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ABSTRACT 

Members of the zinc cluster (or binuclear cluster) protein family are characterized by a 

Zn(II)Cys6 zinc finger involved in DNA recognition and binding. These fungal proteins 

are transcriptional regulators of genes involved in a wide variety of cellular processes. 

One member, Ga14p, is involved in galactose metabolism, while others play a major role 

in primary and secondary metabolism, control of meiosis, and multidrug resistance. 

Sequencing of the Saccharomyces cerevisiae genome has revealed that 55 genes 

encoding putative zinc cluster proteins are present in budding yeast. However, the roles 

of many of the se zinc cluster proteins are unknown. In order to better understand their 

functions, we have performed a phenotypic analysis of these putative zinc cluster 

• proteins. We have implicated a number of them in a variety of processes in the ceU, 

including multidrug resistance. Stb5p has been shown to be a major player in regulating 

the expression of multidrug resistance genes. Other zinc cluster activators of multidrug 

resistance genes include Pdrlp, Pdr3p, and Yrrlp. These regulators of multidrug 

resistance appear to interact with each other, forming many different sub-populations of 

homo- and heterodimers. Stb5p is found predominantly as a heterodimer with Pdrl p. It 

also appears that Pdrl p is a master regulator able to interact with many different partners, 

enabling it to mediate control over multidrug resistance genes. 
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RÉSUMÉ 

Les membres de la famille des protéines Ga14p sont caractérisés par un doigt de zinc de 

type Zn(II)Cys6 impliqué dans la reconnaissance et la fixation à l'ADN. Ces protéines 

fongiques sont des facteurs de régulation de la transcription de gènes impliqués dans une 

grande variété de processus cellulaires. Un membre, Ga14p, a été impliqué dans le 

métabolisme du galactose. D'autres membres jouent une rôle majeur dans le 

métabolisme primaire et secondaire, le contrôle de la méiose, et dans la résistance à de 

multiples drogues. Le séquençage du génome de Saccharomyces cerevisiae a révelé que 

55 gènes codant pour des protéines de type Zn(II)Cys6 potentielles sont présents dans la 

levure. Cependant, le rôle de plusieurs de ces protéines n'est pas élucidé. Pour une 

• meilleure compréhension de leurs fonctions, nous avons procédé à une analyse 

phénotypique de ces protéines. Nous avons impliqué un nombre d'entre elles dans une 

variété de processus dans les cellules, incluant la résistance à de multiples drogues. Nos 

résultats montrent que Stb5p agirait comme un régulateur majeur de l'expression des 

gènes de la résistance aux multidrogues. D'autres membres de la famille des protéines 

Ga14p sont des activateurs des gènes de la résistance aux multidrogues et incluent Pdrlp, 

Pdr3p, et Yrrlp. Ces régulateurs semblent interagir entre eux, formant plusieures sous­

populations d'homo- et d'hétérodimeres. Stb5p forme de façon prédominante des 

hétérodimeres avec Pdrlp. Il apparait aussi que Pdrlp est un régulateur clé, capable 

d'interagir avec differents partenaires ce qui lui permet d'exercer un contrôle sur les 

gènes de la résistance aux multidrogues. 
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PREFACE 

This thesis is assembled according to McGill guidelines (available at 

http://www.mcgill.ca/gps/programs/thesis/ guidelines/preparation) and consists of: 

1) An abstract in both English and French 

2) Acknowledgements 

3) Rationale and objectives 

4) Literature Review 

5) The experimental research 

6) Discussion and conclusion 

7) References 

8) Appendix containing radioactive license 

The the sis includes three original manuscripts that have been either published or 

submitted for publication. Section 2 has been published in Nucleic Acids Research, 

2001, 29 (10): 2181-2190. Section 3 has been published in Journal of Biological 

Chernistry, 2002, 277 (24): 21254-21260. Section 4 has been subrnitted for publication 

to Molecular and Cellular Biology. Since this thesis contains original manuscripts, there 

is sorne repetition of textual rnaterial. In addition, 1 am second author on another 

published paper: Karen Hellauer, Bassel Akache, Sarah MacPherson, Edith Sirard, and 

Bernard Turcotte. Zinc Cluster Prote in Rdrlp is a Transcriptional Repressor of the PDR5 

v 



• 

Gene Encoding a Multidrug Transporter. The Journal of Biological Chemistry. 2002,277 

(20): 17671-17676. 

Dr. Bernard Turcotte has supervised the entire work presented in this thesis and 

assisted in the writing of the manuscripts. K. Wu constructed sorne of the deletion strains 

used for the analysis described in section 2. L Massey constructed the GST-Stb5p 

expression vector used in Sections 3 and 4. K. Hellauer performed Southern blot analysis 

and constructed sorne of the lacZ reporters used in Section 3. S. MacPherson assisted me 

with the native co-immunoprecipitation and GST pull-down assays described in Section 

4. Dr. Bernard Turcotte performed the EMSA depicted in Section 4. 

This thesis contains five sections: 

Section 1: consists of a comprehensive literature review relevant to the work 

presented in the thesis. 

Sections 2-4: consists of the experimental research. 

Section 5: consists of a discussion and final conclusion of the work presented 

in this thesis. 

Sections 2, 3,and 4 each contain their own reference section, which is found at the end of 

each corresponding section. The references for sections 1 and 5 are found together at the 

end of the thesis. 
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RATIONALE AND OBJECTIVES 

The sequencing of the genomes of many orgamsms provides a wealth of 

information. It allows for the separation of the genome into non-coding intergenic 

regions, and into transcription units, that putatively encode an of the organism's genes. 

Upon analysis of the sequences of these transcription units, they can be classified 

according to their prote in code into various protein families that include proteins whose 

roles and functions have already been identified. The identification of functional motifs 

in these newly discovered putative genes may indicate what type of proteins they encode, 

i.e. whether they are membrane transporters, DNA-binding proteins, kinases, etc. 

However, the precise role ofthese putative proteins can not be determined without further 

experiments. For example, the S. cerevisiae sequencing project has allowed for the 

identification of many new members of the zinc cluster protein family due to the 

recognition of a characteristic Zn(II)2CYS6 binuclear cluster motif within their open 

reading frame (ORF) sequence (148). This motif has been shown to be involved in the 

binding of many transcriptional regulators, such as Gal4p, to DNA (96). Therefore, 

based solely on the ORFs' sequence, it can be hypothesized that these newly identified 

putative zinc cluster proteins are DNA-binding proteins that may be involved in 

transcriptional regulation. However, ev en if the newly identified zinc cluster proteins 

prove to be sequence-specifie transcription factors, their role in the cell can only be 

deterrnined after their target genes and their mechanism of action are identified. In order 

to better understand the roles of sorne of the uncharacterized zinc cluster proteins in the 

cell: 1) A systematic phenotypic analysis will be used to implicate them in certain 
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pro cesses within the ceIl, 2) Target genes of specifie zine cluster proteins implieated in 

multi-drug resistanee will be identified, and 3) The ability of various zine cluster proteins 

shown to be involved in multi-drug resistanee to form homo- and heterodimers will be 

tested . 
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SECTION 1: LITERATURE REVIEW 

PROMOTERS 

Transcription is cri tic al for any cell to function, but it is a process that becomes 

increasingly cornplicated when organisms become more complex, usually coinciding 

with a larger number of genes. Since aU cells in an organism contain the same genes, it is 

the regulation of transcription which will allow cells to function differently, and allows 

the organisrn to adapt and respond to a dynamic environrnent' s various stimuli, and 

thereby survive. The transcription of a gene is dependant on: 1) the type of promoter 

preceding the gene, 2) the factors which act on that prornoter, and 3) the structure of 

chromatin surrounding the gene. 

One general definition of a gene promoter is: "the region of DNA containing aU 

the transcription factor binding sites required to support transcription of that gene at the 

normal efficiency and with the proper control (88)." There are three types of promoters 

in eukaryotic cells. These promoters are differentiated according to which RNA 

polymerase, l, II, or III, will transcribe the gene. Large ribosomal RNAs (rRNAs) are 

transcribed by RNA polymerase 1. Messenger RNAs (mRNAs) and sorne smaU nuclear 

RNAs (snRNAs) are transcribed by RNA polymerase II, while 5S rRNA, tRNAs, and 

other snRNAs are transcribed by RNA polyrnerase III. The three RNA polymerases are 

localized differently within the nucleus reflecting their different roles within the œIl. 

RNA polymerase 1 is found in the nucleolus, where the ribosomal DNA (rDNA) genes 
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are found, and RNA polymerase II and HI are found in the nucleoplasm. In order for the 

promoter to initiate transcription by recruiting the appropriate general transcription 

factors and RNA polymerase, each type of promoter must contain DNA elements specific 

for each RNA polymerase and its associated transcription factors (88). 

RNA POL YMERASE 1 

RNA polymerase 1 acts at the ribosomal DNA promoters, which are the least 

variable promoters in the eukaryotic nucleus. In human cells, two regions within the 

promoters are critical for proper transcription: 1) the core promoter (-45 to +20 

nucleotides relative to the transcription start site (an numbers are relative to the 

transcription start site)), and 2) the upstream control element (UCE) (-180 to -107). The 

core promoter is sufficient for the initiation of transcription, but the UCE drastically 

increases its efficiency. Both regions are 85% identical and rich in Guanidine (G) and 

Cytosine (C). For transcription to occur, a stepwise binding of transcription factors to the 

rDNA promoter is needed. First, UBFl binds to both the core promoter and UCE. This 

will then allow the subsequent binding of the factor, SLl. Finally, RNA polymerase 1 is 

able to bind the core promoter, and initiate transcription. SLI is composed of four 

proteins, which include TATA-binding protein (TBP), a protein that is also involved in 

the activity of RNA polymerase II and III. In this case, TBP does not bind DNA, but it is 

still required for the proper functioning of RNA polymerase 1 at the transcription start 

site. TBP associates with aU three RNA polymerases; however, it acts differentially by 

associating with different proteins specifie to each type of promoter (88). 
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RNA POL YMERASE III 

The promoters targeted by RNA polymerase III faH within two classes, each 

recognized by a different group of transcription factors. The tirst class includes the 

promoters for tRNAs and 5S rRNA. Their promoters lie downstream of the transcription 

start site. These promoters are bipartite, with two short DNA elements separatedby a 

variable number of nucleotides. At the 5S rRNA promoter, two factors, TFIIIA and 

TFIIIC, bind these elements, and subsequently allow TFIIIB to bind the DNA around the 

start site. TFIIIA is not required for the transcription of tRNA genes, but TFIIIC does 

bind to tRNA promoters, allowing for the recruitment of TFIIIB. Once TFIIIB, which 

consists of TBP and two other proteins, binds DNA, the presence of TFIIIA and TFIIIC 

is no longer needed to initiate transcription. Only DNA-bound TFIIIB is needed to 

recruit RNA polymerase III and allow it to bind to DNA. Again, the TBP-containing 

factor is responsible for the interaction of the RNA polymerase complex with DNA and 

its proper positioning. The second class of RNA polymerase III promoters control the 

transcription of snRNAs, and they are found upstream of the start site. Three elements in 

the promoter are involved in the activation of transcription: l ) TATA element, 2) 

Proximal sequence element (PSE), and 3) OCT element. These elements are found in the 

promoters of snRNA genes transcribed by RNA polymerase II as weIl, and the TATA 

element is thought to determine which RNA polymerase will be recruited. The TATA 

element, a region rich in adenosine (A) and thymine (T) residues, is recognized and 

bound by TBP, which is associated with different factors depending on whether it is a 

5 



RNA polymerase n or III promoter. TBP and these associated factors forrn a pre­

initiation complex and recruit the RNA polyrnerase to initiate transcription. In this case, 

TBP binds DNA directly, as opposed to the TATA-Iess prornoters, where other factors 

bind the DNA first and then recroit TBP through protein-protein interactions (88). 

RNAPOLYMERASEII 

RNA polyrnerase II is responsible for the transcription of most genes in the cell 

into heterogeneous nuclear (hnRNA). This RNA will be processed into mRNA, which 

will then be translated into aIl the proteins that rnake up the celI and allow it to function 

properly. This one RNA polymerase controls the expression of a large nurnber of 

different genes with varying functions, which are therefore transcribed at significantly 

different levels. Hence, rnany different transcription factors of rnany different types are 

involved in the control of transcription by RNA polyrnerase n. These transcription 

factors are c1assified as either 1) general or basal transcription factors or 2) sequence­

specifie transcription factors. The general transcription factors act along with RNA 

polyrnerase II to form the basal transcription apparatus, which will initiate transcription at 

these prornoters. Sequence-specifie factors rnostly activate transcription, but sorne act as 

repressors. Their role is to act on specifie genes and regulate the activity of the basal 

transcription apparatus on that gene. This allows sorne genes to be transcribed at low 

levels, others at high levels, and sorne to be transcribed ubiquitously. Others are 

inducible due to factors such as ligand availability, ceIl cycle, tissue specificity, etc. 
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BASAL TRANSCRIPTIONAL APPARATUS 

The basal transcription apparatus acts on two elements in the promoter found 

within the first thirty nucleotides upstream of the transcription start site. Firstly, the 

region encompassing the start site is called the initiator. The first base of mRNA is 

usually an A, and it is usually surrounded by pyrimidines, leading to an initiator sequence 

of PY2CAPyS, which is -3 to +5 relative to the start site. The second element, which is 

also found in some RNA polymerase III promoters, is the TATA box which consists of 8 

basepairs (bp) of A or T residues, usually surrounded by GC rich sequences. It is usually 

found 25 bp upstream of the start site. TATA-Iess promoters constitute a very small 

percentage of RNA polymerase II promoters. The T A TA box is recognized and bound 

by TBP in the initial step of the initiation of transcription, aHowing the proper positioning 

of the RNA polymerase. TBP is one of the few DNA-binding proteins to bind DNA in 

the minor groove, and is the only general transcription factor to make sequence specific 

contact with DNA (88). TBP binds as part of the TFIID complex that includes proteins 

called TBP-associated factors (TAFs). The binding of TFIID is thought to be the rate­

limiting step of transcriptional initiation, with the binding of TBP causing a drastic bend 

of DNA, allowing the other general transcription factors to be recruited to the promoter. 

These complexes are not homogenous, with different subpopulations of TFIID present in 

the cell (16, 129). After the binding of TFIID, TFIIB, whose recruitment is critical for 

transcriptional initiation, stabilizes the TBP-TATA complex through contacts with TBP 

and DNA upstream and downstream of the TATA box, which has been made available 

by TBP's binding of DNA (111, 152). TFIIA is also recruited to the transcription start 
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site, stabilizing the complex by interacting with TBP and DNA upstream of the T AT A 

element (43, 147). 

The binding of these factors allows the recruitment of TFIIE, TFIIF, TFIIH and 

RNA polymerase II. However, there are two models for the binding of these factors: 

1) The stepwise model, where there is an ordered recruitment of the se factors, or 2) The 

holoenyzme model, where a large complex composed of these factors and RNA 

polymerase II, are recruited in one step to form the pre-initiation complex. The discovery 

of a hypophosphorylated form of RNA polymerase II along with a variety of factors in 

holoenyzme complexes that usually include TFIIE, TFIIF, and TFIIH not bound to DNA, 

has challenged the idea of an ordered recruitment of these factors (93, 116). In either 

case, these factors are critical for efficient transcription to occur. TFIIE and TFIIH are 

required for promoter melting. TFIIH contains two DNA helicases, XPB and XPD (22, 

138), that use ATP to unwind DNA at the promoter and allow RNA polymerase II to 

leave the promoter to begin mRNA elongation (39). TFIIH also contains a cyclin 

H/CDK7 kinase pair that phosphorylates the carboxy-terminal domain of the largest 

subunit of RNA polymerase II. This probably disrupts the interaction of the RNA 

polymerase II with the components of the pre-initiation complex, allowing it to begin the 

elongation step of mRNA transcription (59). The phosphorylated polymerase and TFIIF 

leave the promoter and begin elongation, TFIIA and TFHD remain bound to the 

promoter, while TFIIE and TFIIH dissociate from the promoter (169). However, a recent 

study has shown that in yeast, TFIIE, TFIIH, and other components of the pre-initiation 

complex remain bound to the promoter, indicating that subsequent rounds of initiation at 
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the promoter would only require the re-incorporation of TFIIB, TFIIF, and RNA 

polymerase II (168). 

At TATA-less promoters, aIl these same factors are needed, including TFIID and 

TBP (88). However, mutations in the DNA binding domain of TBP, which inhibit 

transcription at T AT A-containing promoters, do not affect basal or activated transcription 

at TATA-less promoters (100, 101). Therefore, contacts between TAFs and the DNA at 

TATA-less promoters may be sufficient to recruît TFIID to the initiator sequence. In the 

formation of the basal transcription apparatus, both the protein-protein interactions and 

the recognition of the promoter elements by the proteins are critical for RNA polymerase 

II to be correctly positioned and activated to initiate transcription . 

Transcription is a complicated process, with a complete pre-initiation complex 

containing at least 43 distinct proteins having a total mass of2.2 MegaDaltons (MDa). In 

addition to these proteins, RNA polymerase II has been found to associate with 

components of a multi-subunit cofactor complex termed mediator. This complex, which 

is composed of 20 different proteins, can associate with the unphosphorylated carboxy­

terminal domain of RNA polymerase II and support transcription in vitro in the absence 

of TAFs (93). Tissue-specifie TAFs, homologues of TBP and TFIIA, and cofactors that 

can modulate the activity of the complex in a core promoter-selective manner have been 

identified (99), further adding to the complexity of the model of transcription. Therefore, 

it is not surprising that this is only a very general model of the formation of the pre-
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initiation complex, and that many other factors may be involved, which might allow the 

complex to form differently on sorne promoters, and in certain cell types or tissues. 

CO-ACTIVATORS AND CO-REPRESSORS 

The ability of the basal transcription apparatus to bind to the promoter, and 

initiate transcription efficiently, is regulated by sequence-specifie transcription factors. 

The basal transcription apparatus is ubiquitously expressed and is ready to initiate 

transcription, but it can not activate gene expression until it is recruited to the initiator 

and until the structure of the chromatin is modified around the gene so as to not impede 

DNA-protein interactions. Sequence-specifie transcription factors regulate the activity of 

RNA polymerase II and therefore the expression of a specifie gene by binding to a target 

promoter that contains its recognition sequence and recruiting other factors. These 

factors are classified as either: 1) Co-activators and co-repressors, and 2) Chromatin­

modifying enzymes. 

Co-activators and co-repressors are thought to act as bridging molecules, 

connecting promoter-bound sequence-specifie transcription factors with other factors that 

can affect gene expression such as components of the basal transcriptional machinery, or 

chromatin-modifying enzymes. The original indication that co-activators were present in 

the cell was the discovery of a phenomenon termed "squelching", or transcriptional 

interference. This phenomenon was characterized by the observation that in a transient 

transfection assay using different nuclear receptors, the addition of one nuclear receptor 
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repressed trans-activation of a given promoter regulated by another given receptor. This 

was later found to be due to competition between the receptors for the same co-activators. 

It also has been shown that in sorne cases, the co-activator transactivation domains retain 

their activity when they are fused to the DNA-binding do main of Ga14p (7). This 

indicates that the role of the sequence-specific transcription factor is to bind and recruît 

the co-activator, bringing it to the promoter where it can activate transcription. 

Many families of co-activators exist, and different eo-activators help different 

transcription factors via various mechanisms. Both sequence-specifie transcription 

factors and eo-activators contain specific domains through which they interact, and this 

interaction can be regulated. For instance, nuc1ear receptors contain aC-terminal AF-2 

trans-activation domain whose activity is dependant on the presence of its ligand. This 

domain contains a conserved consensus motif that allows the receptor to interact with co­

activators. This motifis conserved among most members of the nuc1ear receptor family, 

and mutations in this motif do not affect ligand binding, but do generate dominant­

negative mutants that are transcriptionally silent (38). However, differences in this motif 

determine which specific eo-activator win be recruited by a given nuc1ear receptor. Upon 

binding of the ligand to the receptor, the receptor undergoes a conformational change, 

leading to the exposure of a hydrophilic surface, thus enabling its interaction with the co­

activator (7). Therefore, the ligand is able to activate transcription by binding a promoter­

bound receptor, permitting a crucial step in the activation of the target genes to occur: the 

recruitment of the co-activator to the receptor. 
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There are several families of co-activators that can differ in their mechanism of 

activation. Some, such as the mammalian p 160 family, have intrinsic histone 

acetyltransferase activity (HAT) domains. This activity allows the pro teins to modify 

chromatin and activate transcription (25, 142). Other co-activators, such as PPAR-y co­

aetivator-l (PGC-l), aetivate transcription once bound to the nuclear receptor PPAR-y, 

by recruiting other co-activators or the co-integrator CBP/p300 (123). An RNA co­

activator has been reeently identifie d, and it has been suggested that it might act as a 

scaffold and recruit the p160 co-activator SRCI (83). Other co-activators have been 

shown to activate transcription through their involvement in protein de gradation 

pathways, RNA stability, or nuclear transport (7). 

Co-integrators are co-activators that can also integrate extra-cellular and intra­

cellular signaling pathways. For example, CREB-binding protein (CBP) and p300 are 

two related proteins that bind to transcription factors. CBP associates with CREB in 

response to cAMP-mediated phosphorylation (80). This phosphorylation could be 

mediated by an extra-cellular signal. CBP/p300 also interacts with many other 

transcription factors inside the cell including STATs, NF-KB, Jun, and Fos, ai ding them 

in activating transcription (140). CBP/p300 has also been shown to interact with 

members of the basal transcriptional apparatus such as TBP, and TFIIB. Therefore, once 

it binds a sequence-specifie transcription factor on the promoter, it ean help recruit 

members of the pre-initiation complex in order to initiate transcription. PCAF, a HAT 

prote in, has also been shown to associate with CBP/p300. PCAF also interacts with other 

co-activators that belong to the p160 family (63, 151), allowing CBP/p300 to either 
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interact either directly with sequence-specifie transcription factors or indirectly, by 

forming a ternary complex through the p160 proteins. CBP/p300 also contains a domain 

with intrinsic HAT activity, which is crucial for its ability to initiate transcription (13, 

115). Therefore, CBP/p300 interacts with different types of proteins, an shown to be 

involved in transcriptional activation, indicating that 1) it may act by bringing aIl these 

proteins together at an active promoter and 2) many different mechanisms may be 

responsible for its activity. However, since limited amounts of CBP/p300 are competed 

for by many different transcription factors, the activation of one transcription factor can 

have an antagonistic effect on the activation by another factor, such as with nuclear 

receptors and CREB (63, 133). 

Only a smaU number of transcription factors are repressors, but they are important 

for a cell to function properly. They have different mechanisms of action, which include: 

1) Competition with activators for DNA-binding sites, 2) Binding activators to form an 

inactive heterodimer, and 3) Binding to a promoter leading to the recruitment of co­

repressors. As with co-activators, co-repressors bridge sequence-specific transcription 

factors to other proteins involved in transcription, but in the case of co-repressors these 

proteins will mediate gene repression. For example, sorne nuclear receptors repress 

transcription in the absence of their ligand. However, binding of the ligand to the 

receptor transforms it into an activator of transcription. Two co-repressors, nuclear co­

repressor (NCoR) and silencing mediator for retinoic and thyroid hormone receptors 

(SMRT), have been shown to interact with the unliganded thyroid (TR) and retinoic acid 

receptors (RAR). However, upon addition of the ligand, this interaction 1S inhibited. The 
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addition of antibodies against NCoR or SMRT results in the alleviation of gene 

repression (134). Therefore, it appears that these co-repressors interact directly with these 

receptors to inhibit gene expression. NCoR, SMRT, and other co-repressors inhibit 

transcription by interacting with chromatin-modifying complexes, such as Sin3-HDAC 

(histone deacetylase), recruiting them to the sequence-specifie transcription factor (55, 

105). 

CHROMA TIN-MODIFYING ENZYMES 

Core nuc1eosomes, which consist of two turns of DNA wrapped around two 

subunits each of histones H2A, H2B, H3 and H4, impede the binding of proteins to the 

DNA incorporated in the nuc1eosome. Therefore, genes found within a nuc1eosome 

would have their transcription restricted, since the basal transcriptional apparatus would 

not be able to bind the promoter. Chromatin-modifying enzymes are recruited to genes 

as either co-activators or co-repressors in order to either increase or decrease protein­

DNA binding by altering the chromatin structure around the gene. These enzymes can 

act by modifying the histones post-translationally to either stabilize or destabilize 

chromatin. They can also disrupt the nucleosomes by using A TP to remodel the 

chromatin. 

Covalent modifications of histones have an important role in gene regulation. 

Modifications, such as acetylation, phosphorylation, methylation, and ubiquitination, are 

involved in gene-specifie regulation. Therefore, one histone could have multiple 
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covalent modifications, and these modifications seem to occur in patterns and on specific 

residues. This led to the model that there is a 'histone code', which integrates an the 

modifications into one biological outcome: either an 'off or 'on' state for gene 

transcription. There are two non-exclusive models that explain how histone modifications 

affect gene expression. The first is that the chromatin structure is affected directly by the 

histone modification. The second model states that modified histones can be recognized 

and bound by other proteins (17). 

Of aH the histone modifications, the process of histone acetylation is the best 

understood. Hyper-acetylated histones are linked to transcriptional activity, while hypo­

acetylated histones are linked to transcriptional repression. The histone NH2 tails contain 

positively charged lysine residues, which have high affinity for the negatively charged 

DNA, creating a compact structure that is inaccessible to most transcription factors. 

HATs acetylate these lysine residues, rendering them neutral and decreasing their affinity 

for DNA. This leads to nucleosome unfolding and a less compact chromatin structure 

which is more accessible to proteins. Nucleosomes also contact each other through their 

histone tails to form higher order chromatin structures, so it is possible that the 

acetylation can disrupt these structures as well. It is also probable that the newly 

modified tails can be bound by transcription factors that specifically recognize acetylated 

histones (7). In fact, acetylated histones are specifically recognized by bromo-domains, 

which are found in many co-activators (74). HATs are usually found as large multi­

subunit complexes, such as mammalian PCAF, and its yeast homologue, the SAGA 

complex, which contains Gcn5p (49). These complexes are recruited to promoters by 
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interacting with transcriptional activators, such as co-activators or sequence-specifie 

transcription factors that are bound to a promoter. It has also been shown that many 

factors in these complexes act as co-activators by recruiting members of the basal 

transcriptional apparatus to the promoter (50). In fact, sorne promoters require certain 

components of the SAGA complex, which do not have HAT activity, to recruît TBP in 

order for full transcriptional activation to occur (18,84). 

HDACs counteract the effect of HATs and repress gene transcription by 

deacetylating the histone tails. As with HATs, HDACs do not bind DNA, but are 

recruited by co-repressors. They are also found in large multi-subunit complexes that 

appear to be conserved from yeast to mammals. For example, a well-known complex is 

the yeast Sin3p-Rpd3p complex, and its mammalian homologue mSin3-HDAC1I2. In 

both cases, Sin3 interacts with sequence-specifie DNA binding repressors and acts as a 

scaffold upon which the rest of the complex forms (8, 72). The Sin3 complex, which 

contains the co-repressors NCoR and SMRT, and the histone deacetylase, HDACI/2, can 

then repress transcription by deactylating the histones in the nucleosomes surrounding the 

gene (55, 105). Interestingly, a new class of HDACs has been identified (class II 

deacetlyases), and sorne of these class II HDACs interact with NCoR and SMRT in a 

complex that does not contain mSin3 (60, 65). Therefore, it appears that NCoR and 

SMRT can interact either directly or indirectly with two classes of HDACs, allowing 

them to recruît different complexes to mediate repression at specifie promoters. 
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Phosphorylation of histones also occurs on specifie residues of H3. This 

modification has been shown to be important for activating transcription and for 

chromosome condensation during mitosis (27). Since phosphorylation of H3 can cause 

chromatin to unfold during transcriptional activation, and to compact during mitosis, it is 

hypothesized that phosphorylation does not alter histones directly, but creates a binding 

site to recruit other factors. One identified histone kinase in yeast, Snfl p, has been 

shown to associate with transcription factors, indicating that they may be recruited as co­

activators (90). 

Histone ubiquitination has been recently implicated as an important modification 

involved in regulating transcription. The ubiquitination state of Lys-123 of the H2B 

carboxy-terminal tail, a substrate for Rad6 ubiquitin ligase, has been shown to be 

important in mitotic and meiotic growth (128). In addition, a subunit of the TFIID 

complex, TaflI250, possesses Hl ubiquitination activity (120). However, it is not yet 

dear whether these modifications are involved in transcription. 

Methylation of histones, as well as the methylation of DNA, can also have an 

effect on transcriptional activation. Histone methylation involves two types of residues, 

lysine and arginine. Arginines can be mono- or di-methylated. Methylation of arginine 

by histone methyl-transferases (HMTs) leads to activation of transcription (74). As with 

HATs, these HMTs are recruited to the promoter as co-activators. However, histone 

methylation is also important in heterochromatic gene silencing. In this case, the HMT 

Suvar3-9 methylates Lys-9 ofH3, leading to the recruitment of the silencing protein HPl, 
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which binds the methylated histone through a chromodomain, which is also found in 

many HMTs and other factors (14, 81, 124). When Suvar3-9 is recruited by co­

repressors such as the retinoblastoma protein, this modification is also involved in gene­

specifie repression (109, 154). Other HMTs act in opposition to Suvar3-9 by methylating 

Lys-4 of H3, leading to gene activation (89, 112). Therefore, methylation can lead to 

gene-specific activation and repression, as well as to heterochromatic gene silencing, 

through the activity of different families of HMTs. In addition, DNA methylation is 

another method used by cells to repress transcription (107). Specifie DNA methylases 

associate with HPl, which is recruited by methylated histones, suggesting that histone 

and DNA methylation cooperate in transcriptional silencing (9). 

As mentioned previously, a 'histone code' has been suggested to determine 

whether a promoter is activated or repressed. Basically, when multiple modifications 

affect one histone protein, aIl these modifications are integrated according to a 'code' to 

give one outcome: either the gene near the histone is active or inactive. So far, a number 

of modifications seem to work according to this model. For example, histone H3 has 

many residues that can be modified by phosphorylation, methylation, and acetylation. It 

has been shown that Lys-14 has to be deacetylated, before Lys-9 can be methylated, 

resulting in an inactive state. In addition, for gene activation to occur by Lys-14 

acetylation, Ser-IO must be phosphorylated first. Arg-3 must be methylated, before Lys-

8 and Lys-12 can be acetylated, and result in an 'active state' (17). In sorne cases, two 

modifications target the same residue. For exarnple, Lys-9 of H3 has to be deacetylated, 

before it can be methylated (74). In conclusion, this shows that aIl these histone-
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modifying enzymes do not work independently. Rather, different types of modifying 

enzymes must act sequentially in order to get a proper signal and proper activity. 

ATP-dependant chromatin remodeling complexes are another group of enzymes 

that alter DNA-histone contacts to activate or repress transcription. They use the energy 

from ATP to twist and slide the nucleosome, ehanging the position of the histone relative 

to the DNA. This results in DNA that is now accessible to binding by proteins, such as 

co-activators and general transcription factors. Chromatin remodelers are also found as 

large complexes, such as SWIISNF, ISW2 and RSC (6, 156). Isw2p represses 

transcription of early meiotic genes, once it is recruited by the sequence-specifie 

transcription factor, Ume6p, by creating chromatin inaccessible to proteins in the Ume6p 

target promoters (46). 

Both types of chromatin-modifying enzymes, ATP-dependant chromatin 

remodelers and histone-modifying enzymes, do not act separately. Instead, their 

activities are coordinated and can occur in a sequential manner. For example, in S. 

cerevisiae, SWIISNF must remodel the DNA before the HAT, Gcn5p, can access and 

activate genes during mitosis, when the structure of chromatin is highly condensed (30, 

76, 118). At the IFN-j3 promoter however, HATs must be recruited before chromatin 

remodelers can bind. The binding of activators to this promoter induces the recruitment 

of Gcn5p, which acetylates the histones. This allows the recruitment of the chromatin 

remodeler SWIISNF, which can now move the nucleosome, allowing for gene expression 
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(2). Therefore, in sorne cases, chromatin remodelers and histone-modifymg enzymes can 

not bind DNA and alter gene expression, until the other acts first. 

A large number of factors belonging to the groups mentioned above function in 

regulating transcription. Sorne, such as factors in the basal transcriptional apparatus, are 

ubiquitously expressed and regulate the expression of most genes in the genome. Others, 

such as chromatin-modifying enzymes, work at a smaller number of promoters. Many 

factors are involved in the transcription of a specific gene, but each gene will have a 

different set of factors recruited to its promoter. Sequence-specific transcription factors 

will bind to promoters of genes containing the specific residues that correspond to its 

binding site, and recruit a certain group of factors that can include general transcription 

factors and co-activators. This step is crucial in initiating the formation of an assembly of 

• factors that will act on a specific promoter. For example, an enhanceosome, an assembly 

of several activators and architectural proteins, will form on an enhancer region of a 

promoter that contains a binding-site for a sequence-specific transcription factor (Fig. 1) 

(40). The specific factors that make up an enhanceosome differ depending on which 

sequence-specifie transcription factor bound the enhancer and therefore recruited the 

factors. But the activity of sequence-specific transcription factors, and thereby the 

composition of the proteins it recruits, can be affected by other factors. It has been 

demonstrated that HATs also acetylate non-histone proteins, such as transcriptional 

activators (26). However, one promoter usually contains binding sites for multiple 

sequence-specific transcription factors, with each binding site being able to associate with 

different transcription factors. The collection of binding sites a gene has in its promoter 
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will determine aU the factors that will be recruited, and how they interact with each other 

will determine how that gene is transcribed . 

Figure 1: The regulation of gene expression involves various co-activators and prote in­

protein interactions (99). 

ZINC CLUSTER PROTEINS 

Sequence-specifie transcription factors belong to different families. Members of 

these families are characterized by specifie functional domains and mechanisms of 

action. In the budding yeast, Saccharomyces cerevisiae, the largest family of sequence­

specifie transcriptional regulators is the C6 zinc binuclear cluster (or zinc cluster) family. 

Zinc cluster proteins are zinc finger pro teins that are characterized by a DNA-binding 

do main containing the well-conserved motif, CySX2CySX6CySX5_16CySX2CysX6_8CyS. 

The cysteine residues bind to two zinc atoms, which coordinate folding of the domain 
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(153). The zinc cluster motif binds DNA the major groove, making contact with three 

base pairs (96). Zinc cluster proteins have been identified only in fungi, including S. 

cerevisiae, and Schizosaccharomyces pombe. They have also been found in the 

pathogenic fungal species, Candida albicans and Aspergillus nidulans (137, 148). 

The first and best characterized zinc cluster protein is Ga14p. It activates genes 

involved in the metabolism of the carbon source, galactose (19, 141). Since the 

discovery of Gal4p, many other zinc cluster proteins have been identifie d, and they 

function in a wide range of processes, including primary and secondary metabolism, drug 

resistance and meiotic development. For example, Haplp activates genes involved in 

cellular respiration, while Leu3p is involved in the regulation of leucine biosynthetic 

genes. Other zinc cluster proteins activate the expression of genes required for 

• gluconeogenesis, or metabolism of lysine, arginine, pyrimidine, thymidine, etc. Ume6p 

regulates genes involved in meiosis (148). Pdrlp and Pdr3p are activators ofmulti-drug 

resistance genes (73). AlI of the characterized proteins have been shown to be 

transcriptional regulators, except for Cep3p, which forms part of the kinetochore and 

functions in chromosome segregation. CEP 3 is an essential gene as weIl, since deletion 

of the gene results in cell inviability (86). Aimost an of the zinc cluster proteins are 

transcriptional activators. However, sorne, such as Ume6p, and Rgtl p, are able to both 

activate and repress transcription (61, 117). Homologues of sorne zinc cluster proteins 

identified in S. cerevisiae have also been found in other species, indicating that the study 

of these proteins in budding yeast will help us in determining the roles of the se proteins 

in other fungal species, including the pathogenic C. albicans. 
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ZINC CLUSTER PROTEIN DOMAINS 

Like other transcriptional activators, zinc cluster proteins have separate DNA~ 

binding and activation domains (Fig. 2). Other domains important for protein function 

have aiso been identified. The DNA-binding domain, which contains the zinc cluster 

motif, is usually at the N-terminus of the protein. However, sorne proteins, such as 

Ume6p, have aC-terminal DNA-binding domain (143). Mutagenesis studies have shown 

that the cysteine residues are essential for DNA binding and proper protein function (34, 

143, 149). Other residues in this region are conserved as well, and appear to be important 

for function. The zinc cluster motifs usually bind trinucleotide sequences corresponding 

to CGG or CGA triplets (148). If the DNA-binding domain of one zinc cluster prote in is 

replaced by another, the binding specificity of the protein will be altered, while the 

exchange of the zinc cluster motif alone does not affect the binding specificity (94, 125). 

Therefore, it is not surprising that there is not much variability in the zinc cluster domain 

of different proteins, since they bind similar triplets, with other regions within the DNA­

binding domain determining the specificity of binding. A linker region has been 

identified in zinc cluster proteins and is found at the C-terminal end of the zinc cluster 

domain. This region shows no conservation between members of the zinc cluster family, 

and it has been shown to be important in determining DNA binding specificity (148). 

Therefore, the variability of this region ensures that the various proteins bind to different 

sequences in order to fulfill their different functions. 
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Figure 2: Functional domains of zinc cluster proteins. 

Immediately C-terminal to the linker region, zinc cluster proteins usually contain 

leucine zipper-like heptad repeat motifs. These motifs, which form coiled-coil structures 

shown to be important in protein-protein interactions, mediate homodimerization of 

Ga14p and Pprl p (96, 97). Since different zinc cluster proteins have different 

dimerization partners, there is Httle homology between the heptad repeat motifs of 

different zinc c1uster proteins. However, not aIl zinc c1uster proteins bind as 

homodimers. In Aspergillus, the zinc cluster protein AlcR, an activator of ethanol 

oxidation genes, binds to DNA as a monomer (110). In addition, two S. cerevisiae 

proteins, Gafl p and Pip2p, have been shown to regulate the activity of genes involved in 

peroxisome proliferation as heterodimers (66, l32). Zinc cluster proteins are also capable 

of dimerizing with transcriptional regulators from other families. The zinc cluster prote in 

ArgRIIp forms heterodimers with ArgRlp and Mcmlp, two members of the MADS 

family, to activate arginine metabolism genes (4). 

Zinc cluster proteins can bind to different DNA binding sites as either monomers, 

homodimers or heterodimers in order to perform their function. Since the zinc cluster 

motifs of different proteins have been shown to bind similar trinucleotides, the binding 

sites of various zinc cluster proteins differ in: 1) the orientation of the trinucleotides, and 
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2) the spacing between the triplets. The linker region of the proteins determines the exact 

sequence the prote in will bind to by probably providing a rigid structure that prevents 

binding to sites with different spacing and with different orientations (94). Three types of 

binding sites for zinc cluster proteins have been identified: inverted, direct and everted 

repeats (Fig. 3) (139). These binding sites contain CGG triplets that are oriented in 

different directions with respect to each other. For exarnple, Ga14p binds as a homodimer 

to inverted repeat sequences, causing the two zinc clusters in the homodimer to have a 

head to head orientation (96). In addition, the Hap 1 p homodimer binds to a direct repeat, 

with the zinc cluster motifs facing the sarne direction (51, 71, 170). Leu3p has been 

shown to bind everted repeats, which are oriented in opposite directions. This implies 

that the two zinc fingers of the Leu3p homodimer would be oriented in opposite 

directions (94). The spacing between the repeats is also critical. Ga14p binds inverted 

• CGG triplets separated by Il bp, CGG Nu CCG (91). In contrast, Put3p, a zinc cluster 

protein that activates genes involved in proline metabolism, binds inverted CGG triplets 

separated by 10 bp, CGG NID CCG (145). Even though their sites are very similar and 

only differ by an extra base pair separating the CGG repeats in the Ga14 binding site, 

Put3p can not bind the Gal4p binding site, and conversely, Ga14p can not bind the Put3p 

binding site. Sequences in between and outside of the CGG triplets have also been 

shown to influence binding. However, the main factors in determining binding are the 

sequences of the CGG triplets, the orientation of the triplets, and the spacing between 

them. 
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Figure 3: Madel for binding of zinc cluster proteins ta inverted, direct, or everted 

repeats (94). 

The activation domain of zinc cluster proteins is generally found in the C-

terminus, and is usually acidic. A region of weak homology located between the DNA-

binding and the activation do mains has been recently identified. This region has been 

termed the middle homology region (MHR), and is comprised of around 80 amino acids. 

The MHR is thought to have a role in regulating the transcriptional activity of zinc cluster 

proteins (137). In many cases, deletion of the region that connects the DNA-binding 

domain to the activation domain results in constitutive activity. For example, deletion of 

this region in Haplp renders the prote in active, even in the absence of its inducer, heme 

(119). Leu3p also becomes constitutively active when the same region is deleted (42, 

172). 

Crystal and solution structures of the DBDs of sorne zinc cluster proteins have 

helped define sorne of the previously mentioned domains. For example, the C6 binuclear 

cluster motif of Ga14p is comprised of two a-helical structures, each containing three of 

the six cysteine residues, separated by a loop (Fig. 4) (10, 75, 96). Interestingly, the 
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structure of the zinc finger of Pprlp is almost identical to that of Ga14p, reflecting the 

high degree of homology that exists amongst the zinc cluster motifs of the various zinc 

cluster proteins (96, 97). The cluster binds to the major groove of DNA by making 

contact with three base pairs. In addition, Ga14p homodimerizes via a coiled~coil 

dimerization domain composed of heptad repeats located at the C-terminus of the zinc 

fmger (10, 75, 96). Similar coiled-coil domains have been predicted in the DNA-binding 

domains of a number of other zinc cluster proteins, indicating that they may mediate 

dimerization of these proteins (137). However, it remains to be proven whether these 

domains do indeed mediate dimerization, or whether other types of motifs may be 

responsible for dimerization in certain zinc cluster proteins. 

Figure 4: The X-ray structure of the Ga14p DNA-binding domain in complex with a 

palindromic 19 bp DNA containing the prote in 's consensus binding sequence (96). 

GENOME SEQUENCING PROJECT 

The genomes of many organisms have been or are in the process of being 

sequenced. The S. cerevisiae genome was completely sequenced in 1996, providing a 
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huge amount of information regarding the organization of the genome of this mode! 

eukaryotic organism (44). There are 16 chromosomes in the yeast genome, which consist 

of 12 million bps. It is estimated that 70% of the genome consists of approximately 6000 

open reading frames (ORFs), with genes having an average length of 2000 bp, and with 

an average of200 bp separating the ORFs (37, 103). This indicates that the yeast genome 

is very compact and is in stark contrast to the human genome, whose sequence has also 

been completed (82, 155). Many of the identified ORFs encode putative proteins of 

totally unknown function. New tools are being developed in order to determine the 

functions of these proteins, and hopefully these tools can be applied to the study of the 

genomes of higher eukaryotes, such as the worm Caenorhabditis elegans, the fruitfly 

Drosophila, and humans (l, 29, 82, 155). In addition, many genes are conserved among 

eukaryotes, and the determination of their role in yeast may also indicate their role in 

higher eukaryotes. 

The systematic deletion of aU genes in yeast has been performed, leading to the 

determination that 17% of the genes are essential (164). Analysis of the genome has 

resulted in the identification of fifty-five members of the zinc cluster protein family 

(148). Sorne ofthese members have been previously identified and their role in the ceIl 

is well-understood. However, many of these putative proteins are either poody 

characterized, or are of unknown function. Phylogenetic analysis of the zinc cluster 

motifs in proteins from various fungal species has revealed that the motifs from proteins 

with similar functions in different species are more closely related than motifs from 

proteins in the same species that have different functions (148). The sequencing of the 
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genomes of the pathogenic fungal species, C. albicans, and A. nidulans, has also been 

completed. Homologues of S. cerevisiae zinc cluster proteins can be identified in these 

species by analyzing the sequences of their genomes, and since zinc cluster proteins are 

only found in fungi, these proteins are a potential target for anti-fungal drugs (137, 148). 

MDL TIDRUG OR PLEIOTROPIC DRUG RESISTANCE 

T oxic compounds such as drugs are used to treat many diseases by killing the 

harmful target cells, which can be either foreign pathogenic organisms or the patient's 

own tumor cells. However, both prokaryotic and eukaryotic cells can acquire the ability 

to become resistant to toxic compounds through the phenomenon of multidrug (MDR) or 

pleiotropic drug resistance (PDR). Saccharomyces cerevisiae also can acquire PDR, 

making it a valuable to01 in the study of this phenomenon, allowing us to gain insight into 

the mechanisms behind PDR in pathogenic fungi and in higher eukaryotes. 

Yeast cells have evolved different pathways and mechanisms to allow them to 

respond to environmental stresses and toxins. Many proteins have been identified as 

players in drug resistance, and they belong to either one or both of two interconnected 

networks: 1) The PDR network, and 2) The stress response network. These networks 

respond to different types of stimuli. White the PDR network is involved in resistance to 

drugs such as cycloheximide, the stress response network allows the cell to respond to 

oxidative stress such as hydrogen peroxide (166). Many pro teins are involved in both 

networks, and are therefore critical to a cell's ability to respond under many different 
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cÏrcumstances. These proteins have various roles within the cell, and interestingly, sorne 

of them have homologues in mammalian cells. 

Cells that have acquired PDR have consistently shown higher levels of expression 

of drug efflux pumps. Their increased expression allows these cells to expel the drugs 

from within the ceIl, and therefore ensure their survival in the presence of these drugs. 

These pumps faIl within two prote in families: ATP-Binding Cassette (ABC) transporters 

and Major Facilitator Superfamily (MFS) transporters. ABC proteins are characterized 

by having at least one ATP-binding cassette, or nucleotide binding domain (NBD). They 

also contain several predicted a-helical membrane-spanning segments, or trans-

membrane segments (TMS). ABC proteins usually contain a duplicated arrangement of 6 

TMS and 1 NBD, with either a forward (TMS6-NBDh or reverse (NBD-TMS6)2 order 

• (166). However, there are a number of half-size transporters, which contain only one 

NBD and 6 TMSs (15). Yeast ABC transporters are classified into 6 distinct subfamilies. 

They have many roles in the ceIl, as demonstrated by the fact that aIl organelles and 

cellular compartments contain at least one ABC prote in, except for the nuclear membrane 

and the endoplasmic reticulum (166). The PDR subfamily is the largest ABC subfamily 

in yeast, and contains many ABC proteins shown to be important in PDR, including 

Pdr5p and Snq2p (12, 33). Pdr5p and Snq2p are found on the plasma membrane and 

mediate PDR by using the energy from ATP to pump out hundreds of structurally and 

functionally unrelated compounds, including the drugs cycloheximide and 4-

nitroquinoline N-oxide (4-NQO) (11, 166). Pdr5p is a true functional homologue of 

mammalian P-glycoproteins, which are also involved in PDR, since they share numerous 
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drug substrates, are inhibited by the same compounds, and require ATP hydrolysis for 

drug transport (166). 

MFS transporters are also important in PDR. They are found in both prokaryotic 

and eukaryotic ceUs. However, they are not as weH-characterized as ABC drug efflux 

pumps. They do not use ATP to transport substrates across a membrane; instead they are 

energized by proton-motive force to uniport, symport, or antiport substrates such as 

sugars, organic acids, or drugs. They also contain twelve TMS domains. However, the 

TMS are separated into six TMS halves by a dispensable central cytoplasmic loop, which 

does not contain an ABC. There are several families of MFS transporters, one whieh 

inc1udes proteins involved in MDR and is termed the MFS-MDR family (11, 45). 

Members ofthis family inc1ude Atrlp, a plasma membrane transporter, shown to provide 

ceUs resistance to the toxie compounds 4-NQO and 3-aminotriazole (3-AT). 3-AT aiso 

induces Atrlp gene expression, while 4-NQO does not (47,64). 

In PDR, the cells can become resistant to the drugs by over-expressing the ABC 

or MFS transporters, allowing for more drugs to be expelled from the cell. These higher 

levels of expression are often due to mutations in the transcription factors that regulate 

the expression of these pumps. A complex network of various transcription factors has 

been shown to be involved in the regulation of the expression of genes encoding ABC or 

MFS proteins. There are two major families of transcription factors involved in PDR: 1) 

the bZip prote in family (Yap family), and 2) the zinc c1uster protein family. The Yap 

family of proteins is characterized by a DNA-binding domain containing a leucine zipper 
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that mediates dimerization, and a basic region that binds DNA directly. Eight Yap 

proteins have been identified in yeast (Yap 1 p-8p), but only the functions of Yap l p and 

Yap2p are weIl understood (41). Yaplp and Yap2p have been shown to bind and activate 

transcription through a YRE (yeast Ap-l response element): TTA G/C TAA (41). Yaplp 

is involved in the response to oxidative stress such as hydrogen peroxide (11, 48, 104, 

167). It is shuttled into the nucleus from the cytoplasm during this response in order to 

activate transcription of target genes which contain the YRE in their promoters (78). 

These target genes include the MFS, Atrlp, and the ABC transporter, Ycflp, which is 

required for the resistance of the ceIl to the toxic heavy metal cadmium (28, 161). Yap2p 

is also involved in the regulation ofYcflp (167). Two non-Yap transcription factors are 

also involved in the stress response and multidrug resistance; Msn2p and Msn4p. These 

two proteins upregulate the expression of PDR15 (166) . 

Another c1ass of transcription factors involved in PDR is composed of zinc cluster 

proteins. Two zinc cluster proteins, Pdrl p and Pdr3p, positively control the expression of 

genes involved in multidrug resistance (73). Target genes ofPdr1p and Pdr3p include the 

ABC transporters, P DR5, SNQ2, and YORl, as weIl as the MFS hexose transporters, 

HXT9 and HXTll (33, 68, 92, 114). However, it is the regulation of ABC drug efflux 

pumps that implicates Pdrl p and Pdr3p in PDR (Fig. 5). Pleiotropic drug response 

elements (PDREs) present in the promoters of these ABC transporters' genes, as well as 

in the Pdr3p promoter are important in the regulation of these genes. Pdrl p and Pdr3p 

act through this element, with Pdrlp and Pdr3p able to bind to theeverted repeat 

CCGCGG within the PDRE (35, 57, 68). The presence ofPDREs in the PDR3 promoter 
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indicates that autoregulation can occur at this promoter. Many hyperactive Pdrlp and 

Pdr3p mutants have been identified, sorne of which cause various drug resistance 

phenotypes (21, 92, 113, 126, 162). Pdrlp and Pdr3p are constitutively phosphorylated, 

and their localization at the nucleus does not appear to be regulated or induced (95). 

Another zinc cluster protein, Yrrlp, also positively regulates the expression of SNQ2 

(31). Yrr1p also appears to act through a PDRE (85, 171). A PDRE has been identified 

in the YRRl promoter, and Yrrlp has also been shown to bind to its own promoter, 

indicating that autoregulation can occur at the YRRl locus as well (171). Even though 

they aH act through PDREs, these three zinc cluster proteins have different roles in the 

ceIl . 

• 
1 • C!DR5 

.; 
Yrrlp PdrlpIPdr3p 
~~-

~ ~NQ2 

drug 

Figure 5: The expression ofPDR5 and SNQ2 is regulated by Pdrlp, Pdr3p, and/or 

Yrrlp. 
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It has been demonstrated that Pdrl p and Pdr3p are able to form homo- and 

heterodimers (95). The different combinations of homo- and heterodimers may regulate 

the expression of different genes, which may help explain how these two proteins act 

differently. In addition, Ngglp is able to bind to the activation domain of Pdrlp, and 

inhibit the activity of a chimeric protein containing the Pdrlp activation do main (98). So 

Pdrlp, Pdr3p, and Ngglp can interact with each other and modulate one another's 

activity directly. Two other zinc cluster pro teins have recently been implicated in 

multidrug resistance. The zinc cluster protein, Warlp activates the expression ofPdr12p, 

an ABC transporter involved in the stress response due to its ability to act as an efflux 

pump of the weak acids sorbate and benzoate. Warlp binds and activates transcription 

through a weak acid response element (WARE) in the promo ter of PDRI2. A WARE is 

composed of everted CGG repeats separated by 23 basepairs (CCG- N23-CGG) (77). 

Pdr8p is another zinc cluster protein that has been shown to bind to the promoters of 

certain genes implicated in PDR such as YORI and PDRI5. However, this binding was 

demonstrated using a chimeric Pdr8p; therefore, the exact role of the wild-type protein in 

PDR is not clear (58). 

The goal of this work is to better understand the roles of the putative zinc cluster 

proteins identified in the S. cerevisiae sequencing project. With 55 putative members, 

the zinc cluster family appears to be the largest family of transcriptional regulators in 

yeast. Sorne of these members are involved in the important phenomenon of PDR. 

However, the functions of thirty-three of them remain to be determined. This work 

attempts to determine what role they play in the ceU, with an emphasis on PDR. 
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ABSTRACT 

Zinc cluster proteins (or binuclear cluster pro teins) possess zmc fingers of the 

Zn(II)2Cys6-type involved in DNA recognition as exemplified by the well-characterized prote in 

Gal4p. These fungal proteins are transcriptional regulators of genes involved in a wide variety of 

cellular processes including metabolism of compounds such as amino acids and sugars, as weB 

as control of meiosis, multi-drug resistance etc. The yeast (Saccharomyces cerevisiae) 

sequencing project has allowed the identification of additional zinc cluster proteins for a total of 

54. However, the role of many of these putative zinc cluster proteins is unknown. We have 

performed phenotypic analysis of 33 genes encoding (putative) zinc cluster proteins. Only two 

members of the GAL4 family are essential genes. Our results show that deletion of 8 different 

zinc cluster genes impairs growth on non-fermentable carbon sources. The same strains are also 

hypersensitive to the antifungal calcofluor white suggesting a role for these genes in cell wall 

integrity. In addition, one of these strains (ô YFL052W) is also heat sensitive on rich (but not 

minimal) plates. Thus, deletion of YFL052W results in sensitivity to a combination of low 

osmolarity and high temperature. In addition, 6 strains are hypersensitive to caffeine, an inhibitor 

of the MAP kinase pathway and phosphodiesterase of the cAMP pathway. In conclusion, our 

analysis assigns phenotypes to a number of genes and provides a basis to better understand the 

role of these transcriptional regulators. 
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INTRODUCTION 

In yeast (Saccharomyces cerevisiae), a major c1ass of transcriptional regulators is 

composed of a sub-family of zinc finger proteins called zinc c1uster proteins or binuc1ear c1uster 

proteins. These proteins contain a DNA binding domain which possesses the well-conserved 

motif CySX2CyS~CySX5_16CySX2CyS~_8CyS with cysteines binding to two zinc atoms which 

coordinate folding of the domain (1). 

This type of transcriptional regulator has only been identified in fungi and these 

proteins have been shown to be involved in a wide variety of cellular processes (reviewed in ref. 

2; also see Table 3). For example, Ga14p is involved in activation of genes that encode enzymes 

for galactose metabolism (3) while Haplp activates genes involved in cellular respiration (4,5). 

In addition, other zinc c1uster proteins increase expression of genes required for gluconeogenesis 

or metabolism of leucine, lysine, arginine, pyrimidine, thiamine, etc. (2). Other roles of zinc 

cluster proteins inc1ude the control of expression of genes required for use of gamma­

aminobutyric acid (GABA), serine, threonine, or proline as a nitrogen source (2). In addition, 

sorne members of the family, such as Pdrlp and Pdr3p, are responsible for controlling expression 

ofmulti-drug resistance genes (6). 

Quite often, the DNA binding domain (comprising the cysteine-rich region) of zinc 

cluster proteins is located at the N-terminus while an acidic activating dornain is located at the C­

terminus. A region of low homology of about 80 amino acids, termed rniddle hornology region, 

is found among many zinc cluster pro teins and is located between the DNA binding and 

activation domains and may be involved in controlling the transcriptional activity of zinc c1uster 

proteins (7). In many cases, deletion of the region that bridges the DNA binding do main to the 
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activation domain results in constitutive activity of the transcriptional activator. For example, 

deletion of the middle region of Hap 1 p renders the protein active even in the absence of the 

inducer heme (4). Similar results were obtained with Leu3p, a protein implicated in leucine 

biosynthesis (8, 9). Many of the characterized zinc cluster proteins are transcriptional activators. 

Well-known exceptions are Ume6p and Rgtlp which are both repressors and activators of early 

mitotic and glucose transport genes, respectively (10, Il). 

Many zinc cluster proteins bind to DNA as homodimers through a coiled-coil 

dimerization domain located at the C-terminus of the zinc finger. Three types of DNA binding 

sites have been identified: inverted, direct and everted repeats (reviewed in ref. 12). For example 

Ga14p binds as a homodimer to inverted repeat DNA sequences (13 and refs. therein) while 

Hap1p binds to a direct repeat (14-16). Analysis of the binding sites of Leu3p showed that it 

recognizes repeats oriented in opposite directions, an everted repeat (17). These observations 

imply that the two zinc fingers of Leu3p must be oriented in opposite directions unlike those of 

Ga14p where they have been shown to face each other (13). 

Alternate modes ofDNA binding by zinc cluster proteins have also been described. For 

example, AlcR, a transcriptional activator of ethanol oxidation genes in Aspergillus, binds to 

DNA as a monomer (18). In addition, the two zinc cluster proteins Oaflp and Oaf2p (Pip2p) 

bind as heterodimers to target sequences of genes for peroxisome proliferation (19, 20). 

Heteromeric formation is also observed between members of different families of transcription 

factors. For example, ArgRII, a member of the family of zinc cluster proteins, heterodimerizes 

with members of the MADS family, ArgRI and Mcmlp, to activate genes for arginine 

metabolism (21). In summary, zinc cluster proteins perform a wide variety of functions through 
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transcriptional activation or repression by binding to target genes as homodimers, heterodimers 

or monomers. 

The S. cerevisiae sequencing project has allowed the identification of additional zinc 

cluster proteins for a total of 54 (2). However, the function of many of these putative zinc cluster 

proteins is unknown. In an effort to understand the roles of the uncharacterized zinc cluster 

proteins, we examined the phenotypes of 33 strains carrying deletions of genes encoding zinc 

cluster proteins under various growth conditions. 
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MATE RIALS AND METRODS 

Strains 

Wild type S. cerevisiae strains used to generate the gene deletions were: FY73 (22), 

MATa his3-1l200 ura3-52; YPH499 (23), MATa ura3-52 lys2-S01 ade2-101 trpl-1l63 his3-

11200 leu2-1l1; YPH500 (23), MATa ura3-52 lys2-801 ade2-101 trpl-1l63 his3-1l200 leu2-1l1; 

YPH501 (23), a cross between YPH499 and YPH500; BY4742 (24), MATa his31l1 leu21l0 

lys21l0 ura31l0. Deletions were obtained by the PCR method of Baudin et al. (25) using HIS3 as 

a marker for selection (template for PCR was pMHIS3, ref. 26). Oligos had the sequence 

N43CAGGGTTTTCCCAGTCA and N43GCGGATAACAATTTCAC with N corresponding to 

sequences of the target genes. Sorne open reading frames (ORFs) were entirely deleted and, for 

• others, the deletion spanned the zinc finger (cysteine-rich region) located at the N-terminus of 

the putative ORFs, as indicated in Table 1. Deletions in FY73 were obtained by direct 

transformation of the haploid strain. Deletions in the YPH background were obtained by 

transforming the diploid strain YPH501 followed by sporulation and selection of HIS- spores. 

For sporulation, diploid strains were plated on sporulation plates (1 % potassium acetate, 0.1 % 

yeast extract, 0.05% glucose, 2% agar) for l week followed by random spore analysis (27). 

Diploid strains carrying deletions of the ORF YPR094W or YDR303C were obtained from 

Research Genetics. Haploid strains were obtained by sporulation. 

Proper recombination events were verified by PCR using two pairs of primers. One set 

consisted of the primer GCCTCGTTCAGAATGACACG (located in the 3' -end of the HIS3 

marker) and a primer in the promoter region of the target gene and the second set of a primer 

located downstream of the ORF and the primer TTACTCTTGGCCTCCTCTAG (located in the 
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S'-end of the HIS3 marker). Single integration events were verified by Southem blot analysis for 

an strains using the HIS3 or the kanamycin markers as probes. In aH cases, the sizes of the 

detected bands were in agreement with homologous recombination at the targeted gene. 

Genomic DNA was isolated according to ref. 28. Southem blots were done according to standard 

procedures (27). Hybridizations were done at 42°C in 50% formamide, lM NaCI, 2.8X 

Denhardt's solution, 0.5% SDS and 10% dextran sulphate. 

Media 

Media were prepared according to Adams et al. (29). YPD contained 1 % yeast extract, 

2% peptone, 2% glucose. SD contained 2% glucose, 0.67% yeast nitrogen base without amino 

acids. Adenine, histidine, leucine, lysine, tryptophan and uracil were added to the media at a final 

concentration of 0.004%. Nitrogen source requirements were tested on minimal media as 

described above except that yeast nitrogen base lacked ammonium sulphate. A source for 

nitrogen was supplied by adding y-aminobutyric acid (GABA) at a final concentration of 2% or 1 

mg/ml of either ure a, serine, threonine, proline as specified in Table 2. YEP contained 1 % yeast 

extract, 2% peptone with either 2% glycerol or 2% lactic acid. Sensitivity to drugs was assayed 

on YPD plates supplemented with 0.15% caffeine (Sigma) or 70 !-tg/ml calcofluor white (Sigma). 

Growth assays 

Wild type and deletion strains were grown ovemight in liquid (YPD), spun and 

resuspended in water. Cells were then serially diluted (approximately 5XI04
, 5XI03

, 5X102
, 

5XI01 cells) and spotted on appropriate plates. For assay of growth under anaerobic conditions, 

41 



• 

an anaerobic chamber was used along with a BBL GasPak (Becton Dickinson) and a palladium 

catalyst activated by heating at 160°C for 2h. An oxygen indicator (BBL Becton Dickinson) 

showed that cells were actually grown under anaerobic conditions. 

Requirement for specifie compounds 

Requirement for specifie compounds were tested in a minimal medium (Halvorson, ref. 

29) containing the following components: 2% glucose, 2% ammonium sulphate, 0.25M K2HP04, 

0.25 M succinic acid, 0.002% sodium carbonate, 14 mM CaCh, 21 mM MgS04, 3.8 J.tM FeCh, 

8.3 J.tM MnCb, 7.7 J.tM ZnS04, 7.8 J.tM CUS04, lX10-7 % D-biotin, 3XIO-5 % calcium 

pantotheanate, 3XI0-5 % folie acid, 3.3XI0-4 % myo-inositol, 3.3XlO-4 % pyridoxine-HCl, 

3.3XlQ-4% nicotinic acid, 3.3XIO-4% p-amino benzoic acid, 3.3XI0-4% thiamine-HCl, 0.004% 

adenine, 0.004% histidine, 0.004% leucine, 0.004% lysine, 0.004% methionine, 0.004% 

tryptophan and 0.004% uracil. Specifie components were omitted as specified in Table 2. 
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RESULTS AND DISCUSSION 

Many yeast genes encode putative zinc cluster proteins of totally unknown function 

while others have not been weIl characterized. Thus, we performed a phenotypic analysis of 

yeast strains carrying deletions of genes encoding members of the Ga14p family of zinc cluster 

proteins. The yeast genome contains 54 ORFs that potentially encode zinc cluster proteins 

containing the consensus sequence CysX2CysX6CysX5_16CysX2CysX6_SCyS. Two "zinc cluster­

like proteins" were exc1uded from our analysis since they do not conform to the consensus amino 

acid sequence given above. YPR009W and YGL162W (SUT!) have 63 and 68 amino acids 

between the 3rd and 4th cysteines of the zinc c1uster, respectively as opposed to 5 to 16 for other 

zinc c1uster proteins found in Saccharomyces cerevisiae as weIl as other fungi (2). YGL162W 

was shown to be involved in sterol uptake (30). In addition, the cysteine-rich regions of 

YGL162W and YPR009W share homology to the glucose transporters encoded by the SUT1, 

SUT2, and SUT3 genes of yeast Pichia stipitis (ref. 31 and unpublished results). Thus, the 

YPR009W and YGL162W genes may not encode DNA binding proteins. In addition, well­

characterized zinc c1uster proteins such as Gal4p, Haplp, Leu3p, Uga3p etc. were also excluded 

from our analysis. Thus, we phenotypically analyzed 33 genes encoding (putative) zinc cluster 

proteins under various conditions inc1uding alternate carbon sources, growth temperature, 

presence of caffeine etc. 

We deleted ORFs of genes encoding putative zinc cluster proteins by the PCR method 

of Baudin et al. (25) using HIS3 as selectable marker and haploid strains (see materials and 

methods). Deletions were verified by using two pairs of primers for PCR analysis (data not 

shown). Moreover, an deletion strains were also verified by Southern blot analysis (data not 
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shown). Most zinc cluster genes could be deleted in a haploid background. However, no colonies 

were obtained using a PCR product aimed at deleting ORF YDR303C in the haploid strain 

FY73. Random spore analysis using a heterozygote strain (BY 4743) carrying a deletion of ORF 

YDR303C revealed that aIl spores (about 50) were sensitive to G418 showing that YDR303C is 

an essential gene. Similar results were obtained with transposon insertion in the YDR303C gene 

(32) or deletion of the ORF (73). In addition, the zinc cluster prote in Cep3p, a component of the 

Cbf3 kinetochore complex that binds centromeric elements (33) was shown to be encoded by an 

essential gene (34, 35). Deletion of the gene YHR178W encoding a putative zinc cluster protein 

is not lethal in the BY4742 background (Table 2); however this gene was scored as essential in 

the YM4587 background (36). This discrepancy may be explained by the use of different strains. 

For example, strain YM4587, unlike strain BY4742, carries a mutant allele of the TYR] gene 

involved in tyrosine synthesis. Thus, according to our data, only two members of the Gal4p zinc 

cluster family are encoded by essential genes. 

Growth on non-fermentable carbon sources 

Respiratory-deficient mutants are unable to grow on non-fermentable carbon sources 

such as glycerol and lactate (37). Thus, we tested the ability of the deletion strains to grow on 

non-fermentable carbon sources. Cells were serially diluted and spotted on YEP-glycerol and 

YEP-lactate plates and grown at 30°C for 3 days. Deletion of ORFs YER184C, YFL052W, 

YIL130W, YLL054C, YLR266C, YOR162C (YRRl), YOR380W and YPL133C impaired 

growth on both glycerol and lactate plates (Table 2) while normal growth was observed on plates 

containing glucose as the carbon source (Fig. 1 and data not shown). An example of data is 

provided in Fig. 1 with strains carrying deletions of ORFs YER184C, YFL052W, YLL054C and 
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YOR380W. Thus, deletion of ORFs YER184C, YFL052W, YIL130W, YLL054C, YLR266C, 

YOR162C (YRRl), YOR380W and YPL133C prevents growth in medium containing lactate or 

glycerol as the only carbon source. In addition, deletion of YOR162C (YRRl) leads to 

hypersensitivity to the mutagen 4-nitroquinoline N-oxide due to reduced expression of the ABC 

transporter SNQ2 (38). 

Temperature Sensitivity 

Growth of the deletion strains was tested at high and at low temperatures (Table 2). 

The strains were spotted on YPD and minimal plates and grown at 37°C or 20°C. One strain, 

YZS (YFL052W), did not grow in rich medium at 37 oC but grew on minimal medium at 37 oC. 

Since salt concentration is higher in minimal than rich medium, deletion of the YFL052W gene 

may render the cells sensitive to a combination of both high temperature and low salt 

concentration. In addition, knockout of the YFL052W gene renders the cell hypersensitive to 

calcofluor white (see below and Fig. 4), a phenotype associated with cell wall mutants (37). 

Thus, YFL052W may be involved in maintenance of cell wall integrity. Deletion of YHR178W 

(STB5) resulted in a co Id sensitive phenotype since the strain did not grow on either YPD or SD 

at 20 oC. Both Stb5p and Stb4p (encoded by YMR019W) were shown to interact with Sin3p, a 

protein that recruits the histone deacetyltransferase Rpd3p involved in repression of transcription 

(39). Thus, Stb4p and Stb5p may encode transcriptional repressors. 
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Requirement for specifie compounds 

A number of zinc cluster proteins, such as Da181p, Uga3p, Put3p and Cha4p have been 

shown to be involved in the use of alternate nitrogen sources (see Table 3). We tested if other 

genes encoding zinc cluster pro teins would play a similar role by growing deletion strains on 

plates containing urea, GABA, serine, threonine or proline as the sole nitrogen source. Only one 

strain carrying a deletion of the YHR178W (STB5) gene showed reduced growth (Table 2). We 

also tested growth of deletion strains on minimal Halvorson medium (Table 2). Again, only 

deletion of the gene YHR178W (STB5) resulted in reduced growth. Moreover, besides deletion 

strain YHR178W, omission offolic acid, pantothenic acid or biotin in the Halvorson medium did 

not alter growth of any deletion strain (data not shown). As expected (40), a strain carrying a 

deletion of the THI2 gene (YBR240C) was auxotrophic for thiamine but not sensitive to the 

omission of folie acid, pantothenic acid or biotin (data not shown). In conclusion, deletion of 

YHR178W results in slightly slower cell growth under minimal growth conditions such as 

"Halvorson" medium or when nitrogen sources other than ammonium sulphate are used. 

Sensitivity to caffeine 

Caffeine, a purine analog, has a toxie effect on cells through inhibition of the MAP 

kinase pathway and phosphodiesterase of the cAMP pathway (37). Deletion strains were tested 

for hypersensitivity to caffeine. Although wild type strains are aU derived from SC228, they 

showed different sensitivities to caffeine: YPH499 was more sensitive than FY73 and BY4742. 
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AIl the FY73 and BY4742-based strains grew weIl on caffeine plates with the exception of 

/1 YHR178W which was highly sensitive to caffeine (Table 2). An example of results is provided 

in Fig. 2. Normal growth of the strain deleted of YHR178W is seen on YPD plates but greatly 

reduced growth is observed if caffeine is added (Fig. 2). A strain carrying a deletion of 

YDR520C was slightly more sensitive to caffeine than wild type YPH499 while deletions of 

YKL222C, YLR228C or YLR278C resulted in moderate sensitivity (Table 2). Severe sensitivity 

to caffeine was observed with a deletion ofORF YMR019W as compared to wild type YPH499. 

In addition, deletion of the latter ORF resulted in cells clumping when grown in YPD liquid 

media (data not shown). 

Sensitivity to calcofluor white 

Calcofluor white is a compound that has high affinity for the œIl wall component 

chitin. Hypersensitivity to that compound has been associated with cell wall mutants (37, 65). 

Deletion of 8 ORFS (YER184C, YFL052W, YIL130W, YLL054C, YLR266C, YOR162C 

(YRRl), YOR380W and YPL133C) rendered the cells hypersensitive to calcofluor white (Table 

2 and Fig. 3). A strain carrying a transposon insertion in the promoter of the YLR228C has been 

shown to be hypersensitive to calcofluor (65). However, in our assay with a deletion strain, no 

effect of calcofluor was observed. In summary, 8 deletion strains are hypersensitive to calcofluor 

white. Interestingly, the same deletion strains were unable to grow on non-fermentable carbon 

sources. We do not know the relationship (if any) between these two phenotypes. 
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Anaerobie Conditions 

Since yeast is a facultative anaerobe, we tested the effect of growing deletion strains 

under anaerobic conditions to identify zinc c1uster genes necessary for growth under these 

conditions. Growth was assayed on rich plates as weIl as minimal plates. An the tested knockout 

strains were able to grow in both media under these conditions (Table 2). Thus, Haplp is the 

only zinc c1uster protein which may be necessary for anaerobic growth (41). 

CONCLUSION 

The S. cerevisiae sequencing project has allowed the identification of many new 

(putative) members of the zinc c1uster protein family. Only two members (YDR303C and 

YMR168C) of the GAL4 family of zinc c1uster proteins are essential genes. Our deletion 

analysis has revealed phenotypes for a number of genes encoding zinc cluster proteins (Table 2). 

The most prevalent class of phenotypes is the inability to grow on non-fermentable carbon 

sources and sensitivity to calcofluor white. Other phenotypes observed include temperature and 

caffeine sensitivity. A number of deletions (e.g. YFL052W, YHR178W, YMR019W) resulted in 

multiple phenotypes. For example, deletion of ORF YFL052W results in an inability to growon 

non-fermentable carbon sources, sensitivity to high temperature and calcofluor white (Table 2). 

Similarly, deletion of ORF YMR019W renders the cells clumpy and sensitive to caffeine. It is 

difficult to establish a relationship (if any) between these various phenotypes. Since our analysis 

focused on a c1ass of transcriptional regulators, deletion of their genes may have a widespread 

effect on gene expression and sorne phenotypes observed may be due to greatly altered cell 

physiology. For example, whole-genome analysis with DNA microarrays revealed that 

48 



expression of a large number of genes is affected by deletion of ORF YMRO 19W including most 

genes encoding ribosomal proteins (B.A. and B.T., unpublished results). Thus, multiple 

phenotypes may be due to indirect effects. 

Although many conditions were tested in our analysis, no phenotypes could be 

identified for a number of GAL4 family members. These proteins may perform highly 

specialized functions or, alternatively, there may be redundant genes encoding zinc cluster 

proteins. Analysis of double deletion mutants as weIl as whole-genome analysis of gene 

expression with microarrays should help to identify functions of zinc cluster proteins. 
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Syst. name Strainname 1 Background Deletion Marker Source 

YBL066C BE BY4742 ORF KAN Res. Genetics 
YBR033W FI FY73 a.a.27-200 HIS3 This study 
YBR150C FA FY73 a.a.24-167 HIS3 This study 
YBR239C YD YPH499 ORF HIS3 This study 
YBR240C FB FY73 a.a.25-166 HIS3 This study 
YCRI06W FC FY73 a.a.23-206 HIS3 This study 
YDR213W BZY BY4742 ORF KAN Res. Genetics 
YDR303C BZX BY4743 ORF KAN Res. Genetics 
YDR421W BZD BY4742 ORF KAN Res. Genetics 
YDR520C YZN YPH499 ORF HIS 3 This study 
YER184C FZT FY73 a.a.26-225 HIS3 This study 
YFL052W YZS FY73 a.a.24-173 HIS3 This study 
YHR178W BT BY4742 ORF KAN Res. Genetics 
YIL130W FZG FY73 a.a.24-246 HIS3 This study 
YJL089W BR BY4742 ORF KAN Res. Genetics 
YJL103C YZL YPH499 ORF HIS3 This study 
YJL206C FZQ FY73 a.a.28-149 HIS3 This study 
YKL222C YH YPH499 ORF HIS3 This study 
YKR064W YK YPH499 ORF HIS3 This study 
YLL054C FZI FY73 a.a.25-220 HIS 3 This study 

• YLR228C YN YPH499 ORF HIS3 This study_ 
YLR266C FS FY73 a.a.25-246 HIS3 This stud)' 
YLR278C YO YPH499 ORF HIS3 This study 
YML076C BZM BY4742 a.a.41-912 KAN Res. Genetics 
YMR019W YZE YPH499 ORF HIS3 This study 
YNR063W FZO FY73 a.a.25-166 HIS3 This study 
YOL089C FZJ FY73 a.a.115-319 HIS3 This study 
YOR162C FZU FY73 a.a.28-332 HIS3 This study 
YORl72W YZV YPH499 ORF HIS3 This study 
YOR380W FZP FY73 a.a.25-196 HIS3 This study 
YPL133C FZH FY73 a.a.25-266 HIS3 This study 
YPR094W BZZA BY4742 ORF KAN Res. Genetics 
YPR196W YZ YPH499 ORF HIS3 This study 

Table 1 

Strains used in this study 

Strains used in this study are listed. The names of the targeted ORFs are given ("Syst. name") as 

weIl as the wild type strains used to perform the deletions ("background"). The entire ORFs or, 
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alternatively, the sequences encompassing the cysteine-rich region (putative DNA binding 

domain) were deleted as indicated in "deletion". Markers used to select for recombination events 

are also listed. For more details, see Materials and Methods. 

61 



Slmln Syst.Name Gene Carbon Source Nltrogen source Minimal (Halvorson) Sensitivity ta Temperature Calcofluor Caftaln_ !Anaerobie Conditions 

Glvcerol Lactate Ure. GABA Serine Threonlne Proline 'An' No biotln No Pantho. No folate 37"C YPO 37'C SO 2o'C YPO 200CSD YPO SO 
BE YBlO66C SEF1 + + + + + + + + + + + + + + + + + + + 
FI YBR033W + + + + + + + + + + + + + + + + + + + 
FA YBR150C TB51 + • + + + + + + + + + + + + + + + + + 
YO YBR239C 

THI2IPH06\ 
+ + + + + + + + + + + + + + + + + + + 

FB YBR240C + • + + + + + + + + + + + + + + + + + 
FC YCR106W + + + + + + + + + + + + + + + + + + + 
BZV YOR213W UPC2 + + + + + + + + + + + + + + + + + + + 
SZD YOR421W + + + + + + + + + + + + + + + + + + + 
YZN YOR520C + + + + + + + + + + + + + + + + X + + 
FZT YER184C XXX XXX + + + + + + + + + + + + + XXX + + + 
YZ5 YFlO52W XXX XXX + + + + + + + + + XXX + + + XX + + + 
BT YHR17BW ST85 + + X X X X X X X X X + + XXX XXX + XXX + + 
FZG YI1130W XXX XXX + + + + + + + + + + + + + XXX + + + 
BR YJLOB9W SIP4 + + + + + + + + + + + + + + + + + + + 
YZL YJL103C + + + + + + + + + + + + + + + + + + + 
FZa YJL206C · + + + + + + + + + + + + + + + + + + + 

i YH YKL222C + + + + + + + + + + + + + + + + XX + + 
YK YKR064W · + + + + + + + + + + + + + + + + + + + 
FZI Yl1054C · XXX XXX + + + + + + + + + + + + + XXX + + + 
YN YLR228C ECM22 + + + + + + + + + + + + + + + + XX + + 
FS lR266C XXX XXX + + + + + + + + + + + + + XXX + + + 
YO YlR278C · + + + + + + + + + + + + + + + + XX + + 
BZM YMlO76C + + + + + + + + + + + + + + + + + + + 
YZE YMR019W STB4 + + + + + + + + + + + + + + + + XXX + + 
FZO YNR063W + + + + + + + + + + + + + + + + + + + 
FZJ YOlOSSC HAL9 + + + + + + + + + + + + + + + + + + + 
FZU YOR162C YRRl XXX XXX + + + + + + + + + + + + + XXX + + + 
YZY YORl72W + + + + + + + + + + + + + + + + + + + 
FZP YOR380W XXX XXX + + + + + + + + + + + + + XXX + + + 
FZH YPL133C XXX XXX + + + + + + + + + + + + + XXX + + + 
aZZA YPR094W · + + + + + + + + + + + + + + + + + + + 
YZ YPR196W MAl63 + + + + + + + + + + + + + + + + + + + 

Table 2 
Phenotypes resulting from deletions of genes encoding putative zinc cluster proteins 

Growth of deletion strains was assayed under various conditions as described in Materials and Methods. In the column "Nitrogen 

source", "GABA" is the abbreviation for y-aminobutyric acid. In the column "Halvorson", "no pantho" refers to the lack of 

pantothenic acid in the Halvorson medium and "aIl" corresponds to Halvorson medium containing biotin, pantothenic acid and folate. 

In the column "Calcofluor", sensitivity of the deletion strains to the compound calcofluor white is listed. No growth (or severely 

impaired growth) is indicated by "XXX"; moderate growth by "XX"; slightly inhibited growth by "X"; normal growth by "+". 

6. 



Systematic 
G8\E FUNCTlON PHENOTYPE REF. 

name 
YAlO51W OAF1 Activator of peroxisome proliferation Impaired in growth of oleate as a 19 

(YAF1 ) along with Oaf2p carbon source, induction of B-
oxidation enzymes is abolished 

YBlOO5W PDR3 Activator related to Pdr1 p Pleiotropic drug resistance 6, 44 

YBL066C SEF1 Suppressor of essential function Defective sporulation; high copy 45 
number suppressor of RP1\A2 

YBR033W - Unknown Unknown -

YBR150C - Unknown Unknown -

YBR239C - Unknown Unknown -

YBR240C THI2 Activator of thiamin biosynthetic Thiamin auxotrophy, reduced 40 
(PH06) genes expression of thiamin biosynthetic 

genes 

YBR297W MAL3R Part of complex locus MAL3; MAL Defective maltose fermentation 46,47 
(MAL33) activator protein 

YCR106W Unknown Unknown -

• YDL170W UGA3 Activator necessary for GABA- Exhibits defects in activation of 48,49 
dependant function of GABA genes UGA1 and UGA4 

YDR034C LYS14 Transcriptional activator of lysine Lysine requiring 50, 51 
pathway genes 

YDR207C UME6 Regulator of both repression and Exhibits defects in IME1-dependant 52 
induction of early meiotic genes activation and repression 

YDR213W UPC2 Involved in sterol uptake upc2-1 allele shows altered sterol 53, 54 
uptake and increased sensitivity t 0 

NaCI and LiCI 

YDR303C - Unknown Nul! mutant is inviable This study, 
32, 73 

YDR421W - Unknown Moderately sensitive to SOS and 43 
benomyl 

YDR520C - Unknown Slight caffeine sensitivity This study 

YER184C - Unknown Unable to grow on non-fermentable This study 
carbon sources 
Sensitve to calcofluor white 

YFl052W - Unknown Unable to grow on non-fermentable This study 
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carbon sources 
Sensitve to calcofluor white 
Heat sensitive on rich but not 
minimal medium 

YGl013C PORi General positive regulator of Pleiotropic drug resistance 6, 55 
(CYH3) permeability genes 

YGR288W MAli3 Part of complex locus MAli Defective maltose fermentation 46, 47 
MAL activator protein (non functional 
in S228C and derivatives) 

YHR178W STB5 Binds Sin3p in two-hybrid assay Cold and caffeine sensitive This study 
and 39 

YIl130W - Unknown Unable to grow on non-fermentable This study 
carbon sources and 43 
Sensitive to calcofluor white, 
cyclheximide, benomyl, and MMS. 
Slightly sensitive to hydoxyurea 

YI R023W DAl81 Positive regulator of multiple nitrogen Unable to degrade allantoin 49, 56, 57 
(UGA35) catabolic genes such as allantoin and 

GABA catabolic genes 

YJl089W SIP4 Involved in Snf1 p regulated Required for maximal expression of 58, 59, 43 
transcriptional activation carbon-source responsive genes 

Moderate sensitivity to SOS 

YJl103C - Unknown Unknown -

YJl206C - Unknown Unknown -

YKl015W PUT3 Positive regulator of PUT (proline Unable to use proline as sole 60, 61 
utilization) genes nitrogen source 

YKl038W RGT1 Transcriptional repressor and activator Constitutive expression of glucose- 11, 43 
of genes involved in glucose induced HXT genes 
metabolism Sensitive to calcofluor white 

Sensitive to SOS, unable to grow on 
non-fermentable carbon source. 
Slight sensitivity to tvlJ1S 

YKl222C - Unknown Moderately sensitive to caffeine This study 

YKR064W - Unknown Unknown -

Yll054C - Unknown Unable to grow on non-fermentable This study 
carbon sources 
Sensitive to calcofluor white 

YlR014C PPR1 Activator of URA1 and URA3 Deficient in pyrimidine biosynthetic 62, 63 
pathway 
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YlR098C CHA4 Activator of CHA 1 Unable to grow with serine or 64 
(Sll2) threonine as sole nitrogen source 

YlR228C ECM22 Unknown Moderately sensitive to caffeine This study 
and 65 

YlR256W HAP1 Activator of respiration genes Essential for anaerobic or he me 4,5,43 
(CYP1) deficient growth 

Sensitive to SOS and EGTA. 
Moderately sensitive to hygromycin 

YlR266C Unknown Unable to grow on non-fermentable This study 
carbon sources 
Sensitive to calcofluor white 

YlR278C - Unknown Moderately sensitive to caffeine This study 

YlR451W lEU3 Regulates expression of genes leaky leucine auxotroph 66, 67 
involved in branched chain amino acid 
biosynthesis and ammonia assimilation 

YMl076C Unknown Unknown -

YMl099C ARG81 Positive and negative regulator of 68 
(ARGR2) many arginine-responsive genes 

YMR019W STB4 Binds Sin3p in two-hybrid assay Sensitive to caffeine This study 
and 39, 43 

YMR168C CEP3 Cbf3 kinetochore complex binds <XE Essential gene 34, 35 
III centromere element 

YMR2BOC CATB Involved in activation of Unable to grow on non-fermentable 69 
gluconeogenic genes carbon sources and ethanol 

YNR063W - Unknown Unknown -

YOlOB9C HAl9 Involved in salt tolerance Exhibits decreased salt tolerance 70 
and ENA 1 expression 

YOR162C YRR1 Activator of multi-drug resistance Hypersensitive to 4-nitroquinoline This study 
genes oxide (4-NQO) and benomyl and 3B, 43 

Unable to grow on nonfermentable 
carbon sources 
Sensitive to calcofluor white 

YOR172W - Unknown Unknown -

YOR337W TEA1 Activator of Ty1 elements Oiminished Ty1 expression 71, 43 
Sensitive to SOS and moderately 
sensitive to MMS 
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YOR363C OAF2 Activator of peroxisome proliferation Impaired in growth of oleate as a 19, 72 
(PIP2) along with Oaf1 p carbon source, induction of ~-

oxidation enzymes is abolished 

YOR380W - Unknown Unable to grow on non-fermentable This study 
carbon sources 
Sensitive to calcofluor white 

YPL133C - Unknown Unable to grow on non-fermentable This study 
carbon sources 
Sensitive to calcofluor white 

YPL248C GAL4 Activator of GAL genes Cannot utilize galactose as sole 3 
carbon sou rce 

YPR094W - Unknown Unknown -

YPR196W MAL63 Activator of maltose genes Unable to ferment maltose 46,47 

Table 3 

Summary of the phenotypes and functions of zinc cluster genes. 

Data are derived from this study, the large scale transposon analysis of Ross-MacDonald et al. 

(42,43) as weB as other sources as indicated in the table. 
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Wild type 

ilYLL054C 

ilYER184C 

ilYFL052W 

ilYOR380W 

Wild type 

ilYLL054C 

ilYER184C 

ilYFL052W 

ilYOR380W 

Figure 1 

GLUCOSE 

GLYCEROL 

Growth on non-fermentable carbon source of selected strains. 

Wild type and deletion strains were grown overnight in YEP-glucose, washed, serially diluted 

and spotted on YEP-glucose or YEP-glycerol plates, as indicated. Wild type strain is FY73. For 

more details, see Materials and Methods. 
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- CAFFEINE 

Wildtype 

~YHR178W 

+ CAFFEINE 

Wild type 

~YHR178W 

Figure 2 

Caffeine sensitivity in YHR178W (STB5) deleted strain 

Wild type (BY4742) and deletion strain (BT, Table 1) were grown ovemight in YPD, washed, 

serially diluted and spotted on YPD plates containing or not 0.15% caffeine. 
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Wild type 

IlYLR266C 

IlYIL130W 

IlYPL133C 

IlVLL054C 

IlYOR380W 

IlYFL052W 

IlVER184C 

IlYOR162C 

Wild type 

IlVIL 130W 

IlYPL 133C 

IlYLL054C 

IlYO 

Figu:re 3 

- CALCOFLUOR 

+ CALCOFLUOR 

Calcofluor white sensitivity in deletion strains 
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Wild type (FY73) and deletion strains were grown ovemight in YPD, washed, serially diluted 

and spotted on YPD plates with or without 70 J.tg/ ml calcofluor white. ORF deletions are 

indicated on left. 
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CONNECTING TEXT 

Our phenotypic analysis assigned phenotypes to a nurnber of zinc cluster protein deletion strains, 

thereby irnplicating thern in a variety of processes within the œIl. AlI that was known about a 

nurnber of these zinc cluster proteins was their sequence, and these phenotypes were the first 

indication of what role these proteins rnay play in the ceU. However, a nurnber of zinc cluster 

proteins did not dernonstrate any phenotype under the conditions tested. Since sorne zinc cluster 

proteins are regulators of genes involved in PDR, we decided to deterrnine if additional zinc 

cluster proteins could be involved in this process. We conducted a phenotypic analysis using the 

sarne deletion strains as before, but growing thern in the presence of various drugs. Each toxic 

compound tested targets various pathways within the ecIl. 
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ABSTRACT 

The Ga14p family of yeast zinc cluster proteins comprises over fifty members that 

are putative transcriptional regulators. For example, Pdrl p and Pdr3p activate multidrug 

resistance genes by binding to pleiotropic drug response elements (PDREs) found in 

promoters of target genes such as P DR5 encoding a drug efflux pump involved in 

resistance to cycloheximide. However, the role ofmany zinc cluster proteins is unknown. 

We tested a panel of strains carrying deletions of zinc cluster genes in the presence of 

various drugs. One deletion strain (~rdrl) was resistant to cycloheximide while eight 

strains showed sensitivity to the antifungal ketoconazole or cycloheximide. Unnamed 

zinc cluster genes identified in our screen were called RDS for regulators of drug 

sensitivity . 

RNA levels ofmultidrug resistance genes such as PDR16, SNQ2 and PDR5 were 

decreased in many deletion strains. For example, cycloheximide sensitivity of a !J.stb5 

strain was correlated with decreased RNA levels and promoter activity of the PDR5 gene. 

We tested if activation of PDR5 is mediated via a PDRE by inserting this DNA element 

in front of a minimal promoter linked to the lacZ gene. Strikingly, activity of the reporter 

was decreased in a !J.stb5 strain. The purified DNA binding domain of Stb5p bound to a 

PDRE in vitro. Mutations in the PDRE known to affect binding ofPdrlp/Pdr3p showed 

similar effects when assayed with Stb5p. These results strongly suggest that Stb5p is a 

transcriptional activator of multidrug resistance genes. Thus, we have identified new 

regulators of drug sensitivity in the family of zinc cluster proteins. 
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INTRODUCTION 

Multidrug or pleiotropic drug resistance (PDR)l is a phenomenon found in 

various organisms, ranging from prokaryotes to eukaryotes, such as yeast and humans. 

The ability of cens to become resistant to toxic compounds such as drugs is of major 

importance since the treatment of many diseases is hampered either by the ability of the 

body' s own malignant cells, or of foreign pathogenic organisms to develop PDR and 

thereby become resistant to drugs. Saccharomyces cerevisiae has been widely used to 

study PDR, allowing us to gain insight into the mechanisms behind PDR in pathogenic 

fungi and in higher eukaryotes. 

There are mainly three types of proteins involved in PDR: 1) ATP-Binding-

• Cassette (ABC) proteins, 2) Major Facilitator Superfamily (MFS) proteins, and 3) 

Transcription factors. ABC pro teins are found in organisms ranging from bacteria to 

humans, and are involved in many important processes in the cell. (1,2) Most ABC 

proteins are ATP-powered membrane translocators, although sorne function as ion 

channels, channel regulators, receptors, proteases and sensing proteins. (3) ABC proteins 

are able to translocate a wide variety of compounds including ions, heavy metals, 

anticancer drugs, steroids, mycotoxins, antibiotics and whole proteins. (1,4-6). Two well-

characterized ABC transporters, Pdr5p and Snq2p, confer PDR. They are functional 

homologues of mammalian P-glycoprotein. (7,8). Contrary to ABC proteins, MFS 

1 The abbreviations used are: WT, wild-type; PDR, pleiotropic drug resistance; MFS, major facilitator 
superfamily; ABC, ATP binding cassette; ORF, open reading frame; PCR, polymerase chain reaction; 
PDRE, p!eiotropic drug resistance element. RDS, regulator of drug sensitivity; EMSA, electrophoretic 
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members do not use ATP. Instead, proton-motive force is used to transport substrates 

across the membrane. Atr 1 p is one member of the MFS shown to be involved in drug 

resistance. (9) 

Various transcription factors have been shown to regulate the expression of genes 

encoding ABC or MFS proteins (10). There are two major families of transcription 

factors involved in PDR: 1) the bZip prote in family (Yap family), and 2) zinc cluster 

proteins. Yap 1 p is the best characterized member of the bZip family and is an important 

regulator in the stress response. (11-13) Yap1p regulates the expression of the ABC 

transporter, Ycflp. (14). Another class of transcription factors involved in PDR is 

composed of zinc cluster or binuclear zinc cluster proteins. They form a family of 

transcription factors found exclusively in fungi. Zinc cluster proteins are characterized by 

a zinc finger which contains the Zn(II)2Cys6 (or C6 zinc) binuclear cluster DNA-binding 

motif with the consensus sequence of CySX2CyS~CySX5_12CySX2CySX6_8CyS. The 

cysteines mediate the binding of two zinc atoms, which are necessary for the zinc finger 

to bind DNA. (15,16) Many zinc cluster proteins bind DNA as homodimers to 

recognition sites that usually faU within three types: inverted, direct and evcrted repeats. 

(17) These proteins have been shown to be involved in various processes in the celI 

including regulation of primary and secondary metabolism, drug resistance and meiotic 

development (18). For example, Ga14p is involved in the activation of genes that encode 

enzymes for galactose metabolism, (19) while Hap 1 p activates genes involved in 

mobility shift assay; GST, glutathione S-transferase; 4-nitroquinoline N-oxide, 4-NQO; a.a., amino acids; 
DBD, DNA binding domain; bp, base pairs. 
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respiration. (20,21) Two zinc cluster proteins, Pdrlp and Pdr3p, have been shown to 

positively control the expression of genes involved in multidrug resistance. (10). 

Target genes ofPdrlp and Pdr3p include PDR5, SNQ2, and YORl encoding ABC 

transporters as well as HXT9 and HXTll encoding hexose transporters which belong to 

the MFS family (22-25). Overexpression of the ABC transporters renders yeast resistant 

to drugs. However the overexpression of the hexose transporters leads to drug sensitivity. 

Even though Pdrl p and Pdr3p recognize the same pleiotropic drug response element 

(PDRE), with Pdr3p binding an everted repeat CCGCGG, they have different roles. 

(26,27) The P DR3 promoter contains two PDREs, allowing for autoregulation. (26). 

Another zinc cluster protein, Yrrlp, is implicated in PDR. For example, Yrrlp has been 

shown to regulate the expression of SNQ2 (28). 

The yeast genome contains 55 genes encoding putative zinc cluster proteins (for a 

complete list see Akache et al. 29 and ref. 30). However, the function of many of these 

putative zinc cluster proteins is unknown. A phenotypic analysis was carried out on 

thirty-three genes encoding yeast zinc cluster proteins in order to better understand their 

role (29). For example, we have shown that deletion of 8 different zinc cluster genes 

impairs growth on non-fermentable carbon sources. In this study, we have extended our 

previous analysis by assaying the growth of these deletion strains in the presence of 

various drugs. Our results show that nine of these deletion strains are either resistant or 

sensitive to at least one drug. 
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EXPERIMENTAL PROCEDURES 

Strains 

The wild-type strain used was BY4742, MATa his3.11Ieu2.10 lys2.10 ura3.10 (31). The 

deletion strains were obtained from Research Genetics (Huntsville, Al) (32). Deletions 

for a number of strains were verified by Southem blot analysis (see list below). Research 

Genetics strain number 11677 does not carry a deletion of the ORF YOR380W 2
. Deletion 

of the YOR380W ORF was performed using the PCR method of Baudin et al. (33) using 

oligos with homology to the target gene at their 5' end and 3' sequences complementary 

to the KanMX (G418R
) selection marker. Plasmid pFA6 (34) was used as a template for 

PCR w i t h the oligonucleotides 

TAACTTAGCGCACACTTTCCTACTTTAAGCTCACCAAATGTGGGCCACAGAAGCAACTC 

A CGT A CGC T G C A G G T C G A C and 

AATTTGCTTCTCGATACACATAATCTATAATACTCTTTTATCTGGCGACGCTATGACGT 

ATCGATGAATTCGAGCTCG 

Media and Drug Assays 

Media were prepared according to Adams et al. (35). YPD contained 1% yeast 

extract, 2% peptone, 2% glucose. SD contained 2% glucose, 0.67% yeast nitrogen base 

(without amino acids) and was supplemented with adenine and appropriate amino acids at 

a final concentration of 0.004%. Drugs were obtained from Sigma. Stock solutions were 

prepared as described below and stored at -20 oC. Cycloheximide, 2 mg/ml in 100% 

ethanol; ketoconazole, 5 mg/ml in H20; chloramphenicol 34 mg/ml in 100% ethanol; 4-
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nitroquinoline N-oxide (4-NQO), 10 mg/ml in dimethyl sulfoxide; rhodamine 6-G 10 

mg/ml in 100% ethanol; oligomycin, 5 mg/ml in 100% ethanol. Cycloheximide, 

ketoconazole, chloramphenicol, and 4-nitroquinoline N-oxide assays were performed 

with glucose as a carbon source while rhodamine 6-G and oligomycin were tested with 

glycerol as a carbon source. Concentrations of drugs used for the assays are indicated in 

Table 2. 

~-galactosidase assays 

The lacZ reporters PDR5-lacZ and SNQ2-1acZ have been described previously 

(36). Briefly, the reporters are low copy plasmids (ARSCEN) containing a URA3 marker. 

The PDR5 and SNQ2 reporters contain 1000 bp and 700 bp of sequences upstream of the 

ATG, respectively. Reporters PDRE3-1acZ, PDRE3A-lacZ and PDRE3B lacZ are high 

copy (2 micron) URA3 marked plasmids containing a single Pdrl/Pdr3p binding site 

inserted upstream of minimal CYCI promoter driving laeZ transcription (36). ~­

galactosidase assays were performed as described previously (36) with permeabilized 

cens. Results were obtained from at least two independent transformations performed at 

least with duplicate samples. Variation between duplicates was typically less than 20%. 

Southern and Northern Blot analysis 

Northern blot analysis and probes have been described previously (36). Southern 

blot analysis was performed as described (37) and the probe was obtained by purifying a 

KAN R fragment by digesting pFA6 (34) with CIal. Strains YBR033W, YBR150C, 

2 K. Hellauer and B. Turcotte, unpublished results 
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YBR239C, YDR520C, YJL103C, YKR064W, YLR228C, YLR278C, YMR019W, YPR196W 

were verified by Southern blot analysis and strains YBL066C, YDR213W, YDR421W, 

YHR178W, YJL089W, YML076C, YPR094W had been characterized previously (29). 

Research Genetics deletion strain #11677 (YOR380W) did not give a band of the 

expected size with a probe corresponding to the promoter region of the YOR380W gene 

(data not shown, see also section "Strains"). 

Electrophoretic Mobility Shift Assay (EMSA) 

A DNA fragment encoding the DNA-binding domain of Stb5p (a.a. 1- 163) was 

amplified by PCR using the oligos CGGGATCCATGGATGGTCCCAATTTTGC and 

GGAATTCCTTGGTACGTCTTGGGGCTC and genomic DNA (isolated from strain 

YPH499, ref. 38) as a template. The PCR product was digested with BamHI and Eco RI 

• and subcloned into plasmid pGEX-F (27) eut with the same enzymes to give pGST­

STB5. The DNA-binding domains of Stb5 and Pdr3p fused to GST were expressed in E. 

coli and purified as described (27). The GST moiety was removed by thrombin c1eavage. 

EMSA was performed according to (27). The probes used in the EMSA correspond to 

site number 3 of the PDR5 promoter (39) and span sequences -372 to -337 bp relative to 

the ATG. Oligos were annealed and filled-in with Klenow and dGTP, dTTP, dATP and 

e2p]dCTP. 

Oligos for PDRE3: 

TCGAAAAAGAGAAATGTCTCCGCGGAACTCTTCTACGCCG and its complement 

TCGACGGCGTAGAAGAGTTCCGCGGAGACATTTCTCTTTT 

PDRE3A: 
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TCGAAAAAGAGAAA TGTCTCTGCGGAACTCTTCTACGCCG and its complement 

TCGACGGCGTAGAAGAGTTCCGCAGAGACATTTCTCTTTT 

PDRE3B: 

TCGAAAAAGAGAAATGTCTCCGCAGAACTCTTCTACGCCG and its complement 

TCGACGGCGTAGAAGAGTTCTGCGGAGACATTTCTCTTTT 

(mutations are in bold characters and underlined). 
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RESULTS 

Our study focused on 32 members of the Oa14p family of yeast zinc cluster 

proteins (Table 1). Many members are putative proteins of unknown function. We 

determined if these zinc cluster genes play a role in multidrug resistance by testing the 

ability of strains carrying deletions of these genes to grow in the presence of 6 different 

drugs: cycloheximide, ketoconazole, chloramphenicol, 4-NQO, rhodamine 6-0 and 

oligomycin. The mode of action of the se drugs is listed in Table 2. Wild-type and 

deletion strains were serially diluted and spotted on plates containing the drugs and 

grown for the time indicated in Table 2. As expected (28), deletion of YRRl resulted in 

hypersensitivity to the mutagen 4-NQO (Table 3). However, none of the thirty-one other 

strains showed altered sensitivity to 4-NQO, oligomycin, rhodamine 6-0 and 

chloramphenicol (data not shown) . 

When assayed with the antifungal ketoconazole or the translation inhibitor 

cycloheximide, nine strains demonstrated a clear phenotype with at least one drug (Table 

3). Three of the genes deleted were not named previously. Since they potentially encode 

transcriptional regulators and show altered drug sensitivity, we named them RDSl to 3 

(for regulator of grug âensitivity, see Tables 2 and 3). Two strains (b..upc2 and !!..rds2) 

were hypersensitive to ketoconazole (Fig. 1). Deletion of RDS3 resulted in a slightly 

decreased resistance as seen from the reduced number of colonies at low celI 

concentration. The b..rds3 strain was also hypersensitive to cycloheximide (see below). 

Moreover, seven strains revealed a phenotype when grown in the presence of 

cycloheximide. One strain (b..rdrl) was resistant to that drug. The same phenotype was 
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observed when RDRI was deleted in the strain FY73 (36). A more detailed analysis of 

RDRI will be presented elsewhere (36). Strains carrying deletions of YIL130W or 

YKL222C were slightly resistant to cycloheximide (data not shown). Because of the 

subtle phenotype observed with these two genes, they were not scored as regulators of 

drug sensitivity. Six other deletion strains showed sensitivity to cycloheximide (Fig. 2). 

For example, deletion of STB5 or RDS3 aboli shed growth on plates containing 

cycloheximide while normal growth was observed in the absence of the drug wh en 

comparedto the wild-type strain. Two strains showed phenotypes on more than one drug: 

strain: !1yrrl was sensitive to 4-NQO and cycloheximide while !1rds3 was sensitive to 

both ketoconazole and cycloheximide. In summary, our study has assigned new drug 

sensitivity phenotypes for nine genes encoding zinc c1uster proteins. 

Deletion strains that showed a phenotype most probably lack a transcriptional 

regulator. Thus, we tested if these strains had altered expression of selected genes 

involved in multidrug resistance. RNA was isolated from the wild-type strain and the 

deletion strains that showed altered drug sensitivity and probed for P DR5, SNQ2 and 

PDR16 mRNAs (Fig. 3). As stated above, SNQ2 andPDR5 encode multidrug 

transporters. For example, Pdr5p has been shown to be a major mediator of 

cycloheximide resistance (40-42). As expected (28), the level of SNQ2 mRNA was 

reduced in cells lacking YRRI (Fig. 3, lane 8). Interestingly, SNQ2 RNA was also 

reduced in a t1stb5 strain (Fig. 3, lane 11). However, actin level was also reduced with 

that strain. We doubled the amount of i1stb5 RNA and repeated the Northem blot analysis 

(Fig. 3, lanes 12 and 13). Clearly, the levels of SNQ2 RNA were reduced in a i1stb5 
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strain white signaIs with an actin probe were similar in wild-type and deletion strains. 

The levels of PDR16 mRNA were reduced in !1ecm22, !1rds2, !1hal9 and !1stb5 strains as 

compared to the wild-type strain (Fig. 3, compare lanes 4,6, 7 and Il with lane 1). PDR5 

mRNA levels were reduced in many strains, but the decrease was not as severe as with 

PDR16 and SNQ2. Strains !1ecm22 and !1stb5 had the Iowest amount of PDR5 mRNA 

when compared to a wild-type strain, while a decrease was also observed in !1rdsl, 

!1rds2, !1haI9, !1upc2, and !1rds3 strains. No major changes in PDR5, PDR16 and SNQ2 

mRNAs were observed with deletion of ORFs YKL22C and YIL130W, in agreement with 

their slight resistance to cycloheximide. AlI the drug sensitive strains had lower rnRNA 

levels for either one or more of the tested RNAs. Thus, the observed phenotypes correlate 

with the reduced amount of the tested mRNAs. Strikingly, a strain deleted of STB5 is 

sensitive to cycloheximide and has reduced rnRNA levels for PDR5 (as weIl as SNQ2 and 

P DR16). Our data strongly suggest that Stb5p is an additional regulator of genes 

encoding ABC transporters. 

In order to determine if changes in PDR5 and SNQ2 mRNA levels are due to 

altered promoter activity, we transformed PDR5 and SNQ2 lacZ reporters into the wild­

type and the deletion strains (Table 4). Only a slightly reduced activity of the SNQ2 

reporter was observed with the !1yrrl strain even though SNQ2 mRNA levels were 

drastically reduced in the absence of Yrrlp. Similar results were obtained in another 

study (43). We do not know the reason for the discrepancy between the Northem blot 

analysis and the reporter assay. The activity of the PDR5 reporter in strain !1hal9 was 

decreased about 2-fold while the activity of the SNQ2 reporter was slightly decreased 
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(Table 4). Deletion of STB5 decreased activity of the PDR5 and SNQ2 reporters 2- and 7-

foId, respectively. In addition, deletion of RDS3 decreased activity of the SNQ2 and 

PDR5 promoters 2- fold and 3-fold, respectively. 

Since both P DR5 and SNQ2 promoters contain PDREs, known to be important in 

regulating transcription by binding of the transcriptional regulators Pdrlp and Pdr3p, we 

wanted to determine if the decrease in activity was mediated through this response 

element. A lacZ reporter was constructed with a PDRE (derived from the P DR5 

promoter) inserted upstream of a minimal CYCI promoter driving lacZ transcription. 

Activity of that reporter was greatly increased (more than 50 foId) when compared to a 

similar construct lacking the PDRE (data not shown). No difference in activity of the 

PDRE-CYCI reporter was observed between the wild-type and the strains deleted of 

HAL9 or RDS3 (Table 5). Therefore, the decreased activity of the P DR5 reporter in 

I1hal9, and I1rds3 strains may be due to an element other than the PDREs within the 

PDR5 and SNQ2 promoters (or indirect effects). However, deletion of STB5 reduced 

activity of the PDRE-CYCI reporter by a factor of 2.7 (Table 5). These results suggest 

that activation of the PDR5 and SNQ2 genes by Stb5p is mediated by PDREs. This 

possibility is supported by mutational analysis of the PDRE. Indeed, we tested two 

PDREs containing mutations located in either of the CGG triplets that are crucial for 

binding ofPdr3p (27). As expected, activity of the two mutants was decreased in a wild­

type strain. A mutation in the first CGG triplet (mutant PDRE3A, Table 5) resulted in a 

modest decrease of activity in a I1stb5 strain as compared to the wild-type strain. 

However, mutating the second CGG triplet (mutant PDRE3B) reduced reporter activity 
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2.6 fold in cells lacking Stb5p. These results suggest that the first CGG triplet is 

important for maximal activation by Stb5p. In addition, our data suggest that Stb5p and 

PdrlpIPdr3p recognize highly related DNA elements. 

Since our results suggest that Stb5p activates transcription through PDREs, we 

tested if it can bind directly to that DNA element. The putative DNA-binding domain 

(DBD) of Stb5p was fused to GST, expressed in bacteria, purified and the GST moiety 

removed by thrombin cleavage. The DBD of Stb5p was then assayed by EMSA using a 

Pdrlp/Pdr3 binding site (Fig. 4). In the presence of the DBD ofStb5p, two major retarded 

complexes were observed. It is possible that the two complexes correspond to monomeric 

and dimeric forms of Stb5p. Strikingly, mutations that prevent binding of the activator 

Pdr3p (ref. 27 and data not shown) also greatly diminished binding of Stb5p (Fig. 4, 

mutants PDRE3A and PDRE3B). Thus, our results strongly suggest that Stb5p activates 

transcription of multidrug resistance genes by binding to PDREs that are also recognized 

by the well-characterized activators Pdrl p and Pdr3p. 
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DISCUSSION 

The zinc cluster proteins Pdrlp, Pdr3p and Yrrip are well-known transcriptional 

activators of rnultidrug resistance genes (4,10,28). However, the roie of many other zinc 

cluster proteins is unknown. We have performed a systematic phenotypic analysis of 

strains deleted of zinc cluster genes to determine if additional members of this family are 

involved in conferring multidrug resistance. Interestingly, we found that nine different 

strains lac king zinc cluster pro teins showed a phenotype when assayed with the 

antifungal ketoconazole and the translation inhibitor cycloheximide (Table 3). Eight 

strains were sensitive to a drug, while one (MdrI) was resistant to cycloheximide. In 

another study (36), we performed whole-genome analysis of gene expression and have 

shown that Rdrlp is a transcriptional repressor of five genes including PDR5. Thus, the 

effect of Rdrlp is highly specific. For example, expression of SNQ2 is not affected by 

removal of Rdrlp while expression of PDR5 is increased about 5-fold, in agreement with 

the increased cycloheximide resistance. Furthermore, we have shown that a PDRE 

derived from the PDR5 promoter mediates the repression effect. 

With the exception of RDRl, aIl strains were sensitive to drugs (Table 3). For 

example, Yrrl p was previously shown to confer 4-NQO resistance by controlling 

expression of SNQ2 (28). Our results show that removal of Yrrlp also results in 

cycloheximide sensitivity. Similarly, Ha19p conf ers salt resistance (44) and our study 

shows that this prote in is also involved in conferring resistance to cycloheximide. Upc2p 

and Ecm22p are activators of the sterol biosynthetic genes (45). Deletion of UPC2 results 
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only in ketoconazole sensitivity while deletion of ECM22 yields a strain sensitive to 

cycloheximide but not ketoconazole (Table 3, Figs 1 and 2). Moreover, ECM22 but not 

UPC2 is sensitive to caffeine (29), an inhibitor of the MAP kinase pathway and cAMP 

phosphodiesterase (46). Thus, even though Upc2p and Ecm22p have been shown to have 

overlapping functions (45), our phenotypic analysis suggests that they also have specifie 

targets. 

Other genes identified in our screen were not named previously and, because of 

their phenotype, they were called RDS for regulators of drug sensitivity. Two of these 

genes (RDS1, RDS3) are involved in conferring resistance to cycloheximide while the 

third one (RDS2) mediates ketoconazole resistance. Thus, we have identified additional 

zinc cluster proteins responsible for drug resistance. The number of strains scored with a 

phenotype in our screen may seem to be high when considering the nurnerous studies on 

multidrug resistance in yeast. However, one has to take into account that we have 

targeted the biggest family of transcriptional regulators in yeast. 

Our phenotypic analysis raises the question of the mechanism of action of these 

zinc c1uster proteins: do they play a direct role in regulating one or more genes invoived 

in PDR, or do they have an indirect effect? To help distinguish between these two 

possibilities, we determined if expression of sorne genes implicated in rnultidrug 

resistance is affected by removal of zinc c1uster proteins. Northem blot analysis showed 

that deletion of STB5 greatly decreased RNA levels for SNQ2 and PDR16 (and to a lesser 

extent PDR5) while deletion of YRRl reduced SNQ2 RNA (Fig. 3). Moreover, a strain 
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deleted of RDS3 has lower PDR5 rnRNA levels. However, we did not observe significant 

changes in PDR5, SNQ2 and PDR16 RNA levels for many other strains that showed drug 

sensitivity. Multidrug resistance genes not tested in our study may be responsible for the 

observed phenotype. Whole-genome analysis of gene expression will be invaluable in 

identifying targets for these putative transcriptional regulators. 

We then tested if activity of PDR5 and SNQ2 reporters is altered in deletion 

strains (Table 4). Reduced activity was observed in !1stb5, !1hal9 and !1rds3 strains in 

agreement with the Northern blot analysis. Similarly, a SNQ2 reporter showed reduced 

activity in a !1stb5 strain, in agreement with the reduced RNA levels. However, decreased 

activity of a SNQ2 reporter in a !1rds3 strain does not correlate with the Northem bIot 

analysis. We do not know the reason for this discrepancy. 

In summary, our results show that deletion of STB5 results in cycloheximide 

sensitivity and reduced PDR5, SNQ2 and PDR16 RNA levels. These observations are 

also correlated with decreased activity of PDR5 and SNQ2 reporters. Since the tested 

genes affected by removal of Stb5p aU contain PDREs, we were interested in determining 

if the effect of Stb5p on gene expression is mediated by that DNA element. Strikingly, a 

reporter containing a PDRE inserted in front of a minimal CYCI promoter showed 

decreased activity in a ô-stb5 strain (Table 5). Additional support for a direct role of Stb5p 

in regulating transcription of PDR5 (and other genes) was provided by EMSA. Indeed, 

the purified DBD of Stb5p bound specifically to a PDRE (Fig. 4). Mutations known to 

reduce binding of Pdr3p also decreased binding of Stb5p. 
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Thus, our results strongly suggest that Stb5p activates multidrug resistance genes 

by binding directly to PDREs. The same DNA element is also recognized by the 

transcriptional activators Pdrlp and Pdr3p (23-25,39,47-50). Moreover, we have 

previously shown that another zinc cluster protein, Rdrl p, negatively regulates 

expression of P DR5 by acting on a PDRE (36). Thus, the regulation of multidrug 

resistance genes via PDREs is more complex than initially anticipated. Even though our 

work strongly suggests that Stb5p is a transcriptional activator, previous studies have 

shown that it interacts with Sin3p in a two-hybrid assay (51). Sin3p represses gene 

expression by interacting with the histone deacetylase Rpd3p (52). Therefore, Stb5p may 

be both a positive and a negative regulator of gene expression as observed with the zinc 

cluster proteins Ume6p and Rgtlp (53,54) . 

Many questions remain to be answered. For example, does the binding affinity of 

Stb5p for different PD REs in the promoters oftarget genes differ? This would explain the 

differential effect of Stb5p on expression of the SNQ2, PDR16 and PDR5. What is the 

mechanism of action of the zinc cluster proteins (other than Stb5p) identified in our 

screen? Importantly, our studies have identified new players involved in multidrug 

resistance. Our work also shows the power of a systematic functional genomic approach. 
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Table 1 

Syst. name Gene Function Ref. 

YBL066C SEFI Suppressor of essential function (55) 
YBR033W - Unknown -
YBR150C - Unknown -
YBR239C - Unknown -
YBR240C THI2(PH06) Activator of thiamin biosynthetic genes (56) 
YCRI06W RDSI Regulator of drug sensitivity This study 
YDR213W UPC2 Activator of sterol biosynthetic genes This study, 

(45,57) 
YDR421W AR080 Activator of the gene encoding aromatic (58) 

aminotransferase 
YDR520C - Unknown -
YER184C - Unknown -
YFL052W - Unknown -
YHR178W STB5 Binds Sin3p in two-hybrid assay This study, 

(51) 
YIL130W - Unknown -
YJL089W SIP4 lnvolved in Snfl p regulated (59,60) 

transcriptional activation 
YJLI03C - Unknown -
YJL206C - Unknown -
YKL222C - Unknown -
YKR064W - Unknown -
YLL054C - Unknown -
YLR228C ECM22 Activator of sterol biosynthetic genes This study, 

(45) 
YLR266C - Unknown -
YLR278C - Unknown -
YML076C - Unknown -
YMR019W STB4 Binds Sin3p in two-hybrid assay (51) 
YNR063W - Unknown -
YOL089C HAL9 lnvolved in salt tolerance This study, 

(44) 
YOR162C YRRI Activator of multidrug resistance genes This study, 

(28) 
YOR172W - Unknown -
YOR380W RDRI Repressor of multidrug resistance genes (36) 
YPL133C RDS2 Regulator of drug sensitivity This study 
YPR094W RDS3 Regulator of drug sensitivity This study 
YPR196W MAL 63 Activator of Maltose genes (61) 
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Genes tested in tbis stndy 

Genes tested in this study are listed. They aIl encode (putative) zinc cluster proteins. 

Systematic names are given on the left as well as the name of the genes. YCR106W, 

YPL133C and YPR094W were named RDSl to 3 respectively, since this study shows that 

they are regulators of .drug liensitivity. For more details, see Materials and Methods . 
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Table 2 

Drug Target Drug Growth time 

concentrati (days) 

on used 

CHLORAMPHENICOL Inhibits DNA synthesis 3 mg/ml 2 

CYCLOHEXIMIDE Inhibits protein translation lilg/mi 9 

KETOCONAZOLE Antifungal. Inhibitor of the 41lg/m1 2 

ERG Il gene product involved 

in ergosterol synthesis 

4-NQO DNAmutagen 0.35Ilg/m1 2 

OLIGOMYCIN Inhibits oxidative 1 Ilg/ml 4 

phosphorylation 

RHODAMINE 6-G Inhibits oxidative 51lg/ml 4 

phosphorylation 

Conditions used for drug assays 

Drugs tested in this study and their targets are listed. Drug concentrations and growth 
times are also indicated. 
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Table 3 

Syst. name Gene Phenotype of deletion strains 

Ketoconazole Cycloheximide 4-NQO 

YCR106W RDSI - Sensitive -
YDR213W UPC2 Sensitive - -
YHR178W STB5 - Sensitive -
YIL 13 OW - - Slightly resistant -
YKL222C - - Slightly resistant -
YLR228C ECM22 - Sensitive -
YOL089C HAL9 - Sensitive -
YOR162C YRRI - Sensitive Sensitive 

YOR380W RDRI - Resistant -
YPL133C RDS2 Sensitive - -
YPR094W RDS3 Slightly Sensitive -

sensitive 

Summary of the drug sensitivity assays. 

Zinc cluster genes who se deletion results in altered drug sensitivity are listed. Phenotypes 

(resistance or sensitivity to ketoconazole, cycloheximide and 4-NQO) are also indicated. 

99 



Regulators of drug sensitivity 

Table 4 

Strain l3-galactosidase activity 

PDR5-1acZ SNQ2-1acZ 
WT 56 13 
L1rds1 62 13 
,1upc2 51 12 
&tb5 23 1.7 
,1ecm22 50 12 
,1hal9 33 10 
,1yrr1 87 10 
,1rds2 80 13 
,1rds3 33 3.4 

Activity of PDRS-lacZ or SNQ2-lacZ reporters is decreased in cells lacking Stb5p, 

Hal9p or Rds3p. 

l3-galactosidase activity was measured in wild-type and deletion strains containing 

• reporters for PDR5 or SNQ2 as described in Materials and Methods. 
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Table 5 

Strain ~-galactosidase activity 

PDRE3-CYC1- PDRE3A-CYCl- PDRE3B-CYCl-

lacZ lacZ lacZ 

WT 46 10 18 

&tb5 17 7.1 6.8 

i1hal9 42 NT NT 

t1rds3 39 NT NT 

Transcriptional activation by Stb5p is mediated by a PDRE. 

~-galactosidase activity was measured in wild-type and deletion strains transformed with 

lacZ reporters driven by a minimal CYCI reporter or a CYCI containing a wild-type 

PdrlpIPdr3p binding site ("PDRE3") or mutant sites ("PDRE3A" and "PDRE3B") 

inserted upstream of the CYCl promoter. The core sequence of the PDREs is shown Fig. 

4. Reporters were assayed for ~-galactosidase activity as described in Materials and 

Methods. "NT": not tested . 
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Figure 1 

KET ONAZ LE 

+ KETOCONAZOLE 

WT 
Aupc2 
Ards2 
Ards3 

Deletion of the UPC2, RDS2 or RDS3 genes results in altered sensitivity to 

ketoconazole. 

Wild-type or deletion strains were grown overnight in YPD. cens were spun down, 

resuspended in water and serially diluted (left to right: approxirnately 1.25X104
, 2.5X103

, 

5X102 and lXl02 cens). Cells were then spotted on YPD plates either with (lower panel) 

or without (upper panel) ketoconazole. Gene deletions are indicated on the right part of 

the figure. "WT", wild-type strain. 

102 



• 

Regulators of drug sensitivity 

Figure 2 

- CYCLOHEXIMIDE 

WT 
ârds1 
âstb5 
âecm22 
âha/9 
âyrr1 
ârdr1 
ârds3 

+ CYCLOHEXIMIDE 

WT 
ârds1 
âstb5 
âecm22 
âha/9 
âyrr1 
ârdr1 
ârds3 

Deletion of various genes encoding zinc cluster pro teins results in altered sensitivity 

to cycloheximide. 

Wild-type or deletion strains were grown ovemight in YPD. Cells were spun down, 

resuspended in water and serially diluted (left to right: approximately 1.25X104
, 2.5X103

, 

5X102 and lX102 cells). cens were then spotted on YPD plates either with (lower panel) 

or without (upper panel) cyc1oheximide. Gene deletions are indicated on the right part of 

the figure. "WT", wild-type strain. 
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Figure :3 

'1 2 3 il 5 6 , 1 il 10 11 

Northern blot analysis of selected genes. 

.. PDRS 

.. PDR16 

.. SNQ2 • 

.. ACTINf. 

12 13 

Wild-type and deletion strains were grown in rich medium and RNA isolated. About 

twenty f...lg of total RNA were loaded per lane (1 to Il) for Northem blot analysis (see 

Materials and Methods). For the t1stb5 strain, RNA samples were adjusted, reloaded and 

probed with SNQ2 and actin (lanes 12 and 13). Probes are indicated on right of the 

autoradiograms and the strains on top. 
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Figure 4 

Stb5p: + + + 

PROBE: LPDRE31PDRE3A1PDRE3S J 

PDRE3: 

PDRE3A: 

-+ TCTCCGCGGAAC 
AGAGGCGCCTTG 

+-
-+ TCTCTGCGGAAC 

AGAGACGCCTTG 
~ 

-+ 
PDRE3B: TCTCCGCAGAAC 

AGAGGCGTCTTG +- -

Stb5p binds to a PDRE. 

The purified DNA binding domain (a.a. 1-163) of Stb5p was used in an EMSA. Core 

sequences of the probes are shown at the bottom with mutations underlined. Arrows 

correspond to CGG triplets known to be important for binding of Pdr3p. Top, "-" no 

Stb5p; GST: EMSA performed with purified GST. 
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CONNECTING TEXT 

Our phenotypic analysis revealed that in addition to Pdrlp, Pdr3p, and Yrrlp, other zinc 

cluster proteins appear to have a role in PDR. One of these in particular, Stb5p, appears 

to play a key role in regulating multidrug resistance genes, since its deletion leads to 

hypersensitivity to drugs and to a substantial decrease in SNQ2 expression. Stb5p was 

also shown to bind a PDRE, the same element that mediates Pdrlp and Pdr3p activity. 

Since Pdrl p and Pdr3p are able to homo- and heterodimerize, we tested the ability of the 

newly identified regulator of PDR, Stb5p, to homo- and heterodimerize with Pdrl p, 

Pdr3p, and Yrrlp. 
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ABSTRACT 

The Ga14p family of yeast zinc cluster proteins comprises activators of multidrug 

resistance genes. For example, Pdrlp and Pdr3p bind as homo- or heterodimers to pleiotropic 

drug response elements (PDREs) found in promoters of target genes. Other zinc cluster 

activators of multidrug resistance genes include Stb5p and Yrrlp. To better understand the 

interplay among these regulators, we have performed native co-immunoprecipitation 

experiments. Interestingly, Stb5p is found predominantly as a Pdrlp heterodimer while Yrr1p 

dimerizes with itself and Pdrl p. Similar results were obtained using GST pull-down assays. 

Importantly, the purified DNA binding domains of Stb5p and Pdrl p bound to a PDRE as 

.. heterodimers in vitro. We assayed the contribution of the se zinc cluster proteins in the activation 

ofa lacZreporter derived from the multidrug resistance gene SNQ2. Deletion of STB5 or PDRl 

had the strongest effect on reporter activity. Moreover, mutational analysis showed that 

activation by Stb5p and Pdrlp is mediated via two PDREs found in the SNQ2 promoter. Our 

results demonstrate a complex interplay among these activators and suggest that Pdrl p is a 

master regulator involved in recruiting other zinc cluster proteins to fine-tune the regulation of 

multidrug resistance genes. 
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INTRODUCTION 

T oxic compounds such as drugs are used to treat many diseases by killing the harmful 

target ceUs, which can be either foreign pathogeruc organisms or the patient' s own tumor ceUs. 

However, both prokaryotic and eukaryotic ceUs can acquire the ability to become resistant to 

toxic compounds through the phenomenon of multidrug or pleiotropic drug resistance (PDR). 

Saccharomyces cerevisiae can also acquire PDR, making it a valuable tool in the study of this 

phenomenon so that we may gain insights into the mechanisms behind PDR in pathogeruc fungi 

and in higher eukaryotes. 

CeUs that have acquired PDR have consistently shown higher levels of expression of 

drug efflux pumps. These pumps faU within two protein families: ATP-Binding Cassette (ABC) 

transporters and Major Facilitator-8uperfamily (MFS) transporters. Their increased expression 

allows expulsion of drugs from within the ceU and, as a result, survival in the presence of these 

drugs. These higher levels of expression are often due to mutations in the transcription factors 

that regulate the expression of these pumps. 

A complex network of various transcription factors has been shown to be involved in the 

regulation of the expression of genes encoding ABC or MFS proteins. There are two major 

families of transcription factors involved in PDR: 1) the bZip protein family (Yap family), and 2) 

zinc cluster proteins. Yaplp is the best characterÏzed member of the bZip family and is an 

important regulator in the stress response (14, 38,47). Yaplp regulates the expression of YCFl 

which encodes an ABC transporter (43). The other class of transcription factors involved in PDR 

109 



is composed of a subclass of zinc finger proteins, the zinc cluster or binuclear zinc cluster 

proteins (2, 3, 36,40). These proteins contain a DNA binding domain (DBD) which possesses 

the well-conserved motif CySX2CySX6CYSXS_16CySX2CySX6_SCyS with cysteines binding to two 

zinc atoms which coordinate folding of the domain involved in DNA recognition (41). Two 

highly homologous zinc cluster proteins, Pdrl p and Pdr3p, positively control the expression of 

genes involved in multidrug resistance (7, 23, 46). Target genes ofPdrlp and Pdr3p include the 

ABC transporters genes PDR5, SNQ2, and YORl (11, 13, 20, 28, 47). Other targets include 

HXT9 and HXTll which encode hexose transporters belonging to the MFS family (34). Another 

zinc cluster protein, Yrrlp, regulates the expression of SNQ2 and YORl (10,26,48). 

In addition to these three zinc cluster proteins, Stb5p and Rdrl p have been recently 

implicated in the regulation of expression of P DR5 and/or SNQ2 (2, 17). Pleiotropic drug 

response elements (PDREs) present in the promoters of genes encoding ABC transporters, as 

weIl as in the PDR3 promoter, have been shown to be important in the regulation ofthese genes. 

Pdrlp, Pdr3p, Stb5p and Rdrlp aU act through this element, with Pdrlp, Pdr3p and Stb5p able to 

bind to an everted repeat CCGCGG. (2, 12, 16, 18,20,21,28). Characterization ofPDREs in the 

PDR3 promoter indicates that autoregulation can occur at this gene (12). Even though they act 

through the same element, aU these zinc cluster proteins may perform different functions. Pdrlp 

and Pdr3p have recently been shown to be able to form homo- and heterodimers (29). Different 

combinations of homo- and heterodimers may regulate the expression of different genes, which 

might help explain how these two proteins act differently. 
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Pdrlp, Pdr3p and Yrrlp have been extensively studied, and their roles in the cel! are 

relatively well understood. However, with the finding that Stb5p regulates genes involved in 

PDR, new questions have arisen regarding the exact mechanism ofregulation ofthese genes. The 

DBD of Stb5p has been shown to bind a PDRE from the PDR5 promoter, and Stb5p is involved 

in the regulation of PDR16, PDR5 and SNQ2 expression. However, it seemed to play a greater 

role in the regulation of the SNQ2 gene than of the PDR5 gene, even though they both contain 

PDREs. We have tested the ability of Stb5p and other zinc cluster proteins described above to act 

on the different PDREs found in the SNQ2 promoter and whether or not they act in coordination. 

We show that Stb5p interacts with Pdr l P (but not Pdr3p) and that Y rr 1 p can form homodimers or 

heterodimers with Pdrlp. 

MATERIALS AND METHODS 

~ Straûns 

Wild-type strains used were BY4741, MATa his3t11 leu2t10 met15L10 ura3t10, and 

BY4742, MATa his3t111eu2t10 lys2L10 ura3L10 (8). The deletion strains for STB5, PDR1, PDR3 

and YRRl were obtained from Research Genetics (Huntsville, Al) (44). The open reading frames 

(ORFs) of GAL4, PDR1, PDR3, STB5 and YRRl were tagged at their natural chromosomal 

locations with triple HA and MYC epitopes according to Schneider et al. (37). Ga14p, Pdrlp, 

Stb5p and Yrrlp were N-terminally tagged. Since a N-terminally tagged Pdr3p was not 

functional (data not shown), it was tagged at its C-terminus. Tagging was performed by 

transforming the strains BY4741 and BY4742 with the PCR products generated with the 

following oligos (purified on a denaturing polyacrylamide gel) using p3XMYC and p3XHA as 

templates (37). 
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GAL4: 
CCATCATTTTAAGAGAGGACAGAGAAGCAAGCCTCCTGAAAGATGAGGGAACAAA 
AGCTGGAG 
and 
AAGTCGGCAAATATCGCATGCTTGTTCGATAGAAGACAGTAGCTTTAGGGCGAATTG 
GGTACC 

PDR1: 
CTCAGCCAAGAATATACAGAAAAGAATCCAAGAAACTGGAAGATGAGGGAACAAA 
AGCTGGAG 
and 
CGGACCCGTCTCAATATGTACACCGTTCTTAGGTGTCAAGCCTCGTAGGGCGAATTG 
GGTACC 

PDR3: 
TTATATCATACTCTGTGGAATGACAATACTTCATATCCCTTCTTAAGGGAACAAAAG 
CTGGAG 
and 
TTTACTATGGTTATGCTCTGCTTCCCTATTTCTTTTGCGTTTTCATAGGGCGAAT 
TGGGTACC 

STB5: 
GTACAGGGCTAAAAAATTAATACAAAGGTGTAAAAGAAGGACATGAGGGA 
ACAAAAGCTGGAG 
and 
AGTACGTTGTGATCTCCCGCCTTGATGTGCAAAATTGGGACCATCTAGGG 
CGAATTGGGTACC 

YRR1: 
AAGTTTATTGCCCTCAGCCGTGCCAATAAGAATAGCGTCACAATGAGGGAACAAAA 
GCTGGAG 
and 
GTTGGTGGCCTGGAAACTTCCCAACAAAGCATCGCTTCTTCTTTTTAGGGCGAATTG 
GGTACC 

Nucleotides in bold correspond to the initiator codon. Transformants were selected on plates 

lacking uracH. Homoiogous recombinations were verified by 10ss of function (reduced drug 

resistance for P DR1, P DR3 and STB5 or absence of growth on galactose plates for GAL4). cens 

were grown overnight in ri ch medium to allow internai recombination between sequences 

encoding epitopes and uraT strains were selected on plates containing 5-fluoroorotic acid (37). 
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Strains of the opposite mating type were crossed to obtain diploid strains expressing 

combinations of tagged protems. 

Media 

Media were prepared according to Adams et al. (1). YPD contained 1 % yeast extract, 2% 

peptone, and 2% glucose. SD contained 2% glucose, 0.67% yeast nitrogen base (without amino 

acids) and was supplemented with adenine and appropriate amino acids at a final concentration 

of 0.004%. 

Reporters and (3-galactosidase assays 

Reporter pSNQ2-1acZ is a low copy plasmid (ARSCEN) containing ~700 bp ofpromoter 

sequences upstream of the ATG codon (17). Mutations in each of the three PDREs (see Table 1) 

were introduced by subcloning the XhoI-BamHI fragment (containing the SNQ2 promoter) of 

pSNQ2-lacZ into pBluescriptIIKS- cut with the same enzymes. The resulting plasmid was used 

for site-directed mutagenesis (25) USlllg the o ligonucleotide s 

GTAGAAATCTAGCATCTGCAGAGCTATTTTAAGTTT (PDRE#l), 

AGCTATTTTAAGTTTCTGCAGATGCCTTTCGATCCT(PDRE#2)~d 

CCCAGTCGTCTGGTTCTGCAGACAT ATGACT AAATG (PDRE#3) (mutations are 

underlined). The BamHI-À1101 fragment of pSNQ2-1acZ was then replaced with the mutated 

inserts to give pSNQ2b.PDREl-1acZ, pSNQ2b.PDRE2-1acZ and pSNQ2b.PDRE3-1acZ. Mutants 

carry a mutation in each CGG (or CGC) triplet of the core sequence of the PDREs (CCGCGG to 

CIGCAG). ~-galactosidase assays were performed as described previously (17) with 
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permeabilized cells. J3-galactosidase assays were performed in duplicate from at least two 

independent transformations. 

Bacterial expression vectors 

A bacterial expression vector for Yrrlp, pGST-Yrrl(1-170), was constructed by 

amplifying the sequences encoding the DBD of Y rrl p (a.a. 1-170) using oligos 

CGGGATCCATGAAAAGAAGAAGCGATGC and 

ACTACGCAATTGTTAGTAGTACCGGTCGGCATATG and yeast genomic DNA (isolated 

from strain YPH499 as a template, ref. 39). The PCR product was cut with BamHI and Mfel and 

subcloned into pGEX-f (18) cut with BamHI and EcoRI. Similarly, pGST-Pdrl(1-152) was 

constructed using oligos CGGGATCCATGCGAGGCTTGACACCTAA and 

GGAATTCAATCGTCGTCATTCT. The PCR product was cut with BamHI and EcoRI and 

• subcloned into pGEX-f cut with the same enzymes. The same DNA fragment was subcloned into 

pRSET-A (Invitrogen) cut with BamHI and EcoRI to give pHis-Pdrl(1-152). Sequences 

encoding a triple HA epitope were amplified by PCR using oligos 

GAAGATCTCTGCAGATGTACCCATACGATGTTCCT and 

GAAGATCTAGCAGCGTAATCTGGAACG using plasmid p3XHA (37) as a template. The 

PCR product was cut with BglU and subcloned into the BamHI site ofpHis-Pdrl(1-152) to give 

pHis-HA-Pdrl(1-152). 

Protein expression and electrophoretic mobiHty shift assay (EMSA) 

Expression, purification of fusion proteins and EMSA were performed as described (18, 

33) except that the amount of probe was five times higher (0.3 pmole per binding reaction). The 
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probe for EMSA was obtained by annealing oligos (TCGANx with Nx corresponding to the 

PDRE 1 found in the SNQ2 promoter and its complement, see Table 1), filling-in with Klenow 

and dGTP, dTTP, dATP and e2p]dCTP. 

In vitro puH-down assays 

BY4741 cells containing the ORF encoding the HA-tagged Stb5p, Ga14p or Yrrlp were 

grown in 200 ml of YPD to an OD600 of around 1. Cells were spun down and washed with ice­

cold water. Cells were resuspended in an equal volume of ice-cold IP-l buffer (150 mM NaCl, 

15 mM Tris-HCl pH 7.6,1% TritonX-100, 10 mM pyrophosphate, ImM PMSF, 2 mM DTT, 1 

Ilg/m1 pepstatin and 1 Ilg/ml leupeptin) as modified from Mamnun et al. (29). An equal volume 

of chilled glass beads was added, and the cells were vortexed three times for 1 min. The lysate 

was separated from the debris and unlysed cells by centrifugation. GST fusion proteins were 

expressed in E. coli and purified as described (18) using plasmids pGST-Pdrl(1-152) (see 

above), pGST-Stb5(1-163) (2) and pGa14(1-143) (18). Half of the GST pro teins attached to 

glutathione sepharose beads were mixed with the yeast lysates and left overnight at 40 C. The 

beads were washed with the IP-l buffer and the proteins were suspended in 50 III of lx Laemmli 

buffer. The proteins were resolved on 7.5% SDS-PAGE gels, and analyzed by immunoblotting 

with the HA antibody (12Ca5, Roche). 

In vivo co-immunoprecipitation assays 

Diploid strains described above were grown in YPD to an OD600 of around 1 in a volume 

of 200 ml. Proteins were isolated as described above and incubated for 2 h with 4 Ilg of MYC 

antibody (9EIO, Upstate). Then 20 III of a 50% protein G sepharose slurry were added to the 
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lysates and incubated ovemight at 4°C. The samples were washed with the IP-l buffer and then 

the proteins were dissociated from the beads by boiling the sample for 5 min in 1 x Laemmli 

buffer. The samples were run on a 7.5% SDS-PAGE gel, and analyzed by immunoblotting with a 

HA antibody (l2Ca5, Roche). 

RESULTS 

Pdrlp and Pdr3p activate transcription through PDREs by forming homo- and 

heterodimers (29). Since Stb5p also activates transcription by binding to PDREs (2), we tested if 

it could dimerize with either Pdrl p, Pdr3p or itself using co-immunoprecipitation assays. Triple 

MYC or HA epitopes were inserted into chromosomal DNA at the loci encoding these proteins 

and at the GAL4 locus. Gal4p, another member of the family of zinc cluster proteins, activates 

expression of genes involved in galactose metabolism by binding to target DNA sequences as a 

homodimer (31 and refs. therein). Tagged Gal4p was used as a negative control since it does not 

play any role in conferring drug resistance and, as a result, it should not interact with Stb5p, 

Pdrlp, Pdr3p or Yrrlp. AIl tagged proteins were fully functional since the haploid strains 

expressing these tagged proteins had a wild-type phenotype when tested on drugs for PDR1, 

PDR3, STE5 and YRRl and when grown on galactose for GAL4 (data not shown). Since the 

tagged proteins are expressed from their natural promoters, levels of these proteins should not 

differ from those normaUy present in wild-type ceUs. 

Diploid strains expressing different combinations of tagged Stb5p, Pdrlp, Pdr3p and 

Ga14p were grown in rich medium (YPD) to mid-log phase. Extracts were used for 

immunoprecipitation with an anti-MYC or an anti-HA antibody. Upon Western blot analysis, aU 
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tagged proteins tested could be detected at a position expected from their predicted molecular 

weight (data not shown). Co-immunoprecipitation experiments were performed using an anti­

MYC antibody and proteins were then mn on a gel and visualized by immunoblotting with an 

anti-HA antibody. A strong signal was obtained with HA-Pdrlp co-immunoprecipitated with 

MYC-Stb5p (Fig. lA, lane 5), while there was no signal for HA-Ga14p (Fig. lA, lane 4). In 

another study (29), it has been shown that multiple bands detected with Pdrl p correspond to 

different phosphorylated forms of the prote in. No signal was obtained when HA-Stb5p was co­

immunoprecipitated with MYC-Pdr3p or MYC-Stb5p (Fig. lA, lanes 6 and 7). However, upon 

overexposure, a weak signal was observed but it was at least 20 times weaker than the Pdrl p 

signal (data not shown). In summary, our results strongly suggest that Stb5p is primarily found 

as a heterodimer with Pdrl P in vivo. 

To test if the DBD of Pdrl P is sufficient for interaction with Stb5p, in vitro GST pull­

down assays were performed. The DBDs of Pdrl p and Ga14p fused to GST were expressed in 

bacteria, purified and bound to glutathione sepharose beads. Protein extracts were prepared from 

haploid yeast strains expressing HA-Ga14p or HA-Stb5p and added to the GST fusion proteins 

bound to beads. After washing, bound proteins were eluted, run on a gel and visualized by 

immunoblotting. GST-Pdrlp interacted with HA-Stb5p but not with HA-Ga14p (Fig. lB). 

Moreover, HA-Stb5p did not interact with GST-Ga14p. These results from the GST pull-down 

assay are in agreement with the co-immunoprecipitation experiments. 

Since Yrrlp is also involved in PDR, we were interested in determining if it could 

interact with itself as weIl as other PDR activators such as Pdrl p, Pdr3p and Stb5p. Co-
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immunoprecipitation experiments similar to those described above were performed with Mye­

and HA-tagged Yrrlp. Results show that Yrrlp forms homodimers in vivo (Fig. 2A, lane 7) and 

heterodimers with Pdrlp (Fig. 2A, lane 4). No interaction ofYrrlp with Gal4p, Pdr3p and Stb5p 

was detected in this assay (Fig. 2A, lanes 3, 5 and 6, respectively). Results were confirmed using 

a GST pull-down assay (Fig. 2B). HA-Yrrlp was pulled down with GST-Yrrlp and GST-Pdrlp 

but not GST -GaI4p. As observed with Stb5p, the DBD of Pdrl p is sufficient for interaction with 

Yrrlp. Moreover, the DBD ofYrrlp allows interaction with its full-length counterpart. Thus, the 

GST pull-down assay with Yrrlp is aiso in agreement with the co-immunoprecipitation 

experiment, as seen with Stb5p. 

We wished to determine if the interaction of Stb5p with Pdrlp se en in vivo could be 

observed in vitro using purified components. The DBD of Pdrlp was expressed in E. coli as a 

• fusion with 6XHis and a triple HA epitope (His-HA-Pdrlp) and purified on a nickel column. 

Similarly, GST-Stb5p was expressed in E. coli, purified and the GST moiety removed by 

thrombin cleavage. In vitro binding of the purified proteins was assayed by EMSA using a probe 

corresponding to the PDRE number 1 found in the SNQ2 promo ter (Table 1). With the DBD of 

Stb5p alone, two major retarded complexes of fast mobility were observed (Fig. 3, lanes 2 to 5). 

It is possible that these complexes correspond to Stb5p bound as a homodimer to DNA. With the 

DBD of Pdrl p alone, a retarded complex was observed only at high protein concentration (Fig. 

3, lanes 6 to 9). Smearing suggests that the DNA-Pdrlp complex dissociated during 

electrophoresis. Stronger binding in vitro ofPdrlp was observed in another study (45). However, 

the GST moiety was not removed for EMSA analysis. It is possible that dimerization of OST 

increased binding to a DNA target. Interestingly, a complex of intermediate mobility was 
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observed when mixing the DBDs of Pdrl p and Stb5p, strongly suggesting the formation of a 

heterodimer (Fig. 3, lanes 10 to 13). Importantly, this heterodimeric complex was the 

predominant species (Fig. 3; lanes 12 and 13). These results suggest that the DBDs of Stb5p and 

Pdrlp bind in vitro cooperatively to a target DNA sequence. 

Given the interplay among the zinc cluster proteins studied, we were interested to 

determine their respective roles in the activation of SNQ2. We first assessed the importance of 

the putative PDREs found in the SNQ2 promoter. Sequences of PDREs and their positions are 

shown in Table 1. Each PDRE was individually mutated from CCGCGG (or CCGCGC for 

PDRE 3) to CTGCAG. Alteration of CGG triplets is known to prevent in vitro binding of Pdrl p, 

Pdr3p and Stb5p (2, 18, 21). Low copy SNQ2-1acZ reporters were transformed into a wild-type 

strain and B-galactosidase activity measured. Mutating either of the first two PDREs, but not the 

• third one, reduced activity of the reporter (Fig. 4; lanes 1, 6, Il and 16). The third PDRE has a 

CGC triplet instead of CGG (Table 1). Studies with another zinc cluster protein, Haplp, have 

shown reduced transcriptional activity when assayed with target DNA sequences containing a 

CGC triplet (15). Thus, our results suggest that the first two PDREs are the main sites of 

activation of transcription. 

We then assayed the contribution of Pdrlp, Pdr3p, Stb5p and Yrrlp in the activation of 

the SNQ2-1acZ reporter. Deletion of PDRl or STB5 led to a decrease in the activity of the wild-

type reporter, with a 3-fold difference in activity with the f).stb5 strain and a l.5-fold difference 

with the f).pdrl strain (Fig. 4; lanes 2 and 3). Removal ofYrrlp or Pdr3p had no or minor effects 

on the activity of the reporter (Fig. 4; lanes 4 and 5). When a SNQ2 lacZ reporter bearing a 
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mutant PDRE 1 was assayed in STB5 and P DR1 deletion strains, activity was further decreased 

as compared to a wild-type strain (for example, compare lanes 6, 7 and 8 in Fig. 4). This effect 

can be explained by the fact that activation can still occur via the second PDRE in a wild-type 

strain. Similar results are observed when mutating PDREs 2 or 3 (Fig. 4, lanes 12, 13, 17 and 

18). In summary, Stb5p and Pdrl p positively control the activity of the SNQ2 promoter through 

PDREs land 2. 

DISCUSSION 

At least four zinc cluster proteins activate transcription of multidrug resistance genes. 

Initially, it was shown that the expression of these genes was activated by Pdrlp, Pdr3p and 

Yrrlp through the PDREs found in their promoters (7, 10, 23, 26). Recently, Stb5p has been 

identified as an additional transcriptional activator of multidrug resistance genes (2). Stb5p 

activates transcription by binding to PDREs, the same elements found to be critical for Pdrlp and 

Pdr3p activity. Pdrlp and Pdr3p have shown to homo- and heterodimerize (29). Since Stb5p and 

Yrrlp have similar roles and act through the same elements as Pdrlp and Pdr3p, we tested the 

ability of these four proteins to dimerize with each other. Interestingly, both Stb5p and Yrrl p 

dimerize with Pdrl p. The interactions among these various transcriptional activators are 

summarized in Fig. 5. 

Using native co-immunoprecipitation experiments, we determined that Stb5p was found 

predominantly as a heterodimer with Pdrlp (Fig. lA). Only a small fraction (less than 5%) of 

Stb5p was found as a homodimer or as a Stb5p-Pdr3p heterodimer. The Stb5-Pdrlp interaction 
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was also observed when a GST-Pdrlp(DBD) fusion was able to specifically pull-down Stb5p 

(Fig. lB), indicating that the 152 N-terminal amino acids of Pdrlp are sufficient to mediate 

dimerization with Stb5p. The co-immunoprecipitation experiments also showed that Yrrlp was 

able to homodimerize and to heterodimerize with Pdrlp. Unlike Stb5p, it appears that there are 

similar amounts of homo- and heterodimeric Yrrlp (Fig. 2A). In agreement with the 

immunoprecipitation experiments, Yrrlp was also pulled down by the Yrrlp and Pdrlp DBD­

GST fusion proteins (Fig. 2B). Therefore, Yrrlp exists in two different subpopulations in the 

cell. Perhaps each population acts differently at various target DNA sites. Interestingly, genes 

induced by a chimeric activator bearing the DBD of Yrrlp have PDRE-like sequences 

[(T/A)CCG(C/T)(G/T)(GIT)(AlT)(AlT)] in their promoters (26). Only the first half of the site 

matches the nucleotides found in PDREs. In a Pdrlp-Yrrlp heterodimer, Pdrlp may bind to the 

5' half of the site while Yrrlp would recognize the second half . 

Many zinc c1uster proteins (Ga14p, Leu3p, Haplp, Pprlp, Put3p etc.) initially 

characterized in S. cerevisiae were shown to bind to DNA as homodimers (see 3, 36, 40 for 

refs.). More recently, Oaflp and Oaf2p (Pip2p) were shown to bind as heterodimers to target 

sequences of genes for peroxisome proliferation (19, 35). Moreover, the zinc cluster protein 

ArgRIlp heterodimerizes with rnernbers of the MADS farnily to activate genes for arginine 

rnetabolisrn (5). Our results cornbined with those of Mamnun et al. (29) demonstrate that Pdrlp 

can dirnerize with itself, Pdr3p, Stb5p, and Yrrlp. In addition, we have previously shown that 

another zinc cluster protein, Rdrl p, represses the expression of sorne PDR genes such as P DR5 

and PD R 16 (17). We also dernonstrated that the repressive effect of Rdr 1 p is rnediated by 

PDREs. Interestingly, Rdrlp interacts in vivo with both Pdrlp and Pdr3p (S. MacPherson and B. 
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Turcotte, unpublished results). Formation of heterodimeric complexes by zinc cluster proteins 

may therefore be a more predominant mechanism for regulation of gene expression than initially 

anticipated. Regulation of a relatively simple pathway, such as the one triggered by galactose, is 

efficiently performed by Ga14p homodimers, white more complex processes, like PDR, must 

require various combinations of homo- and heterodimers to integrate different signaIs allowing 

for precise expression of target genes. Taken together, the data suggest that Pdrl p is a master 

PDR regulator involved in recruiting other zinc cluster proteins to fine-tune the regulation of 

multidrug resistance genes. This is reminiscent of the mammalian nuc1ear receptor RXR which 

forms heterodimers with the receptors for 9-cis retinoic acid, thyroid hormone, and vitamin D, as 

weIl as peroxisome proliferator activators to differentially regulate expression of target genes 

(30). 

An EMSA showed that the purified DBDs of Pdrl p and Stb5p bound cooperatively to a 

PDRE in vitro (Fig. 3). Even though the proteins were individually expressed and purified, upon 

mixing with each other, Pdrlp was only found in the heterodimeric form. Therefore, either all of 

Pdr 1 p added was in the form of heterodimers, or the heterodimers have a much higher affinity 

for the PDREs than either homodimer. Either way, it appears that the Stb5p-Pdrlp heterodimer is 

the predominant complex that binds to DNA in vitro. Moreover, the N-termini ofPdrlp (a.a. 1-

152) and Stb5p (a.a. 1-163) are sufficient to allow formation ofheterodimers on DNA. Crystal 

and solution structures of the DBDs of zinc c1uster proteins Ga14p, Pprlp, Put3p and Haplp 

show that these proteins homodimerize via a coiled-coil dimerization domain composed of 

heptad repeats located at the C-terminus of the zinc finger (6, 22, 24, 31, 32, 39,42). However, 

no obvious heptad repeats are predicted to be present in the Pdrlp polypeptide used for EMSA 
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(36) while only one repeat is found in the DBD of Stb5p (unpublished results). Clearly, further 

studies will be required to define the structural basis for the multiple interactions of Pdr 1 p with 

other zinc cluster proteins. 

The importance of the three PDREs in the SNQ2 promoter was gauged by mutating each 

ofthem individually. Mutating PDRE 1 or 2 of SNQ2 resulted in approximately a 2-fold decrease 

in activity in the wild-type strain (Fig. 4). Similar effects (2- to 2.S-fold) were observed when 

measuring the activity of the PDR5 promoter bearing single PDRE mutants (21). In contrast, 

mutating PDRE 3 of SNQ2 did not cause a significant decrease in activity (Fig. 4). This supports 

the EMSA results where the proteins were not able to bind this PDRE that weB (data not shown). 

The ~-galactosidase results suggest that Pdrlp, Pdr3p, Stb5p, and Yrrlp have various roles 

within the ceU, since deletion of each protein resulted in a different effect on the activity of the 

SNQ2 reporter. Deletion of Stb5p or Pdrlp resulted in reduced activity in agreement with 

Northern biot analyses of SNQ2 RNA (2, 27) while the deletion ofPdr3p or Yrrlp did not cause 

a significant decrease. Similar results were obtained when measuring levels of SNQ2 mRNA in a 

!.l.pdr3 strain (28). However, the deletion ofYrrlp results in lower levels of SNQ2 mRNA (2, 10) 

and the reason for this discrepancy is not known. It m~y be due to a difference in promo ter 

context, or perhaps the site of Yrrlp action is more upstream or downstream of the region 

included in our construct. When a lacZ reporter with the PDREs inserted in front of a minimal 

CYCI promoter was assayed in the PDRl, PDR3, STB5 and YRRI deletion strains, a 2-fold 

decrease in activity was only seen in the t1stb5 strain with the PDRE 1 of SNQ2 (data not 

shown). The ~-galactosidase results indicate that there are differences among the PDREs and that 
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when one protein is removed, the other proteins may compensate. To summarize, deletion of 

Stb5p or Pdr 1 p had the largest effect on the activity of the SNQ2 promoter. 

As observed for SNQ2, zinc cluster proteins contribute differently to the regulation of 

specific PDR genes. For example, induced-expression of FLR1, a gene involved in PDR (4), is 

dependent on Pdr3p but not Pdrlp (9). Conversely, a deletion ofPdrlp greatly affects expression 

of PDR5 while removal of Pdr3p has marginal effects (28). Moreover, deletion of PDRl or 

P DR3 results in increased or decreased expression of P DR15 (a homologue of P DR5), 

respectively (45). This pattern of regulation is further complicated by the fact that Pdr3p 

undergoes positive auto-regulation (12) while expression of YRRl is under the control of 

Pdrl pIPdr3p and itself (48). The observation that zinc cluster proteins form various combinations 

of dimers will be invaluable in better understanding the complex regulation of PDR genes . 

In conclusion, we have shown that the four zinc cluster protein activators of multidrug 

resistance genes do not act individually. Instead, they form various populations of homo- and 

heterodimers (Fig. 5). There may be differences in the binding specificity or activity of each of 

these populations, allowing for a very specifie and varied expression of genes involved in PDR. 

Pdrlp was the only protein able to interact with the other three proteins and itself, indicating that 

it 1S similar to marnmalian nuclear receptor RXR in its ability to recruit various partners. With 

four different zinc cluster proteins regulating the expression of PDR genes via different PDREs, 

the cell's ability to respond to drugs 1S much more adaptable and flexible. 
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These discoveries present many more questions regarding PDR. For example, would 

various environmental signaIs cause a shift in the balance of the various populations of homo­

and heterodimers? Is the hyperactivity of the Pdrl p and Pdr3p mutants due to a change in the 

activity of the protein or to a change in the partner of the prote in? Are other regulators of drug 

resistance, such as members of the Yap 1 p family, able to dimerize with these zinc cluster 

proteins? 
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PDRE PDRE centered at SEQUENCE 
position (bp): 

SNQ2#1 -601 GTAGAAATCTAGCATCCGCGGAGCTATTTTAAGTTT 

SNQ2#2 -580 AGCTATTTTAAGTTTCCGCGGATGCCTTTCGATCCT 

SNQ2#3 -542 CCCAGTCGTCTGGTTCCGCGCACATATGACTAAATG 

Table 1 

Sequences ofPDREs found in the SNQ2 promoter. 

Sequences of PDREs are given with conserved nucleotides of the core sequence in boldo 

Positions of the PDREs relative to the ATG codon are also given. 
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Figure 1 

Stb5p interacfs witb Pdrlp in vivo and in a GST puH-down assay. 

A) Strains expressing various tagged proteins (as indicated by "+" on the bottom of the figure) 

were used to prepare extracts for immunoprecipitation with an anti-MYC antibody. 
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Immmunoprecipitated proteins were then detected by Western blot analysis with an anti-HA 

antibody. Arrows indicate the position ofPdrlp and Stb5p (as se en upon overexposure). 

B) Extracts were prepared from strains expressing HA-Ga14p or HA-Stb5p (indicated on top) 

and incubated with GST fusion proteins bound to beads (bottom) for pull-down assay. After 

washing, bound proteins were eluted and analyzed by Western blot with an anti-HA antibody. 
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HA-Stb5p 

Fig.2A 

IP: anti-MYC 
Western: anti-HA 

3 4 

+ + 
+ 

+ 
+ 

138 

l·w ..... 

6 7 
+ 

+ + 

IBO .. 

+ 

;:-PdrlP 

,+-Yrr1p 



GST fusion 

Fig.2B 

Figure 2 

Extract: HA ... Yrr1 p 
Ab: anti-HA 

Yrrlp interads with Uself and Pdrlp in vivo and in a GST puU-down assay. 

A) Strains expressing various tagged proteins (as indicated by "+" on the bottom of the figure) 

were used to prepare extracts for immunoprecipitation with an anti-MYC antibody. 

Immmunoprecipitated proteins were then detected by Western blot analysis with an anti-HA 

antibody. Arrows indicate the position ofPdrlp and Yrrlp. 

B) An extract was prepared from a strain expressing HA-Yrrlp and incubated with GST fusion 

proteins (bottom) for pull-down assay. After washing, bound proteins were eluted and analyzed 

by Western blot with an anti-HA antibody. 
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Pdr1 p(DBD): 

Stb5p(DBD): 

Figure 3 

+ + + + 

1 2 3 4 5 6 7 8 9 10 11 12 13 

+- Pdr1 p-Pdr1 p 

+- Pdr1 p-Stb5p 

+-Stb5p-Stb5p 

+-Probe 

The DBDs ofPdrlp and Stb5p bind in vitro to a PDRE as heterodimers. 

The purified DBD ofStb5p (1-163) and the DBD ofPdrl (a.a. 1-152) fused to 6XHis and a triple 

HA epitope (see Materials and Methods) were used in an EMSA with a probe corresponding to 

PDRE l of SNQ2 (Table 1). Lane 1: probe alone. Lanes 2 to 5: EMSA performed with 

increasing amounts (0.5 !lI, l !lI, 2 !lI and 4 !lI) of the DBD of Stb5p. Lanes 6 to 9: EMSA 

performed with increasing amounts (0.5 !lI, 1 !lI, 2 !lI and 4 !ll) of the Pdrlp fusion protein. 
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Lanes lOto 13: same as lanes 6 to 9 except that 1 III of the DBD of Stb5p was added in each 

lane. Arrows on the right part of the Fig indicate positions of the various complexes. 
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Fig. 4 

Activity of SNQ2-lacZ reporters in strains lacking varions zinc clnster proteins. 

Reporters pSNQ2-1acZ (lanes l to 5), pSNQ2llPDRE1-lacZ (lanes 6 to 10), pSNQ2llPDRE2-

lacZ (lanes Il to 15) and pSNQ2llPDRE3-1acZ (lanes 16 to 20) were transformed into various 

strains as indicated in the right part of the figure. Reporters are schematically shown on the left 

part of the figure. Boxes correspond to PDREs found in the SNQ2 promoter. Boxes containing a 
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"X" correspond to mutated PDREs. j3-galactosidase activity was determined as described in 

Materials and Methods. Standard deviations are also shown. 
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Figure 5 

Summary of interactions among zinc cluster proteins Pdrlp, Pdr3p, Stb5p and Yrrlp. 

Arrows indicate zinc cluster protein interactions identified in this report and by Mamnun et al. 

• (29). Weak. Stb5p-Stb5p and Stb5p-Pdr3p interactions were aIso detected (see Results) . 
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SECTION 5: DISCUSSION AND CONCLUSION 

The sequencing of the S. cerevisiae genome has led to the identification of many 

new putative members of the zinc cluster prote in family. In an effort to obtain a better 

understanding of their roles in the ceU, a systematic phenotypic analysis of deletion 

strains for thirty-two ofthese zinc cluster proteins was performed. This analysis revealed 

phenotypes for a number of genes encoding zinc cluster proteins. It identified an 

additional zinc cluster prote in, YDR303C (RSC3), as an essential gene. In aH, three 

members of the zinc cluster protein family are essential for cell viability: 1) YMR168C 

(CEP3), 2) YDR303C (RSC3), and 3) YPR094W (RDS3). Cep3p forms part of the 

kinetochore and is essential for chromosomal segregation, while Rsc3p is a component of 

the essential yeast chromatin remodeler complex RSC (6, 86, 144). A homologue of 

Rds3p in humans has been shown to form part of a spliceosome (163). 

The most prevalent class of phenotypes was the inability to grow on non­

fermentable carbon sources, and sensitivity to the compound ca1cofluor white. 

Respiratory-deficient mutants are unable to grow on non-fermentable carbon sources 

such as glycerol and lactate. Ca1cofluor white is a compound that has high affinity for 

the cell wall component chitin, and sensitivity to this compound is associated with cell 

wall mutants. Interestingly, the eight different deletion strains that were unable to utilize 

non-fermentable carbon sources were aiso sensitive to ca1cofluor white. The relationship 

between these two phenotypes is not known. 
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Growth of the deletion strains at high and at low temperatures, on both rich and 

poor media was also tested. One strain, l1yfl052w, did not grow at high temperatures on 

ri ch media, while its growth on poor media was not impaired at the same temperature. 

Since the minimal media has a higher salt concentration than the rich media, deletion of 

this gene may render the cells sensitive to a combination of both high temperature and 

low salt concentration. Another strain, &tb5, was sensitive to cold temperature. Its 

growth was impaired on both ri ch and poor media when grown at 20 oC, so the low 

temperature alone is sufficient for this strain to display a phenotype. 

A number of zinc cluster proteins, such as Dal8l p, and U ga3p, are involved in the 

use of altemate nitrogen sources (5, 20). In order to determine if additional zinc cluster 

proteins could play a similar role, we tested the ability of the zinc cluster protein deletion 

strains to grow using y-aminobutyric acid (GABA), serine, threonine, or proline as the 

sole nitrogen source. Only the deletion of STB5 resulted in a phenotype; the &tb5 

strain' s growth was slightly impaired as compared to the wild-type strain when GABA, 

serine, threonine, or proline was the only source of nitrogen. We also tested if growth of 

the strains on minimal Halvorson media required the presence of folie acid, pantothenic 

acid or biotin. Again, I1stb5 was the only strain to display a phenotype, where a slight 

reduction in growth was observed on Halvorson media even when folic acid, pantothenic 

acid, and biotin were aIl present. It appears that deletion of STB5 results in slightly 

slower celI growth under minimal growth conditions such as minimal 'Halvorson' 

medium or when nitrogen sources other than ammonium sulphate are used. However, 
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none of the other zinc cluster proteins tested displayed a requirement for any of the 

specifie compounds tested. 

Since yeast is a facultative anaerobe, we tested the growth of the deletion strains 

in the absence of oxygen to identify zinc cluster proteins that would be necessary for 

growth under anaerobic conditions. AU of the tested deletion strains were able to grow 

under anaerobic conditions. So it appears that the only zinc cluster protein required for 

anaerobic growth is Haplp (23). 

Caffeine, a purine analog, has a toxic effect on cells by inhibiting the MAP kinase 

pathway and phospodiesterase of the cAMP pathway (54). Deletion strains were tested 

for hypersensitivity to caffeine. Although the three wild-type strains used in the 

construction of the deletion strains in this experiment are aIl derived from the SC288 

strain, they showed different sensitivities to caffeine. The YPH499 wild-type strain was 

not only more sensitive than the other two wild-type strains, FY73 and BY4742, but a 

higher percentage of deletion strains in YPH499 demonstrated a caffeine-sensitive 

phenotype. AlI the FY73 and BY4742-based deletion strains did not display a phenotype 

when grown on caffeine, except for the t1stb5 strain. It was highly sensitive to the 

compound. Five deletion strains in the YPH499 background showed sorne sensitivity to 

caffeine. ,1ydr520c was slightly sensitive to caffeine, while ,1ykI222c, ,1ylr228c 

(,1ecm22), and ,1ylr278c showed a moderate sensitivity to the compound. ,1ymr019w, 

also known as ,1stb4, was severely sensitive to caffeine. Interestingly, the only two 

deletion strains that demonstrated a severe sensitivity to caffeine were for Stb4p and 
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Stb5p; two zinc cluster proteins that have been shown to interact with the transcriptional 

repressor, Sin3p (67). Therefore, this may indicate that Sin3p has a role in either the 

cAMP or MAP kinase pathways. 

The deletion analysis has revealed various phenotypes for a number of genes 

encoding zinc cluster proteins, and this may help us to better understand their function in 

the cell. Sorne deletion strains even demonstrated multiple phenotypes. For example, 

deletion of the ORF YFL052W results in an inability to grow on non-fermentable carbon 

sources, sensitivity to high temperature and calcofluor white. Moreover, !J.stb5 was 

sensitive to cold temperature and caffeine, and its growth was impaired on minimal 

media. It is difficult to establish a relationship (if any) between these various phenotypes 

and sorne phenotypes may be due to indirect effects. However, sorne strains did not 

demonstrate any phenotype under the many different conditions tested. These proteins 

may perform highly specialized functions, or altematively, there may be redundant genes 

encoding zinc cluster proteins. In addition, screening the growth of these deletion 

mutants under other conditions may reveal additional phenotypes and roles for these 

proteins. 

The zinc cluster proteins Pdrlp, Pdr3p, and Yrrlp are well-known transcriptional 

activators of multidrug resistance genes (166). To determine if additional zinc cluster 

pro teins are also involved in multidrug resistance, a systematic phenotypic analysis of 

zinc cluster deletion strains was performed again. However, in this case, the growth of 

the strains was assayed in the presence of various drugs, each of which has a different 
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mode of action. Interestingly, we identified eight different deletion strains that showed a 

phenotype when grown in the presence of the antifungal ketoconazole or the translation 

inhibitor cyc1oheximide. Seven strains were sensitive to one or both of these drugs, while 

one, t1.rdr 1, was resÎstant to cycloheximide. In another study, we demonstrated that 

Rdrlp is a transcriptional repressor of PDR5. The deletion of the RDRI gene causes a 5-

fold increase in P DR5 expression, leading to cyc10heximide resistance. It was also 

shown that the repression by Rdr1p is mediated through a PDRE in the PDR5 promoter, 

the same element responsible for the activation of expression by Pdr1p and Pdr3p (56). 

The other seven strains identified in the screen were sensitive to drugs. 

Phenotypes for some ofthese strains had been previously identified. For example, Yrr1p 

was previously shown to confer resistance to the DNA mutagen 4-NQO by controlling 

the expression of SNQ2 (31). Our screen has shown that the deletion of YRRI leads to 

sensitivity to cyc10heximide as weIl. In addition, Ha19p has been previously shown to 

confer salt resistance, and our study shows that it also confers resistance to 

cycloheximide (102). Two zinc cluster proteins, Upc2p and Ecm22p, are activators of 

sterol biosynthetic genes (157, 158). Deletion of UPC2 results in sensitivity to 

ketoconazole, while the cells become sensitive to cyc10heximide upon deletion of 

ECM22. Therefore, even though these zinc c1uster proteins have similar roles in the 

sterol biosynthetic pathway, our phenotypic analysis indicates they may have different 

and specifie targets. 
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Three genes identified in our screen were not named previously, and due to their 

phenotypes, we called them RDS for regulators of Qrug ~ensitivity. RDSl is involved in 

conferring resistance to cycloheximide, while deletion of RDS2 leads to sensitivity to 

ketoconazole. The mechanism of action of these newly identified zinc cluster proteins 

responsible for drug resistance is still undetermined. The zinc cluster proteins may play a 

direct role in regulating genes invoived in PDR, or the phenotype may be due to indirect 

effects. To help distinguish between these two possibilities, the expression levels of 

certain genes implicated in multidrug resistance were determined in strains lacking the 

zinc cluster proteins and compared to the wild-type strain. Northern blot analysis 

revealed that the deletion of STB5 greatly decreased RNA levels of SNQ2 and PDR16. 

Furthermore, the RNA levels of SNQ2 were greatly reduced in the lJ.yrr 1 strain. 

However, many other strains identified in our screen did not show a significant change in 

PDR5, SNQ2, or PDR16 RNA. Their phenotype may be due to the effects ofmultidrug 

resistance genes not tested in our study. 

To determine if the differences in RNA levels were due to changes in gene 

transcription or in RNA stability, we tested whether the activity of PDR5 and SNQ2 

reporters were altered in the deletion strains. Reduced activity with the PDR5 reporter 

was observed in three strains, IJ.stb5, and IJ.hal9, in agreement with the Northern biot 

analysis. The SNQ2 reporter showed reduced activity in the IJ.stb5 strain, in agreement 

with the Northern blot. 
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In summary, deletion of STB5 results in cycloheximide sensitivity and reduced 

PDR5, SNQ2, and PDRl6 RNA levels. The decrease in RNA levels correlated with a 

reduced activity of PDR5 and SNQ2 reporters. Since the tested genes al! contain PDREs 

in their promoters, we determined whether the effect of Stb5p on gene expression is 

mediated through this DNA element. A reporter containing a PDRE inserted in front of a 

minimal CYCl promoter showed decreased activity in a &tb5 strain. In addition, the 

purified DBD of Stb5p was shown to bind specifically to the PDRE in an EMSA. 

Mutations known to reduce binding of Pdr3p also decreased binding of Stb5p. This 

suggests that Stb5p acts directly by binding to the PDREs in the PDR5, SNQ2, and 

P DRl6 promoters to activate transcription. This same element is recognized by the 

transcriptional activators, Pdrlp and Pdr3p (52, 53, 68-70, 92, 114, 165). Yrrlp also 

appears to activate transcription of SNQ2 through PDREs (85, 171). In addition, the 

transcriptional repressor, Rdrlp, has also been shown to act through a PDRE to repress 

PDR5 transcription (56). Therefore, the regulation ofmultidrug resistance genes through 

PDREs involves many transcriptional regulators and is more complex than initially 

anticipated. Even though Stb5p appears to be a transcriptional activator of genes 

involved in PDR, its interaction with Sin3p indicates that it may be both a positive and a 

negative regulator of gene expression as observed with the zinc cluster proteins Ume6p 

and Rgtlp (61, 67,117). 

The identification of Stb5p as an important activator of multidrug resistance genes 

has raised questions regarding its mechanism of activation. Stb5p binds and activates 

PDREs, the same elements found to be critical for Pdrlp, Pdr3p, and Yrr1p activity (3). 
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Pdrlp and Pdr3p are able to form homo- and heterodimers (95). Since Stb5p and Yrrlp 

have similar roles and act through the same element as Pdr 1 p and Pdr3p, we tested the 

ability of these four proteins to dimerize with each other. Interestingly, both Stb5p and 

Yrrlp were able to dimerize with Pdrlp. 

Using native co-immunoprecipitation experiments, we determined that Stb5p was 

found predorninantly as a heterodimer with Pdr 1 p, with a much smaller amount of Stb5p 

found as a homodimer, and as a Stb5p-Pdr3p heterodimer. In addition, a GST-Pdrlp 

DBD fusion was able to pull-down Stb5p specifically, indicating that the 152 N-terminal 

amino acids of Pdrlp are sufficient to mediate dimerization with Stb5p. The native co­

immunoprecipitaion experiment also showed that Yrrlp was also able to homodimerÏze 

and to heterodimerize with Pdr 1 p. But unlike Stb5p, it appears that there are similar 

amounts ofhomo- and heterodimeric Yrrlp. In agreement with the immunoprecipitation 

experiments, Yrrlp was pulled down specifically by the GST-Yrrlp DBD and GST­

Pdrlp DBD fusion proteins. Therefore, Yrrlp exists in two different subpopulations in 

the ceIl. Perhaps each population acts differently at various target DNA sites. We have 

previously shown that another zinc cluster protein, Rdrlp, represses the expression of 

sorne PDR genes such as PDR5 and PDR16 through PDREs found in their promoters 

(56). Interestingly, Rdrlp interacts in vivo with both Pdrlp and Pdr3p (S. MacPherson 

and B. Turcotte, unpublished results). In summary, Pdrlp interacts with Pdr3p, Stb5p, 

Yrrlp, and Rdrlp (Fig. 1). It appears that Pdrlp is a rnaster regulator involved in 

recruiting other zinc cluster proteins to fine-tune the regulation of various genes involved 

in the complex process of PDR. These observations also suggest that the formation of 
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heterodimeric complexes by zinc cluster proteins may be more common than initially 

anticipated. 

Figure 1: Summary ofinteractions among Pdrlp, Pdr3p, Rdrlp, Stb5p, and Yrrlp. 

An EMSA showed that the purified DBDs of Pdrlp and Stb5p bound 

cooperatively to a PDRE in vitro. Even though the proteins were individually expressed 

and purified, upon mixing with each other, a stable heterodimeric form bound to DNA 

was observed. It appears that the Stb5p-Pdrl p heterodimer is the predominant complex 

that binds to DNA in vitro. In addition, the N-termini of Pdrlp (a.a. 1-152) and Stb5p 

(a.a. 1-163) are sufficient for the formation of heterodimers on DNA. Pdr3p also 

interacts with the N-terminus ofPdrlp (95). It would be interesting to determine whether 

both Pdr3p and Stb5p interact with the same domain ofPdrlp. 
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The importance of the three PD REs in the SNQ2 promoter was assessed by 

mutating each of them individually. Mutating PDRE 1 or 2 of SNQ2 resulted in 

approximately a 3-fold decrease in activity in the wild-type strain. In contrast, mutating 

PDRE 3 of SNQ2 did not cause a significant decrease in activity. This supports the 

EMSA results where the proteins were not able to bind this PDRE that weIl (data not 

shown). The ~-galactosidase assay also suggests that Pdrlp, Pdr3p, Stb5p, and Yrrlp 

have various roles within the œU, since deletion of each of these proteins resulted in a 

different effect on the activity of the wild-type SNQ2 reporter. The deletion of Stb5p or 

Pdrlp resulted in the greatest reduction of activity, 3-fold and 1.5-fold, respectively. 

While the deletion ofPdr3p or Yrrlp did not cause a significant decrease. However, the 

deletion of Yrrlp results in lower levels of SNQ2 mRNA (3, 92); the reason for this 

• discrepancy is not known. It may be due to a difference in promoter context or perhaps 

the site of Yrrlp action is more upstream or downstream of the region included in our 

construct. 

As observed for SNQ2, zinc cluster proteins contribute differently to the 

regulation of specific PDR genes. For example, a deletion of Pdrl p greatly affects 

expression of P DR5 while the removal of Pdr3p has marginal effects (92). The 

observation that zinc cluster proteins form various combinations of dimers will be 

invaluable in order to better understand the complex regulation of PDR genes. There 

may be differences in the binding specificity or activity of each of these populations, 

allowing for a very specific and varied expression of genes involved in PDR. In addition, 

154 



differences also exist amongst the PDREs. Since many zinc cluster proteins, each with a 

different roie, regulate the expression of PDR genes through many different PDREs, the 

cell's ability to respond to drugs is a lot more adaptable and flexible. 

This study has associated sorne zinc cluster proteins to various processes within 

the cell. For example, the observation that sorne strains lacking certain zinc cluster 

proteins are sensitive to calcofluor white indicates that those zinc cluster proteins may 

play a role in œIl wall biogenesis. In addition, a mutant strain displaying sensitivity to 

caffeine may reflect the presence of a defective MAP kinase signaling pathway. Cold­

sensitive mutants such as I1.stb5 usually contain a general prote in defect due to a problem 

in assembly of a multi-subunit complex (54). We have also identified multiple zinc 

cluster proteins as potential regulators of drug resistance genes, with Stb5p appearing to 

play a major role in regulating the transcription of the ABC transporter SNQ2. The genes 

identified in our phenotypic analysis can now be subjected to a focused study of their 

functions using techniques specific to the associated phenotype. 

Since the complete sequencing and systematic deletion of the yeast genome was 

achieved, many large sc ale projects involving the study of thousands of yeast genes have 

been performed (79, 130). For example, transposons containing triple HA tags and a 

lacZ reporter gene were inserted at random into yeast chromosomal DNA (131). The 

monitoring of the expression of the lacZ reporter gene allows for the identification of new 

ORFs, while the HA tags allow for localization of the proteins within the cell. In another 

study, 5800 of the 6200 yeast ORFs were cloned and overexpressed as GST fusion 
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proteins. The purified proteins were spotted onto a yeast proteome microarray, which 

was used to sereen the ability of the proteins to interact with specifie molecules (173). In 

addition, in an attempt to identify the transcriptional regulatory networks in yeast, most 

of the identified putative transcription factors were tagged and expressed in yeast. 

Chromatin immunoprecipitation (ChIP) was used to isolate the specific DNA that each 

protein bound to, and the immunoprecipitated DNA was then hybridized to a microarray 

containing aH the intergenic regions of the yeast genome (87). This allowed for the 

identification of potential target promoters for each transcription factor. These large­

scale screens provide a wealth of information concerning the possible function of many 

uncharacterized proteins, including sorne of the zinc cluster proteins included in our 

study. However, these experiments are not conclusive, since many faise-positives can be 

identified in such a large-scale experiment. In addition, previously identified interactions 

can be missed; as in the project by Lee et al., where the binding of Pdrl p to the P DR5 

promoter was not detected by the intergenic microarray (87). In contrast, the systematic 

analysis performed in this thesis focused on one family of transcriptional regulators. As 

opposed to the large-scale approaches mentioned above, our approach involves a smaller 

number of genes, allowing for a more detailed analysis with more accurate results. 

This thesis has assigned a number of phenotypes to many previously 

uncharacterized zinc cluster proteins. However, a number of zinc cluster protein deletion 

strains did not demonstrate any phenotype under the numerous conditions we tested. One 

possible explanation for the lack of phenotype is that sorne zinc cluster proteins may 

perform redundant functions. Different approaches have to be taken in order to elucidate 
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their function. One such approach is the use of double knockouts, which could help 

assign phenotypes to these zinc cluster proteins. AH non-essential zinc cluster proteins 

(52 in total) could be knocked out in tandem to generate strains carrying aU possible 

combinations of zinc cluster protein double knockouts. This would result in around 1300 

strains, with each one containing a different combination of two different zinc cluster 

proteins deleted. Sorne of these double mutant strains would be non-viable, and result in 

synthetic lethality. In this case, synthetic lethality would indicate that the two deleted 

zinc cluster proteins are redundant for a function essential for viability. Thousands of 

double deletion strams were tested for synthetic lethality by Tong et al., using robots after 

sporulation to select for the haploid double mutants. Using this approach, they 

implicated a number of proteins in cytoskeletal organization, and in DNA synthesis and 

repair (150). The viable double deletion strains can be subjected to the same phenotypic 

analysis used previously with the single deletion strains. The identification of a 

phenotype for anydouble deletion will imply that the two zinc cluster proteins deleted in 

that strain perform similar functions related to the condition resulting in the phenotype. 

Since these putative zinc cluster proteins are probably transcriptional regulators, 

the identification of their target genes would be invaluable in understanding their 

functions. A general strategy for identifying the target genes of zinc cluster pro teins has 

been developed and used to identify the targets ofproteins such as Yrrlp and Pdr8p (36, 

58, 85). This involves the generation of a chimeric prote in consisting of the activation 

domain of Gal4p fused to the DNA-binding domain of the zinc cluster protein ofinterest. 

To render these chimeric proteins constitutively active, these proteins lack the zinc 
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cluster proteins' middle homology regions, which have been shown to inhibit the 

regulator's activity. The expression ofthese proteins is under the control of an inducible 

promoter such as the GAL 1-10 promoter. This system is advantageous since sorne zinc 

cluster proteins are only active under certain conditions, such as Ga14p which is only 

active in the presence of galactose (91). With this strategy, the expression of the 

chimeric protein and its activation can be controlled through the presence of galactose. A 

yeast strain, which has had the zinc cluster protein of interest deleted, is transformed with 

the plasmid encoding the chimeric protein, which contains the DNA-binding domain of 

the deleted zinc cluster protein. The cens are grown in the presence and absence of 

galactose, the RNA is then isolated, and used for microarray analysis. The genes with 

increased expression in the presence of galactose are classified as potential target genes 

of the zinc cluster protein of interest. However, since the DNA-binding domain of a 

transcriptional repressor would be fused to an activation domain, this experiment can not 

differentiate between target genes that would be repressed or activated by the wild-type 

zinc cluster protein. The information from this analysis combined with the phenotypic 

analysis would give a more complete picture regarding a protein' s role in the ecU. 

Our phenotypic analysis did indicate that eight zinc cluster proteins might play a 

role in drug resistance. However, the exact role of six of these proteins in multidrug 

resistance (if any) remains to be elucidated. The target gene strategy described above can 

prove very useful to better understand their role in the ceU and in identifying the specifie 

multidrug resistance genes responsible for the phenotype. The other two identified 

proteins, Rdrl p and Stb5p, have been shown to play an important role in multidrug 
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resistance. Some of their target genes have been identified and their mechanism of action 

is somewhat understood. Rdrl p is a repressor of multidrug resistance genes, such as 

PDR5 and PDR16, and has been shown to act through a PDRE found in the PDR5 

promoter (56). However, its exact mechanism of action is not clear. It may repress 

transcription by interacting with activators of PDR genes, sequestering them, and thereby 

preventing their binding ofDNA to activate the target genes. Another possibility is that it 

binds to the promoter of the gene, and recruits co-repressors. This mechanism is se en 

with the zinc cluster protein Ume6p, which represses transcription by recruiting the Isw2 

chromatin remodeler complex and/or the histone deacetylase Rpd3p- Sin3p complex to 

target promoters to which it is bound (46, 62). Our lab has found that the addition of the 

HDAC inhibitor, Trichostatin A (TSA), upregulates expression of the P DR5 gene in a 

wild type strain, but not in a i1rdr 1 deletion strain (S. MacPherson and B. Turcotte, 

unpublished results). In addition, we have shown that Rdrlp interacts with Pdrlp and 

Pdr3p, but not with itself in vivo, while the purified DNA-binding domains of Rdrlp and 

Pdrlp can cooperatively bind PDREs in vitro (S. MacPherson and B. Turcotte, 

unpublished results). These results imply that perhaps Rdrlp/Pdrlp or RdrlpIPdr3p 

heterodimers bind PDREs in the promoters of the target genes and repress their 

transcription by recruiting histone deacetylases. 

As mentioned previously, regulators of PDR genes are able to heterodimerize, 

leading to the presence of various sub-populations of regulators: some containing only 

transcriptional activators and others that contain the repressor, Rdrlp. Since most 

characterized zinc cluster proteins such as Ga14p and Hap 1 p bind DNA as homodimers 

159 



(148), other transcriptional regulators were assumed to also act solely as homodimers. In 

addition to the PDR heterodimers, other zinc cluster proteins such as Oafl p and Pip2p 

have been recently shown to act as heterodimers (66, 132). Therefore, the existence of 

zinc cluster proteins acting as heterodimers may be more widespread than previously 

thought; it might even be the prevalent mode of regulation by zinc cluster proteins. 

Certain zinc cluster proteins have similar roles to each other, and have the same target 

genes. For example, Ecm22p and Upc2p are both involved in sterol biosynthesis. They 

both activate transcription of ERG2 by binding sterol regulatory elements (SREs) found 

in its promoter (158). As in the case with Pdrl p, Pdr3p and Stb5p, Ecm22p and Upc2p 

bind the same element to activate the transcription of the same gene, but still have 

different roles within the cell. A strain lacking Ecm22p is sensitive to cycloheximide, but 

not to ketoconazoIe, while the inverse is true for Llupe2 (3). Therefore, different sub­

populations of Upc2p and Ecm22p homo- and heterodimers may exist, allowing these 

proteins to simultaneously have sorne overlapping and sorne different functions within 

the ceIl. Other examples of different zinc cluster proteins with similar roles are also 

found in yeast. DaI81 p and U ga3p are both activators of nitrogen catabolic genes (159), 

while the zinc cluster proteins, Ma1l3p, Ma133p, and Ma163p, are an activators of genes 

necessary to ferment maltose (24, 106). Moreover, one zinc cluster prote in, ArgRIlp, 

heterodimerizes with members of another family of transcriptional regulators, the MADS 

family, to activate genes involved in arginine metabolism (4). Since, Pdrlp, Pdr3p and 

members of the Yap family regulate sorne of the same multidrug resistance genes, it is 

possible that members of these two families of regulators can act as heterodimers. In 

fact, it has been demonstrated that Pdrlp and Yap5p bind to many of the same promoters 
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in a study identifying transcriptional regulatory networks in Saccharomyces cerevisiae 

(87). 

The different sub-populations of homo- and heterodimeric Stb5p, Pdrl p, Pdr3p, 

and Yrrlp were detected in cells grown in rich medium during log phase, but the 

proportions of these sub-populations might shift under different conditions. The presence 

of stress or drugs might induce one protein to associate preferentially with a different 

partner, allowing the cell to respond rapidly. Since different phospho-forms ofPdrlp and 

Pdr3p are present simultaneously in the cell (95), it is possible that the phosphorylation 

state of the protein would play a role in determining its dimerization partner. Different 

environmental stimuli could lead to the phosphorylation or dephosphorylation ofPdrlp 

or Pdr3p through various signaling pathways. In mammalian cells, a nuclear receptor's 

dimerization partner and its ability to bind to DNA are regulated by the presence of the 

receptor's ligand. For example, the presence ofthyroid hormone promotes the formation 

of heterodimeric thyroid hormone receptor complexes on DNA (127). A ligand or 

another protein could also interact with zinc cluster proteins leading to a change in their 

dimerization state. Native co-immunoprecipitation experiments conducted on strains 

after exposure to various drugs and substrates could help elucidate if yeast responds to 

various stimuli by altering the dimerization state of its regulators of PDR genes. 

Many hyperactive Pdrlp and Pdr3p mutants have been identified in yeast (21,92, 

113, 126, 162). The mutations responsible for the hyperactivity lie generally in two 

regions ofboth proteins. They are either found in the C-terminal activation domain, or in 
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the region found between the middle homology region and the zinc cluster motif (166). 

Sorne mutations in Pdr3p are in the vicinity of the predicted coiled-coil motifs thought to 

be responsible for protein-protein interactions (Fig. 2) (lB). The mechanism behind the 

hyperactivity has not been determined. One possible explanation is that the identified 

mutations affect the protein's ability to dimerize with certain partners. There may be 

differences in the binding specificity or activity of each type of dimers. The mutations 

might aiso abolish the interaction of Pdrlp and Pdr3p with Rdrlp, alleviating Rdrlp's 

repression. However, in sorne cases the presence of a hyperactive Pdr 1 p mutant may lead 

to an 80-fold increase in PDR5 expression, while the expression of PDR5 is increased by 

around 5-fold in a lJ.rdrl strain (21, 56). Therefore the inhibition of Pdrlp-Rdrlp 

interaction would probably not account for the entire hyperactivity of sorne Pdrl p 

mutants. Native co-immunoprecipitation experiments using the hyperactive mutant 

• Pdrlp and Pdr3p proteins will prove useful in determining if changes in dimerization are 

responsible for the increased activity. Identification of the regions responsible for a 

protein' s dimerization with each partner will 1) help determine if a change in 

dimerization is responsible for the hyperactivity of the mutants, and 2) clarify the 

mechanism of dimerization itself. 
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Pdr3p 

c 

Figure 2: The location of the gain of function mutations found within Pdr 1 p and 

Pdr 3p (mutations indicated with a circle) (166). 

Crystal and solution structures of the DBDs of zinc cluster proteins Ga14p, Pprlp, 

Put3p and Haplp show that the se proteins homodimerize via a coiled-coil dimerization 

domain composed of heptad repeats located at the C-terminus of the zinc finger (10, 71, 

• 75, 96, 97, 145, 160). Similar motifs have been identified in Pdrlp, Pdr3p, Stb5p, and 

Yrrlp (137). Yrrlp has only one predicted coiled-coil domain in its DNA-binding 

domain, while Pdrl p has two, and Pdr3p has three. However, it has not been determined 

whether any of these domains do indeed mediate dimerization. Since many of the zinc 

cluster regulators of PDR interact with multiple partners, different domains within each 

protein might mediate the association with different partners. Comparison of the 

sequences of the predicted coil-coil do mains in Pdr3p, Stb5p and Yrrlp, shows that 

certain residues are conserved. They an contain valine and leucine residues in the first 

heptad of the coiled-coil domain (Fig. 3). Since, they aH interact with Pdrlp, it is not 

surprising that similarities might exist in their predicted coiled-coil domains. However, 

mutational analysis is needed to verify whether these domains are indeed responsible for 

the dimerization of these zinc cluster proteins. It will help to determine which residues 
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within each zinc cluster protein are important for its ability to dimerize with a specifie 

partner. The number of dimerization domains within each protein, and the identity of the 

specifie do mains through which each protein interacts must be determined in order to 

define the structural basis for the multiple interactions of Pdr 1 p with other zinc cluster 

proteins. 

Pdr3p: 
Stb5p: 
Yrrlp: 

a.a.77-90 

a.a.142-155 

a.a.llO-123 

V QH L DTA: IKLDNQY 

V SS L ISV: LTSLNDN 

V EE L ENK: IRILEAE 

Figure 3: Sequence comparison of the heptadrepeat motifs ofPdr3p, Stb5p, 

and Yrrlp . 

Candida albicans is an opportunistic pathogenic fungus that causes severe 

infections in immuno-compromised patients (121). Resistance to current anti-fungal 

drugs such as ketoconazole and fluconazole has bec orne more common (108). Therefore, 

a better understanding of the mechanism of multidrug resistance in this fungus is needed. 

The lessons gained from the study of PDR in S. cerevisiae can also be applied to C. 

albicans. Upregulation of two ABC drug efflux pumps, Cdrlp and Cdr2p, are 

responsible for the development of PDR in Candida (122, 135, 136). The promoters of 

these transporters contain drug response elements (DREs) through which the expression 

of the genes is activated, but the transcription factor responsible for this activation has not 

yet been identified (32). Zinc cluster proteins are found in C. albicans as well, and sorne 

homologues have been shown to perform similar functions in both S. cerevisiae and C. 
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albicans. However, a search of the c. alb/cans genome sequence reveals no clear 

homologues for the PDR activators, Pdrlp and Pdr3p. One zinc cluster protein, Fcrlp, 

has been implicated in PDR in C. albicans, but its targets have not been identified (146). 

After we conducted the phenotypic analysis of zinc cluster protein deletion strains with a 

number of drugs, we searched the Candida genome sequence for homologues of the zinc 

cluster proteins we identified as potential players in PDR in S. cerevisiae. Clear 

homologues were found for many of them including Stb5p and Upc2p (Fig. 4). The 

purified DNA-binding domains of CaUpc2p (Ca indicates the C. albicans homologue) 

and Fcrlp have been shown to bind a DRE in an EMSA, suggesting that they regulate the 

expression of Cdrl p and/or Cdr2p (S. MacPherson and B. Turcotte, unpublished results). 

Increased expression of CaUpc2p also confers drug resistance in vivo, while the 

overexpression of CaStb5p in vivo results in hypersensitivity to drugs (S. MacPherson, N. 

• Soonturngun, and B. Turcotte, unpublished results). These results indicate that CaStb5p 

and CaUpc2p might be major regulators of multidrug resistance genes in C. albicans, just 

like their S. cerevisiae homologues. These zinc cluster proteins could be promising 

potential targets for new therapies against Candida in immuno-compromised patients, 

especially since there are no zinc cluster proteins in human ceUs. 
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Figure 4: Similarity between S. cerevisiae Upc2p and the gene product ofCA3878 

(also namedIPF7289) present in the genome of Candida albicans (higher bars indicate 

homology). Due to the high degree of similarity, we refer to CA3878 as CaUPC2. 

In conclusion, this study has allowed for a better understanding of the roIes of 

many zinc c1uster proteins through their association with a phenotype. It has revealed the 

presence of new major regulators of drug resistance. One of these newly identified 

regulators was shown to interact with other transcriptional activators of drug resistance 

genes, to form different sub-populations of regulators able to control a complex network 

of PDR genes. This information will prove valuable m understanding the complex 
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transcriptional regulatory networks in yeast and in understanding the mechanism of PDR 

in other pathogenic fungal species. 
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