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ACTIVATION OF THE PLEIOTROPIC DRUG RESISTANCE REGULON BY THE

MOLECULAR CHAPERONES SSZ1 AND ZUO1

Jeanette K. Ducett
Under the supervision of Professor Elizabeth A. Craig

At the University of Wisconsin-Madison

Ribosome-associated molecular chaperones are conserved throughout evolution and
have a well-established role in the folding of nascent polypeptides. Yet, the role of these
chaperones in extra-ribosomal cellular signaling events is only beginning to be appreciated. In
Saccharomyces cerevisiae, the J-protein Zuol and the Hsp70-like protein Ssz1 form a stable
heterodimer that associates with translating ribosomes and functions in the folding of newly
synthesized polypeptides. In addition to this role in protein folding, Ssz1 and Zuol have a
distinct function in cellular signaling as the N-terminus of Ssz1 or the C-terminus of Zuol can
independently upregulate genes belonging to the pleiotropic drug resistance (PDR) regulon. In
the work presented in this thesis, I aimed to uncover the molecular mechanism Ssz1 and Zuol
use to activate the PDR regulon as well as to understand the physiological basis of this
regulation.

Activation of the PDR regulon by Ssz1 or Zuol has previously been shown to render
cells resistant to high concentrations of drugs, a phenotype conferred by the upregulation of
plasma membrane transporters that facilitate the export of xenobiotics from the cell. Results

presented in this thesis are consistent with a model in which Ssz1 and Zuol activate the PDR
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regulon directly by interacting with Pdr1, the primary nuclear transcription factor controlling
this regulon. This activation appears to be highly specific, as genome-wide expression analysis
indicates that the PDR regulon is the major target of regulation by either of these proteins.
Activation of Pdrl by Sszl or Zuol also results in the premature growth arrest of cells at the
diauxic shift, while cells lacking these proteins arrest at a higher density than wild-type cells.
These results support a model in which Ssz1 and Zuol are involved in the regulation of cellular
growth via activation of Pdr1-dependent transcription, perhaps by increasing the export of
quorum sensing molecules extruded by upregulated plasma membrane transporters.

Previous research indicated that the last 69 residues of Zuol were competent to activate
the PDR regulon, though this activity was not observed with full-length protein. In this work, I
identified a 13-residue peptide at the extreme C-terminus of Zuol that is both necessary and
sufficient to activate Pdrl-dependent transcription. Structural analysis of the C-terminus revealed
that these critical residues are contained within an autoinhibitory four-helix bundle. Key
hydrophobic residues required for interaction with Pdrl are essential to the structural integrity of
this domain. Unfolding of this helical bundle in vitro correlates strongly with both activation of
and interaction with Pdrl by Zuol1 in vivo. These results are consistent with a model in which
Zuol’s transcriptional properties are regulated by autoinhibition conferred by the sequestering of
critical residues and that unfolding of Zuo1’s C-terminal helical bundle results in the activation

of Pdrl-dependent transcription.



CHAPTER ONE:

Introduction



Roles of molecular chaperones
A diversity of cellular functions

Molecular chaperones represent a large family of structurally and functionally diverse
proteins. Originally discovered as being upregulated under conditions of cellular stress, such as
heat shock, these proteins are best known for their role in protein folding. However, molecular
chaperones can carry out a multitude of cellular tasks and many of these proteins are
constitutively expressed to perform critical roles in cellular maintenance. Chaperones are capable
of interacting with unfolded proteins, shielding stretches of exposed hydrophobic residues and
preventing them from forming unproductive aggregates (Fink, 1999; Hartl and Hayer-Hartl,
2002). The ability of these proteins to bind to hydrophobic patches of proteins, however, also
makes them well suited to perform a wide variety of cellular functions. In addition to their roles
in protein folding, chaperones have been shown to be involved in activities such as the
translocation of proteins across organelle membranes, the remodeling of multimeric protein
complexes, and the degradation of misfolded proteins (Craig et al., 2006; Young et al., 2003). A
number of chaperones have also been shown to have roles in transcriptional activation
(Eisenman and Craig, 2004; Freeman and Yamamoto, 2002).

Molecular chaperones have been highly conserved throughout evolution and are essential
in all organisms. These ubiquitous proteins can be found in all cellular compartments, where they
often specialize in roles related to their subcellular localization. Multiple families of chaperones
exist that differ in their structure and mechanism of action, conferring further specialization to
the chaperone network (Craig et al., 2006; Fink, 1999; Young et al., 2003). The work presented

in this thesis focuses on chaperones of the Hsp70 family, which interact with substrate through



ATP-regulated cycles of binding and release (Kampinga and Craig, 2010). Although members of
this family share a common structure and mechanism, differences in the abundance and
subcellular distribution of these proteins enables them to take on a wide array of cellular tasks.
Furthermore, the presence of additional functional domains on these proteins can contribute
further specialization to these proteins, as well as result in chaperones that carry out more than
one cellular function. The research presented in this thesis focuses on two multifunctional
molecular chaperones in yeast, Ssz1 and Zuol. These proteins have been shown to function both
in protein folding and in transcriptional activation, activities that will be covered in more detail

in the following sections.

Molecular chaperones in protein folding

In order to carry out their cellular function, proteins must fold from a linear polypeptide
into their proper three-dimensional conformation. Although the resulting structure is encoded in
the protein’s primary amino acid sequence (Anfinsen, 1973), reaching this final conformation in
the crowded and dynamic cellular environment is challenging (Ellis, 2001; Gershenson and
Gierasch, 2011). An initial complication to this process occurs during protein translation itself.
While polypeptide biosynthesis occurs in a vectorial fashion, the tertiary structure of a protein
often involves intramolecular interactions that span the entire length of the polypeptide.
Therefore, folding of the final tertiary structure cannot be completed until an entire domain, or
even the entire protein, has been synthesized and emerges from the ribosome (Gershenson and
Gierasch, 2011). The polypeptide exit tunnel is approximately 100A in length, allowing the

protection of only about 30-35 amino acids of the nascent chain (Ban et al., 2000; Malkin and
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Rich, 1967). Therefore, stretches of hydrophobic amino acids normally sequestered in the core of
the protein may become exposed to the cytosol before folding can be completed. Exposure of
these hydrophobic regions renders the proteins highly susceptible to unproductive interactions
that can lead to protein misfolding and/or the formation of protein aggregates.

To help prevent misfolding and aggregation during protein synthesis, cells have evolved
specialized molecular chaperones that are tethered to the ribosome in close proximity to the
polypeptide exit tunnel. These chaperones bind to short segments of exposed hydrophobic
residues in the polypeptide chain, preventing the formation of non-native interactions and
delaying premature folding until enough of the protein has been synthesized to allow proper
folding to take place (Hartl and Hayer-Hartl, 2002). Such ribosome-associated chaperones are
highly conserved and appear to exist in all organisms where they participate in early folding
events (Craig et al., 2003). In E. coli, the ribosome-associated peptidyl-prolyl isomerase Trigger
Factor functions together with the Hsp70 DnaK in cotranslational protein folding (Bukau et al.,
2000). In S. cerevisiae, the Hsp70 Ssb1/2 (Ssb) associates with translating ribosomes and
functions along with its co-chaperones Ssz1 and Zuol to aid in nascent chain folding (Pfund et
al., 1998). In humans, Hsp70L1 and Mpp11 function as a ribosome-associated chaperone
complex (Hundley et al., 2005; Otto et al., 2005).

In addition to molecular chaperones physically associated with the ribosome, a number of
chaperones exist that aid in post-translational folding of larger and more complex multidomain
proteins. For example, chaperones of the Hsp70 family, such as DnaK in E. coli and Ssa in S.
cerevisiae, aid in protein folding in the cytosol (Hartl and Hayer-Hartl, 2002; Kampinga and

Craig, 2010). Members of the chaperonin family, including the prokaryotic GroEL/GroES and



the eukaryotic TRiC/CCT, form large, cylindrical complexes that can shield entire domains or
proteins within them to promote proper folding (Bukau et al., 2000; Hartl and Hayer-Hartl,
2002). Although a number of diverse families of chaperones participate in this folding network,
the work presented in this thesis focuses on chaperones of the Hsp70 family and, therefore, the

remainder of the background will focus exclusively on this family of chaperones.

The Hsp70/J-protein chaperone system

Hsp70s are amongst the most abundant and versatile chaperones in the eukaryotic cell.
Though their name refers to chaperones upregulated under conditions of stress (Heat shock
protein of 70 kDa), both constitutively expressed and stress-induced Hsp70s exist (Albanese et
al., 2006). All Hsp70s have been shown to require a co-chaperone, referred to as a J-protein or
Hsp40, in order to carry out their function. Though the Hsp70 family of chaperones is diverse in
function, these highly conserved proteins share a common structure and mechanism.

Hsp70s function by binding to short, hydrophobic stretches of amino acids in a transient
and cyclical manner. This interaction with substrate is regulated by the binding and release of
adenosine triphosphate (ATP). Binding of ATP occurs in a nucleotide-binding cleft contained
within a highly conserved 44-kDa N-terminal ATPase domain. This domain regulates the
conformation of a 25-kDa C-terminal peptide-binding domain (PBD), altering its ability to
interact with client proteins. While ATP is bound by the N-terminal domain, the PBD has low
affinity for substrate and binding and release occurs rapidly. This interaction becomes stabilized

upon hydrolysis of ATP to ADP (Kampinga and Craig, 2010; Young, 2010).



Despite the ability of Hsp70s to both hydrolyze ATP and interact with client proteins,
these chaperones do not function independently. This is in large part due to the fact that Hsp70s
themselves exhibit low intrinsic ATPase activity (Erbse et al., 2004). These chaperones thus
require the assistance of co-chaperones, known as J-proteins or Hsp40s. J-proteins function by
stimulating the weak intrinsic ATPase activity of Hsp70s, thereby enhancing the interaction
between Hsp70 and client protein. J-proteins contain a highly conserved J-domain of
approximately 70 amino acids through which they interact transiently with their partner Hsp70
(Craig et al., 2006). J-domains from multiple J-proteins show high sequence homology and a
conserved structure (Li et al., 2009; Walsh et al., 2004). The J-domains of two cytosolic yeast J-
proteins, Sisl and Ydj1, have been shown to be functionally interchangeable (Yan and Craig,
1999). Furthermore, the growth defects caused by deletion of Yd;j1, the most abundant J-protein
in yeast, can be rescued by the J-domains of many cytosolic J-proteins, suggesting that this
domain is sufficient to carry out the major cellular function of this J-protein (Sahi and Craig,
2007).

Beyond the highly conserved J-domain, however, J-proteins show a high degree of
sequence divergence and often contain unique domains that contribute to the specialization of
these chaperones. The number of J-proteins in the cell is much greater than the number of
Hsp70s and multiple J-proteins can work with a single Hsp70. In S. cerevisiae, for instance, two
classes of Hsp70s (Ssa and Ssb) are present in the cytosol along with 13 J-proteins (Sahi and
Craig, 2007). Many of these J-proteins can themselves bind client proteins and deliver them to

their partner Hsp70. Thus, J-proteins contribute much of the specificity of the Hsp70 chaperone



system. Furthermore, the presence of J-proteins in different subcellular locations provides an
additional level of specificity to these chaperones (Craig et al., 2006; Walsh et al., 2004).

In addition to J-proteins providing specificity to the Hsp70 system, many J-proteins
contain additional accessory domains that can contribute to the multifunctionality of these
proteins. In some cases, this multifunctionality can even occur in an Hsp70-independent manner.
For instance, the yeast J-protein Cwc23 functions in disassembly of the spliceosome, a role for
which its J-domain is dispensable (Sahi et al., 2010). The J-protein Zuol, the focus of the
research presented in this thesis, has been implicated both in protein folding activities requiring
its conserved J-domain and in transcriptional activation mediated by a unique domain at its C-

terminus (Eisenman and Craig, 2004).

The ribosome-associated chaperones Ssz1 and Zuol

For my thesis work, I have focused specifically on the study of two molecular chaperones
in the yeast Saccharomyces cerevisiae, Ssz1 and Zuol. These proteins have been most
extensively studied for their role in protein folding as ribosome-associated chaperones. However,
both Ssz1 and Zuol have also been implicated in cellular signaling activities that can occur
independently of their chaperone function. Although this research focuses primarily on the role
of these proteins in transcription, I will first provide background on the well-known role of Ssz1
and Zuol in protein folding and then cover what is currently known about their ability to
function in transcriptional activation, as understanding the cellular function of these proteins will

ultimately require knowledge of both of these cellular activities.



The ribosome-associated complex

The yeast ribosome contains an Hsp70-based complex of molecular chaperones that aids
in the folding of nascent polypeptides during protein biosynthesis. The J-protein of this system is
Zuol, which is present in a stable heterodimer with the Hsp70-like protein Ssz1. In addition to
this complex, the yeast ribosome contains a classical Hsp70, Ssb, which is composed of two
family members that share 99% identity, Ssb1 and Ssb2 (Pfund et al., 2001). Several pieces of
evidence point to Sszl, Zuol, and Ssb functioning together in nascent chain protection. All three
proteins have been shown to associate with translating ribosomes, consistent with a role for these
chaperones in early protein folding events (Gautschi et al., 2001a; Nelson et al., 1992; Yan et al.,
1998a). Furthermore, the Hsp70 Ssb can be crosslinked to short nascent chains in a yeast
translation extract (Hundley et al., 2002; Pfund et al., 1998). The ability of Ssb to form these
nascent chain complexes is dependent on the presence of both Ssz1 and Zuol, suggesting that
these three chaperones function together in nascent chain protection (Gautschi et al., 2002).
Genetic evidence also supports these proteins functioning collectively. Strains lacking Ssz1,
Zuol, or Ssb show similar growth phenotypes, including slow growth and sensitivity to cold and
cations (Hundley et al., 2002; Yan et al., 1998a). Strains lacking all three of these proteins do not
show enhanced growth defects over those lacking only one of the proteins, suggesting that these
proteins function in the same cellular process (Hundley et al., 2002). Together these findings
support the idea that Ssz1, Zuol, and Ssb function cooperatively as a ribosome-associated

complex involved in early protein folding events.



The J-protein Zuol

The J-protein Zuol has been shown to function as the co-chaperone of the Hsp70 Ssb
(Huang et al., 2005). Like all J-proteins, the ability of Zuol to perform this function depends
upon a highly conserved J-domain located near its N-terminus (Figure 1-1A). In addition to a J-
domain, this 433 amino acid protein contains an N-terminal region required for binding to its
heterodimeric partner Sszl, a central conserved region of unknown function, a charged
ribosome-binding domain, and a C-terminal PDR-inducing domain. Deletion of any of these
domains, with the exception of the C-terminus, results in the inability of the protein to rescue the
growth phenotypes of a strain lacking Zuol (Yan et al., 1998). As these phenotypes are shared
by the other ribosome-associated molecular chaperones, Ssb and Sszl1, these data suggest that
these domains are all essential for Zuol’s function in protein folding. Zuo1’s C-terminal domain
(residues 365-433), on the other hand, has been shown to be involved in transcriptional
regulation (Eisenman and Craig, 2004), a topic that will be discussed in more detail in the
following section.

Consistent with its role in nascent chain folding, the majority of Zuol1 in the cell is found
associated with translating ribosomes (Yan et al., 1998). A stretch of highly charged amino acids
near the C-terminus of the protein (residues 285-364) is required for stable association of Zuol
with the ribosome. The ability of Zuol to bind various types of RNA in vitro, an activity
dependent on this charged region, suggests that Zuo1’s interaction with the ribosome is due, at
least in part, to interaction of this highly charged region with ribosomal RNAs. More recently,
crosslinking experiments have detected an interaction between Zuol and the ribosomal protein

Rpl31 (Peisker et al., 2008), a protein located near the polypeptide exit tunnel (Ban et al., 2000;
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Ben-Shem et al., 2011). Though these data suggest that Zuol may be aptly positioned at the site
of nascent chain synthesis, the ability of Zuol to bind ribosomes in the absence of Rpl31
indicates that this protein does not simply anchor Zuol to the ribosome. Peptide mapping and
mutagenesis experiments suggest that Zuol contains an extended interface for ribosome binding
located primarily within its highly charged RNA-binding region (Peisker et al., 2008). Together
these findings suggest that the interaction between Zuol and the ribosome may involve multiple
contacts with both rRNA and ribosomal proteins that position it in close proximity to the
polypeptide exit tunnel.

Although Zuol appears to be predominantly associated with ribosomes, it has been
implicated in nuclear functions (Albanese et al., 2010b) and shown to effect the transcription of
genes of the pleiotropic drug resistance regulon independently of its association with the
ribosome (Eisenman and Craig, 2004). Furthermore, a variant of Zuo1 lacking its charged
ribosome-binding domain has been observed in the nucleus (Appendix Figure A-4A, (Albanese
et al., 2010b)). Thus, the subcellular distribution of Zuo1 or regulation of its localization may be
more complex than originally thought based on its predominant co-migration with ribosomal

particles.

The atypical Hsp70 Ssz1

Although Zuol has been identified as the J-protein partner of the Hsp70 Ssb, Zuol’s
ability to function in this manner is dependent upon the presence of its heterodimeric partner,
Ssz1 (Huang et al., 2005). Ssz1 shows sequence homology to the Hsp70 family of proteins;

however, no evidence points to Ssz1 functioning as a classical Hsp70. Like traditional Hsp70s,



11
Sszl is composed of an N-terminal ATPase domain (residues 1-407) and a C-terminal putative
PBD (residues 408-538; Figure 1-1B). Although Ssz1 is competent to bind ATP similar to
classical Hsp70s, it shows little to no ATPase activity even in complex with the J-protein Zuol
(Conz et al., 2007b; Huang et al., 2005). Furthermore, alterations in Ssz1’s nucleotide binding
cleft have no effect on its ability to rescue the growth defects of a Assz/ strain, suggesting that
nucleotide binding is not required for its in vivo function. Unlike other Hsp70s, Ssz1 does not
require its putative PBD to carry out its in vivo function, as the N-terminal 407 residues of Ssz1
are sufficient to rescue the growth defects of strain lacking Ssz1 (Hundley et al., 2002). These
findings suggest that Ssz1 does not function like a classical Hsp70. Yet, Ssz1 is functionally
significant in this unique complex, as Zuol can only activate the ATPase activity of the Hsp70
Ssb in the presence of Ssz1 (Huang et al., 2005). It is unclear what the precise role of Sszl is in
this complex. It is possible that Ssz1 plays a regulatory role in modulating Zuo1’s co-chaperone
activity or that these proteins have a cooperative function in regulating Ssb’s activity. More
details regarding this unique complex will be discussed below.

In addition to its role in nascent chain folding, Ssz1, like Zuol, has been shown to
function in transcriptional activation of the pleiotropic drug resistance regulon, an activity that
will be covered in more detail in the next section. Ssz1’s C-terminal putative PBD is also
dispensable for this activity (Eisenman and Craig, 2004). Thus, the ATPase domain of Ssz1
appears to be important both for its role in protein folding and for its ability to activate

transcription.
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RAC structure and function

The heterodimeric complex formed by the J-protein Zuol and the non-canonical Hsp70
Ssz1 is referred to as the ribosome-associated complex or RAC. This complex associates with
translating ribosomes through interaction of Zuo1’s highly charged RNA-binding domain with
the ribosome (Gautschi et al., 2001a; Yan et al., 1998a). The Ssz1:Zuol heterodimer is highly
stable, showing resistance to high levels of salt, and requiring denaturation in order to separate
its subunits (Conz et al., 2007b; Gautschi et al., 2001a). The interaction between Ssz1 and Zuol
is also unaffected by the presence of either ATP or ADP (Gautschi et al., 2001a). This suggests
that Zuo1 is not bound by Ssz1 in a substrate-like manner, further supporting the idea that Ssz1
does not function like a classical Hsp70 in this complex. This example of a stable interaction
occurring between an Hsp70 and a J-protein is unusual, as the interaction between these families
of chaperones is typically transient. Yet, the requirement for both Ssz1 and Zuo1 in stimulation
of Ssb’s ATPase activity indicates that this heterodimer is of functional importance (Huang et al.,
2005). The significance of this unusual complex is further evidenced by its conservation in
higher eukaryotes. The human Zuol homolog Mpp11 has been shown to form a stable complex
with the Ssz1 homolog Hsp70L1 (Otto et al., 2005). This complex also associates with
translating ribosomes and can rescue the growth defects of a yeast strain lacking functional RAC,
suggesting that it plays an orthologous role to RAC in mammalian cells (Hundley et al., 2005;
Otto et al., 2005).

More recent work using deletion mapping and hydrogen-deuterium (H/D) exchange has
enabled us to gain a better understanding of the structure and dynamics of the Ssz1:Zuol

complex. These studies suggest that the C-terminal domain of Ssz1 and the N-terminal domain
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of Zuol are primarily responsible for the structural stability of this heterodimer. Upon deletion of
Ssz1’s C-terminus (residues 395-538), the interaction between Ssz1 and Zuol can no longer be
detected (Conz et al., 2007b). Furthermore, deletion of this C-terminal region strongly impairs
Ssz1’s ability to interact with ribosomes, consistent with the requirement for this domain in
binding to Zuol. This C-terminal region, however, is not sufficient to mediate complex
formation with Zuol, suggesting that extended interactions may be required or that deletion of
the N-terminus results in conformational changes that impair Ssz1’s ability to interact with Zuol.
H/D exchange experiments, however, strongly support the importance of the C-terminus of Ssz1
in complex formation. Comparison of Ssz1 with Ssz1 in complex with Zuol indicates that RAC
provides the strongest protection in Ssz1’s C-terminal domain (residues 396-447 and 479-538),
consistent with this region serving as the major interaction surface for Zuol (Fiaux et al., 2010).
Comparison of Zuol with Zuol in RAC by H/D exchange revealed extensive protection of
residues 1-51 of Zuo1’s N-terminus when in complex with Ssz1. Consistent with the importance
of this N-terminal region in heterodimer formation, Zuol lacking its N-terminal 62 residues was
unable to interact with Ssz1. Deletion of this N-terminal domain of Zuo1 also prevented
association of Ssz1 with the ribosome.

Although the precise role of the RAC heterodimer is unclear, these studies suggest that
the presence of Sszl may provide structural stability to Zuol. Levels of Zuol were shown to be
significantly decreased in a strain lacking Ssz1, suggesting that Zuol may be destabilized in the
absence of RAC (Gautschi et al., 2001a). Furthermore, the N-terminal region of Zuol appears to
be largely unfolded and highly flexible in the absence of Ssz1. When not in the RAC complex,

this region shows higher susceptibility to tryptic proteolysis and very rapid and near complete
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exchange of amide hydrogens in H/D exchange experiments, but shows extensive protection
when bound to Ssz1 (Fiaux et al., 2010). Interestingly, the J-domain of Zuol actually shows
greater accessibility when part of the complex. As this domain is responsible for Zuol’s ability
to stimulate Ssb’s ATPase activity, it is conceivable that the presence of Ssz1 helps position
Zuol’s J-domain to help facilitate its co-chaperone function.

Analytical centrifugation experiments suggest that virtually all of the Ssz1 and Zuol in
the cell are present in the RAC complex (Gautschi et al., 2001a). When expressed at native
levels, the majority of these proteins are found in association with ribosomes (Gautschi et al.,
2001a; Yan et al., 1998a). Based on the estimated abundance of Ssz1 and Zuol (70,000-90,00
molecules/cell) and the estimated number of ribosomes the yeast cytosol (310,000), the ratio of
Ssz1:Zuol:ribosomes is roughly 1:1:3 (Ghaemmaghami et al., 2003; Raue et al., 2007). This
suggests that not every ribosomal particle contains RAC. Interestingly, it has been found that
even significantly lower levels of RAC are sufficient for normal growth in vivo. When expressed
at an estimated 1-2% of endogenous levels, Sszl and Zuol are able to rescue the growth defects
of a strain lacking both proteins. (Hundley et al., 2002). Thus, Ssz1 and Zuol appear to be
expressed at significantly higher levels than are required for their role in protein folding. It is
possible that RAC is required for only a small population of ribosomes or that RAC is able to
shuttle between ribosomes. Ssz1 and Zuo1 have also both been implicated in cellular signaling
roles that appear to occur off the ribosome, as will be explained in detail in the next section. It is
conceivable that this activity could provide a potential explanation for this abundance of RAC in

the cell.
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Activation of the PDR regulon by Ssz1 and Zuol

In addition to their well-defined role in the folding of nascent polypeptides, Ssz1 and
Zuol have been implicated in cellular signaling events, as either the N-terminus of Ssz1 or the
C-terminus of Zuol can upregulate the transcription of genes belonging to the pleiotropic drug
resistance regulon. Current evidence suggests that this transcriptional regulation can occur
independently of their ribosomal function in chaperoning nascent chains. The work presented in

this thesis aims to better understand this secondary role of Ssz1 and Zuol in cellular signaling.

The PDR regulon

Named for its ability to confer resistance to a multitude of diverse drugs, the pleiotropic
drug resistance (PDR) regulon has a well-established role in cellular detoxification. In addition to
providing resistance to extracellular toxins, however, a number of reports suggest that the PDR
regulon may carry out additional cellular functions, possibly relating to membrane maintenance,
cell:cell communication, and the regulation of cellular growth (Hlavacek et al., 2009; Shahi and
Moye-Rowley, 2009). Though the majority of the literature on the PDR regulon focuses on its
role in drug resistance, it is clear that the underlying physiological role of this pathway is not
well understood. As the work presented in this thesis focuses on understanding the ability of this
regulon to become activated by two intracellular proteins, Ssz1 and Zuol, rather than
extracellular toxins, I think that the smaller subset of literature related to these potential
alternative cellular activities might be most relevant. Therefore, this background will focus not

only on the well-defined role of the PDR regulon in cellular detoxification, but will also present
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more in-depth pieces of data that relate to the involvement of this pathway in other cellular
processes.

The PDR regulon represents a highly conserved network of genes that become activated
in the presence of xenobiotics. This pathway is found in all organisms and is referred to as
multidrug resistance (MDR) in many species, including bacteria and mammals. The PDR
regulon is composed primarily of genes encoding plasma membrane transporters and genes
involved in lipid biosynthesis (DeRisi et al., 2000; Devaux et al., 2001). Many of the transporters
involved in the PDR regulon belong to the ATP-binding cassette (ABC) family. These
transporters have a low specificity for substrate and can serve as drug efflux pumps in the plasma
membrane. Upregulation of these transporters thus results in the rapid expulsion of a broad range
of cytotoxic compounds from the cell and prevents their accumulation at toxic levels. This
renders cells resistant to a multitude of diverse drugs, including drugs that differ both in their
chemical structure and mechanism of action, giving the regulon its pleiotropic nature (Jungwirth
and Kuchler, 2006). In S. cerevisiae, the ABC transporters Pdr5, Sng2, and Yorl are amongst
those shown to play a major role in the acquisition of drug resistance. Deletion of the genes
encoding these transporters has been shown to result in the sensitivity of yeast to hundreds of
different compounds (Kolaczkowski et al., 1998). In humans, the MDR1/P-glycoprotein (Pgp)
transporter can recognize diverse classes of structurally unrelated drugs, including a number of
chemotherapeutic agents, making it of clinical importance in the fight against multidrug
resistance (Sarkadi et al., 2006).

In addition to this well-defined role in the acquisition of drug resistance, however, a

number of reports suggest that the PDR regulon may have a more basic physiological function in
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the cell, likely unrelated to its ability to become activated by xenobiotics. This idea comes in part
from the diverse nature of ABC transporters. In addition to their role in the export of toxic
substances, ABC transporters have been shown to be involved in a wide range of cellular
activities. In S. cerevisiae, there are an estimated 30 ABC transporters (Decottignies and
Goffeau, 1997) and an estimated 48 in humans (Dean et al., 2001). These transporters are found
in nearly every organelle membrane where they utilize ATP hydrolysis to facilitate the
translocation of a wide variety of substrates across biological membranes. In addition to toxic
xenobiotics, substrates of ABC transporters include ions, heavy metals, metabolites, steroids,
sugars, lipids, amino acids, peptides, and proteins (Bauer et al., 1999). Though some ABC
transporters do show preference for different substrates, many show very broad specificity,
making them well suited for a wide range of activities. One common characteristic of these
substrates is their amphipathic or hydrophobic nature. Thus, it has been proposed that ABC
transporters involved in multidrug resistance may have evolved to expand their substrate
specificity from endogenous lipids to hydrophobic toxic chemicals (Sarkadi et al., 2006). In both
bacteria and fungi, ABC transporters associated with multidrug resistance have been proposed to
function in quorum sensing by facilitating the export of signaling molecules involved in
regulating cell growth in a density-dependent manner (Hlavacek et al., 2009; Yang et al., 2006).
In S. cerevisiae, cells lacking the genes encoding the ABC transporters Pdr5 and Snq2 reach
significantly higher culture densities as cells approach stationary phase, consistent with the
inability of these cells to export signaling molecules involved in regulating cellular growth
(Hlavacek et al., 2009). A similar overgrowth is observed in bacterial cells lacking the MDR

pump AcrAB (Yang et al., 2006).
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In S. cerevisiae, the transcription factors (TFs) Pdrl and Pdr3, which upregulate drug
efflux pumps in response to xenobiotics, also upregulate genes encoding enzymes involved in
sphingolipid biosynthesis and cell wall maintenance (DeRisi et al., 2000; Hallstrom et al., 2001,
Kolaczkowski et al., 2004). In humans, altered lipid profiles have been observed in drug-resistant
cells (Sietsma et al., 2001). Furthermore, a number of ABC transporters translocate lipids and
have been shown to affect the asymmetric distribution of membrane phospholipids (Pohl et al.,
2005; Sietsma et al., 2001). Though the physiological relevance of this altered lipid composition
is not currently understood, it suggests that the PDR regulon may play a role in modulating the
composition of cellular membranes by facilitating the synthesis of both lipids and lipid-
associated transporters. In addition to serving as primary constituents of the plasma membrane,
sphingolipids and their metabolites have also been shown to have important roles in signal
transduction, specifically in the regulation of cell growth, cell differentiation, and apoptosis
(Sietsma et al., 2001). Though direct evidence for a lipid-mediated signaling pathway regulating
cell growth in this context is lacking, these data suggest that the PDR regulon may be involved in
cellular activities that extend beyond its role in providing resistance to xenobiotics.

Furthermore, there is evidence that the PDR regulon is regulated with the cell cycle. In
yeast, nRNA levels of the ABC transporter-encoding gene PDRS are highest during mitosis, a
phase during which transcription of most genes is significantly reduced (Souid et al., 2006;
Spellman et al., 1998). Additionally, serine/threonine kinases involved in the G2 to mitosis
transition, such as Elm1, have been shown to be required for the induction of drug resistance
(Souid et al., 2006). This type of cell cycle-dependent regulation further supports a role for the

PDR regulon in basic physiological functions, such as cellular growth.
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It is clear from these studies that the PDR regulon is complex. In addition to its ability to
provide cellular cross-resistance to a wide variety of toxic substances, the PDR regulon may be
involved in cellular activities that are unrelated to its ability to become activated by xenobiotics.
Although a complete picture of the physiological role of the PDR regulon has not emerged from
these findings, they do suggest that this pathway may have more fundamental physiological roles

underlying the major drug resistance phenotype observed upon its activation.

The yeast PDR network

In S. cerevisiae, two highly related TFs, Pdrl and Pdr3, serve as the predominant
regulators of the PDR regulon (Figure 1-2). Deletion of PDRI and PDR3 renders cells sensitive
to a wide range of structurally and mechanistically unrelated drugs, including the translation
inhibitor cycloheximide (CHX) and the mitochondrial inhibitor oligomycin (OLI) (Balzi et al.,
1987; Kolaczkowski et al., 1998). Furthermore, gain-of-function point mutations in both PDR1
and PDR3 have been found to result in increased drug resistance (Carvajal et al., 1997; Nourani
et al., 1997; Simonics et al., 2000). Pdr1 and Pdr3 can function as both homo- and heterodimers
in vivo (Mamnun et al., 2002). These TFs regulate the transcription of PDR-responsive genes by
binding to one or more conserved pleiotropic drug response elements (PDRESs) in the promoters
of their target genes (Katzmann et al., 1996). The promoters of PDRS5, SNQ2, and YOR, which
encode ABC transporters that have a well-established role in PDR, each contain at least one
PDRE and are regulated by Pdrl/3 (DeRisi et al., 2000; Katzmann et al., 1996). Genome-wide
microarray analysis indicates that Pdrl and Pdr3 not only upregulate genes of the ABC

transporter family, as expected given their role in the acquisition of drug resistance, but also
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upregulate genes belonging to the major facilitator superfamily (MFS) of transporters and genes
involved in cell wall maintenance, sphingolipid biosynthesis, and the stress response (DeRisi et
al., 2000; Devaux et al., 2001) (Table 1-1). This suggests that activation of Pdr1/3 may have
cellular consequences that extend beyond providing cellular cross-resistance to drugs.

The yeast PDR regulon can be activated by a wide range of structurally and functionally
unrelated xenobiotics. Human steroids, such as progesterone (PG), have also been shown to
induce the yeast PDR regulon and can serve as substrates of the ABC transporters Pdr5 and Snq2
(Banerjee et al., 2008; Kolaczkowski et al., 1996; Mahe et al., 1996). Despite its ability to
become activated by a wide range of diverse molecules, however, the PDR regulon does not
appear to function as a general stress response pathway. Levels of PDR5 mRNA are upregulated
in response to xenobiotics; yet, they appear to be unaffected by other cellular stresses, such as
high salt, sorbitol, or weak acid treatment (Wolfger et al., 2004). A number of genes in the PDR
regulon, however, are upregulated in response to either the presence of xenobiotics or other
cellular stresses. The promoter of the gene encoding the ABC transporter Pdr15, for instance,
contains a PDRE and its basal activity is regulated by Pdr1/3; yet, it also contains a stress
response element (STRE) and is regulated by Msn2/4 under stress conditions. This suggest that,
although the PDR regulon is specific in its ability to respond to the presence of xenobiotics, there
does appear to be crosstalk between this pathway and other cellular pathways.

The major regulators of the PDR regulon, Pdrl and Pdr3, belong to the Zn,Cyse zinc
cluster family of transcription factors. These TFs are characterized by a DNA-binding motif
comprised of six cysteines that coordinate two zinc ions. The most well known member of this

family is Gal4, one of the best-characterized eukaryotic transcription factors. In addition to the
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Zn,Cysg cluster, members of this family share a conserved domain architecture consisting of an
N-terminal DNA binding domain (DBD), a dimerization domain, a central regulatory region, and
an acidic C-terminal activation domain (AD) (MacPherson et al., 2006). Like other members of
the zinc cluster family, specificity of Pdrl/3 for its cognate genes in encoded in its N-terminal
DBD (Figure 1-3). A fusion between Pdr1’s DBD and the AD of Gal4 activates a similar set of
genes on a genome-wide level as full-length Pdrl (DeRisi et al., 2000; Devaux et al., 2001).
Pdr1/3’s C-terminal AD, on the other hand, facilitates general transcriptional activation by
enabling the TF to interact with the transcriptional machinery (Kolaczkowska et al., 2002;
Thakur et al., 2008). In addition to these two key elements of transcriptional activation, members
of the zinc cluster family contain a large central region that is often regulatory in nature and
responsive to protein-specific inducing signals. Many of the gain-of-function point mutations
identified in PDRI and PDR3 map to this region, suggesting its importance in regulating the
activity of these TFs (Carvajal et al., 1997; Nourani et al., 1997). Deletion of the regulatory
region of Pdr1 renders the protein hyperactive, a feature common among members of the zinc
cluster family (Kolaczkowska et al., 2002). This enhanced activity suggests that the central
region of these TFs may be required to keep the AD in an inactive conformation until it becomes
activated by a specific inducing signal. Consistent with the regulatory nature of this region, it
was discovered more recently that xenobiotics are capable of binding to Pdr1/3 directly and that
this binding occurs within this central regulatory region (Thakur et al., 2008). Using a number of
Pdrl and Pdr3 truncations, the region responsible for drug binding was further narrowed to
approximately 100-200 amino acids in each of these TFs (Pdrl residues 352-543; Pdr3 residues

290-420) and termed the xenobiotic binding domain (XBD).
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Pdrl and Pdr3 are predominantly localized to the nucleus (Delahodde et al., 2001). A
nuclear localization signal (NLS) has been identified in Pdr1’s central regulatory region (residues
725-769) and this protein has been shown to maintain this localization both in the presence and
absence of drugs (Delahodde et al., 2001; Hallstrom and Moye-Rowley, 2000a). Genome-wide
chromatin immunoprecipitation (ChIP) experiments done in the presence and absence of drug
further suggest that Pdrl is constitutively bound to the promoters of many of its target genes,
including PDRS (Fardeau et al., 2007). These data are consistent with a model in which Pdr1/3 is
present on its target promoters in an inactive state and becomes activated by the direct binding of
drugs to its XBD. Interaction of Pdr1’s AD with Gall1, a subunit of the Mediator complex
involved in general transcriptional activation, was enhanced in the presence of drug (Thakur et
al., 2008). Thus, interaction of Pdr1/3 with drug likely facilitates a conformational change that
exposes its C-terminal AD, allowing it to interact with the general transcriptional machinery and
initiate transcription (Figure 1-3).

Though both Pdrl and Pdr3 can be activated by the binding of xenobiotics, these TFs do
show differences in their ability to become activated by alternative inducing signals. Pdr3, but
not Pdrl, has been shown to activate the PDR regulon in response to the absence of the
mitochondrial genome (Hallstrom and Moye-Rowley, 2000b). Importantly for this work, Ssz1
has been shown to require Pdr1, but not Pdr3, to activate the PDR regulon (Hallstrom et al.,

1998).
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SszI and Zuol as activators of the PDR regulon

Though it has been well established that the PDR regulon can be activated by
extracellular toxins, far less is known about its ability to become activated by intracellular
factors. The proteins Ssz1 and Zuol, which have a defined role in protein folding, have each
been identified as activators of the PDR regulon (Eisenman and Craig, 2004; Hallstrom et al.,
1998). Though Ssz1 and Zuol are known to function together as ribosome-associated
chaperones, they are capable of activating PDR independently of this function.

SSZ1 was first implicated in PDR regulation when it was isolated from a multicopy
library screen for factors that give rise to enhanced resistance to the drug oligomycin upon
overexpression (Hallstrom et al., 1998). This Ssz1-induced drug resistance was found to occur
through the upregulation of genes of the PDR regulon, including those encoding the ABC
transporters Pdr5 and Yorl. A single amino acid alteration in Ssz1, substitution of serine 295
with phenylalanine, enhances this upregulation. The fact that only SSZ/ and the ABC-
transporter-encoding gene YORI were identified in this screen suggests that the number of
intracellular proteins that can activate the PDR regulon is limited (Hallstrom et al., 1998;
Katzmann et al., 1995). Although the mechanism by which Ssz1 activates the PDR regulon is not
known, deletion of the TF Pdrl has been shown to be sufficient to abolish this transcriptional
activation. Deletion of the homologous TF Pdr3, on the other hand, has no effect on Ssz1’s
activity (Hallstrom et al., 1998). Thus, activation of the PDR regulon by Ssz1 appears to occur
upstream of transcription, likely through regulation of Pdr1’s activity by an unknown

mechanism.
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Zuol, the heterodimeric partner of Ssz1, has also been found to activate the PDR regulon.
Although transcriptional activation of PDR target genes was not observed upon overexpression
of full-length protein, Zuo1 lacking the highly charged domain required for its association with
ribosomes (residues 285-364, Figure 1-1A) was found to be capable of inducing PDR (Eisenman
and Craig, 2004). A 69-amino acid region at the extreme C-terminus of Zuol (residues 365-433)
was discovered to be both necessary and sufficient to induce PDR. As a common measure of
PDR activation, cells expressing Zuol’s C-terminal domain (referred to as ZuoC or Zuol3es.433
throughout) showed enhanced resistance to the drug CHX similar to cells expressing high levels
of Ssz1 (Figure 1-4). Cells expressing ZuoC also showed enhanced transcriptional activation of
the ABC transporter genes PDRS5 and YORI, consistent with the observed drug resistance
resulting from activation of the PDR regulon (Eisenman and Craig, 2004).

Although both Ssz1 and Zuol have well-established roles as ribosome-associated
molecular chaperones, these proteins are capable of activating the PDR regulon independently of
this function. Interestingly, both Ssz1 and Zuo1 can activate PDR independently of one another,
despite their cooperative function in stimulation of the Hsp70 Ssb. In fact, overexpression of
either Ssz1 or Zuol lacking its charged ribosome-binding domain was sufficient to induce a PDR
phenotype even in cells lacking all three of the of the ribosome-associated chaperones, Sszl1,
Zuol, and Ssb (Eisenman and Craig, 2004). Thus, the chaperone complex required for nascent
chain folding appears to be dispensable for PDR activation. Furthermore, Zuo1’s conserved J-
domain, which is required to activate its Hsp70 partner Ssb (Gautschi et al., 2002; Yan et al.,
1998a), is dispensable for activation of the PDR regulon (Eisenman and Craig, 2004).

Conversely, the C-terminal region of Zuol required to induce PDR appears to be dispensable for
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Zuol’s chaperone function (Yan et al., 1998a). Thus, Zuol may contain a unique accessory
domain at its C-terminus that enables this J-protein to function in transcriptional activation.
Deletion of Ssz1’s C-terminal putative peptide binding domain has no affect on its ability to
activate PDR, indicating that Ssz1 does not bind client protein and function as a classical Hsp70
in PDR activation (Eisenman and Craig, 2004).

Activation of the PDR regulon by Ssz1 and Zuol also appears to occur independently of
their association with ribosomes, suggesting that dissociation of these proteins from the ribosome
may be a critical aspect of this activation process. Only constructs of Zuol lacking its charged
ribosome-binding domain have been shown to be capable of activating the PDR regulon
(Eisenman and Craig, 2004). Overexpression of SSZ1, which causes activation of genes of the
PDR regulon, also results in some Ssz1 free from ribosomes. When expressed at native levels,
Ssz1 containing the hyperactive S295F alteration is unable to activate PDR. However, when this
construct is expressed in a strain lacking ZUOI, PDR induction is observed. Since Zuol is
required to tether Sszl1 to the ribosome, this suggests that Ssz1 can activate the PDR regulon
even when expressed at endogenous levels if the protein is not associated with ribosomes. Thus,
both Ssz1 and Zuol can activate the PDR regulon independently of their interaction with the
ribosome, further supporting a possible distinction between their transcriptional activity and their

role in nascent chain remodeling.
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Thesis plan

My thesis research has focused on understanding the role of the molecular chaperones
Ssz1 and Zuol in transcriptional regulation of the yeast PDR regulon. Previous research
proposed a role for these proteins in cellular signaling, as overexpression of either the N-
terminus of Ssz1 or the C-terminus of Zuol was found to induce drug resistance and upregulate
genes belonging to the PDR regulon (Eisenman and Craig, 2004; Hallstrom et al., 1998).
However, the mechanism by which this occurs naturally was not known and, thus, prompted
further investigation. Initial research into the mechanism of this regulation suggested that both
Ssz1 and Zuol were capable of activating transcription independently of their well-established
function in protein folding as ribosome-associated molecular chaperones (Eisenman and Craig,
2004). Yet, mechanistic details regarding this transcriptional activation and the physiological
relevance of this signaling were not understood.

Ssz1 has previously been shown to require the nuclear TF Pdrl for activation of the

PDR regulon (Hallstrom et al., 1998). Though activation of Pdrl by Ssz1 appears to occur
independently of its association with ribosomes (Eisenman and Craig, 2004), it was unclear
whether this predominantly cytosolic protein could activate Pdr1 directly or whether this
activation requires the transduction of an unknown signal from the cytosol to the nucleus. During
my investigations into the mechanism of regulation, it was discovered that xenobiotics bind
directly to the TFs Pdrl and Pdr3 to activate the PDR regulon (Thakur et al., 2008). I thus
became interested in determining whether Ssz1 and Zuo1 utilize a similarly direct mechanism to
activate the PDR regulon or whether these proteins employ an alternative mechanism for this

regulation. As the PDR regulon is best known for its role in cellular detoxification in response to
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extracellular xenobiotics, it was also unclear why these two intracellular proteins are capable of
activating this transcriptional response. Therefore, another focus of this work has been to gain an
understanding of the physiological relevance of PDR activation by the molecular chaperones
Ssz1 and Zuol.

In chapter two, I present work related to the mechanism of PDR activation by Ssz1 and
Zuol and present a possible model for the physiological basis of this signaling. I found that, like
Ssz1, Zuol requires the TF Pdrl for activation of the PDR regulon. Regulation of Pdr1 activity
by either Ssz1 or Zuol appears to be highly specific, as whole-genome microarray analysis
indicates that the PDR regulon is the primary target of transcriptional activation by either of
these proteins. Using a yeast two-hybrid system, I detected an interaction between the TF Pdrl
and the domains of both Ssz1 and Zuo1 responsible for transcriptional activation. Chromatin
immunoprecipitation (ChIP) analysis further revealed an enrichment of Ssz1 at the promoter of
the ABC transporter-encoding gene PDR5. These data are consistent with a model in which
activation of Pdr1 by either Sszl or Zuol occurs via a direct mechanism. Furthermore, activation
of Pdr1 by Sszl or Zuol promotes premature growth arrest of cells at the diauxic shift and cells
lacking SSZ1 and ZUO! grow to a higher culture density than wild-type (wt) cells. These data
support a model in which Ssz1 and Zuol function in cell:cell communication through the
upregulation of membrane transporters which export quorum sensing molecules involved in the
regulation of cellular growth.

Previously it was found that the C-terminal 69 residues of Zuol were sufficient to
activate the PDR regulon (Eisenman and Craig, 2004). Although activity was observed with this

C-terminal fragment, as well as with a construct of Zuo1 lacking its charged ribosome-binding
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domain, full-length Zuo1 has not been shown to activate PDR. In chapter three, I present
research focused on understanding the mechanism of activation of Pdrl by Zuo1’s C-terminal
domain and investigate the possibility of autoinhibition regulating Zuo1’s transcriptional
activity. In this work, I found that dissociation of Zuol from the ribosome is not sufficient to
activate Pdrl-dependent transcription. Rather, NMR analysis revealed that Zuol contains an
autoinhibitory C-terminal domain that folds into a left-handed four-helix bundle. Residues
required for activation of PDR target genes and for interaction with Pdrl are sequestered within
the hydrophobic core of this domain and critical to its structural integrity. Unfolding of this
helical bundle is required to activate autoinhibited Zuol constructs, suggesting that
autoinhibition is conferred by C-terminal structure and that exposure of key residues is a
requisite step to activation of Pdr1-dependent transcription by Zuol.

In chapter four, I discuss the major conclusions of this work and present possible future
directions to further understand the role of the molecular chaperones Ssz1 and Zuol in cellular

signaling.
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Figures, Tables, and Legends

Figure 1-1. The J-protein Zuol and the non-canonical Hsp70 Ssz1. (A) Zuol contains an N-
terminal domain required for stable interaction with its heterodimeric partner Sszl1, a highly
conserved J-domain required for stimulation of Ssb’s ATPase activity, and a charged domain
near its C-terminus that facilitates interaction with the ribosome. The C-terminal 69 residues
(365-433) are necessary and sufficient for Zuol to activate the PDR regulon. (B) The atypical
Hsp70 Ssz1 contains an N-terminal ATPase domain that is required for its ability to function
with Zuol in activation of Ssb’s ATPase activity and is also sufficient to activate the
transcription factor Pdrl. Ssz1’s C-terminal putative peptide binding domain (PBD) is required

for heterodimer formation with Zuol.
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Figure 1-2. The yeast PDR network. The transcription factors Pdrl and Pdr3 control the PDR
regulon by upregulating transcription of genes encoding ATP-binding cassette (ABC)
transporters, such as Pdr5 and Snq2, by binding to conserved PDR response elements (PDREs)
in the promoters of these genes. The subsequent increase in plasma membrane transporters leads
to an enhanced efflux of drugs from the cell. The molecular chaperones Ssz1 and Zuol can also

activate the PDR regulon by a yet unknown mechanism.
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Figure 1-3. Model of Pdr1 activation by xenobiotics. The transcription factor Pdrl contains
an N-terminal DNA binding domain (DBD), through which it binds constitutively to promoters
of its target genes, such as the ABC transporter-encoding gene PDR5. Drugs, which enter the
nucleus by passive diffusion, bind directly to a xenobiotic binding domain (XBD) within Pdr1’s
central regulatory region. This binding facilitates the interaction of Pdrl’s transcriptional
activation domain (AD) with the Gall1 subunit of the Mediator complex, which recruits the

RNA Polymerase II (Polll) complex, resulting in transcriptional activation.
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Figure 1-4. Activation of the PDR regulon by Ssz1 or the C-terminus of Zuol.
Overexpression of the Hsp70-like protein Ssz1 or the C-terminus of the J-protein Zuol renders
cells resistant to high levels of the drug cycloheximide. Cells were transformed with vector
containing DNA encoding a tandem affinity purification tag (vector) or the same tag fused to
residues 365-433 of Zuol behind a high-expression promoter (NZuoC) or with DNA encoding
Ssz1 on either a low (Ssz1) or high (ANSsz1) copy plasmid. Drug resistance was observed by

plating transformants in serial dilutions onto media without (-) or with (+) cycloheximide.
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Table 1-1. Genes upregulated by the transcription factor Pdrl

37

Name SGD Description PDRE
SNQ?2 ABC transporter protein involved in multidrug resistance yes
GRE?2 NADPH-dependent methylglyoxal reductase yes
PDR5 ABC transporter involved in steroid transport, cellular detoxification yes
YORI Plasma membrane ABC transporter yes
YGR0O35C  Putative protein of unknown function yes
ICTI Lysophosphatidic acid acyltransferase, involved in phospholipid synthesis yes
YMRI102C  Putative protein of unknown function yes
PDRI6 Phosphatidylinositol transfer protein, may regulate lipid synthesis yes
YLR346C  Putative protein of unknown function yes
YPLOSSW  Putative aryl alcohol dehydrogenase yes
PDRI5 Plasma membrane ABC transporter implicated in cellular detoxification yes
YCRO61IW  Protein of unknown function yes
RPN4 Transcription factor that stimulates expression of proteasome genes yes
YALO61W  Putative medium-chain alcohol dehydrogenase yes
YLLO56C  Putative protein of unknown function yes
RSBI Putative integral membrane transporter or flippase, may transport LCBs yes
IPTI Inositolphosphotransferase 1, involved in sphingolipid biosynthesis yes
TPOI Polyamine transporter yes
IMAS Alpha-glucosidase with specificity for isomaltose, maltose, and palatinose yes
PDRI0 ABC membrane pump involved in pleiotropic drug resistance yes
FSP2 Protein of unknown function, induced during nitrogen limitation yes
IMA3 Alpha-glucosidase yes
HXT9 Putative hexose transporter, has similarity to MFS transporters yes
HXTI1 Putative hexose transporter, has similarity to MFS transporters yes
HXTS Protein of unknown function with similarity to hexose transporters yes
PGA3 Essential protein required for maturation of Gaslp and Pho8p yes
URAI Dihydroorotate dehydrogenase, involved in pyrimidines biosynthesis no
YORI152C  Putative protein of unknown function no
HSP26 Small heat shock protein with chaperone activity no
HXK1 Hexokinase isoenzyme 1,involved in glucose metabolism no
INO! Inositol 1-phosphate synthase, involved in phospholipid biosynthesis no

ABC: ATP-binding cassette
MFS: Major facilitator superfamily
LCB: long chain base

Data based on genome-wide expression arrays reported in (DeRisi et al., 2000; Devaux et al., 2001).
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CHAPTER TWO:

Role for the molecular chaperones Zuol and Ssz1 in quorum sensing via activation of the

transcription factor Pdrl

This chapter has been published as Prunuske AJ, Waltner JK, Kuhn P, Gu B, and Craig
EA (2012) Role for the molecular chaperones Zuol and Ssz1 in quorum sensing via activation of
the transcription factor Pdrl. Proceedings of the National Academy of Sciences U S A
109(2):472-477 with AJ Prunuske and myself as co-first authors. I performed the yeast two-
hybrid and chromatin immunoprecipitation experiments. The expression arrays, isolation of the
hyperactive ZUO! allele and yeast growth arrest assays were carried out by AJ Prunuske.
Cloning, yeast genetics, drug resistance assays, and B3-galactosidase assays were performed by
both AJ Prunuske and myself. P Kuhn performed qPCR and assisted with the yeast two-hybrid
and growth arrest assays. B Gu assisted with the yeast growth curves. The manuscript was
written by AJ Prunuske, EA Craig, and myself. Some of the figures have been modified from the

published version to include supplementary materials for the purpose of this thesis.
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Abstract

Zuol functions as a J-protein co-chaperone of its partner Hsp70. In addition, the C-
terminus of Zuol and the N-terminus of Ssz1, with which Zuo1l forms a heterodimer, can
independently activate the Saccharomyces cerevisiae transcription factor Pleiotropic drug
resistance 1 (Pdrl). Here we report that activation of Pdrl by Zuol or Ssz1 causes premature
growth arrest of cells during the diauxic shift, as they adapt to the changing environmental
conditions. On the other hand, cells lacking Zuol or Sszl overgrow, arresting at a higher cell
density, an effect overcome by activation of Pdr1. Cells lacking the genes encoding plasma
membrane transporters Pdr5 and Snq2, two targets of Pdrl, also overgrow at the diauxic shift.
Adding conditioned medium harvested from cultures of wild-type cells attenuated the
overgrowth of both zuo A sszIA and pdr5A snq2A cells, suggesting the extracellular presence of
molecules that signal growth arrest. In addition, our yeast two-hybrid analysis revealed an
interaction between Pdr1 and both Zuol and Ssz1. Together, our results support a model in
which (i) membrane transporters, encoded by Pdrl-target genes act to promote cell-cell
communication by exporting quorum sensing molecules, in addition to playing a role in
pleiotropic drug resistance and (i) molecular chaperones function at promoters to regulate this

intercellular communication through their activation of the transcription factor Pdrl.
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Introduction

Eukaryotes, from fungi to humans, have a conserved, Hsp70-based molecular chaperone
system best known for its function near the exit site of the ribosome tunnel from which nascent
polypeptide chains emerge (Hundley et al., 2005; Otto et al., 2005). The J-protein of this system,
called Zuol/DNAJC2 in fungi/humans, is required for stimulation of the ATPase activity of its
partner Hsp70, facilitating efficient interaction of Hsp70’s peptide-binding domain with client
proteins. Although the majority of Zuol/DNAJC?2 is found in the cytosol, associated with
ribosomes, reports from both fungi and metazoans (Albanese et al., 2010a; Richly et al., 2010;
von Plehwe et al., 2009), indicate that it also has functions off the ribosome and/or in the
nucleus. Zuol/DNAJC2 is found in a heterodimer with Ssz1/Hsp70L1(Otto et al., 2005).
Although Ssz1/Hsp70L1 shares sequence similarity with the Hsp70 family of proteins, no
evidence points to its binding to client proteins. Rather, Ssz1, as the heterodimer partner of Zuol,
facilitates the ability of Zuol to function as a J-protein, that is to stimulate the ATPase activity of
its partner Hsp70 (Huang et al., 2005; Hundley et al., 2005).

In addition to their roles tied to their molecular chaperone activity, Ssz1 and Zuol have
been shown to independently have the capacity to enhance the transcription of genes of the
pleiotropic drug resistance (PDR) regulon (Eisenman and Craig, 2004; Hallstrom et al., 1998).
The PDR regulon is predominately composed of genes encoding membrane transporters, such as
Pdr5 and Snq2, and enzymes involved in lipid biosynthesis and membrane remodeling (Shahi
and Moye-Rowley, 2009). As suggested by the PDR designation, this regulon was first identified
because upregulation renders cells resistant to a variety of toxic xenobiotics by increasing their

export from cells. Two related Zn,-Cys, cluster transcription factors (TF), Pdrl and Pdr3, are the
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major regulators of this regulon. Some PDR targets, such as PDRS5, are transcribed by both Pdrl
and Pdr3; others, such as YORI, are only activated by Pdr1 (Shahi and Moye-Rowley, 2009).
Pdrl and Pdr3 can activate PDR in response to different signals. Sszl activates Pdrl, but not
Pdr3 (Hallstrom et al., 1998); Pdr3, but not Pdr1, responds to the absence of the mitochondrial
genome (Hallstrom and Moye-Rowley, 2000b). However, both are activated by a variety of
xenobiotics, which directly bind Pdr1/3, likely causing a conformational change exposing a C-
terminal transcription activation domain (Thakur et al., 2008).

Here we report the results of experiments designed to understand the physiological role
of activation of the PDR regulon by Zuol or Ssz1. Activation of Pdr1 promotes the arrest of cell
growth in the diauxic shift. Our results are consistent with a model in which Pdr1 is activated via
direct interaction with Zuol and Ssz1, and the resulting upregulation of transporters in the

plasma membrane increases export of signaling molecules involved in cell:cell communication.
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Results
Activation of the PDR regulon by Zuol requires Pdrl

As a first step in our analysis of Zuol activation of PDR, we isolated a hyperactive ZUO!
allele. Since the C-terminal 69 residues of Zuol are sufficient for induction of PDR (Eisenman
and Craig, 2004), a library of randomly generated mutations within these 69 codons was
screened for enhanced growth on plates containing the drug cycloheximide, relative to
unmutagenized controls. From this screen we identified a single amino acid alteration, S427G.
Cells expressing a fusion between a tandem affinity purification (TAP) tag and Zuo1’s C-
terminal 69 residues containing the S427G alteration (ZuoC*) displayed greater resistance to two
mechanistically distinct drugs, cycloheximide and oligomycin, than cells expressing the wild-
type (wt) fragment (ZuoC), even though the fusions were expressed at the same level (Figure 2-
1A,B). That the observed upregulation was due to enhanced transcription was supported by the
higher levels of mRNAs of Pdr5 and Yorl, known PDR target genes encoding drug transporters,
in cells expressing ZuoC* compared to cells expressing ZuoC (Figure 2-1C). In addition, ZuoC*
expressing cells harboring a PDR5 promoter-lacZ reporter had twice the B-galactosidase activity
of ZuoC-expressing cells (Figure 2-1D).

Given that Zuol and Ssz1 can independently activate PDR, we next tested whether Zuol,
like Ssz1, operated through the Pdrl transcription factor. PDR induction by ZuoC* in wt, pdriA
and pdr3A cells was compared by assessing growth on plates containing drugs and by activation
of PDRS5 and YORI promoter-/lacZ fusions. Similar levels of drug resistance were observed for
wt and pdr3A cells, while no growth in the presence of drug was observed in pdriA cells (Figure

2-2A). ZuoC* activated the PDR5-lacZ and YORI-lacZ reporters on the order of 10-fold and 4-
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fold, respectively, in wt cells and pdr3A cells. In contrast, no activation of PDR5-lacZ or YORI-
lacZ was observed in pdrIA cells expressing ZuoC* (Figure 2-2B, Table 2-1). This Pdr1-
dependent induction was not specific to the hyperactive allele, as induction by wt ZuoC was also
dependent upon Pdr1 (Figure 2-2C). Thus, we conclude that Zuol activation of the promoters of

PDR genes, like that of Ssz1, is dependent on Pdrl1.

The PDR regulon is a primary target of activation by SszI and Zuol

The results discussed above indicate that both Zuol and Sszl can activate PDR in a Pdr1-
dependent manner. However, whether PDR is the primary pathway activated is not known.
Therefore, we carried out whole genome microarray analysis (GEO accession #GSE31693) to
provide an unbiased assessment, using ZuoC* and a previously identified hyperactive variant
Sszlg9sr (Ssz1*) (Hallstrom et al., 1998). The gene expression pattern of cells expressing ZuoC*
or Ssz1* were strongly correlated with an R* value of 0.9886, indicating that similar mRNAs
were up and downregulated in these strains. The transcription factor consensus motifs and gene
ontology of the upregulated and downregulated genes were identified (Tables 2-2, 2-3, 2-4). The
major classes of genes upregulated were part of the PDR regulon. The target genes of two other
TFs, Msn2/4 and Gerl, were also identified as significantly upregulated. While the relationship
between Ssz1/Zuol and Gerl, which has been linked to growth control and filamentation (Willis
et al., 2003), is not obvious, previous microarray analysis revealed that xenobiotic compounds
inducing PDR upregulated Msn2/4 targets in a Pdrl/3 dependent manner (Willis et al., 2003).
The major gene ontology classes that were enriched in upregulated genes included those

associated with the plasma membrane, budding, transporters, and polarized growth (Table 2-3).
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The major pathways downregulated are involved in ribosome synthesis (Table 2-4), consistent
with the identification of the PAC element as a down-regulated TF binding site (Table 2-2) and
previous results assessing effects of xenobiotic compounds (Willis et al., 2003). Based on this
analysis, we conclude that ZuoC* and Ssz1* activate a similar set of genes, a major class of

which are PDR associated.

Zuol and Ssz1 interact with Pdrl in a yeast two-hybrid assay

Since the PDR regulon was a target of Zuol and Ssz1, we decided to test for their
interaction with Pdr1 using a two-hybrid system. We generated a fusion of the Gal4 DNA
binding domain (GBD) to Pdr1 to use as bait. To avoid confusion in interpretation of results, we
used a Pdrl fragment lacking its DNA binding (DBD) and activation (AD) domains, yielding
GBD-Pdrlapgpaap. As prey, the Gal4 activation domain (GAD) was fused to ZuoC* or Ssz1*,.
407, generating GAD-ZuoC* and GAD-Ssz1*,.497. Positive signals were obtained. Cells
expressing GBD-Pdr1apgpaap and GAD-ZuoC* or GAD-Ssz1*,.497, but not GAD alone, grew in
the absence of histidine, indicating activation of the Gallp-HIS3 reporter. The Gal7p-lacZ
reporter was activated, as GAD-ZuoC* and GAD-Ssz1%*,.497 expressing cells had 6- and 5-fold
higher B-galactosidase activity, respectively, than cells expressing GAD alone (Figure 2-3A,
Table 2-5).

When setting up the two-hybrid system we intended to also carryout two-hybrid testing
using ZuoC and Ssz1 fused to GBD as bait. However, GBD-ZuoC strongly auto-activated
reporter genes in the absence of the Gal4 activation domain. GBD-ZuoC expressing cells grew in

the absence of histidine and adenine, indicating activation of both Gallp-HIS3 and Gal2p-ADE?2
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reporters. B-galactosidase activity was 50-fold higher in cells expressing GBD-ZuoC than GBD
alone (Figure 2-3B, Table 2-6). In addition, cells expressing GBD-ZuoC* grew more robustly on
plates lacking histidine and adenine and showed approximately 2-fold higher -galactosidase
activity than those expressing GBD-ZuoC. We confirmed that the enhanced activity of GBD-
ZuoC* was not due to increased expression (data not shown). We reasoned that an interaction
between GBD-ZuoC and Pdrl might eliminate the requirement for the Gal4 activation domain
leading to auto-activation. Consistent with this idea, GBD-ZuoC cells containing an extra
plasmid copy of PDRI grew more robustly on medium lacking histidine and adenine and had 2-
fold higher B-galactosidase activity than cells having a single PDR] gene. In addition, pdriA
cells expressing GBD-ZuoC did not grow on medium lacking histidine and adenine. -
galactosidase activity was reduced to 19 units compared to 48 units in cells containing Pdr1. This
residual activity indicates some Pdrl-independent activity. However, together, these results
indicate that auto-activation of GAL promoters by GBD-ZuoC is largely dependent on Pdrl.

The fusion between GBD and Ssz1%*, 497, also auto-activated the GAL reporter constructs
in a Pdrl-dependent manner (Figure 2-3C, Table 2-6), but to a lesser extent than the GBD-ZuoC
fusion. No growth on selective plates was observed in pdrIA cells and the B-galactosidase
activity was at the basal level found in cells expressing GBD alone. Together, these two-hybrid
results are consistent with an interaction of Zuol and Ssz1 with Pdrl. To support the idea that the
activation of Pdrlby Ssz1/Zuol likely occurs by direct action, chromatin immunoprecipitation
(ChIP) was carried out using strains expressing Ssz1*. The presence of Ssz1 at the PDRS
promoter, and as a control, a region 1.5 kB upstream, was evaluated by precipitating DNA using

Ssz1-specific antibodies followed by quantitative PCR (qPCR). Increased levels of Ssz1 were
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detected at the PDRS5 promoter compared to the upstream region relative to a control strain
deleted for SSZ! (Figure 2-3D). This increase was dependent on the presence of Pdrl, as no
precipitation above background levels was found in pdrIA cells. Together, these results support

the idea that Ssz1/Zuol function at the PDRS5 promoter in a Pdr1-dependent manner.

Activation of the PDR regulon promotes early growth arrest at the diauxic shift

The ability of Zuol and Ssz1 to activate the PDR regulon in a Pdr1-dependent manner
led us to ask whether such induction plays a physiological role. During our investigations, we
noted that overnight cultures of cells expressing ZuoC* attained a lower cell number during the
diauxic shift, the time during which glucose becomes depleted and growth arrests as cells
transition to the utilization of nonfermentable carbon sources (DeRisi et al., 1997). We compared
the growth of cells expressing ZuoC* with that of control cells. Overnight culture of cells were
diluted and grown in synthetic media at 30°C, with samples removed periodically over the next
25 hours (Figure 2-4A). The cultures grew at the same rate over the first 10 hours. However,
growth of ZuoC* expressing cells transiently plateaued at an optical density at 600 nm (OD) of
approximately 2.8 after 13 hours. Cells expressing the control vector continued dividing for an
additional 2-3 hours, plateauing at an OD of approximately 3.3. To confirm that the lower OD in
the cells expressing the PDR inducing construct corresponded to a lower cell number, cells
present in the cultures 15 hours after dilution were counted. Cultures expressing ZuoC* had 19%
fewer cells than those carrying the control vector. Early growth arrest was also seen in cultures
of cells expressing Ssz1* (data not shown). To address whether this difference in cell number as

cells arrest at the diauxic shift was dependent on Pdrl, we also tested a pdrIA strain. Both
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control and ZuoC* expressing pdrIA cells reached the diauxic shift plateau at an ODggg of 3.3,
similar to wt cells (Figure 2-4A). Although the exact plateau OD reading varied slightly between
batches of media, consistently, the plateau value for the PDR activating strain was lower than
that of the three other strains. Thus, we conclude that the earlier transient growth arrest that

occurs when ZuoC* is expressed is due to the activation of Pdrl.

Overgrowth of cells lacking Zuo1/Ssz1 is mitigated by Pdrl activation

Since Pdrl activation by Zuol or Sszl leads to growth arrest at a lower cell density, we
asked whether the absence of these two proteins affected the density at which growth plateaued.
Although zuoIA sszIA cells grew more slowly than wt cells in exponential phase, they entered
the diauxic shift at a higher OD (4.0 compared to 3.5) (Figure 2-4B). Consistent with the higher
OD, 29% more cells were present in the zuo /A sszIA culture than the wt culture after 25 hours of
growth, when both cultures had reached the diauxic shift. To test the effect of Pdrl activity on
the response of cells to the absence of Zuol and Ssz1, zuoIA sszIA cells were treated, 10 hours
after dilution, with progesterone, a xenobiotic known to activate Pdrl (Thakur et al., 2008)
(Figure 2-4B). Overgrowth was mitigated; zuo /A sszIA cells treated with progesterone plateaued

at an OD of approximately 3.4, similar to wt cells.

Addition of conditioned medium alters growth at the diauxic shift
The results presented above suggested to us that activation of Pdrl by Zuol and Ssz1
plays a role in regulating the timing of growth arrest as cells approach the diauxic shift. Since

Pdrl regulates the expression of membrane transporters that extrude small molecules from cells,
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we decided to test the idea that the media of wt cells contained molecules that signal growth
arrest, that is play a role in “quorum sensing”. Wt and zuo /A sszIA cells were diluted to an OD
of 0.2 and grown for 14 hours. Cells were then pelleted. As controls, wt and zuoIA sszIA cells
were resuspended in medium in which they were grown (Figure 2-5A) and further growth
monitored. As expected, zuo /A sszIA cells attained an OD of approximately 4.1, while wt cells
plateaued at 3.4. However, the growth of Azuol AsszI cells resuspended in “conditioned”
medium from wt cells, rapidly plateaued, only reaching an OD at the diauxic shift of 3.5. This
cessation of growth is consistent with the presence of factors in the wt-conditioned medium that
signal arrest.

Cells lacking the membrane transporters Pdr5 and Snq2, whose expression is regulated
by Pdrl, have been reported to overgrow at the diauxic shift (Hlavacek et al., 2009). Therefore,
we extended our analysis to test whether these specific transporters play a role in signaling
growth arrest. Cultures of wt and pdr5A sng2A cells approaching the diauxic shift were harvested
at an OD of 2.5 and resuspended, either in the medium in which they were grown or the
conditioned medium retrieved from the other culture (Figure 2-5B). The overgrowth of the
pdr3A snq2A cells when resuspended in the medium in which they were grown was more
dramatic than that of zuo A sszIA cells; they attained an OD of 6.8 after 11 hours of further
incubation. When resuspended in conditioned medium from wt cells, however, growth of pdr5A
snq2A cells plateaued at an OD of 3.2, only slightly higher than wt cells. On the other hand, wt
cells resuspended in pdr5A snq2A conditioned media continued to grow slowly, reaching an OD
of 4 after 11 hours. These results are consistent with the presence of a factor(s) in the wt

conditioned media that promotes inhibition of cell division and that media in which zuoIA sszIA
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or pdr5A snq2A cells have been grown contain a lower concentration of this factor(s). As a
preliminary assessment of the nature of these factors, media harvested from wt cells was
subjected to one of two treatments, boiling or dialysis, prior to adding to pdr5A snq2A.
Consistent with the factor(s) being small molecules, cells resuspended in dialyzed media
overgrew, reaching an OD of 4.5 10 hours after addition, compared to 5 and 3 for pdr5A snq2A
and wt media, respectively (Figure 2-6). On the other hand, boiled media was as efficient as

untreated media in suppressing overgrowth.
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Discussion

As discussed below, a picture emerges from the results presented here consistent with the ideas
that: (i) activation of Pdrl by Zuol and Sszl plays a role in regulating cell growth upon nutrient
depletion at the diauxic shift and (ii) transporters of the plasma membrane, encoded by Pdr1-
target genes, export quorum molecules sensed by other cells in the culture leading to growth

arrest.

Activation of Pdrl by SszI and Zuol

Expression of either the C-terminal 69 amino acids of Zuol or the ATPase domain of
Sszl1 affects gene expression in very similar ways. Both cause the upregulation of genes of the
PDR regulon in a Pdrl-dependent manner. The two-hybrid and ChIP data reported here suggest
that this activation may be direct, involving an interaction of these proteins with Pdr1, leading to
mobilization of its transcription activation domain that is normally sequestered by its endogenous
inhibitory region. Such a mechanism is reminiscent of the activation of Pdr1 by xenobiotics,
which bind Pdr1/Pdr3 in the internal “xenobiotic binding domain” (Thakur et al., 2008),
releasing the inhibition of the transcriptional activation domain.

The specificity of the activation of Pdrl by Zuol and Ssz1 is intriguing. While,
xenobiotics activate both Pdrl and Pdr3 (Thakur et al., 2008), Zuol and Ssz1 activate Pdrl, but
not Pdr3. On the other hand, Pdr3, but not Pdrl, is activated by a yet-to-be defined signal present
in cells lacking a functional mitochondrial genome (Hallstrom and Moye-Rowley, 2000b).
Analysis of the genome organization surrounding the PDRI and PDR3 genes indicates that this

gene pair is a product of the whole genome duplication that occurred in an ancestral genome of
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S. cerevisiae (Lelandais and Devaux, 2010). The differences between Pdrl and Pdr3 may
represent specialization for physiologically important signaling events, while both transcription
factors retained the basic property of being activated by xenobiotics.

It is also worth noting that domains of Zuol and Ssz1 are independently capable of
activating Pdrl. Since Sszl and Zuol form a very stable heterodimer (Conz et al., 2007a;
Gautschi et al., 2001b), it is reasonable to posit that under normal physiological conditions they
activate Pdrl as a complex. It is also possible that the heterodimer is destabilized in response to
some yet unknown signal, allowing them to act independently. Further work is required to

understand the complexities of the relationship between the activation of Pdr1 by Zuol and by

Sszl.

Physiological role of activation of Pdrl at the diauxic shift by Ssz1/Zuol

Based on the results presented here, which link Pdr1 activation to the transition point of
the diauxic shift, we propose a model in which the density at which yeast cells arrest growth,
transitioning to an environment of less favorable nutrients, depends in part on the level of small
molecules in the surrounding medium. The efflux of these quorum sensing molecules from cells
in which they were synthesized is mediated by plasma membrane transporters such as Snq2 and
Pdr5. According to this model, the concentration of these regulatory molecules in the medium is
dependent upon the level of such transporters. Consistent with this model, pdr5A snq2A cells
arrest at a very high cell density. As expression of these transporters is regulated in part by Pdrl,
activation by either Zuo1/Sszl or by xenobiotics results in growth arrest at a lower cell density,

because more autoregulatory molecules are exported from cells. Interestingly, a recent
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bioinformatics analysis of several genome wide studies identified Pdrl as one of handful of
transcription factors predicted to be involved in quorum sensing (Wuster and Babu, 2010).

Sensing of signals in response to cell density has been extensively studied in bacteria. In
fact, cell:cell signaling related to regulating the cell density attained by bacterial cultures has
been linked to multidrug transporters in Escherichia coli (Yang et al., 2006). Studies on cell:cell
communication in eukaryotic unicellular organisms are more limited. Nevertheless, several
intercellular signal transduction pathways have been identified in fungi. In the dimorphic fungal
human pathogen Candida albicans aromatic alcohols have been linked to nitrogen limitation and
yeast-to-filamentous growth transition (Hornby et al., 2001). The very limited number of reports
of quorum sensing in S. cerevisiae is likely due to the fact that standard yeast strains, such as
those used here, do not undergo filamentous growth because of a mutation in the FLOS8 gene,
which is needed for invasive and filamentous growth (Liu et al., 1996). However, using a truly
wt strain, Fink and colleagues uncovered a quorum sensing signaling pathway responsive to
aromatic alcohols that regulates filamentation in response to both cell density and nutrient
availability (Chen and Fink, 2006). Interestingly, in this strain background, ZUO! was identified
in a screen for genes involved in filamentous growth (Palecek et al., 2000). Future studies in
such truly wt strains may be required to determine whether the role of the Ssz1 and Zuol
chaperones in quorum sensing relates to the regulation of filamentous growth and nitrogen
metabolism, an unappreciated cellular response to glucose deprivation or an unknown signaling

pathway.
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Universal role of Zuol:Ssz1 orthologs in transcriptional regulation in eukaryotes

The C-terminal regions of Zuol and Ssz1 in fungi differ from that of other eukaryotic
orthologs (Braun and Grotewold, 2001b). However, it is intriguing that Zuo1 orthologs in most
other eukaryotes have Myb/SANT domains, well-established DNA binding domains, at their C-
termini. These domains of Zuol orthologs have been implicated in regulation of asymmetric cell
division in blue-green algae (Pappas and Miller, 2009) and in nematodes (Hatzold and Conradt,
2008). In yeast, our evidence supports the idea that molecular chaperones regulate cell:cell
communication through modulation of the pleiotropic drug resistance pathway. Future study will
be required to define the similarities and differences in mechanisms of action of these molecular
chaperones in cell:cell communication in diverse organisms. Regardless, this conserved
connection between the ribosome, the cellular center of protein synthesis, and the regulation of
growth control/development, raises the intriguing possibility of regulatory connections

coordinating the regulation of protein synthesis and growth control/development.
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Figures, Tables, and Legends

Figure 2-1. Enhancement of drug resistance in the C-terminus of Zuol. Wt cells were
transformed with vector containing DNA encoding a TAP tag (-) or TAP tag fused to either
amino acids 365-433 of wt Zuol (ZuoC) or ZuoC having the S427G alteration (ZuoC*). (A)
Serial dilutions of wt cells harboring the indicated plasmids were spotted onto media without (-)
or with (+) cycloheximide (CHX) or oligomycin (OLI). (B) Cell extracts prepared from indicated
cells were subjected to immunoblot analysis using IgG to detect TAP-ZuoC and TAP-ZuoC*
fusions. (C) RNA isolated from wt cells harboring the indicated plasmids was subjected to
Northern blot analysis using probes against PDRS5 or YORI. An ACTIN probe was used as a
loading control. (D) Wt yeast containing an integrated PDRS promoter-/acZ fusion were
transformed with the indicated plasmids and -galactosidase activity was measured. The average
activity of three transformants of each was measured on two independent occasions and averaged

and the fold activation of experimental/control (ZuoC/TAP) was plotted.
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Figure 2-2. Activation of the PDR regulon by Zuol is specific for Pdr1. (A) Serial dilutions
of WT, pdrIA and pdr3A cells transformed with either vector containing DNA encoding a TAP
tag (-) or the TAP-ZuoC* plasmid (+) were spotted onto media without (-) or with (+)
cycloheximide (CHX) or oligomycin (OLI). (B) Cells harboring either the control (TAP) or
TAP-ZuoC* (ZuoC*) plasmid were transformed with a second plasmid encoding either
a PDR5 or YORI promoter-/lacZ fusion. The average 3-galactosidase activity of 3 transformants
of each was quantified as Miller units and plotted. (C) Serial dilutions WT, pdrIA and pdr3A
cells transformed with either the control (-) or TAP-ZuoC plasmid (+) were spotted onto media

without (-) or with (+) cycloheximide (CHX).
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Figure 2-3. Interaction of ZuoC, ZuoC* and Ssz1%*;.497 with Pdrl. (A-C) Yeast two-hybrid.
(A) Interaction between Pdrl and Ssz1/Zuol. Wt PJ69 cells were transformed with a plasmid
containing DNA encoding the Gal4 DNA binding domain (GBD) fused to residues 76-965 of
Pdr1 (GBD-Pdrl) and a second plasmid containing either DNA encoding the Gal4 activation
domain (GAD, -) or GAD fused to ZuoC* or Ssz1%*,_497. Serial dilutions of cells containing the
indicated plasmids were spotted onto media lacking histidine (-his). The average B-galactosidase
activity of three transformants of each was measured and reported as fold activation of
experimental/control (GAD fusion/GAD). (B and C) ZuoC, ZuoC* and Ssz1*,.4¢7 tethered to
GBD activate GAL promoters in a Pdrl-dependent manner. Cells carrying varying copies of
PDR1 were created by transforming WT cells with either empty vector (+) or a centromeric
plasmid containing PDRI (++) or transforming pdri4 cells with empty vector (—). These cells
were transformed with a second plasmid containing DNA encoding GBD (-) or GBD fused to
codons for residues 365-433 of wt Zuol (ZuoC), ZuoC having the S427G alteration (ZuoC*), or
1-407 of Sszl containing the S295F alteration (Ssz1*,.497). Serial dilutions of cells harboring the
indicated plasmids were spotted onto media lacking histidine (-his) or histidine and adenine (-his
-ade). The average 3-galactosidase activity of 2-3 transformants of each was measured and
reported as fold activation of experimental/control (GBD fusion/GBD). (D) Chromatin
immunoprecipitation (ChIP). DNA precipitated by Ssz1-specific antibodies from strains having
(+) or lacking (-) PDRI and expressing Ssz1* was analyzed by qPCR using primer pairs
designed to amplify the PDR5 promoter (PDRY5) and a region 1.5 kB upstream (control). The IP
signal relative to input DNA was calculated for each location. The mean and SEs of the resulting

IP/input from three PCR measurements are plotted.
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Figure 2-4. Effect of Pdr1 activation on the cell density at which growth arrest occurs at
the diauxic shift. Indicated cells were diluted to an ODgg of 0.2 in synthetic media and the OD
monitored for the subsequent 25 hours. (A) WT or pdriA cells were transformed with the control
vector containing DNA encoding the TAP tag (no designation) or vector encoding TAP-ZuoC*
(ZuoC¥*). (B) Two cultures of WT and zuo /A sszIA cells were grown as above. One of each was

treated with progesterone (PG) 10 hours after dilution of the culture.
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Figure 2-5. Addition of conditioned medium alters growth at the diauxic shift. WT,
zuolAsszIA, or pdr5Asng2A cells were diluted to an ODggp of 0.2. After 14 (A) or 15 (B) hours,
cultures were spun down and the conditioned media harvested. Cells were resuspended in the

indicated conditioned medium and growth monitored for the ensuing 11 (A) or 10 (B) hours.
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Figure 2-6. Altered growth in conditioned medium is abrogated by dialysis. Wt and
pdr5Asnq2A strains were diluted to an ODggp of 0.2 with a second dilution of the pdr5Asng2A
strain started 4 hours later. After 15 hours, cultures were spun down and the conditioned media
harvested. Conditioned media was either dialyzed, boiled, or untreated prior to resuspending the
second culture of the pdr5Asnq2A strain in each media treatment. Growth was monitored over

the subsequent 11 hours.
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Table 2-1. Induction of PDR reporters by ZuoC*

B-galactosidase activity of reporter gene fusions’

Strain Plasmid PDR5-lacZ YORI-lacZ

WT vector 88.9 +9.7 225+04
WT ZuoC* 931.0 +162.4 111.3+9.7
pdriA vector 64.1 +3.6 23.6+3.4
pdriA ZuoC* 58.7+2.9 21.4+0.8
pdr3A vector 63.9+5.7 19.6 +0.7

pdr3A ZuoC* 7572+ 19.8 75.8+17.3

"The average B-galactosidase activity of three independent
transformants was measured and reported in Miller units.



Table 2-2. Transcription factor motifs enriched in ZuoC* and Ssz1* expression arrays

Name Motif t-value’

ZuoC* Sszl*  ZuoC* + Ssz1*
PDR1/3 TCCGYGGA 4.62 3.82 4.21
PDR like TCCGYGGR 4.43 3.79 4.11
Msn2/4 CCCCT 3.50 4.76 4.26
GCR1 CWTCC 3.82 4.06 4.00
PAC CGATGAG -2.26 -4.08 -3.34

Tt-values considered significant are indicated in bold.
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Table 2-3. GO categories significantly upregulated in ZuoC* and Ssz1* expression arrays

GO category t-value E-value' Mean # of ORFs
phosphotransferase activity,

alcohol groups as acceptor 6.39 2.30E-07 0.264 166
plasma membrane 6.36 2.80E-07 0.240 212
protein kinase activity 6.21 7.36E-07 0.287 128
kinase activity 5.49 5.58E-05 0.222 198
catalytic activity 5.11 4.47E-04 0.108 1744
carrier activity 4.84 1.80E-03 0.238 128
physiological process 4.69 3.79E-03 0.084 4024
transcription factor activity 4.66 4.38E-03 0.330 52
transporter activity 4.58 6.44E-03 0.154 416
regulation of biological process 4.56 7.08E-03 0.154 412
bud 4.52 8.55E-03 0.226 131
transcription regulator activity 4.36 1.79E-02 0.165 309
regulation of metabolism 4.29 2.45E-02 0.155 363
site of polarized growth 4.13 4.91E-02 0.208 137

Normalized array data were combined using ArrayStar and Gene Ontology categories

were identified using t-profiler http://www.t-profiler.org.

"E-values <0.05 were considered significant.
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Table 2-4. GO categories significantly downregulated in ZuoC* and Ssz1* expression arrays

GO category t-value E-value' Mean # of ORFs
nucleolus -4.25 2.93E-02 -0.054 191
small ribosomal subunit -4.41 1.43E-02 -0.120 90
cytosolic ribosome -4.48 1.03E-02 -0.079 148
biological process unknown -4.95 1.03E-03 0.026 1620
molecular function unknown -5.10 4.72E-04 0.034 2217
mitochondrial matrix -5.45 7.00E-05 -0.118 137
organellar large ribosomal subunit -5.60 2.98E-05 -0.286 42
large ribosomal subunit -6.35 2.99E-07 -0.162 122
structural molecule activity -6.76 1.92E-08 -0.079 324
ribosome -6.76 1.92E-08 -0.100 250
ribonucleoprotein complex -6.82 1.27E-08 -0.066 393
organellar ribosome -6.98 4.10E-09 -0.257 75
structural constituent of ribosome -7.84 6.32E-12 -0.147 207

Normalized array data were combined using ArrayStar and Gene Ontology categories were

identified using t-profiler http://www.t-profiler.org.
"E-values <0.05 were considered significant.
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Table 2-5. Activation of yeast two-hybrid system by GBD-Pdr1pspaap and GAD-ZuoC* and
GAD-Ssz1*,_4¢7 fusions

B-galactosidase activity of GAL7-lacZ'

GBD fusion GAD fusion Activity

PdrlADBDAAD - 0.38 £0.04
PdrlADBDAAD ZuoC* 2.26 £0.06
PdrlADBDAAD SSZI*1.407 1.88 £0.13

"The average B-galactosidase activity of three independent
transformants was measured and reported in Miller units.
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Table 2-6. Pdrl-dependent auto-activation of the yeast two-hybrid system by GBD-ZuoC,
GBD-ZuoC*, and GBD-Ssz1*,_497 fusions

B-galactosidase activity of GAL7-lacZ’

PDRI copies GBD fusion Activity
+ - 0.97
+ ZuoC 47.88
+ Ssz1* 407 3.36
- - 1.52
- ZuoC 19.19
- Sszl *1_407 1.42

++ - 1.25
++ ZuoC 97.43
++ Ssz1* 407 15.53
+ - 1.35
+ ZuoC 54.17
+ ZuoC* 103.91

"The average B-galactosidase activity of 2-3 independent
transformants was measured and reported in Miller units.
Data shown below the solid line were collected as an
independent experiment.
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Material and Methods
Genetic methods

Most yeast strains used were isogenic with DS10 (his3-11, 15 leu2-3, 112 lysl lys2 trpIA
ura3-52). zuoAl::HIS3 sszIA::LYS2 was previously published (Hundley et al., 2002),
pdr5SA::URA3 snq2A::TRPI, pdrIA::TRPI and Apdr3::HIS3 were made by transforming a PCR
product generated from amplifying the URA3 marker from pRS306, the TRPI marker from
pRS304, or the HIS3 marker from pRS303 using primers that contain homology immediately
upstream and downstream of the gene to be deleted. Integration was confirmed by PCR. PDRS5-
lacZ and YORI-lacZ were previously described (Hallstrom et al., 1998). TAP and TAP-ZuoC
plasmids were created by PCR amplifying codons for an N-terminal TAP tag and Zuol residues
365-433 and cloning into pRS415-GPD using Spel and BamHI (TAP) and BamHI and Sall
(ZuoC). ZuoC* was created by site directed mutagenesis using S427G mutagenic primers. Full
length Ssz1 (BamHI and Sall) was cloned into the pRS415-GPD vector using BamHI and Sall.
Ssz1* was created by introducing S295F into this vector using site directed mutagenesis.

To obtain a hyperactive ZUO! allele, mutagenic PCR with high magnesium was used to
generate PCR products in the codons encoding the C-terminal 69 residues. These products were
then used in a QuickChange reaction to generate a library of plasmids in pRS315-Zuo12s5-364
(Yan et al., 1998b). The library was transformed into DS10 and candidates able to grow in the
presence of 1 pg/ml cycloheximide selected. Plasmid from each candidate was recovered,
sequenced, retransformed and then assayed for induction of the PDR5-lacZ reporter.

To assay drug resistance, approximately equal numbers of cells were subjected to 10-fold

serial dilutions and spotted on media: selective minimal glucose, containing either 0, 0.7 or 1
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pg/ml cycloheximide or YPGE (1% yeast extract, 2% peptone, 3% glycerol and 2% ethanol)
containing 0 or 1.5 pg/ml oligomycin. Plates were incubated at 30°C for 2-3, 4 or 7-11 days on
minimal, YPGE, or YPGE + oligomycin media, respectively, before photographing. B-
galactosidase assays were performed as previously described (Eisenman and Craig, 2004);

average of three independent transformants was reported.

Northern blot

RNA was isolated from 5-ml cultures by the hot phenol method (Ausubel et al., 1997).
Ten micrograms of total RNA was separated on a 1% MOPS-formaldehyde gel, transferred to a
nylon membrane, and hybridized in ULTRAhyb (Ambion, Austin, TX) overnight with
radiolabeled double-stranded DNA probes. Probes were generated by random priming with [-
32P]dCTP (6000 Ci/mmol; Perkin Elmer-Cetus, Boston, MA), using the Prime-A-Gene kit
(Promega), and PCR products containing the coding region of each gene. After stringent washes,
membranes were exposed using a Phosphorlmager detection screen (GE Healthcare, Piscataway,
NJ), and visualized on a Typhoon 941 (GE Healthcare)). For reprobing, blots were boiled in 1%

SDS and rehybridized with a new probe.

Tiled microarray

20 pg samples of total RNA (prepared by pooling equal quantities of 3 biological
replicates) were digested with RQ1 DNase (Promega). Reactions were extracted with
phenol/chloroform/isoamyl alcohol, followed by chloroform and then precipitated. RNA quality

was assessed using the Agilent 2100 Bioanalyzer. 10 ug RNA was used to prepare labeled
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cDNA using SuperScript II (Invitrogen) followed by the one-color Cy3 labeling kit
(NimbleGen). Labeled sample was hybridized to a 12x137K NimbleGen S. cerevisiae array
(05543835001) using the manufacturers recommended conditions. Arrays were scanned using
the MS 200 Microarray Scanner and MS 200 Data Collection Software. Probes were averaged
and samples quantile normalized with a log2 transformation and analyzed using ArrayStar
(DNAstar). T-profiler (http://www.t-profiler.org/) was used to identify transcription factor

binding motifs and gene ontogeny (Boorsma et al., 2005).

Yeast Two-Hybrid and ChIP

Strain background PJ69, a derivative of W303, was used. GBD and GAD plasmids and
the two-hybrid methods are previously published (James et al., 1996). pdriA::TRPI was created
by amplifying the integrated pdrIA::TRP1 cassette from DS10 pdriA::TRPI genomic DNA and
transforming into PJ69. GBD-ZuoC and GBD-Ssz1*, 497 plasmids were created by PCR
amplification of DNA encoding Zuol residues 365-433 and Ssz1 residues 1-407 containing the
S295F mutation and cloning into pPGBDU-C1 using BamHI and Pstl. GBD-ZuoC* was created
by site-directed mutagenesis using S427G primers. GBD-Pdr1ppp was created by PCR
amplification of DNA encoding Pdr1 residues 76-1063 and cloning into pGBD-C1 using Clal
and Smal. pdrIapspasp Was created by removing DNA encoding residues 965-1063. GAD-
ZuoC* and GAD-Ssz1*,.497 were created by PCR amplification of each and cloning into pGAD-
C1 using BamHI and Sacl. Cells were grown for 2 days at 30°C on minimal media lacking
uracil, leucine, or tryptophan to select for the respective plasmids and lacking either histidine and

adenine or histidine and containing 2 mM 3-aminotriazole (3-AT) to detect activation of Gal2p-
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ADE?2 and Gallp-HIS3 reporters. At least two independent transformants were measured for -
galactosidase activity of the GAL7-lacZ reporter and averaged.

ChIP was carried out as described previously (Tietjen et al., 2010). Strains used were
deleted for ZUOI to ensure that Ssz1 was not ribosome-associated and carrying Ssz1* on
pRS316. Briefly, cultures at 0.6 OD were treated with formaldehyde to induce crosslinking.
Lysates were sonicated to shear genomic DNA and then incubated with Ssz1-specific antibody
followed by precipitation with Protein A-agarose beads. After washing, cross-linking was
reversed by incubation overnight at 65°C. DNA was then precipitated and subjected to qPCR.
The background signal from a control experiment using cells lacking SSZ/ was subtracted from
experimental values obtained. Target DNA in the sample was quantified by generating a standard

curve with a 4-fold dilution series of the input DNA for each sample.

Growth curves

Overnight cultures were diluted to an OD of 0.2 into synthetic complete media (0.67%
yeast nitrogen base with ammonium sulfate and without amino acids, 2% dextrose, supplemented
with all amino acids). Leucine was omitted in the case of TAP vectors. 5 mL cultures were
grown at 30°C with shaking and OD measured between 8 and 25 hour after dilution. Each
experiment was performed a minimum of 5 times. Progesterone (Sigma) was diluted to 0.1 M in
ethanol and added to the yeast culture after 10 hours of growth for a final concentration of 100

uM.
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Media swap time course

Overnight cultures of the wt and pdr5A snq2A strains were diluted to an ODggo of 0.2 (50 ml
final volume) into synthetic complete media (0.67% yeast nitrogen base with ammonium sulfate
and without amino acids, 2% dextrose, supplemented with all amino acids). Four hours later a
second 50 ml culture of the pdr5A snq2A strain was diluted under the same conditions. The
initial cultures were grown at 30°C with shaking for 15 hours to “condition” media. Cells were
then pelleted and the supernatant/media was spun again at 6000xg for 10 minutes to remove any
remaining cells. 10 ml of wt-conditioned media was dialyzed against 500 ml of TBS (50 mM
Tris-HCI1 pH 7.4, 150 mM NaCl) for 3 hours at 25°C, replacing the TBS every hour. Dialysis
was performed in 12 ml Slide-A-Lyzer cassettes (Thermo Scientific) with a 2K MWCO.
Additional wt-conditioned media and pdr5A snq2A-conditioned media were stored at 25°C
during dialysis. Just before resuspending cells in treated media a portion of the wt-conditioned
media was boiled for 10 minutes. Four hours after the initial cultures were stopped, the cells in
the second culture of the pdr5A sng2A strain were pelleted and washed 3x in 10 ml of TBS. The
fresh pdr5A snq2A pellets were then resuspended in one of the four media treatments to an ODggo

of 2.0 and growth was assessed for 11 hours.
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CHAPTER THREE:

Unfolding of the C-terminal domain of the J-protein Zuol releases autoinhibition and

activates Pdr1-dependent transcription

The work presented in this chapter is being prepared as a manuscript that will be
submitted to Nature Structural & Molecular Biology. This work was done in collaboration with
Dr. Brian Volkman’s lab at the Medical College of Wisconsin, Milwaukee, WI. I solved the
NMR structure of Zuo1’s C-terminal domain with the assistance of Dr. Francis Peterson. F
Peterson collected the NMR and circular dichroism data and I performed all remaining
experiments presented in this chapter. (Note: The fragment of Zuo1’s C-terminus referred to as
“ZuoC” in the previous chapter will be referred as “Zuol3gs.433” in this chapter to denote its

residue boundaries and avoid confusion as more C-terminal constructs are introduced.)
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Abstract

The C-terminus of Zuol, a ribosome-associated J-protein co-chaperone, is sufficient to
activate the transcription factor pleiotropic drug resistance 1 (Pdrl), consequently playing a role
in quorum sensing during nutrient limitation by increasing the expression of membrane
transporters. Here we report that dissociation of Zuol from the ribosome is not sufficient for this
activation because the C-terminal 86 residues fold into an autoinhibitory left-handed four-helix
bundle. Hydrophobic residues at the extreme C-terminus required for Pdrl activation are integral
to the domain structure, suggesting that sequestering of these key residues may be a critical
aspect of Zuol autoinhibition. Experimentally, unfolding propensity in vitro correlates with both
activation of and interaction with Pdr1, as monitored by in vivo assays. Thus, our results are
consistent with a model in which response to yet to be determined physiological signals results in
unfolding of the C-terminal domain of ribosome-dissociated Zuol and activation of Pdrl in a

manner analogous to its activation by xenobiotics.
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Introduction

The eukaryotic-specific J-protein Zuol is an Hsp70 co-chaperone that is primarily
associated with ribosomes and has a widely accepted role in the folding of nascent polypeptides
(Gautschi et al., 2002; Hundley et al., 2002; Yan et al., 1998a). However, evidence from several
organisms indicates that Zuol also has a direct role in transcriptional regulation (Inoue et al.,
1999; Richly et al., 2010). In Saccharomyces cerevisiae, Zuol has been identified as an activator
of the zinc cluster transcription factor (TF) Pdrl (Eisenman and Craig, 2004; Prunuske et al.,
2012). Pdrl, like many TFs, has a C-terminal activation domain that has minimal activity until
activated by a specific signal (Kolaczkowska et al., 2002; Thakur et al., 2008). Activation of
Pdrl by either Zuol or by a variety of xenobiotics initiates a highly specific transcriptional
response, upregulating a set of genes belonging to the pleiotropic drug resistance (PDR) regulon
(DeRisi et al., 2000; Devaux et al., 2001; Prunuske et al., 2012). The name PDR originated
because the regulon includes genes encoding plasma membrane ATP-binding cassette (ABC)
transporters, such as Pdr5 and Snq2, which extrude xenobiotics from cells, rendering them
resistant to a variety of toxic compounds (Jungwirth and Kuchler, 2006; Kolaczkowski et al.,
1998). However, evidence indicates that the PDR pathway plays additional roles. Pdr5 and Snq2
also function in regulating the transient growth arrest that occurs at the diauxic shift as cells
preferred carbon sources and other nutrients become depleted, suggesting a role for the PDR
system in growth regulation, perhaps by extruding small molecules sensed by neighboring cells
(Hlavacek et al., 2009; Prunuske et al., 2012).

Zuol is a 433 amino acid protein consisting of three regions known to be important for its

ribosome-associated role in protein folding: an N-terminal region required for interaction with its
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heterodimeric partner Ssz1; an adjacent J-domain, a conserved domain found in all J-proteins
critical for functional interaction with their Hsp70 partners; and a positively charged RNA-
binding region necessary for association with the ribosome (Fiaux et al., 2010; Gautschi et al.,
2002; Yan et al., 1998a). The 69 residues at Zuol’s C-terminus (Zuo1l3¢s.433), on the other hand,
have been shown to be sufficient to activate Pdr1-dependent transcription (Eisenman and Craig,
2004; Prunuske et al., 2012).

Evidence indicates that activation of Pdrl by Zuol’s C-terminus is specific and direct.
The Pdrl-related TF Pdr3, though activated by many of the same xenobiotics as Pdr1, is not
activated by Zuol. PDR is not induced by the C-terminus of Zuol in a Apdr1 strain, however,
suggesting specificity of Zuol for the TF Pdrl (Prunuske et al., 2012). As Zuol lacking its
charged ribosome-binding region is capable of inducing PDR, it suggests that this transcriptional
activation occurs off the ribosome (Eisenman and Craig, 2004). Furthermore, Zuo1’s C-terminus
has been shown to interact with the nuclear TF Pdrl in yeast two-hybrid analyses, suggesting a
direct role for Zuol in PDR activation (Prunuske et al., 2012).

In this work we set out to better understand the means by which Zuol activates Pdrl. We
found that dissociation of Zuol from the ribosome is not sufficient for PDR activation. Rather,
the C-terminal 86 residues of Zuol form a four-helix bundle that sequesters hydrophobic
residues essential for interaction with and activation of Pdrl. Thus, a key to this activation is the

unfolding of Zuo1’s C-terminal domain, releasing autoinhibition.
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Results
The C-terminal 13 residues of Zuol are necessary and sufficient for Pdrl activation

The 69 C-terminal residues of Zuol (Zuolses.a33) were previously shown to be capable of
activating Pdrl. To determine if a smaller region was sufficient for activation, a series of
truncation mutants were constructed, starting at residues 388, 403 and 421, and each was fused to
a tandem affinity purification (TAP) tag. Cells expressing the control fusion, TAP-Zuo13¢s.433, or
one of the truncated constructs were plated on media containing cycloheximide to assess their
resistance to this drug as a measure of the induction of the PDR regulon. As expected, cells
expressing TAP-Zuo13es.433 formed colonies on cycloheximide-containing plates, while those
expressing only the TAP tag did not (Figure 3-1A). Cells expressing TAP-Zuol3s5. 433, TAP-
Zu01403.433, and TAP-Zuol4z1.433 grew similarly to those expressing TAP-Zuo1365.433, indicating
that the 13 most C-terminal residues of Zuol are sufficient to induce PDR. To further test the
sufficiency of the C-terminal 13 residues, we assessed the ability of the TAP-Zuol fusions to
activate the transcription of a Pdrl target gene, PDRS, using a PDRS promoter-lacZ reporter. §3-
galactosidase activities in cells expressing TAP-Zuol4z1.433 or TAP-Zuo136s.433 were statistically
indistinguishable, 2.7-3.0-fold higher than in cells expressing the TAP tag alone (Figure 3-1A).
These results indicate that residues 421 to 433 of Zuol are sufficient for PDR activation.

We carried out three additional experiments to determine the necessity and sufficiency of
these 13 residues at the C-terminus for activation. First, to confirm that the 13 C-terminal
residues are necessary for activation by Zuolses.433, we generated a construct that lacks the
codons for these 13 residues, TAP-Zuo13¢5.420. Cells expressing TAP-Zuo1365.420 did not form

colonies on cycloheximide-containing plates and had -galactosidase activity similar to the basal
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level found in cells expressing only the TAP tag (Figure 3-1A). Second, we constructed three
additional TAP fusions having even smaller segments of the extreme C-terminus of Zuol,
generating TAP-Zuo1425.433, TAP-Zu01425.433 and TAP-Zuo1430.433. None of these shorter C-
terminal fragments were able to support growth on drug-containing plates (Figure 3-1B) even
though all fusions were expressed at expected levels (Figure 3-1C). Third, to ensure that
sequences in the TAP tag were not contributing to the activity of the shorter fragment by
compensating for loss of native residues, we made a construct such that glutathione-S-transferase
(GST) was fused to Zuol4z1.433. Cells expressing GST-Zuo14;1.433 showed similar growth to
those expressing GST-Zuo136s.433 on plates containing cycloheximide (data not shown). Thus,
we conclude that the extreme C-terminal 13 residues of Zuol are both necessary and sufficient
for induction of PDR.

To identify residues within the extreme C-terminus required for Pdrl activation, we
performed alanine scanning mutagenesis of the 13 residues shown to be sufficient for activation.
Cells expressing either wt TAP-Zuo1365.433 or TAP-Zuo1365.433 containing one of the 13 alanine
point mutations were plated on media containing or lacking cycloheximide (Figure 3-1D). Cells
expressing the Leu428, Leud29, Tyr431 or Val433 substitutions did not grow on cycloheximide-
containing plates. Those expressing the Pro425 or Phe432 substitutions grew much more slowly
than those expressing the wt fusion, even though all fusions were expressed at similar levels
(data not shown). Alteration of only one hydrophobic residue, Leu424, was tolerated and
alteration of the six other residues had no obvious affect on PDR activation. We, thus, conclude
that hydrophobic residues within the extreme C-terminus play critical roles in PDR induction

(Figure 3-1E).
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Specificity of Zuol’s hydrophobic C-terminus in Pdrl-dependent transcription

The sufficiency of a short peptide at Zuo1’s C-terminus and importance of hydrophobic
residues in activation of PDR raised the question as to the specificity of activation, as short
hydrophobic peptides have been found to act as general transcriptional activators when tethered
to DNA. As an initial test of specificity, we asked whether the observed activation of PDR by
Zu01431.433 occurred in a Pdrl-dependent manner, as we had previously reported for the longer
Zu0136s5.433 construct (Prunuske et al., 2012). We found that Apdr! cells expressing TAP-Zuo14;.
433 showed similar activation of the PDR5-lacZ reporter as cells expressing the TAP tag alone
(Figure 3-2A), even though the fusion was expressed at similar levels in both wt and Apdr1
strains (data not shown). Next, we compared the transcription activation potential of the C-
terminal Zuol peptide and two peptides, referred to as P201 (YLLPTCIP) and P223
(YLLPFLPY). These peptides, which have similar sequence composition to Zuol42;.433
(SGKLPSSLLSYFV), were originally selected in a screen based on their ability to activate
transcription when fused to the DNA binding domain of the TF Gal4 (GBD) (Lu et al., 2000).
We, thus, constructed an analogous fusion of GBD to Zuo1l4,1.433 and compared its ability to
activate the GALI promoter to that of GBD-P201 and GBD-P233. These experiments were
carried out in a strain containing a fusion between the GAL I promoter and the HIS3 gene (Gall-
HIS3), allowing growth in the absence of histidine as a read-out of transcriptional activation.
Unlike cells expressing only GBD, cells expressing any one of the three peptide fusions grew on
plates lacking histidine (Figure 3-2B, left panel). We next tested the ability of the fusions to
activate transcription in the absence of Pdrl. As we had previously observed with a larger Zuo1

fusion, GBD-Zuo13¢5.433, pdrIA cells expressing GBD-Zuo14;.433 did not grow in the absence of
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histidine. GBD-P201 and GBD-P223, on the other hand, activated Gall-HIS3 even in the
absence of Pdrl (Figure 3-2B, center panel). This indicates that the transcriptional activation by
GBD-Zuo14;;.4331s Pdrl dependent, while activation by GBD-P201 and GBD-P233 is not
(Figure 3-2C).

Since Zuol4;.433 can activate transcription of the PDR regulon when expressed as a TAP
tag fusion and not tethered to DNA, as another test of specificity we asked whether cells
expressing TAP tag fusions of the hydrophobic P201 and P223 peptides could similarly activate
PDR. However, while expression of TAP-Zuo14;;.433 enabled cells to grow in the presence of
cycloheximide, no detectable drug resistance was observed for cells expressing TAP-P201 or
TAP-P223 (Figure 3-2B, right panel) even though all fusions were expressed at similar levels
(data not shown). Together these data indicate that although activation of Pdrl by Zuol requires
a short, hydrophobic peptide, the observed transcriptional activation is distinct from the general

transcriptional properties observed previously by hydrophobic peptides tethered to DNA.

Residues 348 to 364 inhibit the ability of Zuol’s C-terminus to activate Pdrl

Since overexpression of full-length Zuol does not activate PDR (Eisenman and Craig,
2004), we next carried out experiments to define the minimal sequence sufficient to inhibit the
activity of the C-terminus. We began our analysis by creating TAP-tag fusions analogous to
those described above extending the N-terminus of the largest known active fragment, TAP-
Zu0136s5.433, by 7 or 17 residues, generating TAP-Zuo13sg.433 and TAP-Zuo1345.433. We then tested
the ability of these new constructs to induce drug resistance. While cells expressing TAP-

Zuol36s5.433 grew well on cycloheximide-containing plates, those expressing TAP-Zuo13s5.433
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grew more slowly in the presence of drug (Figure 3-3A). Cells expressing TAP-Zuo1345.433, on
the other hand, showed no observable drug resistance. We also compared the activity of these
three C-terminal fragments using the PDR5-lacZ reporter. Results were consistent with the drug
resistance assay. Cells expressing TAP-Zuo1365.433 had 3.5-fold higher levels of 3-galactosidase
than control cells expressing only the TAP tag. However, TAP-Zuo13sz.433 activated the PDRS5-
lacZ reporter only 2.5-fold and the longer TAP-Zuo1343.433 fusion showed no activity over the
basal level reported for the TAP tag alone (Figure 3-3A), even though all the fusions were
expressed at similar levels (data not shown). This indicates that the presence of residues 348-364
is sufficient to prevent activation of Pdrl by Zuol's C-terminus and that both the transcription-
activating and predicted autoinhibitory regions of Zuol are contained within the last 86 residues

of the protein.

Dissociation of Zuol from the ribosome is not sufficient for Pdrl activation

Our previous investigations suggested that activation of Pdrl occurs by Zuol free from
its association with ribosomes and that deletion of Zuo1’s charged ribosome-binding domain
(residues 285-364) is sufficient to activate transcription (Eisenman and Craig, 2004). As the
identified inhibitory region (residues 348-364) contains a large proportion of positively charged
residues that may contribute to ribosome association, we next tested whether the 348-433
fragment is unable to activate Pdrl due to an association with the ribosome. To determine the
amount of protein free from ribosomes, lysates from cells expressing TAP, TAP-Zuo1365.433,
TAP-Zuol3s5.433, or TAP-Zuo1345.433 were subjected to ultracentrifugation through sucrose

cushions to separate ribosome-bound and unbound populations. Levels of the inactive TAP-
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Zuol345.433 fragment in the supernatant (unbound) fraction were comparable to those of the
partially active TAP-Zuo13sz.433 and the active TAP-Zuo13¢5.433 fragments (Figure 3-3B). No
binding over background was observed for any of the three fragments in the pellet (ribosome-
bound) fraction. This suggests that ribosome association is unlikely to account for the inactivity
of Zuo1343.433 and that dissociation of Zuo1l from the ribosome is not sufficient for activation. To
further test the relationship between ribosome association and the ability of Zuol to activate
Pdrl, we created a construct of Zuo1 lacking the majority of the charged region but maintaining
the residues identified as inhibitory, generating Zuolgs-347. We then tested this construct both
for ribosome association via sucrose gradient centrifugation and for its ability to induce PDR by
plating on media containing the drug cycloheximide. As expected, cells expressing full-length
Zuol, the vast majority of which co-migrated with ribosomes, did not grow in the presence of the
drug, while cells expressing Zuo1azss.364, Which was not ribosome-associated, grew on the drug-
containing plates (Figure 3-3C,D). Like Zuo1gs-364, the vast majority of Zuolags-347, which
maintains the inhibitory residues, did not co-migrate with ribosomes; however, Zuo1a2ss.347 was
not competent to induce PDR, as growth was not observed for cells expressing this construct on
plates containing cycloheximide. These data suggest that dissociation of Zuo1l from the ribosome
is not sufficient for PDR activation and suggests that an alternative autoinhibitory mechanism

may be used to regulate Zuol’s function.

Inactive and active C-terminal fragments differ in both stability and fold

As an initial effort to understand the potential autoinhibition of Zuo1, we initiated

biochemical characterization of the inactive and active C-terminal fragments we identified. Since
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we were unable to obtain sufficient quantities of Zuol36s5.433, we compared the partially active
Zuolssg.433 and the inactive Zuols4g.433 fragments. The melting temperatures of Zuols4s.433 and
Zuol3s3.433, determined using circular dichroism, were substantially different, 43.5 °C and 35.5
°C, respectively (Figure 3-3E), suggesting that truncation of N-terminal residues, which confers
partial activity to the C-terminus, also results in a decrease in thermal stability. Analysis of the
>N-"H heteronuclear single quantum coherence (HSQC) NMR spectra of Zuo134s.433 revealed
chemical shift dispersion and uniform peak intensity consistent with a single folded domain
(Figure 3-3F). The "N-"H HSQC of Zuo13sg.433, on the other hand, contained approximately
twice the number of expected peaks, suggesting the presence of multiple structural populations in
this sample. These data indicate that C-terminal fragments of Zuo1 that differ in their in vivo
activity also show differences in both stability and fold and suggest that a structural transition in

Zuol’s C-terminus may be responsible for activation of the protein’s transcriptional activity.

Autoinhibited C-terminus is a four-helix bundle

To better understand the proposed structural basis for Zuol autoinhibition, we decided to
characterize the C-terminal region of Zuol at a structural level. To identify the optimal construct
for structure determination, we screened a series of additional C-terminal fragments by NMR.
Knowing that a fragment shorter than Zuo1343.433 was only marginally stable, we generated two
longer constructs encoding N-termini extended by 13 or 32 residues compared to that of Zuolssg-
433. An overlay of the "N-"H HSQC spectra of these new fragments, Zuo133s.433 and Zuo1306.433,
with that of Zuo134s.433 revealed the addition of predominantly random coil peaks (Figure 3-4A),

suggesting that these N-terminal extensions do not add any significant structural elements to the
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C-terminal domain. Furthermore, no significant chemical shift perturbations were observed
between these fragments, suggesting that the structure present in Zuols4g.433 is retained upon
addition of more native residues. We, thus, chose residues 348-433 as the optimal domain
boundaries and determined the solution structure of this domain using an automated procedure
for iterative NOE assignment (Table 3-1). This analysis revealed that the autoinhibited C-
terminal domain of Zuol folds into a left-handed four-helix bundle (Figure 3-4B,C). Residues
348-364, which we identified as being inhibitory to Zuo1’s transcriptional activity, form the first
helix of the bundle (Figure 3-4B, green) and thus appear to be critical in maintaining C-terminal
fold. Residue 358, a buried Ile, is contained in the center of helix I. The fact that truncation of
residues N-terminal to Ile358 results in decreased thermal stability highlights the importance of
this helix in stability of the domain. The extreme C-terminal peptide, which we identified as both
necessary and sufficient for transcriptional activation (Figure 3-4B, purple), is tucked back into
the hydrophobic core of the domain. The three most C-terminal residues, Tyr431, Phe432, and
Val433, are deeply buried and particularly well constrained, as '’N NOESY data indicated strong
NOEs between these residues and a large number of hydrophobic residues in the domain’s
interior (Figure 3-4D). The importance of these extreme C-terminal residues in maintaining
domain structure was confirmed by the observation that the ’N-'"H HSQC of a construct lacking
the most C-terminal three residues, Zuo1343.430, showed poor peak dispersion with the majority of
peaks centered around the random coil chemical shift value of ~8.2 ppm, consistent with the
protein being in an unfolded conformation (Figure 3-4E). These data suggest that these residues
form a C-terminal “plug” that is critical to the fold of the C-terminal helical bundle. The fact that

alteration of any of these three terminal residues to alanine also results in either loss of or greatly
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diminished PDR activation suggests that residues required for the structural integrity of the

domain are also important for activity.

Unfolding of Zuol’s C-terminal domain releases autoinhibition

Since our in vivo data indicate that Zuol is only fully active in the absence of helix I,
which appears to be integral to the fold of the C-terminal domain, we hypothesized that the C-
terminus of Zuo1 activates Pdr1 in an unfolded conformation and that C-terminal structure may
be the cause of autoinhibition. To test this idea, we first compared the ’N-"H HSQC spectra of
the inactive Zuols45.433 and the partially active Zuol3ss.433 fragments to look for any indication of
differences in protein conformation that might explain their difference in activity. An overlay of
these two spectra revealed that the two samples show a very similar pattern of dispersed peaks
(Figure 3-5A), suggesting that the structured protein present in the partially active Zuolsss.433
sample is similar in conformation to that of the inactive Zuo1343.433 fragment. The additional
peaks observed in the Zuo13sg.433 sample appear to be predominantly clustered around the
random coil chemical shift value, suggesting that a significant population of unfolded protein is
present in the sample. The few significant perturbations in chemical shifts observed in the
dispersed regions of the ’N-"H HSQC spectra map to the loop region in direct contact with helix
I (data not shown), suggesting that these differences are likely attributable to the
presence/absence of the N-terminal ten residues rather than to a global conformational change in
protein structure. We, thus, conclude that the difference in activity observed between these

fragments is likely due to differences in the amount of the folded form of the protein present and
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suggest that activation of Zuol may represent a transition between the folded and unfolded
conformation of the C-terminal domain.

Secondly, we reasoned that if residues important for activity are also required to maintain
C-terminal fold, then unfolding of Zuol’s C-terminal domain might be sufficient to cause
activation of Pdrl in vivo. To test this, we designed two constructs encoding amino acid
alterations in the inactive TAP-Zuo1345.433 construct aimed at destabilizing the fold of the domain
(Figure 3-5B): (1) the buried hydrophobic residue, Leu411, was replaced with the charged
residue Arg, generating TAP-Zuo1343.433 1,1, and (2) Lys351 and Lys355 were replaced with Pro,
with the goal of preventing helix I from folding properly, generating TAP-Zuo1345.433 k/p. TO
experimentally determine whether these alterations disrupted protein fold, we analyzed the '*N-
"H HSQC spectra of these variants. The spectra of both Zuo134g.433 g and Zuo1345.433 x» sShowed
poor peak dispersion, with the majority of peaks clustered around the random coil chemical shift
value (Figure 3-5C), indicating that these amino acid alterations were sufficient to prevent
folding of the C-terminal domain. The activity of these two variants was then tested in vivo for
their ability to induce PDR. Both were competent to render cells resistant to cycloheximide
(Figure 3-5D). We next wanted to determine if the autoinhibition of full-length Zuol could
similarly be alleviated by unfolding of its C-terminus. To test this, we generated a construct to
overexpress full-length Zuol containing the L/R alteration (Zuolr ) and tested the ability of
cells expressing this variant to induce PDR. Cells expressing Zuol were able to grow in the
presence of cycloheximide, while cells expressing Zuol without the alteration did not (Figure 3-

5D) even though both were expressed at similar levels (Figure 3-5E). Together these data
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support the idea that access to the unfolded state of Zuo1’s C-terminus is required for activation

of its Pdrl-stimulatory ability.

Residues required for interaction with Pdrl are sequestered in the structured C-terminus

Having identified this correlation between protein unfolding and activity, we next wanted
to determine if unfolding of Zuo1’s C-terminal domain was necessary for its ability to interact
with Pdrl. To test this, we made use of our modified yeast two-hybrid assay with which we
previously demonstrated that a fusion between GBD and Zuo1365.433 auto-activated GAL
promoters in a Pdr1-dependent manner (Prunuske et al., 2012). To test whether a correlation
existed between the unfolding we observed in vitro and interaction with Pdrl based on this in
vivo assay, we generated constructs to express GBD fusions of the longer C-terminal fragments,
Zuol343.433 and Zuolssg.a33, analogous to those described above. The ability of the fragments to
auto-activate the GAL I-HIS3 reporter was compared to GBD-Zuo13¢5.433 by monitoring the
ability of cells expressing the GBD fusions to grow in the absence of histidine. Cells expressing
GBD-Zuo1365.433 showed the most robust growth of the three constructs in the absence of
histidine (Figure 3-6A). On the other hand, cells expressing GBD fused to Zuol34g.433, the
fragment that showed stable fold in vitro and no induction of PDR, similarly did not form
colonies on media lacking histidine, though expressed at expected levels (data not shown). Cells
expressing the fusion of GBD to Zuol3ss.433, the fragment that showed a mixture of folded and
unfolded conformations in vitro and an intermediate growth phenotype on drug-containing
plates, also formed colonies, but grew more poorly than cells expressing the shorter GBD-

Zuol365.433 fusion. Thus, the ability of these GBD-Zuo1 C-terminal fusions to interact with Pdrl,
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based on this in vivo assay, occurred in a manner consistent with their ability to activate PDR and
with the degree of the unfolded form of the protein present in in vitro preparations. To further
test the idea that C-terminal unfolding is required for this interaction, we generated a GBD-
Zuo1343.433 fusion containing the destabilizing L/R mutation. Cells expressing this variant grew
as well as those expressing GBD-Zuo1365.433 on media lacking histidine (Figure 3-6A). These
data suggest that unfolding of Zuo1’s C-terminal domain is required for interaction with Pdrl.

We next wanted to determine which of the hydrophobic residues in the extreme C-
terminus we identified as important for activation of PDR by Zuol were specifically required for
interaction with Pdrl. To test this, we performed an alanine scan of the 13 most C-terminal
residues using the GBD-Zuo13¢5.433 fusion. Cells expressing the altered C-terminal fusions were
tested for their ability to grow in the absence of histidine and adenine in the media to test for
activation of the Gall-HIS3 and Gal2-ADE? reporters, respectively. Cells expressing GBD-
Zuo1365.433 in which any of the seven hydrophobic residues in the extreme C-terminus (Leu424,
Pro425, Leu428, Leud29, Tyrd31, Phe432, or Val433) were altered showed no growth in the
absence of histidine or adenine (Figure 3-6B), even though all fusions were expressed at similar
levels (Figure 3-6C). Alteration of any of the polar or charged residues, on the other hand,
showed no difference in activity. The importance of the extreme C-terminal 13 residues of Zuol
for interaction with Pdrl were further confirmed by the observation that a construct lacking
codons for the most C-terminal 13 residues (GBD-Zuo1345.420) Was unable to activate the GAL
reporters (Figure 3-6B). This analysis suggests that Zuol utilizes hydrophobic residues, which
are sequestered in the folded C-terminal helical bundle, to interact with the transcription factor

Pdr1 upon unfolding of this domain (Figure 3-6D, orange).
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Discussion

Our in vivo and in vitro data reported here are consistent with a pathway of activation of
Pdrl by residues in the extreme C-terminus of Zuol that are normally sequestered within a
folded domain, with their transcriptional activation potential unleashed upon unfolding. Several
lines of evidence indicate that the structured four-helix bundle formed by the C-terminal 86
residues transitions to an open, unfolded state rendering Zuol competent to activate Pdrl. Only
constructs of Zuol’s C-terminus that lack part or all of the first helix of the bundle, which
structural and biochemical analyses indicate is integral to the domain’s structure, are competent
to activate the PDR pathway in vivo. Residues in the extreme C-terminus identified as critical for
both activation of and interaction with Pdr1 are predominantly buried in the hydrophobic core of
the domain and thus inaccessible in the folded conformation. As deletion of three of these critical
residues at the extreme C-terminus resulted in global unfolding of the helical bundle, it is likely
that exposure of these key residues would require unfolding of the C-terminal domain. Although,
to our knowledge there are few, if any, analogous examples of an unfolding requirement of a
protein to activate a transcription factor, unfolding as a mode of positive regulation certainly has
precedents. Perhaps best known is the case of N-WASP, which, in its structured form, sequesters
key hydrophobic residues required for binding to the Arp2/3 complex (Panchal et al., 2003).

While the C-terminal 86 residues of Zuol are required for formation of the four-helix
bundle, the C-terminal 13 residues are sufficient for activation, with the hydrophobic amino
acids being critical for activity. Although short, hydrophobic peptides have been identified as
recruiters of the general transcription machinery (Lu et al., 2002; Wu et al., 2003), Zuo1’s C-

terminus appears to activate transcription specifically through Pdr1. This dependence on Pdr1 for
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Zuol’s transcriptional activation occurs whether activating native Pdr1-dependent promoters or
activating other genes when tethered there by a DNA-binding domain. This specificity is
consistent with previously reported microarray data indicating that the PDR regulon is the major
class of genes upregulated by the C-terminus of Zuol (Prunuske et al., 2012). Together these
data support a model in which Zuol’s C-terminal hydrophobic peptide interacts directly with
Pdrl, leading to mobilization of its activation domain thought to be sequestered by its central
inhibitory region. Such a mode of activation is analogous to the direct binding of xenobiotics
observed for both yeast and mammalian transcription factors in pleiotropic drug resistance
(Kliewer et al., 2002; Thakur et al., 2008; Willson and Kliewer, 2002).

Overall, the data presented here point to a pathway, rather than a single event, required
for activation of Zuol’s function in transcriptional regulation. Limited earlier analyses suggested
that Zuo1 dissociating from the ribosome might be sufficient for PDR activation, as deletion of
the RNA-binding domain necessary for Zuo1’s association with the ribosome resulted in
induction of the PDR regulon (Eisenman and Craig, 2004). The studies presented here, however,
reveal that this deletion removed not only sequences necessary for ribosome binding, but also
sequences comprising one of the alpha helices critical for formation of the autoinhibitory four-
helix bundle. As all data collected thus far point to a model in which Zuol activates Pdr1 via a
direct mechanism, it is likely that dissociation from the ribosome is one step in this activation
process. However, these data indicate that this is not sufficient for activation of Pdr1 by Zuol.

The data presented here raise the critical question of what triggers the unfolding of
Zuol’s C-terminal domain. Though our results do not directly address this question, it is

interesting that even the most stable C-terminal fragment of Zuo1 tested showed low thermally
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stability, suggesting that little energy may be required to shift the domain to an unfolded state
and expose these critical residues. However, the fact that full-length Zuol, even when
overexpressed, does not activate Pdrl suggests that active unfolding of this domain may be
necessary. It is conceivable that Zuol is bound by a yet to be identified adapter protein that
stabilizes the unfolded form of the protein or displaces its extreme C-terminal peptide. A
potential candidate for this type of binding might be a PDZ domain-containing protein, as
ligands of PDZ domains are often short peptides of bulky hydrophobic residues located at the
extreme C-termini of proteins. Proteins containing these domains often function as adapter
proteins that mediate the assembly of cell signaling complexes (Harris and Lim, 2001). The fact
that global unfolding of the C-terminal domain, rather than a more subtle conformational change,
appears to be required to expose its critical residues, binding or modification of the helical
bundle in a region other than the extreme C-terminus could also facilitate activation by
destabilizing overall domain structure. This type of mechanism is illustrated by the activation of
N-WASP, in which binding of Cdc42 to the GTPase-binding domain releases autoinhibition by
destabilizing domain structure and displacing the hydrophobic VCA peptide required for binding
and activation of the Arp2/3 complex (Panchal et al., 2003).

A hyperactive allele of Zuol’s C-terminus has been identified, S427G. Although one
might hypothesize that such an allele destabilizes the four-helix bundle, this residue is surface
exposed and alteration to glycine does not affect the folding:unfolding dynamics (Appendix
Figure A-6). We think it is more likely that this alteration plays either an indirect role in
unfolding by affecting interaction with an adaptor protein or affecting the potency of the

interaction with Pdr1. The latter idea is supported by the observation that Zuo1’s C-terminus
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with this alteration interacts more strongly with Pdr1 in the yeast two-hybrid system (Prunuske et
al., 2012).

It also must be remembered that Zuol is in a complex with the atypical Hsp70 Sszl.
Ssz1, when not ribosome associated, is also capable of activating PDR and, like Zuol, interacts
with Pdrl in the two-hybrid system (Eisenman and Craig, 2004; Prunuske et al., 2012). Thus, it
is likely that these two proteins act in concert as a heterodimer to activate Pdrl. Further work
will be necessary to understand the dynamics of this heterodimer and the balance between its
ribosomal function in protein folding and its role in extra-ribosomal cellular signaling. The data
shown here provide initial structural insights into this regulation, presenting a model in which
Zuol’s activity in Pdr1-dependent transcriptional activation is regulated by autoinhibition
conferred by C-terminal structure with activity being induced upon a folding:unfolding transition

of its helical bundle domain.
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Figures, Tables, and Legends

Figure 3-1. A hydrophobic peptide at the extreme C-terminus of Zuol is necessary and
sufficient for PDR activation. (A-C) Residues 421-433 are necessary and sufficient for
activity. Cells were transformed with vector containing DNA encoding a tandem affinity
purification tag (TAP) alone (-) or TAP fused to the indicated fragments of the C-terminus of
Zuol. (A) Serial dilutions of wild-type (wt) cells transformed with the indicated plasmids were
spotted onto media without (-) or with (+) cycloheximide. Cells containing an integrated PDR5-
lacZ reporter were transformed with the indicated plasmids and B-galactosidase activity was
measured. The average activity of 3 transformants of each was quantified and reported in Miller
units with error bars indicating standard error. (B) Serial dilutions of wt cells harboring the
indicted plasmids were performed as described in A. (C) Cell extracts were prepared from
cultures used for serial dilutions in A and B and subjected to immunoblot analysis using rabbit
IgG to detect the TAP-tagged Zuol fusions. (D) Hydrophobic residues are critical for activity.
Cells were transformed with vector containing DNA encoding TAP (-) or TAP fused to wt
Zu01365.433 (Wt) or Zuol365.433 containing one of the 13 alanine point mutations and plated onto
media without (-) or with (+) cycloheximide. (E) Sequence of the C-terminal 69 residues of Zuol
with arrows indicating the starting residue for each of the truncated constructs tested in A and B.
Residues sufficient for activation are boxed and residues important for activity as determined by

loss of activity upon substitution with alanine are colored in red.
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Figure 3-2. Specificity of Zuol’s hydrophobic C-terminus in Pdr1-dependent
transcriptional activation. (A) Wt or Apdr1 cells containing an integrated PDR5-lacZ reporter
were transformed with vector DNA encoding TAP or TAP fused to Zuo1’s C-terminal 13
residues (Zuol4z1.433). The B-galactosidase activity of 3 transformants of each was quantified and
reported in Miller units with error bars indicating standard error. (B) Comparison of the
requirement for Pdrl for transcriptional activation by hydrophobic peptides. (left and center
panels) Wt or Apdr! cells containing an integrated Gall-HIS3 reporter were transformed with
DNA encoding the Gal4 DNA binding domain (GBD) alone (-) or GBD fused to either Zuola;;-
433 or the indicated peptides. Cells containing the indicated plasmids were spotted in serial
dilutions onto media with (+) or without (-) histidine. (right panel) Wt cells were transformed
with DNA encoding TAP (-) or TAP fused to the indicated peptides and spotted in serial
dilutions onto media without (-) or with (+) cycloheximide. (C) Model of Pdr1-dependent
transcriptional activation by GBD-Zuo14;;.433 and Pdrl-independent activation by GBD-

P201/P223.
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Figure 3-3. The last 86 residues of Zuol are sufficient for autoinhibition. (A) Residues 348-
433 are sufficient for autoinhibition. Cells were transformed with vector containing DNA
encoding TAP (-) or TAP fused to the indicated fragments of the C-terminus of Zuo1. Serial
dilutions of wt cells harboring the indicated plasmids were spotted onto media without (-) or with
(+) cycloheximide. B-galactosidase activity was measured for cells containing an integrated
PDR5-lacZ reporter and transformed with the indicated plasmids. The average activity of 3
transformants of each was quantified and reported as fold activation of cells expressing TAP
alone (TAP fusion/TAP). (B-D) Ribosome disassociation is not sufficient for activation. (B)
Lysates of Azuol cells expressing either TAP (-) or TAP fused to the indicated Zuol C-terminal
fragments were centrifuged through a sucrose cushion to separate the ribosome-containing
fraction (pellet) from the unbound fraction (sup). Equivalent amounts of each fraction were
subjected to immunoblot analysis using rabbit IgG to detect the TAP-tagged fusions. (C-D) Wt
or Azuol cells were transformed with plasmid DNA encoding Zuol or the indicated Zuol
variants under control of the endogenous ZUO! promoter. (C) Lysates of Azuol cells harboring
the indicated plasmids were separated on a 5-50% sucrose gradient and fractions were collected
and subjected to immunoblot analysis using an antibody specific to Zuol. The migration of
ribosomal subunits was monitored by absorbance at 254 nm and plotted versus the time course of
fraction collection. (D) Serial dilutions of wt cells harboring the indicated plasmids were spotted
onto media without (-) or with (+) cycloheximide. (E-F) Inactive and active C-terminal
fragments differ in fold and stability. (E) Circular dichroism thermal melting curves of the
inactive Zuolsag.433 fragment (blue) and the partially active Zuol3ss 433 fragment (red) collected

at 222nm. (F) Two-dimensional BN-'H HSQC spectra of Zuolssg.433 and Zuo13sg.433.
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Figure 3-4. Structure of the autoinhibited C-terminal domain of Zuol. (A) Overlay of the
"N-"H HSQC spectra of Zuo1 residues 348-433 (black), 335-433 (magenta), and 306-433
(orange). (B) Ribbon diagram of the solution structure of the four-helix bundle formed by the C-
terminal 86 residues (348-433) of Zuol. Residues 348-364, which inhibit C-terminal activity, are
shown in green and residues 421-433, which are necessary and sufficient for activity, are shown
in purple. (C) Stereo diagram of the Ca. trace of the ensemble of the final 20 NMR structures.
(D-E). The extreme C-terminal three residues are required for domain structure. (D) The three
most C-terminal residues, Tyr431, Phe432, and Val433 (cyan), are well constrained in the
hydrophobic core of the domain, as indicated by the large number of NOEs observed between
these and surrounding residues, which are shown in orange. (E) Two-dimensional "N—"H HSQC

spectra of Zuol lacking the three most C-terminal residues (Zuo134s-430).
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Figure 3-5. Unfolding of Zuol’s C-terminal domain releases autoinhibition. (A) Overlay of
the °"'N-'"H HSQC spectra of the inactive Zuols4s.433 (cyan) and partially active Zuol3sg 433
(orange) C-terminal fragments. (B) Ribbon diagram of a portion of the C-terminal domain with
side chains of residues predicted to disrupt domain structure indicated. (C) ""N—"H HSQC spectra
of Zuolsag.433 containing a Leu411 to Arg (L/R) alteration or an alteration of Lys351 and Lys355
to Pro (K/P). (D) Wt cells were transformed with DNA encoding TAP tag fusions of Zuo1345.433
or Zuol34g.433 with the indicated mutations or full-length Zuol or Zuol with the L/R mutation
under control of the GPD promoter. Serial dilutions of cells containing the indicated plasmids
were spotted onto media without (-) or with (+) cycloheximide. (E) Cell extracts were prepared
from cultures used for serial dilutions in D and subjected to immunoblot analysis using rabbit
IgG to detect TAP-tagged Zuol fusions, an antibody specific to Zuol to recognize full-length

Zuol, or an antibody specific to Sscl as a loading control.
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Figure 3-6. Residues required for interaction with Pdr1 are sequestered in the structured
C-terminal domain. (A-C) Modified yeast two-hybrid. Cells containing an integrated Gall-
HIS3 and Gal2-ADE? reporter were transformed with DNA encoding GBD (-) or GBD fused to
the indicated fragments of the C-terminus of Zuol. (A) Correlation between protein fold, PDR
induction, and interaction with Pdr1. Cells containing the indicated plasmids were spotted in
serial dilutions onto media with (+) or without (-) histidine to detect auto-activation of the Gall-
HIS3 reporter. The chart refers to PDR induction data shown in Figures 3-3A and 3-5D and in
vitro folding data shown in Figures 3-3F and 3-5C. (B) Alanine scan. Cells containing the
indicated plasmids were spotted in serial dilutions onto media with (+) or without (-) histidine
and adenine to detect auto-activation of Gal/l-HIS3 and Gal2-ADE? reporters. (C) Cell extracts
were prepared from cultures used for serial dilutions in B and subjected to immunoblot analysis
using an antibody specific to GBD (Millipore) or an antibody specific to Sscl as a loading
control. (D) Residues important for interaction with Pdrl are buried in the folded C-terminal
domain. Residues important for interaction, as determined by loss of activity upon alteration to
alanine as described in B, are indicated in orange. Residues that had no effect on activity when

changed to alanine are shown in magenta.
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Table 3-1. NMR and refinement statistics for the 20 Zuol conformers

Experimental constraints
Distance constraints

Long 318
Medium [1<(i—)<5] 463
Sequential [(i—f)=1] 272
Intraresidue [i=/] 418
Total 1471
Dihedral angle constraints (¢ and 1) 148
Average atomic RMSD to the mean structure (A)
Residues 349-433
Backbone (C", C', N) 0.44 £ 0.08
Heavy atoms 0.87 £ 0.06
Deviations from idealized covalent geometry
Bond lengths (A) 0.014
Torsion angles (°) 1.2
Constraint violations
NOE distance Number > 0.3 A 0.00 £ 0.00
NOE distance RMSD (A) 0.021 £0.001
Torsion-angle violations ~ Number > 5 © 0.00 +0.00
Torsion-angle violations RMSD (°) 0.456 = 0.062
WHATCHECK quality indicators
Z-score 2.90+0.14
RMS Z-score
Bond lengths 0.62+0.02
Bond angles 0.58 £0.03
Bumps 0.00 £ 0.00
Lennard-Jones energﬂyc (kJ mol™) -1,694 + 72
Ramachandran statistics (% of all residues)
Most favored 919+ 1.5
Additionally allowed 6.6+ 1.5
Generously allowed 0+0
Disallowed 1.5+ 0.6
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Materials and Methods
Yeast strains and plasmids

Yeast strains used were isogenic with DS10 and contain the following mutations: Ais3-
11,15 leu2-3,112 lysi lys2 trpIA ura3-52. Azuol::HIS3 (Hundley et al., 2002) and Apdrl::TRPI
(Prunuske et al., 2012) have been described previously. A strain containing an integrated PDR5-
lacZ reporter was created by digesting the pTH120 plasmid containing PDR5-lacZ::HIS3
(Hallstrom et al., 1998) with Stul and transforming the resulting fragment into DS10 wt or
Apdrl::TRPI to direct integration at the PDRS5 locus.

TAP and TAP-Zuo136s5.433 (TAP-ZuoC) plasmids were described previously (Prunuske et
al., 2012). TAP-Zuol343.433 and TAP-Zuo13sg.433 were created by amplifying codons for the
corresponding residues by PCR and cloning into pRS415-GPD using BamHI and Pstl. TAP-
Zuol383.433, TAP-Zu01403.433, and TAP-Zuo14;1.433 were created using QuickChange to delete the
codons for the truncated residues from TAP-Zuol3¢s.433. A similar approach was used to create
TAP-Zuol435.433, TAP-Zuo 1428433 and TAP-Zuo1430.433 using TAP-Zuo14;;.433 as a template.
GST-Zuol4,1.433 was created by deleting the codons for residues 365-420 from 316-GAL1-GST-
Zuol36s5.433 (Eisenman and Craig, 2004) using QuickChange. TAP-Zuo1365.420 Was created using
QuickChange to introduce a stop codon after the codon for residue 420. Alanine point mutants
were introduced into TAP-Zuo13¢5.433 using QuickChange. The L/R and K/P mutations were
introduced into TAP-Zuo1345.433 or pRS416-GPD-Zuo1 using QuickChange to mutate the codon
for Leud411 to code for Arg (L/R) or the codons for Lys351 and Lys355 to code for Pro (K/P).
Zu01 p285-347 and Zuo1 azss.364 were created using QuickChange to delete the codons for the

corresponding residues from pRS316-Zuol (Yan et al., 1998a).
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Assays for PDR induction

To assay drug resistance, approximately equal numbers of cells were subjected to 10-fold
serial dilutions and spotted on selective minimal glucose media containing 0, 0.7 or 1 pg/ml
cycloheximide. Plates were incubated at 30°C for 2-3 days before photographing. p-
galactosidase assays were performed as previously described (Eisenman and Craig, 2004) using
cells containing an integrated PDRS5-lacZ reporter. A minimum of three independent

transformants was tested and the average activity determined.

Analysis of ribosome association

Azuol cells containing the indicated plasmids were grown to an ODgg between 0.5 and
1.0 in selective minimal media, treated with 100 pg/ml cycloheximide, and harvested by
centrifugation at 4 °C. Cells were resuspended in CB buffer (20 mM HEPES pH 7.5, 1 mM
EGTA, 5 mM MgCl,, 10 mM KCl, 10% glycerol and 2 mM B-mercaptoethanol) containing 300
mM D-sorbitol and treated with rNAsin (Promega) at a dilution of 1:1,000. Yeast lysates were
prepared by bead beating for 5 min and clarified by centrifugation at 14,000 rpm for 10 min. To
pellet the ribosomal fraction, approximately 10 ODy¢o units of lysate were applied to the top of a
2-ml sucrose cushion containing 0.5 M sucrose in CB buffer and centrifuged at 50,000 rpm for 3
hours in a TLA 100.3 rotor (Beckman) at 4 °C. To fractionate polysomes, approximately 10
OD»¢ units of lysate were applied to the top of a 4-ml 5-50% sucrose gradient in CB buffer and
centrifuged for 80 min at 45,000 rpm at 4 °C in a SW50.1 Ti rotor (Beckman). Gradients were
monitored for absorbance at 254 nm to detect monosomes and polysomes. Fractions were

precipitated with 10% TCA, separated by SDS-PAGE, and subjected to immunoblotting.
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Modified yeast two-hybrid

Strains PJ69 and PJ69 Apdri::TRP1, the GBD and GBD-Zuo1365.433 plasmids, and yeast
two-hybrid methods were described previously (James et al., 1996; Prunuske et al., 2012). GBD-
Zu01343.433 and GBD-Zuo13s5.433 were created by amplifying codons for the corresponding
residues by PCR and cloning into pPGBDU-C1 using BamHI and Pstl. QuickChange was used to
create GBD-Zuo01348 433 L/r, GBD-Zu01365.420, and GBD-Zuo01365.433 alanine point mutants, as
described above for the TAP plasmids. To create peptide fusions identical to those previously
published in (Lu et al., 2000), a modified GBD plasmid was created by deleting the codons for
residues 101-147 of GBD using QuickChange. The sequences coding for the P201 and P223
peptides were inserted into the modified GBD;. oo plasmid using QuickChange. Modified yeast
two-hybrid was carried out by detecting auto-activation of Gall/-HIS3 and/or Gal2-ADE?2
reporters of PJ69 wt or Apdrl cells by monitoring growth on minimal media lacking uracil for
plasmid selection and either histidine and adenine or histidine and containing 2 mM 3-
aminotriazole, as described previously (Prunuske et al., 2012). Plates were incubated for 2-3

days at 30°C before photographing.

Protein expression and purification

8xHis-tagged Zuo1345.433, Zu0 1358433, Zu01335.433, and Zuo13¢6.433 were created by
amplifying codons for the corresponding residues by PCR and cloning into the BamHI and PstI
sites of pQE308HT (Waltner et al., 2005). 8HT-Zuo13458.430, -Z001348.433 L/r, and -Zuo1345.433 x/p
were created using QuickChange, as described above. Proteins were expressed in E. coli

BL21[pREP4]. Cells were grown at 37 °C to an ODgp = 0.8 in LB media containing 150 pg/ml
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ampicillin and 50 pg/ml kanamycin, expression was induced by the addition of isopropyl B-D-
thiogalactopyranoside to a final concentration of 1 mM, and cells were grown for an additional 3
hours at 15°C following induction. Isotopically labeled proteins were prepared for NMR by
growing cultures in M9 media containing '’N-ammonium chloride and/or *C-glucose as the sole
nitrogen and carbon sources, respectively. Cells harvested from a 1-L culture were resuspended
in 50 mM sodium phosphate at pH 7.4, 300 mM NaCl, 40 mM imidazole, 0.1% (w/v) 2-
mercaptoethanol buffer containing an EDTA-free Complete Protease Inhibitor Cocktail tablet
(Roche). Cells were lysed using a French pressure cell and protein was purified at 4 °C by
immobilized metal-ion affinity chromatography using Ni-sepharose 6 Fast Flow resin (GE
Healthcare) according to a previously published protocol (Lytle et al., 2004). Following
purification, the protein solutions were dialyzed 2x into 2 L of 20 mM sodium phosphate at pH
6.5, 50 mM NaCl, 1 mM dithiothreitol. Dialyzed protein was concentrated to 500ul for analysis

by NMR and the purity and identity was verified by SDS-PAGE and mass spectrometry.

NMR spectroscopy

NMR samples were prepared in buffer containing 20 mM sodium phosphate at pH 6.5, 50
mM sodium chloride, 1 mM dithiothreitol, and 5-10% “H,O. All 2D ""N-'H HSQC spectra were
acquired at 20 or 25 °C on a Bruker 500 or 600 MHz spectrometer equipped with a triple-
resonance CryoProbe ™ and processed with NMRPipe software (Delaglio et al., 1995). The
Zuo1343.433 sample used for structure determination was prepared in the identical buffer at a
concentration of 1.2 mM. All structural data were acquired at 10 °C using a field strength of 600

MHz. Backbone 'H, "°N, and "*C chemical shift assignments for Zuols4g.433 were obtained
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automatically as previously described using peak lists from ""N-"H HSQC, HNCO, HN(CO)CA,
HN(CO)CACB, HNCA, HNCACB, HN(CA)CO, and CC(CO)NH (Markley et al., 2009).
Sidechain assignments were completed manually from 3D HBHACONH, HCCONH, HCCH
total correlation spectroscopy, and *C(aromatic)-edited NOESY-HSQC spectra. Chemical shift
assignments were >99% complete for Zuo1343.433. Heteronuclear NOE values were measured
from an interleaved pair of 2D '°N-'H sensitivity enhanced correlation spectra recorded with and

without a 5s proton saturation period.

Structure calculation and analysis

The Zuo 1345433 structure was calculated using distance constraints obtained from 3D "°N-
edited NOESY-HSQC and "*C-edited NOESY-HSQC (Tmix = 80 ms). Backbone ¢ and v dihedral
angle constraints were generated from secondary shifts of the 'H, *C%, *CP, *C” and "N nuclei
using the program TALOS (Cornilescu et al., 1999). Structure calculations were performed using
the torsion angle dynamics program CYANA (Guntert, 2004) followed by iterative rounds of
manual refinement to eliminate constraint violations. Of the 100 CY ANA structures calculated,
the 20 conformers with the lowest target function were subjected to a molecular dynamics

protocol in explicit solvent (Linge et al., 2003) using XPLOR-NIH (Schwieters et al., 2003).

Circular dichroism spectroscopy

Samples of Zuol34s.433 and Zuo13sg.433 were prepared at a concentration of 20 pM in
buffer containing 20 mM sodium phosphate at pH 6.5 and 50 mM NaCl. Thermal denaturation

experiments were performed in a 1 mm cuvette and the ellipticity was monitored at 222 nm over
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a temperature range of 10-70 °C. Thermal denaturation curves were analyzed by nonlinear least-
squares fitting as previously described to determine the melting temperature (Allen and Pielak,

1998).
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CHAPTER FOUR:

Conclusions and Future Directions
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Conclusions

The goal of this project was to better understand the role of Ssz1 and Zuol in activation
of the pleiotropic drug resistance regulon in Saccharomyces cerevisiae. The research presented
in this thesis provides new insights into the mechanism of PDR activation by Ssz1 and Zuol and
presents a possible model for the physiological basis of this signaling.

The research presented in chapter two indicates that Zuol requires the TF Pdr1 to activate
the PDR regulon, as had previously been reported for Ssz1. Activation of Pdr1 by either Ssz1 or
Zuol appears to be highly specific, as microarray analysis indicates that genes of the PDR
regulon are the primary target of upregulation by either of these proteins. Using a yeast two-
hybrid system, I was able to detect an interaction between Pdrl and the domains of either Ssz1 or
Zuol required for PDR activation. Furthermore, ChIP analysis showed enrichment of Ssz1 at the
promoter of the ABC transporter-encoding gene PDRS5. These results are consistent with a model
in which activation of the PDR regulon by Ssz1 or Zuol occurs via direct regulation of the
activity of the TF Pdrl. Activation of Pdr1 by either Sszl or Zuo1 also results in the early growth
arrest of cells at the diauxic shift, a point during which cells must respond to limiting nutrient
conditions. Cells lacking Ssz1 and Zuol, on the other hand, overgrow at the diauxic shift,
reaching higher culture densities than wt cells. This overgrowth was abrogated by the addition of
media harvested from wt cells, suggesting the presence of a molecule(s) secreted from wt cells
that is involved regulating cellular growth. These data support a role for Ssz1 and Zuol in
quorum sensing, which likely occurs through Pdr1-dependent upregulation of plasma membrane

transporters that export molecules involved in cell:cell communication.
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In chapter three, I presented results related to understanding the mechanism of Pdrl
activation by Zuol. Previous research indicated that the last 69 residues of Zuol were necessary
and sufficient for activation of the PDR regulon (Eisenman and Craig, 2004). In this work, I
further narrowed the region responsible for this activation to a 13-residue peptide at Zuol’s
extreme C-terminus and found that expression of this highly hydrophobic peptide is sufficient to
drive Pdrl-dependent transcription. As full-length Zuo1l had previously been shown to be unable
to activate transcription, I investigated the possibility that Zuol’s C-terminal activity is regulated
by autoinhibition. Though previous research indicated that Zuol is capable of activating PDR
when not bound to ribosomes, I found that dissociation of Zuol from the ribosome was not
sufficient to activate Pdrl-dependent transcription. Instead, structural analysis revealed that the
C-terminal 86 residues of Zuol form an autoinhibitory four-helix bundle with the critical 13-
residue peptide forming a C-terminal plug that is essential to the structural integrity of the
domain. Residues required for activation of Pdr1 are thus buried in the hydrophobic core of the
domain and necessary for its stability. I found that unfolding of this helical bundle enables Zuol
to interact with and activate Pdrl. These data support a model in which Zuol’s transcriptional
activity is regulated by autoinhibition conferred by the sequestering of key residues and that the
C-terminal domain must undergo a structural transition to an unfolded conformation in order to

release this inhibition.
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Discussion and Future Directions
Mechanism of Pdrl activation by Ssz1 and Zuol

The data presented in this thesis are consistent with a model in which Ssz1l and Zuol
regulate the activity of the TF Pdrl via a direct mechanism. In Zuol, this regulation appears to
require the release of a hydrophobic peptide from a folded C-terminal domain. However, the
details of how these proteins interact are still unknown. To gain a better understanding of the
mechanism of activation of the PDR regulon by Ssz1/Zuol, it would be important to determine if
Ssz1/Zuol interact directly with Pdrl and to identify the domain of Pdr1 responsible for
activation by these proteins. Furthermore, the identification of additional factors that interact

with Zuo1’s C-terminus could aid in elucidating the mechanism by which unfolding occurs.

1) Do Ssz1/Zuol interact directly with Pdr1?

Yeast two-hybrid results presented in chapter two of this thesis suggest that Ssz1 and
Zuol interact with the TF Pdrl. Either the N-terminus of Ssz1 or the C-terminus of Zuol, when
expressed as a fusion to GBD, was able to auto-activate reporters of the two-hybrid system in a
Pdr1-dependent manner. Furthermore, in a classic yeast two-hybrid experiment, reporter
activation was observed when GBD-Pdr1 was co-expressed with GAD fusions of either the N-
terminus of Sszl or the C-terminus of Zuol. These results suggest the possibility that Sszl and
Zuol bind directly to the TF Pdrl to regulate its activity. This type of direct activation of Pdrl
has been observed previously by xenobiotics (Thakur et al., 2008). However, based on these
results, it is also possible that other factors are involved in the formation of a stable complex that

includes both Pdrl and Ssz1/Zuol. Thus, it will be important to determine if the interaction
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between Ssz1/Zuol and Pdr1 is direct and/or to identify other factors involved in interactions
with these proteins.

The ability to detect an interaction between Pdrl and Ssz1/Zuol, however, is not trivial.
My preliminary efforts to co-IP Ssz1/Zuol and Pdr1 from yeast lysates have been unsuccessful.
Furthermore, my initial attempts to express Pdrl in E. coli for in vitro binding experiments have
yielded no protein. Several factors likely contribute to the difficulty of these experiments. The
large size of Pdr1 (>100 kDa) presents a challenge for recombinant expression. This protein is
also present at only approximately 1300 molecules/cell in yeast (Ghaemmaghami et al., 2003)
and thus may elude detection in vivo due to its low abundance. The proposed interaction between
Ssz1/Zuol and Pdrl may also occur in a transient nature, making it more difficult to detect.
Furthermore, I have shown that the C-terminus of Zuol activates Pdrl in an unfolded
conformation. Thus, pulldowns with extended purification steps have resulted in the degradation
of Zuol protein. Therefore, a number of different methods must be employed to observe this
potential interaction, taking steps to combat these various difficulties.

Although my initial efforts to express full-length Pdrl in E. coli have been unsuccessful,
truncated forms of Pdr1 have recently been expressed and purified for use in in vitro drug
binding experiments (Thakur et al., 2008). Our lab has obtained these plasmids and preliminary
expression testing indicates that we are able to express significant enough quantities of soluble
Pdrl fragments for use in in vitro binding experiments. These GST-tagged Pdrl fusions can be
used to detect interaction with PDR-inducing TAP-tagged constructs of Sszl and Zuol from
yeast lysates. Furthermore, the domains of Ssz1 and Zuol responsible for PDR induction have

been expressed in E. coli and could be used to determine if a direct interaction occurs between
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Ssz1/Zuol and these Pdrl fragments in vitro. Although the instability of Zuo1’s C-terminus
presents a challenge in these assays, I have been able to purify a number of C-terminal
truncations and mutants with varying degrees of fold and stability that can be tested in these
assays.

If significant enough quantities of purified Pdrl truncations can be produced, they could
also be used in NMR experiments to detect binding to the C-terminal domain of Zuol. If this
domain interacts directly with Pdrl, titration of Pdr1 constructs with '°N-labeled Zuol C-
terminal fragments should result in significant chemical shift perturbations detectable in a 'H-""N
HSQC experiment. If an interaction is detected, identification of the most significant
perturbations of the fully assigned HSQC of Zuo1’s C-terminal domain upon interaction could
be further used to identify residues important for this interaction. As Zuol has been shown to
activate Pdrl in an unfolded conformation, it is also possible that Pdr1 interacts with the
unfolded form of Zuol’s C-terminal domain. Furthermore, folding or unfolding of Zuol’s C-
terminal domain might be induced upon binding to Pdrl. A number of transcription factor ADs,
for instance, have been shown to be active in an unfolded conformation, but become structured
upon binding to their coactivators (Ferreira et al., 2005; Uesugi et al., 1997). Similarly, in the
case of N-WASP autoinhibition, a hydrophobic peptide required for activity is involved in
intramolecular domain interactions, but upon domain destabilization, this peptide is displaced
and forms a new amphipathic helix upon binding to the Arp2/3 complex (Panchal et al., 2003).
Thus, titrations with Pdrl should be carried out using constructs and mutants of Zuol’s C-

terminus that differ in fold, as described in chapter three. Thermal denaturation may also be used
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to induce these different states in the full C-terminal domain, which would allow the possibility
of refolding to occur.

Another possible method to detect an interaction between Ssz1/Zuol and Pdrl is to
perform photo-crosslinking using the amino acid derivative p-benzoyl-L-phenylalanine (pBpa).
In addition to its ability to detect low abundance binding partners and transient interactions,
pBpa crosslinking shows more specificity than many available crosslinkers and has been
successfully used in live yeast cells (Lee et al., 2009; Majmudar et al., 2009). Therefore, this
technique may be useful for detecting functionally relevant interactions in vivo. Since I have
narrowed the region responsible for Zuol’s interaction with Pdr1 to only 13 residues, I have been
able to create mutants to incorporate pBpa at each site within this peptide. Working with this
limited number of mutants will hopefully provide a good chance of finding a mutant that is
functional in the presence of the non-natural amino acid as well as one that incorporates a
crosslink close enough to the interaction site that it is possible to detect an interaction with Pdr1.
A similar approach could be taken with Ssz1 by incorporating pBpa at sites near Ser295, as
alteration of this and surrounding residues has been shown to effect PDR activation by Ssz1 (A.
Prunuske, unpublished data, (Hallstrom et al., 1998)). Crosslinked products of Ssz1/Zuo1 could

then be tested for the presence of Pdrl by immunoblotting.

2) What proteins interact with Zuo1’s C-terminal domain in its folded/unfolded conformations?
Whether or not Zuo1 binds directly to Pdr1, it is likely that other factors are involved in
interactions with this protein. Although the results presented in chapter three indicate that Zuo1l’s

C-terminal domain must undergo a structural transition to its unfolded state in order to activate
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Pdrl, it is not clear how this occurs. The fact that overexpression of full-length Zuol does not
activate Pdrl suggests that thermodynamic instability of the C-terminal domain does not provide
a simple explanation for this activation. Thus, it is possible that an active unfolding process may
be necessary to activate the transcriptional properties of this domain. One possibility is that
binding of an adapter protein somewhere in the C-terminal domain causes disruption of domain
structure and thus releases the critical peptide at the extreme C-terminus. It is also conceivable
that binding of an adapter protein is necessary to stabilize the unfolded conformation of the
domain as it is in equilibrium between folded and unfolded states. Thus, identification of
additional binding partners of Zuo1’s C-terminus could aid in elucidating this mechanism of
unfolding. Identification of novel binding partners could be carried out using tandem affinity
purification pulldowns, as I have created a number of TAP-tagged fusions of C-terminal
truncations and mutants that vary in their fold, stability, and ability to induce PDR in yeast. TAP
pulldowns with these various constructs could be useful in the identification of novel interactions
with both conformations of Zuol’s C-terminal domain, which could provide important clues
regarding the mechanism of activation of Zuol’s transcriptional properties. If this method is
unsuccessful, the pBpa crosslinking method described above could also be useful for the
detection of additional binding partners of Zuol’s C-terminal domain. In addition to
immunoblotting for specific binding partners, crosslinked products of Zuol’s C-terminal domain
could potentially be identified using mass spectrometry. The downside to this method is the low
incorporation of pBpa, which requires the use of large amounts of cells. However, this method is

currently being employed successfully in Anna Mapp’s lab at the University of Michigan to
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identify novel interactions of low abundance, unstable proteins that are transient in nature (C.

Majmudar, personal communication).

3) Do Sszl1/Zuol activate Pdrl through its XBD similar to xenobiotics?

Pdrl is directly activated by the binding of small hydrophobic molecules to a xenobiotic
binding domain (XBD) within its central regulatory region (Thakur et al., 2008). Results
presented in chapter three of this thesis reveal that Zuol utilizes a short, hydrophobic peptide at
its extreme C-terminus to interact with Pdr1 and activate transcription. These data present the
possibility that Zuol’s C-terminal peptide binds to Pdr1’s XBD and mimics the binding of
xenobiotics. Alternatively, it is possible that this activation is not direct, as discussed above, or
that Zuo1 uses a different region of Pdr1 for activation. Furthermore, it is not known if Ssz1 and
Zuol activate Pdrl through the same domain.

Initial attempts in the lab to identify the domain of Pdr1 responsible for activation by
Ssz1/Zuol have been inconclusive. This is primarily due to the fact that deletions of various
regions of Pdrl’s central regulatory region have been shown to render the protein hyperactive
(Kolaczkowska et al., 2002). The large differences in activity observed between different Pdrl
truncations makes their responsiveness to inducing signals difficult to interpret. Thus,
identification of the domain of Pdrl responsible for interaction with Ssz1/Zuol might be a more
suitable approach and eliminate the issue of differential activity between constructs. In vitro
binding experiments with Pdr1 truncations, if successful, would be optimal for this experiment.
Since a number of Pdrl truncations were used to identify the XBD as the region responsible for

drug binding, these fragments should provide a good starting place for identifying the domain of
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Pdr1 required for binding to Ssz1/Zuol. However, if direct interactions are not detected in vitro,
an alternative approach would be to use the yeast two-hybrid system. As presented in chapter
two, interactions between Ssz1 and Zuol and Pdrl lacking both its DBD and AD have been
identified. This suggests that both Ssz1 and Zuo1 require Pdr1’s large central regulatory region
for interaction. It would be interesting to narrow this region further by testing Pdr1 lacking its
XBD or a Pdrl fragment containing only the XBD for interaction with Ssz1 and Zuol. It must be
noted, however, that the large differences in activity observed between different Pdr1 truncations
suggest that alteration of one region of Pdrl may have large structural effects on the rest of the
protein that could preclude interaction. Therefore, it would be important to test a variety of
different Pdr1 constructs in these assays.

To avoid the issue of creating truncations of Pdrl with varying levels of activity or
conformational differences, an alternative might be to create Pdr1-Pdr3 chimeras. Despite the
high homology of Pdrl and Pdr3, Sszl and Zuol require only Pdr1 for activation of the PDR
regulon (chapter two of this thesis, (Hallstrom et al., 1998)), while drugs can utilize both of these
TFs. A variety of Pdrl1-Pdr3 chimeras, with different regions of these proteins swapped, could be
tested for their ability to interact with and become activated by Ssz1/Zuol and, as a control,
xenobiotics. These experiments might not only provide insight into which domain of Pdr1 is
required for signaling by Ssz1/Zuol, but also clues as to how specificity for Pdr1 is achieved by
these proteins.

We have also attempted to determine if Ssz1/Zuo1 activate Pdr1 using a similar
mechanism to drugs by performing in vivo competition assays. However, the results of these

assays have been inconclusive. This is likely due in part to in vivo complexities of the PDR
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regulon, including the ability of drugs to activate other TFs, such as Pdr3. Also, it is not known
to what extent Pdrl, once activated, can be further activated by binding of an inducing factor to a
different region of the protein. Therefore, if binding of Pdrl and Ssz1/Zuol is observed in vitro,
it would be interesting to perform binding competition assays between Ssz1, Zuol, and drugs in
vitro, as this might provide a better understanding of the similarities or differences in the

mechanisms of Pdr1 regulation by these factors.

Role of the RAC heterodimer in Pdrl activation

Although it has been shown that both Ssz1 and Zuo1 are capable of activating Pdr1
independently (Eisenman and Craig, 2004), these proteins are known to form a stable
heterodimer in vivo (Conz et al., 2007b; Gautschi et al., 2001a). Therefore, it is not clear whether
these proteins activate Pdrl independently under native conditions or whether they function
together as a heterodimer in transcriptional activation. In addition, this heterodimer has a
conserved role in protein folding in higher eukaryotes and a number of Zuol orthologs have also
been shown to function in transcription. However, it is not known whether the signaling
functions of these orthologs relate to the PDR induction observed by Zuol in yeast. Thus, further
characterization of this unique heterodimer and its involvement in transcription is necessary to

achieve a better understanding of the cellular functions of Ssz1 and Zuol.

1) Does disruption of the RAC heterodimer cause PDR induction?
One possible model for the role of the RAC heterodimer is that while it enables

Ssz1/Zuol to function together in nascent chain folding on the ribosome, disruption of this
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complex under certain conditions frees these proteins to perform their transcriptional roles. Thus,
a transition in the association of these proteins from a ribosome-associated heterodimer to extra-
ribosomal monomers could provide a means of regulating these seemingly disparate functions of
Sszl and Zuol. It would, therefore, be interesting to determine if destabilization of the RAC
heterodimer causes activation of Pdr1. This could be done by introducing mutations into the N-
terminus of Zuol or the C-terminus of Ssz1 that would be predicted to disrupt complex
formation and testing these mutants for their ability to activate PDR. Since Ssz1 is tethered to the
ribosome through interaction with Zuol, monitoring the co-migration of Ssz1 with ribosomes by
sucrose cushion ultracentrifugation could be used to determine the degree of heterodimer
disruption. Conservation of RAC in higher eukaryotes suggests that targeted mutations could be
made by sequence alignment. Furthermore, H/D exchange data collected on Ssz1 and Zuol
individually and in complex with one another (Fiaux et al., 2010) would provide useful starting
points for mutation design.

The results presented in chapter three of this thesis suggest that unfolding of Zuo1l’s C-
terminal domain is a requisite step for activation of its transcriptional properties. Interestingly, it
has been proposed that Ssz1 has a stabilizing effect on Zuol structure, as described in chapter
one (Fiaux et al., 2010; Gautschi et al., 2001a). Though the primary interactions in this complex
appear to occur between the N-terminus of Zuol and the C-terminus of Ssz1, some protection of
the C-terminus of Zuol was also observed in H/D exchange experiments in the presence of Ssz1
(Fiaux et al., 2010). Thus, it is conceivable that Ssz1 contributes to the stability or fold of Zuo1’s
C-terminal domain or aids in the sequestering of key residues required for activation. It would,

therefore, be interesting to determine if Ssz1 contributes to Zuol autoinhibition by testing
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whether constructs of Zuo1 that are unable to activate transcription due to the presence of a
folded C-terminal domain are able to induce PDR in a strain lacking Ssz1. If the absence of Ssz1
does appear to have a positive effect on the transcriptional properties of Zuo1’s C-terminal
domain, further characterization of this interaction would be interesting. The possibility of a
direct interaction occurring between Zuol’s C-terminal domain and Ssz1 could be tested by
NMR. The HSQC spectra of ’N-labeled Zuol C-terminal domain could be monitored for
chemical shift perturbations upon titration with unlabeled Ssz1 and be used to identify residues

affected by complex formation.

2) Is activation of the PDR regulon by Ssz1/Zuol conserved in higher eukaryotes?
Interestingly, a number of higher eukaryotic orthologs of Zuol have also been shown to
have roles both in protein folding and transcriptional activation. The human Zuol ortholog,
known as M-phase phosphoprotein 11 (Mpp11) or ZRF1, has been shown to co-migrate with
translating ribosomes and form a heterodimer with the Sszl1 homolog Hsp70L1 that is capable of
rescuing the growth defects of a yeast strain lacking functional RAC (Hundley et al., 2005; Otto
et al., 2005). In addition, Mpp11 is regulated in a cell cycle dependent manner, is upregulated in
a variety of cancers, and has been shown to facilitate gene activation by displacing
transcriptional repressors of developmental regulators (Resto et al., 2000; Richly et al., 2010).
The mouse Zuol homolog, MIDALI, has been shown to bind to Hsp70 through its J-domain and
also bind directly to DNA through Myb domains located at its C-terminus. This protein is
implicated in the regulation of cell growth and cell cycle progression and its ability to directly

bind DNA suggests that it can translocate to the nucleus to perform these signaling functions
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(Inoue et al., 1999; Shoji et al., 1995; Yoshida et al., 2004). The Zuol homologs GIsA in the
blue-green algae Volvox carteri (Pappas and Miller, 2009) and DNJ-11 in Caenorhabditis
elegans (Hatzold and Conradt, 2008) have also been implicated in the regulation of asymmetric
cell division. Despite this apparent conservation of Zuol’s role in cellular signaling, it is not
clear if these transcriptional activities are related. Work presented in chapter two of this thesis
suggests that activation of the PDR regulon by Zuol may relate to a form of cellular growth
regulation, similar to the roles observed for Zuol’s higher eukaryotic orthologs. Thus, it would
be interesting to determine if these proteins function in transcription through similar
mechanisms.

Since Mpp11/Hsp70L1 have been shown to be capable of rescuing the growth defects of
yeast lacking functional RAC (Hundley et al., 2005; Otto et al., 2005), it would be interesting to
test whether these proteins can also induce a PDR phenotype in yeast. Overexpression of
Hsp70L1 or Mppl11 lacking its charged domain could be tested for resistance to a variety of
drugs or for the activation of genes known to be upregulated by Ssz1/Zuol using the lacZ
reporters described in this work or qPCR. Furthermore, these proteins could be tested for their
ability to cause premature growth arrest of cells at the diauxic shift similar to domains of
Ssz1/Zuol that activate Pdrl. If any of these phenotypes are observed, it could be tested whether
they occur in a Pdr1-dependent manner to determine if these proteins activate the PDR regulon
similarly to Ssz1/Zuol. Similar studies could be performed in human cells to observe activation
of the MDR pathway using either Mpp11/Hsp70L1 or Ssz1/Zuol. If similar activities are
observed for higher eukaryotic orthologs of Ssz1/Zuol, it would be interesting to determine what

domains are responsible for these activities, as Zuol’s C-terminus does not appear to be
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conserved in higher eukaryotic species and Zuol lacks the DNA-binding Myb/SANT domains

found in these orthologs (Braun and Grotewold, 2001a).

Physiological role of PDR regulation by Ssz1/Zuol

The results presented in chapter two of this thesis propose a physiological role for
activation of the PDR regulon by Ssz1 and Zuol in quorum sensing. Strains lacking Ssz1 and
Zuol show an “overgrowth” phenotype at the diauxic shift that is reminiscent of yeast cells
lacking the ABC transporters Pdr5 and Snq2 (Hlavacek et al., 2009) and bacterial cells lacking
the AcrAB MDR pump (Yang et al., 2006). The higher cell densities reached by these strains is
proposed to occur due to the absence of a signaling molecule(s) involved in regulating cell
growth, which is normally extruded from cells via these plasma membrane transporters.
Consistent with this idea, the overgrowth of a strain lacking Ssz1 and Zuol was mitigated by the
addition of conditioned media from wt cells. Furthermore, domains of Ssz1/Zuol that enhance
activation of the PDR regulon also cause cells to arrest at a lower cell density than wt cells,
suggesting an enhanced export of signaling molecules from cells expressing these proteins.
Though these data propose a role for Ssz1/Zuol in quorum sensing via activation of the TF Pdrl,

many questions remain regarding this potential function, several of which are discussed below.

1) Do Ssz1/Zuol respond to known quorum sensing molecules?
Quorum sensing has been reported in fungi and results in the transition of yeast from
their solitary growth form to a filamentous form. Studies on quorum sensing in yeast are limited,

however, due to the fact that many lab strains contain mutations in the FLOS gene, which is
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essential for filamentation (Liu et al., 1996). Despite this, a number of quorum sensing molecules
have been identified in S. cerevisiae, the majority of which are fusel alcohols derived from the
catabolism of aromatic and branched chain amino acids (Chen and Fink, 2006; Chen et al., 2004;
Dickinson, 1996; Wuster and Babu, 2010). Interestingly, expression analysis of yeast treated
with isoamyl alcohol, a fusel alcohol involved in filament formation, shows significant
upregulation of PDRS5 and GRE?2 (Hauser et al., 2007), two of the genes most highly upregulated
in response to Ssz1* and ZuoC*, as presented in chapter two. It would thus be interesting to
determine if other fusel alcohols show similar upregulation of genes induced by Ssz1* and
ZuoC* and if the ability of these catabolites to induce expression of these genes is dependent on
the presence of Ssz1 and Zuol and/or Pdrl. Furthermore, it could be tested whether the
overgrowth phenotype of Assz! Azuol and Apdr5 Asnq?2 cells can be overcome by

supplementation of media with these fusel alcohols.

2) What signaling molecules are extruded from cells in an Ssz1/Zuol-dependent manner?

If Ssz1 and Zuol mediate growth arrest at the diauxic shift via quorum sensing, it might
also be possible to more directly identify the factor(s) responsible for this effect. As presented in
chapter two, a preliminary assessment of the nature of the factor(s) responsible for the
overgrowth of Asszl Azuol cells suggested that it might be a small molecule(s). While media
harvested from wt cells could prevent the overgrowth phenotype of Assz/ Azuol cells, media
first exposed to dialysis could not, though boiling had no effect. To further characterize the
molecules responsible for this phenotype, gas chromatography and mass spectrometry could be

used to identify molecules that differ in media extracted from wt, Assz/ Azuol, and Apdr5 Asng?2
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cells. A lower abundance of fusel alcohols or other factors in the media of Assz/ Azuol and/or
Apdr5 Asng2 would support the idea that an extracellular signaling molecule is responsible for
their growth phenotypes. A similar characterization of media extracted from cells overexpressing
ZuoC* or Ssz1* could be used to determine if a higher abundance of this molecule is extruded
from these cells. If a molecule is identified in the media extracted from these cells, it could also
be determined if the abundance of this factor is dependent on the presence of Pdrl. As the
growth phenotypes of cells lacking SSZ/ and ZUO! occurs around the diauxic shift, it would be
interesting to compare the growth media of wt, Assz/ Azuol, and Apdr5 Asng?2 strains as cells
approach the diauxic shift. Identifying differences in the molecules extruded by these strains
during the diauxic shift may be useful in the identification of the molecules responsible for this
potential quorum sensing. As the effect of Ssz1/Zuol deletion on cell density is not as large as
deletion of the plasma membrane transporters Pdr5 and Snq2, it is possible that ABC transporters
play a more direct role in this signaling and that Ssz1/Zuol serve to modulate this signal. It is
also conceivable that several pathways exist to respond to nutrient limitation, one of which is
through Ssz1/Zuol. Thus, the levels or nature of any identified signaling molecules may differ
between these strains.

Factors identified in these analyses could then be tested for their ability to prevent the
growth phenotype of Asszl Azuol and Apdr5 Asng?2 cells by supplementing the media of these
cells with the identified molecule and comparing growth to wt cells. Furthermore, identified
molecules could be tested for their ability to induce similar gene expression to cells expressing

ZuoC* and Ssz1* and determined whether Ssz1 and Zuol are required for this expression.
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3) Are the transcriptional properties of Ssz1/Zuol activated by quorum sensing molecules or
during the diauxic shift?

It has been clearly demonstrated that ectopic expression of either Ssz1 or the C-terminus
of Zuol results in activation of the PDR regulon; however, the signal by which these proteins
become activated to initiate this transcriptional response under native conditions is not known.
Activation of Pdrl by Ssz1/Zuol appears to occur through a direct mechanism requiring the
dissociation of these proteins from the ribosome and their subsequent translocation to the
nucleus. If Pdrl activation by Ssz1/Zuol relates to quorum sensing, it is possible that the
transcriptional properties of these proteins become activated in response to quorum sensing
molecules. It would, therefore, be interesting to determine if Ssz1/Zuol show dissociation from
the ribosome and/or localize to the nucleus in the presence of fusel alcohols or other molecules
identified from the above analyses. Similarly, it could be tested whether Ssz1/Zuol undergo
these changes as cells approach the diauxic shift. Interestingly, fusel alcohols have been shown
to inhibit translation and disrupt polysomes (Taylor et al., 2010). Thus, it is conceivable that
under nutrient limitation, upregulation of quorum sensing molecules leads to a disruption of
polysomes, causing the release of Ssz1/Zuol and allowing them to activate Pdrl-dependent
transcription. In this model, the subsequent upregulation of ABC transporters by Ssz1/Zuol
would cause enhanced export of quorum sensing molecules that further slow cellular growth as

cells approach stationary phase.
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APPENDIX:

Additional studies of PDR activation by Zuol and Ssz1

This appendix includes additional unpublished data I collected pertaining to activation of
the PDR regulon by Zuol or Ssz1 that were either preliminary in nature or did not fit into the

other data chapters.
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Knockout library screen for factors required for PDR induction by Zuo1’s C-terminus

To identify proteins required for induction of the PDR regulon by Zuo1’s C-terminal
domain, I performed a screen using the homozygous diploid yeast knockout collection derived
from the Saccharomyces Genome Deletion Project (Winzeler et al., 1999) and acquired from
Open Biosystems. Yeast deletion strains were grown from glycerol stocks for 2 days at 30 °C in
YPD media containing 200 pg/ml G418 in deep-well microtiter plates and plated on YPD media
containing 200 png/ml G418 and grown for 2-3 days at 30 °C. Cells were transferred from the
solid media into liquid YPD media containing 200 ng/ml G418 in deep-well microtiter plates
using a 96-pin tool. Strains were grown overnight at 30°C and then diluted to an ODggp ~ 0.2
(based on the average density of cells from four random wells) in fresh media and allowed to
grow for 4 hours. Cells were transformed with a high-copy plasmid containing DNA encoding a
tandem affinity purification (TAP) tag fused to residues 365-433 of Zuol’s C-terminus (pRS425-
GPD-TAP-ZuoC). Transformants were grown in selective minimal liquid media for 2 days at 30
°C and subsequently plated on selective minimal media plates containing or lacking 0.35 pg/ml
cycloheximide and grown for 3 days at 30 °C. Growth of the transformants on media containing
cycloheximide was determined for each strain by visual inspection. Strains showing reduced
growth compared to wt cells were ranked as follows: 0 = no growth; 1 = extremely slow growth;
2 = slow growth; 3 = slightly slow growth (Table A-1). This screen was performed for all of the
plates in the knockout collection containing strains showing growth similar to wt cells (plates
301-348), but was not performed for slow-growing strains to prevent the selection of these
strains as false positives. Overall, I tested 4,491 deletion strains and identified 283 candidate

strains as showing reduced growth or no growth in the presence of cycloheximide compared to
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wt cells when transformed with the PDR-inducing ZuoC plasmid. An additional 161 strains also
showed reduced growth in the presence of drug compared to wt cells, but also showed slow
growth on either YPD media containing G418 or on selective minimal media, making it difficult
to assess their sensitivity to drug. Thus, this set of strains would need to be retested to determine
the importance of these genes in ZuoC-induced drug resistance. Based on these numbers, I was
able to eliminate ~90% of the strains tested using this screen and as many as 94% if the slow
growing strains are false positives. All candidate strains identified in this screen (ranked 0-3)
were compiled into fresh microtiter plates and stored as glycerol stocks at -80 °C for future
experimentation.

To more specifically identify genes required for PDR induction by ZuoC and eliminate
genes required downstream of Pdr1 and genes that render cells sensitive to cycloheximide upon
deletion, a secondary screen was set up. Candidate strains from the primary screen were co-
transformed with the TAP-ZuoC plasmid described above and a plasmid encoding the PDR5-
lacZ reporter to perform B-galactosidase assays. I first attempted to perform these 3-
galactosidase assays in a 96-well format. This proved difficult as both the ODggo and OD4yg of
each deletion strain in the plate had to be acquired in the proper range and each strain varied
significantly. With limited access to a plate reader, I was unable to optimize a protocol for the
type of time-point collection required for this assay. Instead, I decided to perform individual B-
galactosidase assays from two independent colonies of each transformant grown in 5-ml cultures.
After identifying a number of candidate strains based on reduced B-galactosidase activity of the
PDRS5-lacZ reporter compared to wt cells in the presence of TAP-ZuoC, I retested several strains

for fold activation of cells transformed with TAP-ZuoC compared to cells transformed with TAP
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alone. I found that the basal levels of PDRS5-lacZ activity varied significantly (>2-fold) in many
of the strains tested. This difference in basal activity skewed the numbers drastically such that
strains that showed lower or higher 3-galactosidase activity than wt cells could still show similar
fold activation when basal levels were taken into account. Therefore, in order to carry out the
remainder of this screen, each plate would need to be tested with both TAP and TAP-ZuoC and
fold activation would need to be determined for each individual strain. Because of the added
number of colonies required to test for basal levels of PDR5-lacZ activity, this screen would be
better suited to a high-throughput 96-well plate format. Because of this added complexity as well
as new data indicating that drugs activate Pdr1 directly (Thakur et al., 2008), this screen was not
completed and ZuoC was instead tested for its ability to activate Pdr1 directly. Strains from the
primary screen that were tested for B-galactosidase activity of PDR5-lacZ by ZuoC are presented
in Table A-2. Though the basal levels of PDR5-lacZ may vary between these strains, strains
showing the most significant reduction in activity compared to the wt strain might still be the
most useful to begin further testing. Not all candidates from the primary drug resistance screen
were tested for PDRS5-lacZ activity, however, so this list is incomplete. Although I did not
complete testing of all candidate strains from the primary screen, I did test a number of strains
individually for fold activation of PDRS5-lacZ by ZuoC compared to TAP. This included strains
that showed extraordinarily high or low B-galactosidase levels of PDR5-lacZ compared to a wt
strain upon initial testing. I also tested strains deleted for the genes encoding each of the TFs
known to be involved in the PDR regulon as well as strains lacking proteins that has been
identified as having either a physical or genetic interaction with Zuol, Sszl, or Pdrl. The results

of these B-galactosidase assays are preliminary and are presented in Figure A-1.
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Although the data presented in this thesis are consistent with a model of direct activation
of Pdrl by ZuoC, it is likely that other factors are involved in this activation process. The
candidates identified in this primary screen for drug resistance or tested for activation of PDRS-
lacZ might provide a useful starting place for identification of these factors. These candidate

strains could also be transformed with Sszl1 to identify factors required for PDR induction by

Sszl.
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Table A-1. Candidates identified in knockout library screen for ZuoC-induced drug resistance

Plate Row Column Systematic Name Standard Name Ranking*
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Plate Row Column Systematic Name Standard Name Ranking*
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Plate Row Column Systematic Name Standard Name Ranking*
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Plate Row Column Systematic Name Standard Name Ranking*
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Plate Row Column Systematic Name Standard Name Ranking*
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Plate Row Column Systematic Name Standard Name Ranking*
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Plate Row Column Systematic Name Standard Name Ranking*
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Plate Row Column Systematic Name Standard Name Ranking*
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Plate Row Column Systematic Name Standard Name Ranking*
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*0 = no growth; 1 = extremely slow growth; 2 = slow growth; 3 = slightly slow growth
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Table A-2. Candidates identified in knockout library screen for ZuoC-induced PDR5-lacZ

activation

New Original  Systematic Standard Fold reduction Primary Screen
plate ID plate ID Name Name of WT Ranking*
2H4 318E4 YOR198C BFR1 15.7 1
2H9 325C6 YGLO13C PDRI1 11.3 1
2A10 325C12 YGLO025C PGD1 9.3 0
1E3 303B1 YMLO062C MFTI 7.3 2
2G6 320E11 YLR261C VPS63 7.3 1
1F2 301H9 YLL040C VPS13 7.2 2
1F5 305C11 YNL323W LEM3 6.2 2
2G4 318D10  YORI91W RIS1 5.5 2
1C3 302H6 YLR119W SRN2 5.1 2
2D5 318H7 YOR258W HNT3 5.1 2
1D12 313F7 YHLO033C RPLSA 4.5 2
1H2 302D9 YLRO55C SPT8 4.5 1
2C2 314H8 YHR167W THP2 4.5 1
1H10 311E12 YDR432W NPL3 4.4 0
1E12 313H10  YHROI12W VPS29 4.3 2
1H12 314F5 YHR129C ARP1 4.2 2
1E10 311C10 YDR389W SAC7 3.5 1
1E4 304C3 YMR179W SPT21 3.5 2
3B5 332C10 YJLO80OC SCP160 34 2
1C10 311BI12 YDR378C LSM6 34 2
2G9 325C5 YGLO12W ERG4 34 0
1B8 308E12 YPL205C - 3.2 2
3F12 345C12 YDLO020C RPN4 3.2 2
2B10 325D8 YGL043W DSTI 3.1 1
1H6 306F6 YOR290C SNEF2 3.0 0
1F12 314C7 YHRO77C NMD2 3.0 2
2H7 322F9 YPLO55C LGEl1 3.0 1
2A7 321A2 YLR315W NKP2 2.9 1
2E3 317A7 YKLO76C PSY1 2.8 2
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New Original  Systematic Standard Fold reduction Primary Screen

plate ID plate ID Name Name of WT Ranking*
2G3 317C9 YKLI113C RAD27 2.8 1
1A12 312G6 YERO083C GET2 2.8 1
1E6 306D8 YORO70C GYP1 2.8 2
1E11 312A3 YEL044W IES6 2.7 1
1A10 310H4 YDR136C VPS61 2.6 1
2C5 318H3 YOR251C - 2.5 2
2D8 323E9 YPR173C VPS4 24 0
1G10 311E1 YDR418W RPL12B 23 2
2E2 315A8 YHR200W RPN10 2.2 2
1C12 313E5 YGR214W RPSOA 2.2 2
2E6 320C11 YLR417W VPS36 2.1 1
2B4 318A10 YOR124C UBP2 2.1 2
1D2 301E2 YALO0O2W VPS8 2.0 1
1H3 303D12 YMLOIOW-A - 1.9 1
1G3 303D8 YMLO13W SEL1 1.9 2
2B5 318G3 YOR235W IRC13 1.8 2
1B2 301D6 YALO13W DEPI 1.8 3
2C10 325E7 YGLO66W SGF73 1.8 1
1H4 304H2 YMR263W SAP30 1.7 0
1D3 303A12 YMLO63W RPSIB 1.7 2
1F3 303C5 YMLO034W SRCI1 1.7 3
1F10 311C12  YDR392W SPT3 1.7 3
IB11 311F5 YELOO3W GIM4 1.7 2
2BI12 326E2 YKRO14C YPTS52 1.6 3
2A4 317F8 YKL160W ELF1 1.5 2
2G10 326A2 YNL199C GCR2 1.5 1
2G5 319G10 YLR352W - 1.5 2
2F7 322A10 YGL252C RTG2 1.5 2
2D10 325E10 YGLO072C - 1.5 3
I1C11 311H5 YELO31IW SPF1 1.5 2
2ES 319D10 YJL154C VPS35 1.5 1
2H5 319H4 YLR360W VPS38 1.5 0
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New Original  Systematic Standard Fold reduction Primary Screen

plate ID plate ID Name Name of WT Ranking*
1G8 309B2 YPL139C UMEI1 1.5 2
1F11 312B6 YELO61C CINS 1.4 2
1C8 308G5 YPL181W CTI6 1.4 3
1AS 305A2 YMR283C RIT1 1.4 1
1B3 302F7 YLRO85C ARP6 1.3 3
2C4 318Bl1 YOR130C ORT1 1.3 3
1D8 308G6 YPL182C - 1.3 3
2B7 321D6 YDR200C VPS64 1.3 2
2A8 322G1 YPLOSTW ARL3 1.3 3
2H6 320F6 YLR268W SEC22 1.3 1
IB12 313B7 YGR164W - 1.3 2
3C7 335H9 YCRO61W - 1.3 3
2F9 325A11 YBLO79W NUP170 1.3 1
2A2 314G4 YHR142W CHS7 1.3 2
1A8 308C6 YPL253C VIK1 1.2 2
1H9 310G6 YDR126W SWF1 1.2 2
1F7 307G4 YOLO050C - 1.2 3
2F5 319F9 YLR330W CHSS 1.2 3
2H3 317F1 YKL149C DBRI 1.2 2
2E11 326B11 YNL154C YCK2 1.2 3
2D7 322A9 YGL250W - 1.2 1
2F4 318D5 YORI183W FYV12 1.2 2
2D6 320C2 YLR404W SEI] 1.2 3
2H2 316C8 YLR204W QRIS 1.2 1
2B3 316E6 YKLOO7W CAP1 1.2 1
2C7 321H11 YGL232W TANI1 1.1 2
1A3 302F1 YLRO79W SIC1 1.1 2
2E9 325A8 YBLO072C RPS8A 1.1 2
1D7 307D6 YOL004W SIN3 1.1 0
1G2 302D8 YLRO054C OoSw2 1.1 1
1E2 301H8 YLLO039C UBI4 1.1 2
2A11 326A10  YNL19OW - 1.1 3
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New Original  Systematic Standard Fold reduction Primary Screen
plate ID plate ID Name Name of WT Ranking*
1H7 308B8 YPL265W DIP5 1.1 2
1C2 301D12 YALO004W - 1.1 3
2D4 318B3 YORI132W VPS17 1.1 1
1D5 305C9 YNL324W - 1.1 2
2F6 320C12 YLR418C CDC73 1.1 1
1E7 307E4 YOLO18C TLG2 1.1 0
2A12 326D9 YKROO7W MEH1 1.0 2
1G11 312D1 YERO020W GPA2 1.0 2
2E4 318C2 YORI153W PDR5 1.0 0
2CI11 326A12 YNLI183C NPRI1 1.0 2
IH11 312G1 YERO074W RPS24A 1.0 2
1F9 310F12 YDR120C TRMI 1.0 1
1G5 305C12 YNL322C KRE1 1.0 2
2G11 326C9 YKL207W - 1.0 2
1F8 308H11 YPL161C BEM4 1.0 2
ID11 311H8 YELO37C RAD23 1.0 3
2F11 326B12 YNL148C ALF1 0.9 3
1E9 310D8 YDROSOW VPS41 0.9 3
1F6 306E11 YORO089C VPS21 0.9 2
2F2 315B1 YHR207C SETS 0.9 3
2D12 326F4 YKRO042W UTHI 0.9 2
1B4 303F7 YMRO15C ERGS5 0.9 0
1G12 314C9 YHRO079C IREI 0.9 2
1D10 311C9 YDR388W RVS167 0.9 1
1G7 308A4 YGRO78C PACI10 0.9 2
2E10 325F12 YNL237W YTP1 0.9 3
2B6 320A1 YLR373C VID22 0.9 1
1A2 301C8 YALO026C DRS2 0.8 1
2B8 323A3 YPLOOSW CHLI 0.8 2
1G6 306F1 YORO91W TMA46 0.8 3
1C6 306D6 YORO068C VAMIO 0.8 1
1H8 309C1 YPL120W VPS30 0.8 2
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New Original  Systematic = Standard Fold reduction Primary Screen
plate ID plate ID Name Name of WT Ranking*

1E8 308G12 YPL174C NIP100 0.7 3
1HS5 305D6 YNL307C MCK1 0.7 2
1A4 303E9 YMLOOIW YPT7 0.7 2
2C6 320A2 YLR374C - 0.7 2

2F8 323G6 YCRO09%4W CDC50 0.7 2

1D9 310D4 YDRO75W PPH3 0.7 3

1D6 306D7 YORO6OW VPS5 0.7 1

1G9 310G3 YDRI123C INO2 0.7 3
2A6 319H11 YLR371W ROM2 0.7 2
2H12 327B3 YDR276C PMP3 0.7 2
2G12 327A10  YDR270W ccC2 0.7 3
2C8 323E4 YPR164W MMSI1 0.6 3
2F10 325Gl11 YNL224C SQS1 0.6 2

1C7 307D3 YOLOO1W PHO80 0.6 1

1B7 307B7 YOR360C PDE2 0.6 2
3B4 331C5 YMRI116C ASC1 0.6 2
2E12 326H12 YDR257C SET7 0.5 2
2F12 327A9 YDR266C - 0.5 2

*0 = no growth; 1 = extremely slow growth; 2 = slow growth; 3 = slightly slow growth
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Figure A-1. Effect of individual gene deletions on PDR5-lacZ activation by ZuoC. Strains
from the yeast deletion collection were co-transformed with vector containing DNA encoding
either a tandem affinity purification tag (TAP) or TAP fused to residues 365-433 of Zuol along
with vector containing the PDR5-lacZ reporter. The average B-galactosidase activity of two
transformants of each was quantified and reported as fold activation of cells expressing TAP-
ZuoC to cells expressing TAP. Each panel represents an independent experiment. Wild-type (wt)

and Apdr1 strains were used as controls in each experiment.
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Global analysis of the DNA binding profiles of Ssz1s;9sr and Zuolacng by ChIP-chip

To determine whether Zuo1l and Ssz1 are present on the promoters of genes involved in
the PDR regulon, I carried out whole-genome chromatin immunoprecipitation analysis (ChIP-
chip). ChIP was performed for Zuol using a-Zuol antibody #63980 on lysates from Azuol cells
expressing Zuolachg (Zuolangs-3e4) from a cen plasmid. ChIP for Ssz1 was performed using a-
Ssz1 antibody #133 on lysates from Azuol cells (to ensure Ssz1 was not ribosome associated)
expressing Sszlsy9sr from a cen plasmid. DNA was amplified and labeled using ligation-
mediated PCR and sent to NimbleGen for hybridization to high-density tiling microarrays
(Roche NimbleGen, Inc.). After promising results were obtained from these data, I began doing
in-house hybridizations and data extraction using the same arrays.

I first analyzed these data by identifying peaks by visual observation that showed
approximately two-fold enrichment in the ChIP sample over the input sample (total genomic
DNA). The Sszl1sy9sr Azuol sample showed low background across the genome with 143 peaks I
identified as significant. The Zuolcn, sample also showed low background with 70 significant
peaks. Together these strains showed an overlap of 39 peaks. To search for functional
enrichments within the sets of genes bound by Sszl and Zuol, I used the program FunSpec
(Robinson et al., 2002). Some of the most significantly enriched groups identified included genes
encoding proteins involved in cellular detoxification and lipid transport, consistent with a role in
the PDR pathway. I also found that a significant number of the genes bound by Sszlg»9sr and
Zuol achg overlapped with the set of genes previously identified by ChIP-chip analysis to be
bound by the TF Pdrl ((Fardeau et al., 2007), Table A-3, Figure A-2). To investigate the

significance of this observed enrichment for Pdrl target genes, [ used a hypergeometric
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distribution to calculate a p-value for this enrichment. Based on the identification of 30 Pdrl1-
bound genes in the genome, identifying 20 Pdr1 target genes out of the 143 peaks representing
binding by Sszlsesr corresponds to a p-value of approximately 2.19 x 10%°. Identifying 3 Pdrl
target genes out of the 70 peaks representing Zuo1lache binding corresponds to a p-value of
4.6x107 (note that this construct also showed lower PDR activation than Ssz1ss¢). Finding 3
Pdrl target genes out of the 39 peaks that represent binding of both Ssz1sy9sr and Zuolachg
corresponds to a p-value of approximately 8.8x10™. Thus, both Zu01achg and Sszlgrosr showed
significant enrichment for binding to genes involved in the PDR regulon and genes bound by the
TF Pdrl. Furthermore, these data were extremely reproducible, as a similar binding profile was
observed upon testing a number of biological and technical replicates, which included data sent
from NimbleGen as well as data collected in house.

Although these data appeared very promising and highly statistically significant, these
experiments were performed using polyclonal antibodies. Thus, I decided to perform two
additional experiments to confirm the validity of the observed binding profiles. Since Sszlsy9sr
showed the strongest data, I performed both controls for these data. First, I expressed Ssz1g9s¢ in
a Azuol Apdrl strain and found a nearly identical binding profile for Ssz1s,9sr to the one
observed in the strain containing Pdrl (Figure A-3). Though it is possible that Ssz1 can bind to
PDR promoters in a Pdrl-independent manner and thus cannot be considered a true control
experiment, this result was surprising to us. I next performed a background control by testing
whether the a-Ssz1 antibody could IP any DNA in a Assz/ strain. Surprisingly, the binding
observed in the Assz/ strain was nearly identical to the binding profile observed for Ssz1sxosr

(Figure A-3), suggesting that the majority of the binding observed for Ssz1s,9sr was background.
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The only candidate that remained after subtracting this background binding was PDRS5. This
result was confirmed by qPCR and by an independent pulldown using TAP-tagged Ssz1s9sk.

As Sszl and Zuol upregulate only a small number of genes in the genome based on
microarray data, it is possible that only one or a few binding sites might be identified for these
proteins. However, it is unclear why such a strong statistically significant enrichment for Pdr1
target genes was identified in the control experiment as background. It is possible that there is
something unique about these genes, such as abundance, propensity for amplification, or
repetition, that makes them unusually prone to background signal in this type of experiment.
These data were, however, subjected to computational repeat sequence masking (Tietjen et al.,
2010) to help eliminate some of the concern of repetitive sequences. Furthermore, ChIP-chip
analysis has previously been performed for the TF Pdr1 and binding was observed at a similar set
of genes as the one I identified as background. This experiment was performed by integrating
DNA encoding thirteen Myc tags upstream of PDR/ and using an a-Myc antibody to perform
ChIP. To control for nonspecifically enriched DNA, four ChIP experiments were carried out
using an untagged strain (Fardeau et al., 2007). Though there may have been some background
signal at these genes, this control makes it seem unlikely that this set of genes is simply
unsuitable for this type of analysis. A simpler explanation is that the binding data for Ssz1s»9sr
are real and that there was a problem with the control experiment. I did check the Assz/ strain to
ensure that the deletion cassette could be amplified and that Ssz1 protein could not be detected
by western blot. However, it is possible that samples got mixed up, that the arrays did not strip
properly from previous uses, or that an equally simple issue could explain the surprisingly

similar binding profiles of Sszls»9sr and the control. Therefore, to completely discount these data
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or properly validate them, it would be important to repeat the Assz/ control ChIP and perform
either qPCR on several candidate promoters or hybridize the DNA to fresh microarrays.
Technical issues with amplification and labeling at the time made this difficult and some
troubleshooting might be necessary. Another alternative would be to use tagged forms of Sszl
and Zuol so that any antibody-specific background could be eliminated by the use of different
antibodies or beads.

A proper background control experiment was never carried out for the Zuo1cn, data.
However, the genes I identified as background in the Assz/ control eliminated all genes bound by
Zuol zchg that were associated with PDR. Though different antibodies were used for the Ssz1 and
Zuol experiments, I became concerned that the peaks observed for Zuolacng may also be
background. It is interesting to note, however, that I also acquired “negative control” data from
three other labs and from additional data collected in our lab using different antibodies. Though
some genes associated with PDR did show some background signal, many did not show any
background in any of these data sets. Though these data do not represent proper controls for the
Ssz1s29sr and Zuo1achg €xperiments, they do suggest that many PDR genes are not simply
unsuitable for this type of analysis because of consistent background signal. These findings
reiterate the importance of repeating the proper negative controls in order to validate or disregard

the Sszlsy9sr and Zuo1achg data.



Table A-3. Zuolacg and Sszlsosk bind to a significant number of Pdrl target genes

Genes bound by Pdr1* Cl())ll;tl:gs Ull));eil:ll;‘éed BZOJIOHIiCE:I ];(;;ils(:;:z
ICTI/YLRO99W-A yes yes no no
PDR10/SNC2 yes no no no
PDR16 yes no no yes
PDR3/YBL006C yes no no no
PDR5/YOR152C yes yes no yes
RPN4 yes no no no
RSBI yes no no yes
SNQ2 yes no no yes
TPO1 yes no no no
VHRI1 yes no yes yes
YGRO35C/YGRO35W-A yes yes no no
YMR102C yes no no no
ADHI no no no yes
CCWI12/HOG1 yes no no yes
CWPp2 yes no no yes
ENO1/PUP2 no no no yes
GLN1/VMA13 no no yes yes
GLY1/IES6 no no no yes
MNN4 yes no no yes
PMAI1 no no yes yes
PUT4/PYK2 yes no no no
ROX1/YPRO63C no no no yes
RPS5 no no no no
SNA2 no no no yes
TDH1/YJLOS1W no no no yes
TDH?2 no no no yes
TEF1 no no no yes
UTH1 no no no yes
UTRS5/ANP1 no no no yes
YPL068C yes no no no

*Based on ChIP-chip data reported in (Fardeau et al., 2007).
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Figure A-2. Binding of Zuolxcwg and Sszls;osr to promoters of genes involved in PDR.
Examples of binding of Zuolacng and Sszlsyosr to promoters of genes shown or predicted to be
involved in the PDR regulon. Data shown are normalized ratios of IP DNA to input DNA as

observed using the software SignalMap (Roche NimbleGen, Inc.).
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Figure A-3. Binding of Sszls»9sr to promoters of genes associated with PDR appears to be
predominantly nonspecific. Examples of binding of Ssz1S295F to promoters of genes shown
or predicted to be involved in the PDR regulon in Azuol and AzuolApdrl strains compared with
nonspecific DNA IP-ed by the a-Ssz1 antibody in a Assz1 strain. Data shown are normalized
ratios of IP DNA to input DNA as observed using the software SignalMap (Roche NimbleGen,

Inc.).
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Figure A-3
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Nucleocytoplasmic shuttling of Zuol and Ssz1

In an effort to determine if Ssz1 and Zuol activate the nuclear transcription factor Pdrl
directly, I decided to test whether Zuol and Sszl undergo nucleocytoplasmic shuttling. Using the
NetNES server, I identified a predicted nuclear export signal (NES) in both the C-terminus of
Zuol and the N-terminus of Ssz1 (la Cour et al., 2004). To test whether these proteins translocate
to the nucleus, I obtained a yeast strain containing a Crm1 T539C mutation that renders the
major nuclear exporter sensitive to the drug Leptomycin B (LMB) and allows Crm1-mediated
nuclear export to be blocked. I crossed this strain to strains with integrated copies of GFP-tagged
SSZ1, ZUOI, or SSB1 as a control. GFP-tagged Ssz1 and Zuol showed predominantly
cytoplasmic localization and appeared to be excluded from the nucleus even upon treatment with
LMB. Ssbl, on the other hand, showed slight nuclear accumulation upon drug treatment, though
it maintained much of its cytoplasmic signal. Though it is possible that small amounts of Zuol or
Ssz1 shuttle into the nucleus or that this shuttling occurs rapidly, I was not able to trap these
proteins in the nucleus using this method. It is also possible that these proteins do undergo
nucleocytoplasmic shuttling, but are exported via a Crm1-independent pathway and, therefore,
cannot be blocked by LMB treatment.

I next tested whether Ssz1 and Zuol translocate to the nucleus under PDR-inducing
conditions or upon dissociation from the ribosome. I found that an mcherry fusion of Zuol
lacking its charged ribosome binding domain showed significant nuclear accumulation, while an
mcherry fusion of full-length protein did not, even upon overexpression (Figure A-4A). The
mcherry-Zuolachg fusion also rendered cells resistant to the drug cycloheximide, while mcherry-

Zuol did not, suggesting that Zuol may translocate to the nucleus to induce PDR. As Zuol
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overexpression likely results in some protein dissociated from the ribosome (though I did not test
ribosome association for this fusion), translocation may occur upon unfolding of Zuo1’s C-
terminal domain. It is possible that a nuclear localization signal (NLS) is sequestered in the
folded C-terminal domain. I also found that a C-terminally-tagged fusion of Zuo1 lacking its
charged domain was able to translocate to the nucleus, however, this construct did not induce
PDR. As I have discovered that the extreme C-terminal residues of Zuol are required for PDR
induction, I think that the mcherry fusion might be interfering with PDR induction in this
context. GFP-tagged Sszl also showed strong nuclear accumulation when expressed in a Azuo!
strain, which would result in all Ssz1 to become ribosome dissociated (Figure A-4B). Thus, both
Ssz1 and Zuol are capable of translocation to the nucleus, consistent with a direct model of Pdr1l
activation. However, the signal that causes these proteins to dissociate from the ribosome and
undergo this nuclear shuttling it not known.

All fusions of Zuol and Ssz1 that I tested for localization are summarized in Table A-4.
Lines highlighted in teal indicate constructs that showed at least some PDR induction as
observed by growth of cells expressing the fusion in the presence of the drug cycloheximide.
Text shown in red represents data that I collected personally. Text shown in gray represents
assumptions made based on data of a similar nature that were not collected using the specific

construct indicated.
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Figure A-4. Zuol and Ssz1 translocate to the nucleus when dissociated from the ribosome.
(A) An mcherry fusion of Zuol lacking its charged ribosome-binding domain shows strong
nuclear accumulation, while full-length Zuo1 shows predominantly cytosolic localization. (B)
GFP-tagged Ssz1 shows predominantly cytosolic localization in wt cells, but shows nuclear

accumulation in a strain lacking Zuol.
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Figure A-4
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Table A-4. Fluorescently tagged fusions of Ssz1 and Zuol tested for localization

Copy # lz)rt(::l Gene Name ARlss l())(;:;)g:)en PDR Localization lf’i) :g?;l:llz)z;l)
cen ZUO01 mcherry - - cytoplasm -
cen ZUO1 Zuol-mcherry on - cytoplasm folded
cen ZUO1  Zuolainicng-mcherry off - nucleus unfolded
cen ZUO1  mcherry-Zuolachg off - nucleus unfolded
cen GPD mcherry-Zuol partially off cytoplasm folded

Zuol-GFP Crml

integrated ZUO1 T539C on - cytoplasm folded
. Ssz1-GFP Crm1

integrated SSZ1 T539C on - cytoplasm -
integrated SSZI Azuol Ssz1-GFP off nucleus -

Aintchg = A174-365
Achg = A285-364
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Identification of a structural homolog of Zuo1’s C-terminal domain

In its autoinhibited form, the C-terminal domain of Zuol forms a left-handed four-helix
bundle. In an effort to better understand the function of this domain, I searched for structural
homologs of the domain using the DALI server (Holm and Rosenstrom, 2010). The most
significant structural homolog of Zuo1’s C-terminus identified was the DHB (DAXX helical
bundle) domain of the protein DAXX (Z-score=6.5, RMSD=2.9 A). DAXX has been shown to
have diverse roles in transcription and cell cycle regulation (Escobar-Cabrera et al., 2010;
Giovinazzi et al., 2011). This is especially interesting in light of recent data implicating Pdrl in
the regulation of cellular growth during the diauxic shift and the role of higher eukaryotic
orthologs of Zuol1 in cell cycle regulation. DAXX has been shown to bind to a short peptide at
the N-terminus of the Ras-association domain family 1C (Rass1fC) using a hydrophobic pocket
formed by helices 2 and 5 of the DHB domain (Escobar-Cabrera et al., 2010). An alignment of
the structures of Zuo1’s C-terminal domain and the DHB domain of DAXX indicates that this
hydrophobic pocket lies in the same region as the hydrophobic residues I identified as important

for interaction of Zuol with the TF Pdrl (Figure A-5).
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Figure A-5. Structural alignment of Zuo1l’s C-terminal domain and the DAXX helical
bundle domain. Overlay of the ribbon diagrams of Zuol’s C-terminal domain (green) and the
DAXX helical bundle (DHB) domain (pink) in complex with the Rass1fC peptide (light orange).
Side chains of residues of the DHB domain and Rass1fC peptide that interact with each other are
shown. Side chains of residues of Zuol’s C-terminal domain that interact with the TF Pdrl are

shown.
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Figure A-5
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Testing the effect of the hyperactive S427G allele on Zuol C-terminal structure

In chapter two I presented data indicating that alteration of serine 427 to glycine results in
enhanced PDR induction by Zuo13¢s.433. In chapter three I show that unfolding of Zuol’s C-
terminal domain has an activating effect on its transcriptional properties. I, therefore, wanted to
determine if the enhanced activity of the S427G mutant is due to its ability to perturb protein
structure. To test this, I compared the ’N-"H HSQC spectra of the folded C-terminal domain
(Zuol34z.433) with and without the S427G alteration. This analysis revealed a very similar pattern
of peak dispersion between the two samples (Figure A-6A), suggesting that the structure of the
C-terminal domain is not destabilized by S427G. Consistent with the model that disruption of
structure is critical to activity, the S427G alteration was not sufficient to activate the folded
Zuo1343.433 fragment (Figure A-6B). These data suggest that the enhanced activity of S427G is
not due to structural perturbation, but that serine 427 is likely a key residue for PDR induction.
Data presented in chapter two indicate that Zuol’s C-terminus containing the S427G alteration
interacts more strongly with Pdr1 in the yeast two-hybrid system. Thus, this alteration may better
facilitate the interaction between Zuol’s C-terminus in its unfolded conformation and the

transcription factor.
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Figure A-6. The hyperactive S427G allele does not unfold Zuo1’s C-terminal domain or
activate the folded domain. (A) S427G does not unfold the C-terminal domain. Overlay of the
"N-"H HSQC spectra of Zuo1 residues 348-433 with and without the S427G alteration. (B)
S427G enhances PDR activity of the unfolded Zuo1s¢s.433 fragment, but does not activate the
folded Zuols4z.433 fragment. Wt cells were transformed with plasmid DNA encoding TAP or
TAP tag fusions of Zuolses.433 or Zuolsaga3z with or without the S427G mutation. Serial
dilutions of cells containing the indicated plasmids were spotted onto media without (-) or with

(+) the drug cycloheximide
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PDR activation, ribosome association, and C-terminal fold of Zuol mutants

Tables A-5 through A-7 included on the following pages summarize the PDR activity,
ribosome association, and C-terminal fold of the majority of mutants of Zuol or Zuol C-terminal
fragments I tested. Lines highlighted in teal indicate constructs that showed at least some PDR
induction as observed by growth in the presence of the drug cycloheximide and/or activation of
the PDR5-lacZ reporter. Text shown in red represents data that I collected personally. Text in
black represents data collected by another member of the lab that are either previously published
or preliminary in nature. Text shown in gray represents assumptions made based on data of a

similar nature that were not collected using the specific construct indicated.
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Table A-5. Correlation between PDR induction, ribosome association, and C-terminal fold by

Zuol variants

cen ZUOI Zuol yes - yes folded
cen TEF Zuol yes - on folded
cen GPD Zuol yes - partially off folded
2n GPD Zuol yes - partially off folded
cen ZUOI Zuol L411R - unfolded

cen TEF  Zuol HPD-AAA - folded
cen GPD  Zuol HPD-AAA - partially off folded

cen ZUO1 Zu01 280331 yes - partially off
cen ZUO1 70014310337 yes - partially off
cen GPD 70014310337 - partially off

cen ZUO1 Zuol A340-354 -

cen ZUO1 7001 285347 yes - off
cen ZUO1 Zuol 299-301Ala -
cen GPD  Zuol 299-301Ala yes - partially off

cen ZUO1 Zuol 351-356Ala -
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Table A-6. Correlation between PDR induction and C-terminal fold by Zuol C-terminal

fragments
Copy Prom PDR » C-terminal
4 oter Tag Gene Name induction Expressed? Fold
cen GPD TAP Zuol 348-433 - yes folded
cen GPD TAP Zuol 348-433 S427G - yes folded
cen GPD TAP Zuol 348-433 K351A/K355A - yes
cen GPD TAP Zuol 348-433 D386R - yes
cen GPD TAP Zuol 348-433 D390R - yes

cen GPD TAP Zuol 348-433 D390W - yes

Zu01343.433
cen  GPD  TAP  ¢/h06/K351A/K355A - yes

cen GPD SHT Zuol 348-433 - Cg:ﬁg(it folded
cen  GPD SHT Zuolss.iss D3S6R/D3YOR ] Cg:tli?tt unfolded
cen GPD 8HT Zuolassas L41 1R ] Cg:tlgit unfolded
cen GPD - Zuol 348-433 - (1’10 Ab) folded

cen GPD TAP Z001354.433 - runs small
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Copy  Prom Tag Gene Name . PDB Expressed? C-terminal
# oter induction

Fold

partially

cen GPD - Zuolssgas - (no Ab) folded

cen GPD TAP ZuoC G422D - unfolded

cen GPD TAP ZuoC S426D - yes unfolded

cen GPD TAP ZuoC S427D - yes unfolded

cen GPD TAP ZuoC L428G - yes unfolded
cen GPD TAP ZuoC L428A - yes unfolded
cen GPD TAP ZuoC L429G - yes unfolded
cen GPD TAP ZuoC L429A - yes unfolded

cen GPD TAP ZuoC Y431A - yes unfolded

cen GPD TAP ZuoC V433A - yes unfolded
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Copy Prom PDR » C-terminal
4 oter Tag Gene Name induction Expressed? Fold
cen GPD TAP Zu0Cavry / Zu01365.430 - yes unfolded
cen GPD TAP Z00CA13 / Zuolses.420 - yes unfolded
cen  GPD SHT  Zuolsgsas /ZuoC - (slight?) ngtli?tt unfolded
cen GPD S8HT  ZuoC D386R/D390R i ngtli?tt unfolded
cen GPD 8HT ZuoC L411R . Cg:tlgit unfolded

cen GPD - Z001365.433 / ZuoC - (no Ab) unfolded
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Table A-7. Correlation between in vitro fold and stability of Zuol C-terminal fragments

purified from E. coli and PDR induction in vivo

Vector Tag Gene Name E. wl.l Fold Stability PDR
expression

induction*®

table / Tm =
pQE30 S8HT 7001348433 yes folded sta 436. 5 Oén -
pQE30 8HT Zuolssga3z S427G yes folded -
pQE30 8HT Zuolssga3zz S427D yes folded -

pQE30 8HT Zuolsssaz0/ AYFV yes unfolded unstable -
folded (no

pQE30  8HT Zuol335.433 yes added fold)
folded (no

pQE30  8HT ZuoT306-433 yes added fold)

pGEX-
TEV

GST 7001348433 yes folded stable -

*PDR induction by TAP-tagged fusion in yeast
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Auto-activation of yeast two-hybrid reporters by GBD fusions of Zuol and Sszl

Table A-8 summarizes the auto-activation of the yeast two-hybrid GAL-HIS3, GAL2-
ADE?2, and GAL7-lacZ reporters by Gal4 DNA binding domain fusions of Zuol and Ssz1. All
constructs shown were cloned into pGBDU-C1, a 2p plasmid containing the ADH promoter
(James et al., 1996), and expressed as fusions to the Gal4 DNA binding domain (GBD). Auto-
activation of the GALI-HIS3 and GAL2-ADE? reporters was measured by growth on minimal
media lacking either histidine (and containing 2mM 3-AT as indicated) or adenine. GAL7-lacZ
activation was measured by B-galactosidase activity. Auto-activation of the three reporters was
tested in either PJ69-4a or PJ69-4a Apdri::TRPI cells (James et al., 1996; Prunuske et al., 2012).
Because Zuo13¢s.433 showed some auto-activation of all reporters except GAL2-ADE? in the
absence of Pdrl, I tested the majority of mutants of Zuo13¢s.433 for growth in the absence of
adenine to determine their effect on interaction with Pdrl. Text shown in red represents data that
I collected personally. Text in black represents data collected by another member of the lab that
are either previously published or preliminary in nature. Text shown in gray represents
assumptions made based on data of a similar nature that were not collected using the specific

construct indicated.
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Table A-8. Auto-activation of GALI-HIS3, GAL2-ADE?2, and GAL7-lacZ reporters of the yeast

two-hybrid system by Gal4 DNA binding domain fusions of Zuol and Ssz1

Yeast Two-Hybrid Reporter Activation

Strain GBD fusion PDR’ 1;3;1:11‘; GALI- GALI-HIS3 GAL2- GAL7
HIS3 +3-AT ADE2  -lacZ

WT Zuol - yes - - - -

WT Zuol L411R ++ yes + + ) )

WT Zu01 achg / Zu01 a285.347 + ++ ++ - -

WT Zuol Achg S427G ++ e +++ _

WT Zuolachg S427D - + + )

Zuol(charged) /

Wi Zu(01283i68 ) . yes ) - -

WT ZuoC / Zuol365.433 ++ yes +++ e ++ ++
Apdrl ZuoC / Zuol365.433 - yes -+ + - +

WT ZuoC S421A ++ yes Tt

WT ZuoC G422A ++ yes ++

WT ZuoC K423A ++ yes t

WT ZuoC L424A ++ yes )

WT ZuoC P425A + yes )

WT ZuoC S426A ++ yes t

WT ZuoC S426D - - ++ i

WT ZuoC S427A ++ yes t

WT ZuoC S427G ++ yes o e+ N
Apdrl ZuoC S427G - yes +++ + - +

WT ZuoC S427D - A+ ++ - ++

WT ZuoC L428A - yes -

WT ZuoC L428G - yes ++ - - +
Apdrl ZuoC L428G - yes + - -

WT ZuoC L429A - yes -

WT ZuoC L429G - yes ++ - -

WT ZuoC S430A ++ yes t

WT ZuoC Y431A - yes )

WT ZuoC F432A + yes )

WT ZuoC V433A - yes -
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Yeast Two-Hybrid Reporter Activation

+  Expre

Strain GBD fusion PDR (4o GALI- GALI-HIS3 GAL2- GAL7
HIS3 +3-AT ADE2  -lacZ
WT Zu0l421-433 ++ yes ++ A+ - +
Apdrl Zu01421-433 - yes - - - -
WT Zu0Ca13 / Zuol3es-420 - yes - - - -
Apdrl Zu0Ca13 / Zuol3es-420 - yes - - - -
WT Zuo1358.433 + yes e ++ ;
WT Zu01343.433 - yes - - -
WT Zuolsyg 433 L411R ++ yes +++ +++ -
WT Sszl ++ ++ - - -
WT Ssz1.497 S295F +++ yes +++ 4+ - +
Apdrl Ssz1i.407 S295F - yes - - - -
WT Ssz11.407 S295F/1283N - yes + - -
Apdrl Ssz11.407 S295F/1283N - yes + - -

*PDR induction in yeast by Sszl or TAP-tagged Zuol fusions
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