPS substrates are also tar-
geted by more than one ubiquitylation 
mechanism (Huyer et al., 2004; Nixon et al., 
2010; Hammond-Martel et al., 2012; Cheng 
et  al., 2017). Furthermore, numerous UPS 
substrates for which a single E3 has been 
identified are not fully stabilized by inactiva-
tion of that E3. Thus, the involvement of 
multiple ubiquitylation pathways in the deg-
radation of a single UPS substrate may be 
more common than not.

Sequence-specific transcription factors 
are often extremely short-lived, and some 
are known to be targeted by a surprisingly 
large number of ubiquitylation pathways. 
For example, in mammalian cells, p53 and 
Myc were reported to be targeted by at 
least 12 and six different ubiquitin ligases, 
respectively (Hammond-Martel et al., 2012; 
Gonzalez-Prieto et al., 2015). These two UPS 
substrates might represent extreme exam-
ples of multiplex ubiquitin-mediated regula-
tion or might simply be more fully studied 
because of their central roles in cancer. In 
the current work, we investigated several 
mutants of yeast α2 to reveal that α2 degra-
dation by the Ubc4 pathway is dependent 
on the ability of α2 to interact with DNA 
(Table 1). In the absence of DNA binding 
and Ubc4 pathway recognition, α2 is effi-
ciently targeted to the Doa10 pathway. 
These results are consistent with the fact 
that inactivation of the Doa10 pathway is 
sufficient to strongly stabilize proteins bear-
ing just the Deg1 degron of α2, which does 
not include any DNA-interaction elements 
(Swanson et al., 2001). Thus, one rationale 
for cellular utilization of multiple ubiquity-
lation pathways is to allow the cell to target 
distinct subcellular pools of a given protein.

In addition to regulating transcription, 
Slx5/Slx8 plays multiple roles in genome in-
tegrity (Mullen et  al., 2001; Zhang et  al., 
2006; Burgess et  al., 2007; van de Pasch 
et  al., 2013). Both subunits localize to the 
nucleus (Cook et  al., 2009). Purified Slx5/
Slx8 has weak, nonspecific DNA binding 
activity, mainly through the Slx8 subunit 
(Yang et al., 2006). Chromatin association of 
Slx5/Slx8 is likely also mediated by interac-
tion with other chromatin-bound proteins, in 
some cases in a SUMO-dependent manner. 
Like Slx5/Slx8, the human STUbL RNF4 

plays numerous roles in genome stability and transcription (Kaiser 
et al., 2003; Galanty et al., 2012; Yin et al., 2012; Hirota et al., 2014; 
Wang, 2014; Gonzalez-Prieto et al., 2015), and it also directly inter-
acts with DNA. DNA binding is proposed to contribute to the overall 
avidity of RNF4 for its chromatin-binding sites, a model supported 
by the observation that an RNF4 DNA-binding mutant exhibits re-
duced ubiquitylation of nucleosomal histones (Groocock et  al., 
2014). Therefore, these STUbLs mainly function in chromatin-associ-
ated ubiquitylation. By apparently ubiquitylating the DNA-bound 

residual Ubc4- and Ubc6-independent degradation of an α2 variant 
that cannot bind operator DNA also depends on the established 
degradation elements in Deg2.

DISCUSSION
It has long been known that the transcriptional repressor α2 is tar-
geted by at least two ubiquitylation pathways, but the physiological 
rationale for the involvement of multiple pathways has remained 
unclear (Chen et  al., 1993; Rubenstein and Hochstrasser, 2010). 

FIGURE 8:  DNA-binding mutants of a C-terminal α2 fragment are only slightly defective for 
ubiquitylation by Slx5/Slx8 in vitro. Slx5/Slx8-dependent in vitro ubiquitylation of α2103-210-6His 
or the indicated variant. Reactions contained a final concentration of 100 mM NaCl and the 
indicated concentration of Slx5/Slx8. Reactions were incubated at 30°C for 40 min and stopped 
by the addition of SDS–PAGE sample buffer followed by heating at 100°C for 6 min. Proteins 
were separated on a 14% Tris-glycine gel and immunoblotted using anti-α2.
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pool of α2, Slx5/Slx8 conforms well to this 
model (Figures 1 and 6).

DNA binding restricts the mobility of tran-
scription factors in yeast and other species 
(Karpova et  al., 2004; Kumar et  al., 2010). 
Since chromatin is distributed throughout 
the nucleoplasm with limited dynamics, we 
predict that α2 variants that cannot bind 
DNA are more mobile than α2 and therefore 
more likely to encounter Doa10 at the nu-
clear periphery. Our data indicate that differ-
ent DNA-binding mutants of full-length α2 
remain primarily in the nucleus (Supplemen-
tal Figure 6 and unpublished data), consis-
tent with the presence of an NLS near the 
N-terminus of α2 (Hall et al., 1990). In con-
trast, GFP fusions of only the α2 homeodo-
main bearing the same mutations in its DNA-
binding surface mislocalize significantly to 
the cytoplasm (Figure 9).

Our ubiquitylation data with purified 
components suggest that mutations in the 
α2 homeodomain also decrease its direct 
recognition by Slx5/Slx8 (Figure 8) (Hickey 
and Hochstrasser, 2015). However, these 
reductions are unlikely to fully explain the 
drastic changes in pathway dependence 
for α2 degradation in vivo. We propose 
that the α2 DNA-binding mutants become 
primarily Doa10 pathway substrates for two 
reasons: 1) they are recognized less well by 
Slx5/Slx8, and 2) they spend more time at 
the nuclear periphery due to reduced chro-
matin association.

Like the homeodomain mutants investi-
gated in the current study, a multi-residue 
linker domain mutant of α2 is mainly a sub-
strate of the Doa10 pathway and not the 
Ubc4 pathway (Hickey and Hochstrasser, 
2015). However, deletion of MCM1, which 
would also be expected to reduce α2 inter-
action with DNA upstream of a-specific 
genes, did not slow α2 degradation in cells 
also lacking the Doa10 pathway. We have 
proposed that lack of Mcm1 binding to a 
WT linker domain exposes a mostly hydro-
phobic degradation element that is recog-
nized by a component of the UPS (Hickey, 
2016). Given that the Ubc4-Slx5/Slx8 path-
way mainly operates on chromatin-associ-
ated α2 (Figures 1, 2, and 6), α2 may be 

FIGURE 9:  Mutants of the α2 homeodomain with reduced DNA interaction have increased 
localization to the cytoplasm. (A) Representative images showing the subcellular localization of 
the α2 homeodomain fused to GFP and the indicated mutants of this construct. RFP-Pus1, 
expressed from a pRS313-NOP1promoter plasmid, served as a nuclear marker. Scale bar = 
10 microns. Two previous experiments, using independent yeast transformants but not including 
the RFP-Pus1 nuclear marker, showed similar localizations for each α2 homeodomain variant. 
(B) Immunoblot analysis of protein levels for the strains used in A. WT α2(120-189)-GFP was 

expressed from a p415GPD plasmid, whereas 
all other GFP fusions were expressed from 
p415MET25 plasmids. One-half the amount 
of total cell extract (by cell mass) was loaded 
for the “GFP only” sample compared with all 
other samples. GFP-fusions were detected 
using the JL-8 monoclonal antibody 
(Clontech). Antibody to glucose-6-phosphate 
dehydrogenase (G-6-PDH; Sigma) was used 
as a loading control.
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bound to DNA. Conversely, the Doa10 
complex also targets many misfolded pro-
tein substrates, particularly those with ex-
posed amphipathic helices and Deg1 in α2 
is predicted to have such a helix (Johnson 
et al., 1998; Zattas and Hochstrasser, 2015). 
Deg1/α2 might also have direct affinity for 
membranes, perhaps via its amphipathic 
helix. This quality control role might over-
whelm Doa10 under certain conditions, ne-
cessitating alternative means of targeting 
α2. Thus, distinct α2 ubiquitylation mecha-
nisms could not only provide a way to ac-
cess α2 in different nuclear subcompart-
ments but may also help cells adapt to 
changes in either internal or external condi-
tions. Altering the balance of ubiquitylation 
to one pathway or the other would ensure 
an efficient switch in mating phenotype.

The α2-3Ala and α2(N182A, R185A) 
proteins and other α2 variants with nonpo-
lar side chains at positions Asn-182 and 
Arg-185 are far more stable than WT α2 
(Figure 4A). While these mutants are clearly 
defective in binding a-specific gene opera-
tor DNA, our work reveals many other ex-
amples of α2 variants with DNA-binding 
defects in some cases even more severe 
that display normal degradation kinetics in 
WT cells (Figures 3 and 4). Therefore, the 
very stable DNA-binding mutants of α2 
such as α2(N182A, R185A) cannot be stabi-
lized solely because of their inability to bind 
a-specific operator DNA.

The rapidly degraded α2 DNA binding-
defective mutants are very effectively tar-
geted by the Doa10 pathway (Figure 6), 
which is expected given that the Deg1 de-
gron remains active. However, mutants 
such as α2(N182A, R185A) also have an in-
tact Deg1 and are still targeted by the 
Doa10 pathway, albeit inefficiently (Figure 
7), yet they are unusually stable. For these 
reasons, we believe that these particular α2 
DNA-binding mutants gain an interaction 
that does not occur, or occurs less effi-
ciently, with WT α2, making them less ac-
cessible to the Doa10 machinery. Consis-

tent with this gain-of-function hypothesis, the inclusion of residues 
that are expected to break the presumed third helix of the home-
odomain in the α2(N182A, R185A) protein restored normal degra-
dation kinetics (Figure 5). Conceivably, α2(N182A, R185A) and simi-
larly hyperstabilized variants could preferentially localize to a 
subdomain of the nucleus or sites on DNA that are less accessible to 
the INM-localized Doa10 complex.

In an interesting potential parallel, the transcription factor p53 is 
often found mutated to gain-of-function forms in human tumors 
(Oren and Rotter, 2010). The majority of such p53 mutations are 
within its DNA-binding domain, and some of the p53 gain-of-func-
tion variants are known to bind to alternative DNA sites. Though not 
completely understood, most p53 gain-of-function mutants are 
stable proteins, whereas WT p53 is very short lived. Our studies 

targeted by pathways other than the Doa10 or Ubc4 pathways in 
the absence of Mcm1. Deg2 fusions, which depend on a WT linker 
domain, are targeted by the Slx5/Slx8 pathway and another E3 
(Hickey and Hochstrasser, unpublished data).

For efficient α-to-a mating-type switching, preexisting α2 
must be rapidly inactivated by the ubiquitin system (Laney and 
Hochstrasser, 2003). Most α2 is DNA bound (Wilcox and Laney, 
2009). Here we have shown that DNA binding by α2 in cells specifi-
cally limits its access to Doa10 but at the same time is necessary for 
it to be an efficient substrate for the Slx5/Slx8 pathway. Potentially, 
a reduction of α2-DNA binding, such as by its posttranslational 
modification or a global change in chromatin structure, as occurs 
during mitosis, could reduce α2 targeting to the Slx5/Slx8 pathway, 
requiring a ubiquitylation pathway that operates on α2 when it is not 

FIGURE 10:  The three degradation elements present in α2 remain important for degradation of 
an α2 DNA binding mutant. (A) Schematic showing the three previously characterized 
degradation elements of α2. (B) Pulse-chase analysis for the indicated α2 variant, expressed 
from pRS314-α2 plasmids, in matα2Δ (MHY1147) cells. Error bars depict SDs (N = 3). 
(C) Pulse-chase analysis for the indicated α2 variant, expressed from pRS314-α2 plasmids, in 
matα2Δ  ubc6Δ (MHY1148) cells. Error bars depict SDs (N = 3). Both graphs show the same data 
for α2(N182D, R185A). *p < 0.05 by t test using percent α2 remaining at a single timepoint.
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and p415MET25-α2(120-189)-URA3-3HA plasmids, respectively, 
thereby replacing the URA3-3HA cassette with GFP (Longtine et al., 
1998; Hickey and Hochstrasser, 2015). A plasmid expressing only 
GFP was similarly constructed from p415MET25-URA3-3HA, which 
lacks α2 sequences (Hickey and Hochstrasser, 2015). For expression 
of WT α2(120-189)-GFP, the MET25 promoter in p415MET25-
α2(120-189)-GFP was replaced by the GPD (TDH3) promoter via 
subcloning (Mumberg et al., 1995). Plasmid pRS313-RFP-PUS1 was 
a generous gift from Symeon Siniossoglou (Han et al., 2007).

Yeast growth
Yeast were grown in YPD (1% yeast extract, 2% peptone, and 2% dex-
trose; all from BD Difco), a minimal rich media, or a SD media. SD 
media contained 0.67% yeast nitrogen base without amino acids (BD 
Difco), 2% dextrose, 0.002% adenine (Sigma), 0.004% uracil (Sigma), 
and the amino acids (all from Sigma) arginine (4 mg/l), histidine 
(2 mg/l), isoleucine (12 mg/l), leucine (12 mg/l), lysine (8 mg/l), methio-
nine (2 mg/l), phenylalanine (12 mg/l), threonine (10 mg/l), and trypto-
phan (8 mg/l). Minimal rich media was SD plus 0.5% casamino acids 
(BD Difco). To select for plasmid maintenance, SD or minimal rich me-
dia lacking one or more of the amino acids and/or uracil was used.

Yeast protein degradation assays
For radioactive pulse-chase experiments, 10 OD600-ml equivalents 
of yeast cells were grown in SD or minimal rich media to logarithmic 
phase. Cells were harvested by centrifugation in a 15-ml capacity 
tube and washed twice with 1 ml of SD media lacking all amino ac-
ids that had been warmed to 30°C; the culture was transferred to a 
2-ml screw-cap microcentrifuge tube during the first wash. Washed 
cells were then resuspended in 0.2 ml SD media lacking the amino 
acid methionine. A volume of EXPRE35S35S protein labeling mix 
(Perkin Elmer; NEG072007MC) yielding ∼0.1 mCi of 35S was then 
added, and cells were vortexed for 10 s and then incubated at 30°C 
for 6–10 min. Labeled cells were harvested by centrifugation and 

indicate such interlinked changes in DNA-binding specificity and 
protein stability are likely to be widespread among mutated tran-
scription factors, including cases where the changes together in-
duce alterations in cell division and growth.

MATERIALS AND METHODS
Strains and plasmids
All yeast strains used in this study have been described previously 
and are listed in Supplemental Table 2. Construction of the pJM130-
α2*-Ura3-3HA plasmid (α2* carries the Deg1-inhibiting I4T and 
L10S mutations) was previously described (Xie et al., 2010). Plas-
mids pJM130 and pAV115, and selected variants of these plasmids 
expressing mutants of α2, were a generous gift from Andrew Ver-
shon (Vershon et  al., 1995; Mead et  al., 1996). To make plasmid 
p414MET25-α2*-Ura3-3HA and variants thereof, DNA fragments 
comprising the α2* ORF and most of the URA3 ORF were PCR am-
plified from pJM130-α2*-Ura3-3HA plasmids using primers cmh675 
(5′- GCGCACTAGTATGAATAAAACACCCATTAAAGATC-3′), which 
includes a SpeI site, and cmh105 (5′-GCTGGCCGCATCTTCTCA
AATATGCTTCCCAGCCTGCTTTTCTG-3′). The PCR products were 
digested with SpeI and NcoI (which cuts near the beginning of the 
URA3 ORF) and cloned into plasmid p414MET25-α2(103-189)-
URA3-3HA that had been digested with NcoI and SpeI, which cuts 
just after the MET25 promoter (Hickey and Hochstrasser, 2015).

Plasmids pRS314-α2, p416-α2promoter-α2-FLAG-6His, pET21a-
α2(103-210)-6His and selected variants of these plasmids were 
described previously (Hickey and Hochstrasser, 2015). Additional 
mutated versions of pAV115, pJM130, pRS314-α2, or pET21a-
α2(103-210)-6His were made by subcloning from mutant pJM130-
α2*-Ura3-3HA plasmids or by site-directed mutagenesis (Zheng 
et al., 2004). Plasmids expressing α2-GFP or α2(120-189)-GFP were 
constructed by amplification of the GFP ORF from pFA6a-GFP(S65T)-
kanMX6 and cloning this DNA fragment between the HindIII and 
XhoI sites of the previously described p415MET25-α2-URA3-3HA 

MATα2 variant Protein properties Degradation properties

WT •	 Binds specifically to asg DNA •	 Rapid
•	 Targeted by two pathways: Doa10 and Ubc4

N182D, R185A •	 Impaired binding to asg DNA
•	 Recognition helix is mutated

•	 Rapid
•	 Targeted mainly by the Doa10 pathway
•	 Unaffected by loss of Ubc4 pathway

R135A •	 Impaired binding to asg DNA
•	 Recognition helix is not mutated

•	 Rapid
•	 Targeted mainly by the Doa10 pathway
•	 Unaffected by loss of Ubc4 pathway

N182A, R185A •	 Impaired binding to asg DNA
•	 An alternative recognition helix likely leads to gain-

of-function

•	 Slow
•	 Residual degradation by the Doa10 pathway
•	 Unaffected by loss of Ubc4 pathway

N182A, R183G, R185A •	 Impaired binding to asg DNA
•	 The alternative, gain-of-function recognition helix is 

likely to be disrupted

•	 Rapid
•	 Targeted mainly by the Doa10 pathway
•	 Mostly unaffected by loss of Ubc4 pathway

N182A •	 Impaired binding to asg DNA
•	 Single substitution in recognition helix

•	 Rapid
•	 Targeted mainly by the Doa10 pathway
•	 Mostly unaffected by loss of Ubc4 pathway

R185A •	 Impaired binding to asg DNA
•	 Single substitution in recognition helix

•	 Rapid
•	 Targeted mainly by the Doa10 pathway
•	 Mostly unaffected by loss of Ubc4 pathway

TABLE 1:  Summary of the main MATα2 variants investigated in this study.
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divided evenly in 20 PCR tubes before thermal cycling. After thermal 
cycling, all 0.4 ml was applied to a PCR purification column and pro-
cessed according to the manufacturer’s protocol (Qiagen). The entire 
eluate was digested with HindIII in NEB2.1 at 37°C for 1 h (to digest 
any template plasmid) and then incubated at 80°C for 20 min to in-
activate HindIII before use in yeast transformation reactions.

Yeast transformations used the lithium acetate method (Gietz 
and Woods, 2002). Logarithmically growing (in YPD) yeast strain 
MHY501 (50 ml) was washed in 5 ml of 0.1 M lithium acetate, re-
suspended in 0.25 ml of 0.1 M lithium acetate, and divided among 
five microfuge tubes. Linearized plasmid and PCR product de-
scribed above were added as appropriate. Approximately 10-fold 
more colonies emerged on SD-leucine plates from transforma-
tions that included both the linearized plasmid and the PCR prod-
uct compared with those that only included the linearized plasmid. 
Colonies that emerged on SD-leucine were replica plated to 
SD-uracil agar plates. Rapidly growing ura+ colonies (2–3 d at 30°C) 
were observed only if the PCR product was included in the transfor-
mation step. These colonies were picked and grown to saturation in 
selective liquid medium. Cells were pelleted by centrifugation and 
lysed using glass beads (Sigma G8772) in a FastPrep (MP Biomedi-
cals), and total DNA was isolated. Plasmids were recovered by elec-
trotransformation (Gene Pulser; BioRad) of this DNA into E. coli, 
with selection on lysogeny broth plates supplemented with ampicil-
lin. The screen was repeated three times, with the first PCR using 
standard buffer and the second and third PCRs using “error-prone” 
buffer. Many of the stabilizing mutations were found in more than 
one replicate of the screen, and the K177E mutation was found in 
all three replicates; see Supplemental Table 1 for more details.

Electrophoretic mobility shift assays
All EMSA experiments used the α2103-210-6His protein or variants 
with the indicated amino acid substitutions, the purification of which 
has been described (Hickey and Hochstrasser, 2015). An oligonucle-
otide with the sequence 5′-GCTGAAACATGGCATGTAATTACCG-
TAAAAGG-3′ and its reverse complement were synthesized and 
modified at their 5′ ends with Cy5 by Integrated DNA Technologies. 
The two oligonucleotides were resuspended in annealing buffer 
(50 mM Tris-Cl, pH 8, 50 mM NaCl, 1 mM EDTA) and annealed by 
incubation in a thermal cycler: 94° for 4 min, 1 min at each tempera-
ture descending to 55°C, 30 min at 55°C, and 1 min at each tem-
perature descending to 25°C. Annealing was verified by electropho-
retic mobility shift compared with nonannealed oligonucleotides on 
a 9% native-PAGE gel (90 mM Tris-borate, 2.5% sucrose, 9% acryl-
amide 0.31% bis-acrylamide, polymerized with ammonium persul-
fate and tetramethylethylenediamine) with 90 mM Tris-borate as run-
ning buffer. This duplex DNA includes one α2 binding site and one 
Mcm1 binding site from the regulatory region upstream of the BAR1 
gene. To perform EMSA assays, the indicated α2103-210-6His protein 
was mixed with 5 nM DNA in EMSA buffer (20 mM HEPES, pH 8, 
5 mM MgCl2, 2.5% sucrose, 0.001% Triton X-100, 2 mM DTT) and 
incubated at 21°C for 1.5 h. Sheared salmon sperm DNA (Worthing-
ton, 1440), which was annealed prior to use, was added at 10 mg/l 
as a nonspecific DNA. Samples were loaded on a 9 or 10% native-
PAGE gel (see above) and run for 45 min at 100 V. Gels were imaged 
wet on a STORM 860 imager (GE) using the red fluorescence mode.

Microscopy
MHY501 or MHY503 cells were transformed with low-copy plasmids 
expressing fluorescent proteins. WT α2(120-189)-GFP expressed 
from the MET25 promoter was slightly less abundant than variants 
of this protein expressed from the same promoter (unpublished 

resuspended in 0.45 ml of chase buffer (SD media plus 10 mM ex-
cess methionine) with 0.5 mg/ml cycloheximide (except where 
noted in figure legends). A 0.1-ml aliquot was immediately taken as 
timepoint zero, added to 0.1 ml of 2× lysis buffer (90 mM HEPES, 
pH 7.5, 2% SDS, 30 mM dithiothreitol [DTT]), and placed on ice until 
the end of the chase. Subsequent timepoints were collected in the 
same manner. At the end of the chase, all samples were boiled for 
8 min and then frozen at -80°C. Samples were thawed, 1 ml of Triton 
lysis buffer (50 mM HEPES, pH 7.5, 150 mM NaCl, 5 mM EDTA, 1% 
Triton X-100) was added, and the tubes were vortexed for 20 s. 
Samples were clarified by centrifugation at 21,130 × g (Eppendorf 
5424) for 10 min, and the supernatant was transferred to fresh mi-
crocentrifuge tubes. Aliquots of each sample were spotted on filter 
paper to quantify trichloroacetic acid–precipitable radioactivity, and 
these values were used to add equivalent amounts of total radioac-
tive protein to fresh microcentrifuge tubes. Polyclonal rabbit anti-
body to MATalpha2 or monoclonal mouse antibody to the HA epi-
tope (Sigma) was added and samples were incubated at 4°C for 2 h 
with mixing. Samples were then mixed with Protein A resin (for rab-
bit antibodies; Repligen) or Protein G resin (for mouse antibodies; 
Santa Cruz) and incubated at 4°C for 1 h with mixing. Samples were 
washed four to five times with immunoprecipitation wash buffer 
(30 mM HEPES, pH 7.5, 150 mM NaCl, 5 mM EDTA, 0.2% Triton 
X-100, 0.1% SDS) before proteins were eluted by adding 0.06 ml 
SDS–PAGE sample buffer (50 mM Tris, pH 6.8, 10% glycerol, 2% 
SDS, 143 mM β-mercaptoethanol, and bromophenol blue to color) 
and boiling for 5 min. Samples (approximately one-half of each elu-
ate) were subjected to SDS–PAGE, gels were fixed and dried, and 
the dried gels were exposed to a phosphoimager screen for 1–3 d. 
Screens were imaged on a STORM860 (GE, Marlborough, MA), and 
data were analyzed using ImageQuant 5.2 software (GE).

Cycloheximide-chase experiments were carried out as previ-
ously described (Hickey and Hochstrasser, 2015). Independent 
yeast transformants were used for replication of all protein degra-
dation experiments.

Other biochemical methods
The a-specific gene repression assay was performed as reported 
(Hickey and Hochstrasser, 2015), except that the temperature was 
21°C (instead of 30°C) for the experiments in Figure 2B. Indepen-
dent yeast transformants were used for replication of all a-specific 
gene repression experiments. In vitro ubiquitylation assays with pu-
rified proteins were carried out as previously described (Hickey and 
Hochstrasser, 2015).

Generation and screening of mutated plasmids by 
error-prone PCR and gap repair
Approximately 1 μg of pJM130-α2*-Ura3-3HA plasmid DNA was in-
cubated with restriction enzymes PstI and StuI (New England Biolabs) 
in buffer NEB3.1 for 3 h at 37°C. The reaction was then incubated at 
80°C for 20 min to inactivate the restriction enzymes. The linearized 
DNA (5% of the above digestion reaction) was used to transform WT 
yeast MHY501, with or without a PCR product amplified from 
pJM130-α2*-Ura3-3HA. Amplification was catalyzed by Taq poly-
merase using forward primer cmh100 (5′-GATTGAAATCAGCT-
TAGAAGTGGGCA-AGAAAAAAAGGAAGATAAGC-3′) and reverse 
primer cmh105 (see above), which anneal in the α2 promoter and 
URA3 ORF, respectively (Figure 1D). PCRs used either standard buf-
fer (20 mM Tris, pH 8.5, 50 mM KCl, 1.5 mM MgCl2, 0.2 mM dNTPs; 
PCR1) or an error-prone buffer (20 mM Tris, pH 8.5, 50 mM KCl, 
7.5 mM MgCl2, 0.2 mM dGTPs and dATP, 1 mM dTTP and dCTP; 
PCRs 2 and 3). The total volume for each PCR was 0.4 ml, which was 
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data). Therefore, WT α2(120-189)-GFP was expressed from the GPD 
promoter for the data shown. Cells were grown in synthetic-defined 
media to logarithmic-phase, spotted on glass slides, and covered 
with glass coverslips. All images were obtained using an Axioskop 
epifluorescence microscope (Carl Zeiss, Thornwood, NY) with a 
100× oil objective (1.4 NA), an AxioCam MRm camera (Carl Zeiss), 
and AxioVision software. Fluorescent images were captured using 
autoexposure. Images were cropped and intensity levels were ad-
justed using Photoshop (Adobe).
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