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Abstract 

DNA damage represents a thmit to the l ive i ihd  of a œil or organism. This 

damage must be dealt with in an efficient manner to prevent cell death. or in higher 

organisms, neoplasia. The study of DNA p a i r  in yeast has k e n  greatly aided by the 

discovery of dation-sensitive mutants and their comsponcüng RAD genes. A 105s of 

function of these RAD or related genes compromises the cell's ability to cepair DNA 

damage. One of the most effective pathways for npairing DNA damage is nucleotide 

excision repair. Within this pathway, the RAD23 gene product plays a crucial, albeit 

poorly understood role. In this study, thne Raà23pinteracting proteins were investigateâ 

in d e r  to küer understand the d e  of Rad23p itself. Two of the thm proteins 

investigated were found to k important to cell viability while the remaining protein 

appeared to be fw1ctiodly disposable. Noae of the proteins were found to play a d e  in 

DNA npair using the methods in this thesis. suggesting that their interaction with Raâ23p 

is not biologically signifcant. Al tedve ly ,  these genes may be involveci with RAD23 in 

cellular processes unrelateci to DNA repair. 



1. INTRODUCTION 

Genetic material, such as DNA, must be able to transmit information fmm aiie 

generation to the next with a hi@ degree of accuracy in order to assure the continuation of 

the species. It was cüscovered, however, that DNA is susceptible to mutation €rom faulty 

replication and environmental insults which thnaten this stabiiity. Although the effécts of 

specific mutations on an individual can be devastating, this very instability is essential for 

species' evolution. To ensure the survivai of individuals. evolution has bestowed upon 

WNally every species a powerful collection of proteins designed to preserve, maintain and 

nstore the intetegn of the genetic material. Coîîectively these proteins are referred to as 

DNA repair proteins and are capable of repairing a multitude of DNA damage types. 

1.1 DNA Repair 

The existence of DNA repair mechanisms was demonsinrted with the discovery of 

radiation-sensi tive mutants. The fmt radiation-sensitive mutant was isolated in E. coli 

(Hill, 1958) and nine years later, the observation of radiation sensitivity was extendcd to 

yeast (Nakai and Matsumoto, 1961). The failure of celis to npair DNA was soon found to 

be associated with the rediation-sensitive human disease nedenna pigmentosun and 

provided the first evidence of the tme importance of DNA repair (Cleaver, 1968). 

Mutagenic damage can be causeci by a variety of physical and chernical agents, both 

endogenous and environmentai in origin, wbich alter the structure of DNA. The most 

prnincat physical agents which pose a ihnat to DNA are ioaizing a d  ultraviolet 

radiation. These cm break the chernid bonds found in DNA to iaduce single- or double- 



stranded breaks or cause mss-linking of adjacent or opposing nucleotides. Physicai 

agents can also cause the formation of fm cadicals within a ccli which c a ~  then act on DNA 

to cause mutation. Chernicd agents act on DNA in many ways. Some chemïcals attach to 

and alter the stn iaurr  of nucleotides which dtem the normal base piriring ppcrties of the 

nucleotides. Other chemicais wbich nsemble nomal nucleotides, calleci d o g u e s ,  can be 

incorporated hto DNA. These d o g u e s  have different base paûing properties than the 

aucleotide they nsemble and cari produce mutations in subsequent replication. Another 

cornmon source of mutation is attributable to polymerase iddelity. In the absence of 

environmental insults, the c d  n o r d y  deals with mismatched bases in DNA caused by the 

insertion of improper aucleotides during replication. Nucleotides in DNA can also undergo 

spontaneous narrangement of theu chemica bonds nsulting in loss of portions of the 

nucleotide or aitwed base p a i ~ g .  

The collsewation of DNA repair mechanisms from yeast to humans allows findings 

in one system to aid discoveries in the other (Botstein et d. 1997). This cwperative 

effixt d e s  yeast a very useful organism for the study of DNA npair. 

Multiple mechanians for dealhg with DNA damage exist in prokaryotes and 

eukaryotes. These mechanisms can be roughly categorized into six groupings as foliows: 

i )  d m g e  reversal. The simplest method of dealing with damage is to reverse it. Two 

mode1 mechanisms for darnage reversai are exemplifed by the photoiyase enzymes and the 

methyltrarisferases. The former class of proteins deals with the most common fonn of 

damage induced by UV iradiation - the pyrimidine dimer. The covalent linîcage of adjacent 

pyrimidine molecules thmugh their double bonds to form a pyrimidine dima disnipts 

nomal base p a i ~ g .  Photoreadvation is the proces by which photolyase mymes 

specif~dy inicnrt with such lesions and utilize the energy fmm visible ügbt to catalp the 



disniprion of the inapppriate linlrage. thus rcstoring the normal pyrimidine structure 

(reviewed in Sancar, 19%b). The second class of darnage reversai proteins dcals with 

monofunctionai ailylation of DNA such as inappropriate methylaiion. The mutagenic @- 

methylguanine reprcsents a prime example of this type of damage. Dnnethylation occm 

by the transfet of the inappropriate methyl group to the active site of a methyltransferase to 

reston the normal chernical structure. and thus base-pairing, of guanine (rcviewed in Mitra 

and Kaina, 1993). The range of substrates for damage r e v e d  is limited by the highiy 

smc nature of these enzymes. 

ii)posî-replicatlion repaire Some DNA damage cm impeded the progress of the replicatiai 

proteins and prevent full or proper duplication of the genome. Post replication =pair is 

ktter teimed DNA tolerance rather than repair since it aliows replication proteins to ignore 

certain foms of DNA damage and to leave them to be deait with by a tme repair process at 

a later the.  Cells utilize two methoch of damage toleance, both of which are employed 

during the process of replication of DNA. In the first. the polymemse steps over the 

damage and m m e s  replication at a point after the damage, leaviag a gap in the newly 

synthesized sirand. The second hypothesized mechanian for damage tolerance pndicîs 

that the polymerase repliaues thiough the damage (reviewed in Waker, 1995). Regdess 

of which f o m  of damage tolerance the ceil bas employed, the damage still persists and 

must be eveneually dealt with by one of the other damage repak mechanisms. 

iii) Msmcttch rcprrir. The inherent error rate of DNA polymenws dows for the occasional 

insertion of an inappropriate nucleotide into DNA during the pioces of repücation. 

Mismatch cepair acts to increase the fideliity of nplicatim by comting the mistakes and 

ais0 acts to =pair certain forms of chernical or spontantous damsge (nnmed in KoIdner, 



1995). The wchanism has ban studied in daail in bacîcria ami homologous systems have 

ken found in yeast and humans. Various mechanisnu are ibought to k exnployed to 

ensure that the propcr strand is repaimd, not al1 of which arc undcrstood. In the E. coii 

systern, newly synthesizeâ DNA exists briefîy in a state in which the tcmplate strand is 

methylated while the new süand is not. The mismatch repair proteins are able to ncogoize 

the methylatioa status of the DNA stranàs and direct repair to the new stmd which is most 

iikely to contain the emr (reviewed in Modrich and Lahue, 1996). 

iv) recombinationui reprni. High energy ionizing radiation cm phytically break the sugar- 

phosphate DNA backbone to pmduce double strand breaks (DSBs). Recombination repair 

proteins act to =ton the normal continuity of such broken chromosomes and can also fül 

in gaps cmued by one of the post-replication repair schemes (reviewed in Shinohara and 

Ogawa, 1995). This npair pathway rcquires the presence of two homologous DNA 

molecules. 

V )  bare excision repoP. Damage to single bases can be dealt with by the efficient process 

of base excision repair. The various types of damage repaired by tbis pathway are 

spedically recognized by DNA glycosylase enzymes. These enzymes act to cleave the 

glycosidic bond and release the damaged base, crtating au apyiimidiaidapurinic (AP) site. 

The AP site further serves as a substrate for =pair by AP endonucleases which cleave the 

backbme portion of the AP site to lave a one base gap. This gap is then füled in by a 

DNA polymerase and sealed by a DNA iigase. AP endonuclease and DNA glycoaylase 

actinty can exist in the same molecule or be separate proteins (mieweâ in Lindahl et al, 

1997). 



v i )  ~~(~feoticle excision repair (NER). This DNA repair p e s s  can to deal with a wide 

range of stnictwaUy unrelateci lesions and is often described as the most v e d e  DNA 

q a i r  mechanism. NER is the primary defense rnechanism against so-caiied 'buiky' DNA 

damage which rtsults in distortion of the DNA heüx and the broad subsüatc spectnim of 

this piocess marks it as one of the m a t  important =pair pathways. The study of NER was 

initiaied early during investigation into DNA TC@ and has sincc reccived a lot of attention. 

Recent biochemical analysis has allowed for fine-structure understanding of the NER 

complex assernbly and incision mctions. which bas grraty aided the understanding of the 

phenotypes of NER defects in humans. 

1.2 Nueleotide Excision Repair (NER) 

1 shaii discuss this spccific category of repair in more detail as it is the focus of my 

thesis. A simplified diagram showing the main features of NER for prokaryote and 

eukaryote systems is shown in Figure 1. Many types of DNA damage can serve as 

substrates for NER: cyclobutane pyrimidine dimers (CPDs), pyrimidine-pyrimidone (64)  

photoproducts. psoralen adducts, cisplaiin adducts ami 0 t h  "bulky" base drmuige 

(reviewed in Friedberg, 1985). The basic rnechanism of NER M v e s  five steps. 1) The 

damage is recognized and bound. 2) The two strands of DNA in the vicinity of the damage 

are locaiiy disassociated or "melied" by helicase action. 3) EndonucIeases cleave the 

damage-containing strand of DNA on eithcr side of the damage. 4) The âamage-containing 

oligomer is mnoved and a DNA polymerase synthesizes a aew Strand using the oppite, 

intact süand as a ternplatt. 5) A DNA ligase seais the mnaining nick. As we wiîl see, the 

bactcrial system represents a tather simple view of NER while the eukaryote systcm is 



Fiaire 1 General NER Steps 

The basic steps of NER fmm either pkaryote or eukaryote systems are 
shown hem. The re@r proteins an ornitted for simplicity. 

A. DNA damage is detected and initial boiding by the damage recognition 
proteins occum. 

B. The action of heiicase andlot other proteins acts to unwind the DNA duplex 
in the immdiate area of the heage. 

C. Incisions on either side of the damage an made in the DNA strand 
containhg the damage. 

D. A polymerase synthesizes the new portion of DNA using the opposite, intact 
strand as a templete 

E The remainiag siogie-ssanded nick is sealed by a ügase to cornplete the 
repair process. 



melting 

dual incision 

repair synthesis 



more cornplex. The NER proteins arc conservecl among cukaryotes to such a de- thet 

cornparisons betweea yeast and human homologues are muine (Cleaver, 1994; Chu and 

Mayne, 19%; L i n W  es aL , 1997). 

The rate at which DNA damage is repaired by NER is highly dependent on the rate 

of ttanscriptional activity in the region. It is known that thc npair of active genes occurs at 

a much higher rate than the remainder of the genome. hthermore, in tranmiptionaily 

active regions, thes is a bias for rapid ce@ in the transcnbed straDd over the non- 

transcribed stand wbich is dependent on active transcriptioa (reviewed in h p k i n  et d ,  

lm; Selby and Sancar, 1994). This preferential npak is termeci transcription-coupled 

npair ( K R ) ,  while the slower repair of the remainder of the genorne is t e m d  global 

genome repair (GGR). It is now known that GGR can act on DNA damage ngardless of 

the srraiid or activity of the region while TCR acts exclusively on the t r d k d  strand of 

active genes (Bohr, 1991; Sancar, 1996a). 

1.2.1 Transcription-Coapled Repair 

The method of coupling repair to transcription was found to k due to the 

impediment of an elongating RNA polymerase at sites of damage. The stalled polymerase 

acts to signal the presence of demage and the subsequent assembly of the NER machinery 

at that site (Selby and Sancar, 1990; Selby and Sancar, 1993). The method by which TCR 

operates in prokaryotes and eukaryotes appears to be similar. In bacterial systems, the 

pnsence of a d e d  RNA polymerase at sites of damap is a physical M e r  to NER 

(Selby and Sancar, 1990). A transcription-rrpair coupling faor (TRCF), encoded by the 

rnfd gene, displaces the stallcd RNA polymerase to alleviate the banier to repair, but also 

actively d t s  the repak proteins (miewed in Selby a d  Sancar, 1994). In eukaryotes, 

the TRCF plays a d e  in recruiîing NER factom to sites of damage as in bacteria, however 



it is imclear whether the T R f f  causes the dispiaccment of the sMed RNA polymerase. In 

yeast the TRCF is Rad26p (van Go01 et d,  1994) while in humans it is the products of th. 

CSA and CSB genes, the laüer king the homologue of Rad26p (Hennhg et d ,  1995; van 

Gool et id, 1997). 

Evïdenœ that the eukaryote TRCF acts to remit NER factots cornes frm several 

studies. It was determineci that Rad26p is not rrquircd for TCR while TFIIH is stüi 

associatecl with the RNA polymerase complex and was thought to be &al in the 

tecTuitment of TFIIH after it had dissociated from the eloagatiag polymerase (Tijstennan et 

d, 1997). CSB has been fwnd in associath with a complex containhg RNA 

polymerase 11 and has also been found to interact with the exonuclease XPG (human 

homologue of RacQp), providing a possible link to explain TCR (van Gool et d, 1997). 

Interactions of CSA with CSB and a subunit of TFnH also support this mode1 (Henning et 

d ,  1995). 

Although displacement of the RNA polymerase at sites of damage by the TRCF has 

not been demonstrated in eukaryotes, certain sadies in the literanire may have inadvertently 

discovered such a link. A study by Bregmaa et al (19%) showed that RNA polymemse II 

is ubiquitinated in no- human cells &ter exposure to UV light. This activity w as absent 

in ceUs derived from a patient with Cockayne syudrome but was complemented by 

introduction of the CSA or CSB genes. The ubiquitination appean to be an important part 

of the activity of these genes and may bint at a mechanism of displacement of RNA 

polymerase II. 



1.2.2 Global G e n o w  Repair 

Global genome n@ refers to the repair of lesioas anywhere in the genome. It 

relies on a similar mechanism of uncovering DNA damage as that seen in TCR. Verluge et 

(J. (19W) showed that yeast Rad7p and Radl6p were absolutely requinxi for GGR. 

Recentiy, these proteins were found to exist as a complex wiih an ATP-dependent helicase 

adivity that actively scanned DNA for lesions and was designateci NEF4 (Guzder et d ,  

1998). A sîalled NEF4 appem to signal for the assembiy of the NER complex, 

presumably in a similar fashion to TCR. It is not known how NEF4 gains access to DNA 

in the hîgher order cbromatin structure of untranscribed regions. Then is evidence that 

R d 7 p  participates in the nmodeling of chmatin, but the mechanism nmains unknown 

(Paetkau es aL , 1994). The rate of damage recognition is likely greater in transcribed 

regions, compared to silent regions, thus explainhg the dimepancy in apparent rate of 

repair ktween GGR and TCR. Once the damage is recognized by either TCR or GGR, the 

remainder of the NER process appears to pmeed in the same fashion and at the same rate 

ngardless of wbich pathway discovered the &mage. 

1 2.3 NER in Bacteria 

ûniy six proteins are required for NER in E. coli: UvrA, UvrB, UvrC, UvrD, a 

DNA polymenise and a DNA ligase (reviewed in Sancar, 1996a). In an ATP-dependent 

series of steps, the damage is fmt rccognizeû by a UvrA-UvrB complex in which UvrA 

"loads" UvrB onto the âamage. UvrB then unwinds a local area amund the damagt and 

bends the DNA. This UVrB-DNA complex is then ncognucd by UvrC ami dual incisions 

an made 12-13 bp apart in the darnagcd süand on Qther side of the lesion. A hciiauc 



(Uvfl) then tmwinds the damaged oligomer fmm the opposite stand dlowing DNA 

polymerase 1 to fa in the gap. The nick is then ügated to finish the repair process. 

1.2.4 NER in Eikaryotes 

At least 19 proteins are nquired for eukaryote NER in vin0 including the DNA 

polymerase and DNA ligase proteins. Table 1 lists the proteins required for NER and also 

shows the homologous cornparisons between yeast and human systems. In eukaryotes. 

incision occurs roughly 22-24 bases 5' to the damage and 5 bases 3' to the damage to yield 

an oligomer of approximately 2-29 bp (Guzder et d,  1999; Huang et d, 1994; Svoboda 

et uf., 1993). The biochernical analysis of NER has been pursued in yeast and humans 

using slightiy different approaches. The information gathered in one organism is presumed 

applicable aad complementary to the other so it is best ta consider the details of NER in 

both yeast and humans at the same time. 

1.2.4.1 Damage Recognition 

The damage recognition step of NER has now been characterized in some detail. 

Aithough the damage appears to be recognized initiaüy by eithr the elongating polyrnerase 

or a W-4 üke complex, the recognition step is historidy defimd as the bhding of the 

DNA-dsmage spcific proteins. In most cases, the DNA damage distorts the h e h  and acts 

as the signal for mpair. The wide spectnim of NER damage substrates is thought to be a 

cesuit of response to al ted DNA structure rather than recognition of spdlc mdecuiar 

types of damage (Gunz et al, 1996). In yeast, the damage spccific proteins consîst of 

RPA (mriewed in Cleaver and States, 1997), Rad14p anci Raâ4p (Figun 2A). The human 



couterparts for Radl4p and Rad4p are XPA and XPC. Most of our bwledge about the 

funaion of RPA cornes fmm studies with the human complcx and demoostnrtrr that these 

proteins play a crucial stmcnUat role in assembly of the NER macbiaery. RPA has high 

afïl l îy for ssDNA and binds a region of appmxirnately 30 bp (Kim et al, 1992). in in 

viiro experiments, it was found thaî RPA bound UV-damged DNA with siightly higher 

&i ty  than undamaged DNA and that this pnference was for 6 4  photoproducts, not 

pyrimidine dimen (Burns et d ,  19%). Rad l4p and XPA also display a similar preference 

for DNA containhg 64 photoproducts but again have littie or no specificity for pyrimidine 

dimers (Guzdet et d ,  1993; Jones and Wood, 1993). The interaction between RPA and 

XPA (Rad141 in humans impaas a cooperative biading to the complex so that it ncognizes 

both 64 photoproducts and pyrimidine dimers in addition to multiple othet foms of 

damage (He et d . 1995). Rad4p is coabined in a complex with Rad23p which is capable 

of recopizing multiple forms of damage and is absolutely required for NER (Jansen et d , 

199û; Guzder et d, 199%). In humaus the equivalent complex, XPC-RAD23B is 

nquired ody for globd genome repair but is thought to play a key role in partial unwinding 

of the duplex DNA at sites of damage (Evans et ui., 1997). It has been pfoposed that the 

transcription bubble structure created by an elongating polymerase obviates the need for the 

XPC-RAD23B activity in mammalian transcription coupled repair (Mu and Sancar. 1997). 

Ovedi, the damage recognition proteins cany out two important processes. Fmt, one or 

more of the proteins allows the duplex DNA to be separated slightiy (GGR) or mainîahed 

in an open conformation (TCR). This altered confornation provides the structure 

aecessary for binding by additional proteins. Second, the interactions between the damage 

recognition proteins and other NER factors localizes the latter to the damage site and 

provides the oidmd sdolding on which the NER cornplex is assembled 



Proposai Mode1 for NER Steps in Yeast 
(Adaptsd from Habraken et al., 19%) 

The steps shown h m  are ihose cornmon to both transcnptioniriuplad and 
global genome repiiir up to and including the dual incision step. RAD genes 
are identifkd oaly by their numbers. 

A complex coniaining the damage recognition protM Radl4p and the 
endonuclease cornpiex RadlpRadlOp are l a a l i d  to the site of damage 
dong with the trimeric RPA complex and the Rad4pRad23p complex. 
These proteins provide the base on which t&e additionai NER proteins are 
assembleci in a highiy ordemi fashion. 

The damage recognition proteins carry out or stab'ize the slight unwinding 
of the duplex DNA around the damage. Through interactions with RadMp, 
Rad23p and RPA a cornplex containhg T M  and RadZp is recnUted to 
the site of damage. hteractions between Rad2p and RPA may deteRniIlC the 
3 ' anchot site. 

The helicase components of TFiM (Rad3p and Rad25p) act in an ATP- 
dependent fashion to open the duplex DNA around damage to cnaie a 25 nt 
bubble and provide the appropriate structure for the endonucleases. 

Dual incision is made 3' by Rad2p and 5' by Radlp-Radlûp. 



ADP + Pt i- 



1.2.4.2 Iacorporation of TFIIH and Dilplex Melting 

in oder for the dual incisions to be made, the DNA amund the site of damage must 

be in the comct confomution; this i s  achieved by the action of additionai NER proteins. 

The damage recognition proteins pnsent at the site of damage iiitenict with other NER 

proteins to incorporate them hto the complex. The TFW compkx, which contains the 

helicase subunits Rad3p (XPD) and Rad25p (XPB) (Figure 2B) is an important component 

recniited to the NER complex. Rad3p and Rad25p act in an ATP-dependent manner to 

unwind the DNA strands in the region of damage to cmate a bubble structure of -25 

nucleotides (Evans et aL, 1997) (Figure 2C). TFiIH is hown to interact d i d y  with 

some damage recognition proteins, including XPA (He et d ,  1995); however efficient 

coupling of TFIIH to Radl4p (XPA) requires the activity of Rad23p (Guzder et d, 

l99Sa). 

1.2.4.3 Dual Incision 

The dsDNA-ssDNA boundaries at either end of the buôble structure are the target 

sites for the action of the endonucltase activities of Rad2p (XPG) and the RadlpRadlOp 

(XPF-ERCCI) complex. RadZp pedonns the 3' incision wbich is immediately followed 

by the 5' incision carried out by the Radlp-RadlOp canpkx (Mu et d ,  1996) (Figure 2D). 

The comct orientation of the incision complex relies on the positionhg of the RPA protein 

which binds to the undainaged strand in a polar fashion and directs the assembly of 

subsequent proteins in a similady polar feshion (de Iiat et d, 1998; MatSunaga et d ,  

19%). It is thought that the interaction of RPA with XPG "ancborsn the 3' incision site at 

a favorable location and that the 5' incision is thcn ma& at the set distance fmm the 3' 



incision to aeate the -30 nt incision product (de Laat a d, 1998). In yeast the Radlp 

RadlOp proteins are complexeci to Radl4p and are thought to lcurifize to darnage thn,ugh 

that interaction (Guzder et d ,  19%). A similar situation exists in humans with XPA and 

the XPF-ERCC1 complex (Park and Sancar, 1994). RPdZp associates with TFUH and is 

incorpomîed dong with the TFIIH complex (Habraken et d , 1996). 

1.2.4.4 Repair Synthesis and Ligatlon 

The f d  step in NER is the synhesis of a aew strand of DNA to fiii the gap and 

ligation of the nmaining uick to restore the coahuity of the DNA. RPA is knowa to play 

a role in this process again as well as the PCNA complex, RF-C and at least DNA 

polymerase e (Aboussekhra a d , 1995). 

1.3 DNA Repair and Disease 

The first obsmation of a DNA repair defect in human disease was found in the 

condition xeroderma pigmentosum (XP) (Cleaver, 1%8). A degiled description of the 

condition and the XP complewntation groups is given in Chu and Mayne (1996). The 

complementation groups XPA through XPG comsponded to the loss of functiori of one of 

the key repair proteins (sec Table 1). XP patients have r e û d  or absent NER capcity 

and an extremely sensitive to the effccts of sunlight (reviewed in Chu and Mayne, 1996). 

htients with defects in TCR also show some degree of sun-sensitivity but display 

ovemding neurologicai abnormalities. These patients have Cockaync syndrome (CS) and 

are defective in the activities of CSA or CSB ( m i e w d  in Chu and Mayne. 1996). 

Trichothiodystrophy ('ITD) is also cldeci as a DNA-repair ddiciency syndrome and can 



aise fmm mutations in XPB, XPD and 'ITDA (rcviewtd in Chu and Mayne, 1996). 

Mutations in certain genes, most notably XPB, can give iist to XP or a combination of XP 

with CS phenotypes (revieweâ in Chu and Mayne, 19%). 

Table 1 Components of NER Required for in vitro Incision 
Adapted from Feaver et al. (1997) 

Human Cornplex* Components NER Function HomoIogue 

NEF- t Radl4p Damage recognition XPA 
Rad 1 p Excision endoauclcase with Radlûp XPF 
Radlûp Excision endonuclease with Rad lp ERCC1 

NEF-2 h d 4 p  Damage recognition 
Rad23p Cornplex assembl y 

NEF-3 RadZp 
Rad3pt 
Rad25pt 
Ssll p' 
Tfb l pt 
Tf b2p' 
Tfb3 p? 
Tfbrlpt 
cc1 1 pf 
Kin28pt 

Eccision endonuclease 
DNA helicase 
DNA helicase 
? 
? 
? 
? 
? 
? 
? 

XPC 
RADBA, 
RAD23B 

XPG 
XPD 
XPB 
BTF2p44 
BTF2p62 
B n 2 p 5 2  
MAT 1 
BTF2p34 
Cyclin H 
MO lXDK7 

RPA Rfal p ssDNA binding/darnage recogpitian M A 1  
R f a 2 ~  ? RPA2 
R f ' p  ? RPA3 

* NEF = nucleotide gxcisioa repair factor (see Guzder et d, 1996) 
subunit of TFIIH 

The RADU gene was disroverd during the d y s i s  of a mutant strain 

ovemxprcsJing the yeast i~2-cytochrome C protein (McICnight ad, 1981). This mutant 

sbain was found to contain a 5 kb deletion on Chromosome V and was W sensitive. The 



W sensitivity of this strain was ualinlrcd to any of the prcviously idenmed md mutants, 

mdlA through rclcn2A. and was thus designated r d .  The region sumunding the 

RAD23 locus contains the coding region for a gene inwlved in osmolarity sensitivity and 

the istxytocfuome c gene. A sixniiar thne gene clusta exists on chn,mosorne X which 

contains the DNA re@ gene M 7 .  Based on the consmaiion of gene functions in these 

regions, McKnight et d (19û1) suggested t h  the genc clusters, and thus the two RAD 

genes. s h e d  a common aucestry and may cany out similar functions. Millet et d (lm) 

showed that the md76 and rad23A deletion mutants shared similar phenotypes with respect 

to mnoval of W-induced pyrimidine dimers and psoralen intrastrand DNA crosslinks, 

stnngthening the notion of gene relatedness. However, the genes did not complement esch 

other (McKnight et aL, 1981), and the phenotype of a double mutant, rad76 radt3A, 

demonstrated an even greater seasitivity to both types of DNA damage (Miller et d ,  1982). 

The DNA sequence of RAD23 was deterrnined independently by Melnick and 

Sherman (1993) and Watkins et d (1993). The RAD23 gene codes for a nuctear protein 

of 398 amino acids (aa) with a basic N-terminai region (PI = 9.71 for the fmt 81 aa), while 

the nmainder of the protein is highly acidic (PI = 3 -77). The Kterminal portion of the 

protein is intriguing because the arniw acid residues 2-77 share 4396 simiiarity (22% 

identity) to ubiquitin, a protein known to target other proteins for degradation (reviewed in 

Hilt and Wolf, 1996). This observation implied that RodZ3p may be a target for regulated 

protein degradation. Removal of ihis ubiquitin-lke domain caused UV sensitivity 

intermediate to that of r i 3 A  and wild type, suggesting thai this domain was nquired for 

RAD23 fuction (WatanS et d ,  1993). übiquitin itseif csn fiiactiooally substitute for the 

Ktemllnal domain of Rad23p. as a chimeric ubiquitin-RaâZ3 protein, to provide wild-type 

levels of W nistance (WaiLins et d ,  1993). A small Gaction (less than O. 1%) of ccUuiar 

Rad23p was found to k conjugated to 118th uôiquitin, howevcr the baif-He of this protem 



was grniter than 6 hours, implying that the protein wps higûiy stable in vivo. Schauber et 

aL (1998) identif~ed RAD23 as a suppnssor of toAicity causeci by ovenxpnssion of 

components of the protein degradation system, once again suggesting a proteolytic functcm 

for Rad23p. These authors demonstrated interactions ktween Rad23p anâ components of 

the protein degradation machinery and also demoasüated a proteolytic role fot the 

ubiquitin-iike domain of Rad23p. 

Biochemid anaiysis reveaied that Rad23p was nsponsible for eflectively couphg 

the THM complex and Radl4p (Guzder et d, 199%). This role for Rad23p is consistent 

with the r d 3 A  partial W sensitivity phenotype and the deSignation of Rad23p as an 

"accessory protein". Guzder et al. (1995b) went on to show that a Rad23p - Radrlp 

complex was requued for the incision process of NER in vitro. He et d (19%) found that 

the elimination of RAD23 activity did not abolish NER in cell-frre extracts of yeast, but did 

affect the eniciency of the process. Although this observation appears to c o n ~ c t  the 

findings of Guzder et al. (1995b). the two systems diffend signZcantiy such that the 

observations are not mutuaily exclusive. Wang et d (1997) Camed out smilar 

experirnents and h v e d  at the same conclusion for RAD23. These snidies looked 

specificaiiy at transcription-independent repair. M u e k  and Smerdoa (1996) showed that a 

functiod RAD23 ailele was required for eficient repair in both the transcription-coupled 

and global genome repair pathways but that both pathways had nsidual aaivity in the 

absence of RAD23. Rad23p aiso intemcts with Rad4-p bt vitro (Guzder et aL, 199%) and 

in the twehybrid system (Wang et d ,  1997). 

The ubiquitin-iüte portion of Rad23p places it in a unique class of proteins karing 

such a domain. Another such ubiquitin-üke gene, DSK2, confers temperature-sensitive 

p w î h  defects when muiaicd in c o m ~ o n  wiîh RAD23 (Big- et d ,  19%). DSK2 is 

involved in spindle poie body duplication, suggesîing that RAD23 may also function in 



ceIlcycle progression. An aéditiond domsin is found twice in RAD23 which is r c f d  to 

as the üBA domain (for ubiquith-aSSOciaîed) (Hofinan and Bucher, 19%). This domain 

is common in d e r  proteins involved in the uaquitination pathways. 

Two human couriterparts for RAD23 were discovered in 1994 (Masutani et d ,  

1994) and found to encode highiy simiiar pmteias, including the cunserved N-tcnnioal 

ubiquitin-üle domain. At least one of the homologues, RAD23B, interacts with XPC, the 

human equivaient of RAD4 (Masutani et d. 19%). The RAD23B product was shown to 

stimulate XPC activity in an in vitro qmir system (Sugasawa et d ,  1996). 

ûverexpression of RAD23A. the second h m  homologue of RAD23, was rrcently 

shown to prevent the ce1 cycle a m s t  caused by the HIV- 1 viral protein Vpr (Withers-Ward 

et aL, 1997). Homologues of RAD23 have also ken  found in mouse (van der Spek et d ,  

19%). n a  (Schultz and Quatrano, 1997) and Atabidopsis (Sturm and Lieahard, 1998). 

Despite the apparent importance and conservation of RAD23 no human diseases have k e n  

associateci with this gene. To date the evidence still seems to point to Rad23p as an 

accessory factor in the effrciency of NER. 

1.5 The Tao-Hybrid S ystem 

The Two-Hybrid System (THS) was fmt reported by Fields and Song in 1989 (sa 

Figure 3). The system takes advantage of the modular nature of the Gal4p transcription 

factor. This protein can k divided into distinct and functionaî domaias which cany out 

one of the two key fmctions of the transcription faor - DNA binding and tranmiptionai 

activation. Reconstinition of the two domains allows for them to act in concert as with the 

native protein. In the twehybnd system, the two domains arc indepmdently fused to 

pmieins of interest to crtate two hybrid pmtccins. If the fused proteins arc capbic of 



Figure 3 Diagammatic Repscntation of the Two-Hybrid System 
(Adapted from Gictz et d, 1997) 

A simpwed ilIustratioa of the twa-hybrid system is shown hem using 
Rad23p as the "bait". The TRPI or LEU2 piasmids contain gcne fusions 
which ailow the production of hybrid proteins. The two domains of the 
W4p transcription factor arc showa with a speckîed pattern. The pmth  
product of Rad23p is shown with a hatched pattern and those of Saplp, 
Hmolp or Byhlp arc showa with fded patterns. The Gai+ binding 
domain (BD) localizes the BDRad23 hybrid to the promoter ngim of a 
reporter gene. Interaction between Rad23p and Saplp, Hmo lp or Byhlp 
allows the ADLibraryDNA fusion protein to be in position to activate the 
reporter gene through the Gal4p activating domain (AD). Interactions an 
detected by assaying for LicZ activity andior histidine auxotrophy. 





interacting with one another, the banscription fsctor will be ncoLlStitutcd and d o w  

activation of a spdic reporter gene. By assaying for the activity of the reporter gene 

(usudy a nutritional marLer or enzyme such as M), it can be determinecl if two fusion 

pmteiiu interact One of the most versatile adaptations of this system is the twehybnd 

screen in which a protein of intenst is fused to a DNA binding domah such as the Ga14, 

or the larA protein and tested against a iibrary of fusion proteins to iden- interacting 

partners. Not only does this system dlow the interaction to occur in vivo, but the process 

of ide~~~cat ion  is npid and serendipitously results in the clonhg of the novel gene(s). By 

perfonning multiple twa-bybrid scnens, it may be possible to create a "proteorne map" for 

a given cellular pmcess Linking each protein to its partners. In this way it is possible to 

extend the knowtedge of interactions within a given pathway but aiso to link one pathway 

with another. 

Prior to my arrivai in the lab, the THS was used by Sharon Simon &CI identify novel 

Rad23p interacting proteins. It was anticipatecl tbat the nature of the interacting pmteins 

would clarify the role of Rad23p in I M A  repair. T h . e  novel Rad23p interacting proteins 

were identifed, however, the function of these proteins is not M y  undcntood and 

therefore not immediatel y informative. 

1.6 Thesis Objectives 

1 investigated the protein-protein interactions tbat were identifïed by the Rad23p 

two-hybrid scmn to determine if these Rad23p interacting proteins were involveci in D M  

re@ and what was the simcance of th& association with Rad23p. To accomplish this 

1 testcd the interactions in vivo and in MRO d examineci the phenotypes of nuli mutants 

for DNA repair phenotypes. 



2. MMERIALS AND METHOD6 

2.1 Bacteriophage Lamb& Clones 

The bacteriophage lambda strain MG14 (American Type Culture Coiiection 

(ATCC)) was used for ali preparations of lambda DNA. Lambda cloues were obtaioed 

fmm ATCC as freeze-dned bacteria-free lysates. These lysaîes wcre ncoostituted in 0.5 

ml SM media and stored at 4OC for gened use. Bacteriophage lysate solutions were 

pnserved in 7% DMSO (v/v) at -WC. 

2.2 Bacterial Strains 

The E. coli strains used in this study are Listed in Table 2. AU bacterial stocks were 

maintaineci in 2m glycerol at -€?WC. 

Table 2 Bacterial Shahs 

. . - pp . . -- - . .. . 

Strain Genotype Source Refemce 

Dffi F ~15A(locZYA-~~F)U169 &UR mcA 1 RD. Gietz Gibco BRL 
end4 1 p h A  irrdRlll(r,', m a  swpE44 tlli-1 gyrA% 
nlA 1 A- 

GM2163 F ap 14 leuB6 thi- 1 JWA3 1 hcY 1 ts-78 galK2 g&22 RD. Getz NE% 
supE44 hisG4 rpsL136 (Stf) qf-5 mtl- l &rni13::Tn9 
(Cam3 d a n d w B 1  hdR2 ( r i  m a  w A  A- 



2.3 Yeast Strains 

The yeast strains used in this study are listed in Table 3. CN1@5â was used for 

al1 twehybrid system analysis. MKP" and MY185 w e n  used for aiî genetic 

manipulations. MKPO and the isogeaic srrain MKP" r d 3 A  were used as controls for W 

irradiation experiments. Ali yeast stocks were maintained in 20% giycerd at -800C. 

Table 3 Yeast Strains 

Strain Genotype Source Refemce 

CTY 10-3  

M K P  

MKP" mdt3A 

MKP"rndda 

RSY 18s 

MATa ade2 gai4 ga(80 his3â200 &ut-3,112 rrpl-Ml S. Fields Bartel et d ,  1993 
ura.3-52 UW::lexAopGrU,l - k Z  

MATa c a l - 1 W  &2-1" lys2-1" wa.3-52 le&-3,112 B. Kunz Pierce et aL 1987 
hh3-A200 mlh901 

MATaconl-lWd2-Ialys2-lawa3-52kn2-3,112 R.D.Gie= 
hk3-&!00 a p l m  red2SLYlisG 

MA Ta con1 -1 OLP &2-Io lys2- I O und-52 kuî-3,ll2 R. D. Gictz 
his3-LuoO bpiA901 ramLEu2 

MATd MA T a  &id-3.1 1 Zlleu2-3,I 12 ura3-52/um3-52 R, Schicstl 
hW -1 Ml  -7 canls/cmlr îW2/trp2 HOM3/hom3-1 O 

2.4 Plasmids 

Plasmid vectors used but not constructed for this study are listed in Table 4. An 

plasmid samples were maintained in 1 x TE at 4°C or less. 



Table 4 Plasmids 

- - 

Pîasmid Genes Source Referitnce 

pUC 18 A# RD. Gietz Ncxrandcretd, 1983 

pUC19 A d  RD. Gietz Yidzicfi-Pemn et al., 1985 

pKM 13 10 A$. TRPI. HA-mg K. Madm 

@AD424 AP. LEUZ. GAL4, RD. Gietz Bartel et. al., 1993 

pBS(m+) Ad< RD. Gietz Shatagene 

pBTMll6 A ~ P .  TW1, IexA, RD. Gietz B a d  et. ai., 1993 

pûG3 17 A d .  LEU2 RD. Gietz Gietz and S ugino, 19û8 

PRDG~B AP. URA3 RD. Gietz 

pDG328 AP, CIRA3 RD. Gietz 

~DG649  T R P I ,  ~ f .  IexAm-RAD7 RD. Gietz Patckau et al., 1994 

PJR3 LEU2, ApR, GAL,Jm-SIR3 RD. Gietz Rctkau et d., 1994 

pLJbMet-lac2 AP. Ub-Met-ba K. Madura Bachmair et uf., 1986 

pLbArg-iacz AP, U b A r g - b a  K. Uadura Bachmairet al., 19% 

pKG86 A f  RD. Gietz 



2.5 Media and Solutions 

Mecüa and solutions were made essentially as in S m M  et d (1989). Sotid 

medium was preparrd by adding 10 g Wco Agar per 600 ml iiquid before autoclaving. 

Autoclaving was &ed out for 20 min. at 121°C. 

2 5.1 Bacterial Media 

Difco Bacto-yeast exûact 3.0 g 
Difco Bacto-tryptone 6.0 g 
NaCl 6.0 g 
d a 0  to 600 ml 
PH 1.0 

LBcarbeniciliin and LB+Mg* were prepared as for LB media. After autoclavhg, 

the media was allowed to cool to -55°C. Carbenicillin was then added to a f d  

concentration of 20 mgA to rnake LB+carbenicilh and MgSQ was added to a final 

concentration of 10 mM to make LB+Mgc. -Mg* top agar was prepand as for 

LB+Mg* except that only 7 g of Difco Bacto-agar pet 1 0  mi volume was added. 

For selection of recombinant plasmids involving the disruption of the &cZ gene of 

pUC18, p K 1 9  or pBS(KS+), 60-75 pl of a solution containhg X-gal (25 mglml in 

DMF) was spread on the surface of LB+carbeaicillin plates. This allowed the 

differcntiation between bacterial colonies containhg plasrnids with or without cloned DNA 

inserts (white and Mue colour colonies nspectively). 



2.5.1.2 SOC 

DSco m y e a s t  extnrt 12.0 g 
Dûco Bact~tryptone 6.0 g 
NaCi 036 g 
KCI 0.108 g (or 600 pl of 2.5 M KCI) 
Dextrose 1.2 g 
d-O tommi 

Before use, a 2 M solution of magnesium salts (1 M M a ,  1M MgSOJ was 

added to a fd concentration of 0.5%. 

2.5.2 Yeast Media 

2.5.2.1 YPA Dextrose (YPAD) 

Difco Becto-yeast exaact 6.0 g 
Difco Bacto-peptone 12.0 g 
Dextrose 12.0 g 
Adenine HemisuEate 48.0 mg (solid medium) 

24.0 mg (Iiquid medium) 
dd)SO to 600 ml 

2.5.2.2 Synthetic Complete (SC) Dropoot medium 

Bacto-yeast nitrogen base 1.0 g 
wlo 0, or amino acids 
Ammonium sulfate 3.0 g 
hopout mix 350.0 mg 
Dextrose 12.0 g 
d a o  to 600 ml 
pH 3.6 



2.5.2.3 Dropoot M U  for Synthetic Meàium 

The appropriate ingreclient was omitted to make SC-dropout media. 

Amount 
Adenine sulfate 
Arginine HCi 

4 g 

Aspartic acid 
2 g  

Glutamic acid HCI 
2 g  

Histidine HC1 
2 g  

Homosenne 
2 g  

lsoleucine 
6 g  

Leucine 
2 g  
2 g  

Lysine HCi 2 g  
Methionine 2 g  
myo-Inositol a 
paminobetnoic acid (PABA) 0.2 g 
Pheny lalanine 3 g 
Serine 
Threonine 

2 8  

Tryptophan 
2s 
2 g  

Tyrosine 
Uracil 

2 g  

Valine 
2 g  
9 g  

2. S. 2. O Galactose Media 

Media containhg galactose was made as above exœpt that galactose was substitutcd 

for dextrose at a final concentration of 2%. 

2.5.3 Preparation of E. coli C600 for Lambda Iifeetion 

The E* coli strain C600 was grown in LB medium containhg maltose to induce the 

expression of the bacteriophage IarnWa rcceptor. A single colony was inoculated into 50 

ml of 37°C pwarrned liquid LB medium supplernentd with 0.2% maltose and incubatcd 



ovemight with shaking at 37°C. The culture was hanrested by centrifugation at 3000 g for 

10 minutes ( m m  tempexatm) using an IEC Me4 deskop centrifuge (Intcniatiaaal 

Equipment Company). The supernatant was decaated and the bacterial pdkt was 

nsuspended in 10 rnM MgSO, to a f d  voium of 0.4 x th orighl volume of culhnt 

(Le. 20 ml) and stored at 4OC. Thest ceiis w m  used up to three days after preperation 

&ter which time they were discarded. 

2.5.4 Bacteriophage Lambda Plating 

High titer bacteriophage 1 ysates were fvst produced on solid media. Bacteriophage 

lysates (O. 1 ml) were mixed with an equd volume of C600 bacteria in a 5 ml polystyrene 

capped tube (W). These tubes were incubated in a 37°C water bath for 20 minutes to 

allow adsorbtion of the bacteriophage to the bacterial surface. LB+Mg* top agar was 

melted in the rnicrowave then maintained in a liquid sbte in a 47°C waterbath. Top agar 

(3.0 ml) was added to the tubes and mixed by inversion. The tuôe contents were 

immediately poured onto LB+Mg* plates (prrheateû to 3TC) and gently swirled to evedy 

distribute the iiquid across the surface of the media The plates were l& at m m  

temperature for 10 minutes to allow the top agar to soliâify then inverted and incubated at 

37°C ovemight. 

2.5.4.1 Isolation of Lambda Cloaes 

Visible plaques in the bacterial lawn were isdated by using a Pasteur pipette to 

nmove an agar plug containhg a single lambda plaque. The 'plug' was then dispend 



into 1.0 ml of SM media and incubaîed for at least cme hour at room temperature to aiiow 

dinusion of the bacteriophage particles into the SM media. 

2.5.4.2 Lambda Plate Lysate Cultures 

Plates displayhg confluent lambda lysis were f l d e d  with 5 ml of SM media and 

incubated at 4OC for a minimum of 4 hours to harvest the bacteriophage particles and 

establish high titer plate lysates. The liquid was then removed and transfemd to a 15 ml 

cap@ polypropylene centrifuge tube. The culhvc was cleared of bacterial debris by 

centRfugation for 10 minutes at 4°C at 5488 g in a Sorvals Supenpeed RC2-B centr8uge 

and the supernatant was trarisfemd to a fresh centrifuge tube. The centrifugation was 

repeated and the supernatant was decanted to a new polyptopylene tube. Chloroform (15 

pl) was added to prevent further bacteriai growth and lysates were stored at CC. 

Lysates were titered using 1û-fold serial dilutions in SM media. The dilutioos were 

used to infect 0 and plated as previously descnbed. The number of visible plaques 

pduced on the bacterial lawn was counted for each dilution and the titer detemincd as 

number of plaque forming units perlml (PFU/ml). 

2.5.5 Liqoid Lambda Lysate Cdtures 

Plate lysate cultures were used to pduce  high titer lysates in liquid cultures. Resh 

plating bacteria (0.1 ml, -1xlOb ceiis) wen mixed with an appmpriate volume of diluted 

lambda lysate culture to oôtain the desved multiplicity of infection and incubiued at 37°C for 

20 minutes to ailow the bacteriophage to adsorb to tbe bacterid cells. LB liquid medium 

(10 mi). pre-warmed ta 37°C. was added and the culture incubated with vigomus shakîng 



at 37T for 6 - 12 hom until good lysis had occurreû as indicated by the of 

bacterial debris precipitate. Chlomform was then added to 1% (vlv) foîiowed by the 

addition of DNAseI and RNAseA to 1 p g l d  and the tubes were incubated at 37°C with 

shaking for an additionai 20-30 minutes. 

Each cuitun was decanied into a 50 ml plypropylene cenaifuge tube and the 

bacterial debris was cleared by a 3000 g cenMugation for 10 minutes at room temperature 

using an IEC Centraa MP4 desktop centrifuge. The supernatant was transferred io a fresh 

50 ml polypropylene centrifuge tube and centrifugation was repeated Finaiiy, the 

supematant was transferred to a 30 ml polypropylene Oak Ridge centrifuge tube with 

scaling cap (Nalgene) and stored at 4°C. 

2.5.6 Isolation of Bacteriophage DNA 

Bacteriophage ic particles were conceatraîeâ from liquid lysates in pnparaîion for 

DNA isolation. Solid sodium chioride and PEG 8000 were added to each lysate to f d  

concentrations of 0.5 M and 1090 (wiv), respectively. The NaCVPEG tteated lysates were 

then hcubated on ice for at least one hour to allow the pcipitation of the bacâenophage 

particles. The bacteriophage particles were harvested by centrifugation for 10 minutes at 

12100 g and 4% using a JAZû rotor in a &clmian mode1 52-21 centrifuge. The 

supernatant was discarded and the pellet was draincd at 4°C for 30 minutes. The remaining 

supernatant was carefully removed with a Kimwipcs' tissue and the bacteriophage pkt 

was nsuspended in MO pl SM media, by npeated pipetting of the SM media over the 

bacteriophage pellet until the pellet appeprrd fdiy nsuspendcd. The ccsulting 

bacteriophage preparations w m  W e m d  to scpar~te 1.5 mi microfuge tubes and sbd 

at40C. 



DNA was rcleased from bacteriophage @cles by pioteolytic digestion of tbe 

bacteriophage capsid. Roteinase K (50 p g h i  f d  concentration). SDS (0.596 f d  

concentration) and EiXA (20 mM f d  concentration) were dded to the resuspended 

bacteriophage particles and the tubes incubated in a 42°C waterbaîh for 1 hour. Tbe 

samples were extracted in succession with one volume (500 pl) of buffer-saturatecl phenol, 

one volume of phenoUchlomfomi (1: 1) and one volume of chlorofom. The phases wen 

separated by centrifugation at m m  temperature for 5 minutes at 15000 g and the aqueous 

phase was transferred to a fresh 1.5 ml micrufuge tube for each successive extraction. Tbe 

A DNA was then precipitated by the addition of 1/ 10 volume sodium acetate (3 M, pH 6.0) 

anci 2.5 volumes of absolute ethanol then incubated at -20°C for at least one hour. The 

pracipitated DNA was pelleteci at 1 5 0  g for 5 minutes (4°C) and washed with 7040 

ethanol. The pellets were b M y  air dried then dissolved in 100 pl TE by incubation at 

37°C for 30 minutes. 

2.6 Preparation of Elecbocompetent Bacteria 

Eiectmcompetent E. coli D f f i  were prepared by a modifieci version of the rnethod 

of Dower et d (lm). A 50 ml volume of LE3 broth media was inoculated with a single 

colony of Dffi  and grown overnight ai 37°C with agitation in a 250 ml Eriemeyer flask. 

The following &y, 5 ml aliquots wem inauiated into four 500 ml volumes of LB bmth in 

2 L Erienmcyer flash and incubated at 37°C with agitation until the OD, rradiDg was 

approximately 0.7. The 500 ml culturcJ wcre traasfened to four MO ml wide-mouth 



polypmpylene centrifuge bottles (Nalgene). The ceîîs were harvested by cenbifugation at 

8670 g for 10 minutes (4°C) in a Beclanan mode1 J2-21 centiifuge using a pre-chilleci JAlO 

rotor. The ceiis were then washed in one volume of stede ice cold d a 0  and harvested 

again. A 100 ml volume of iœ cold dm-O was added to each tube to resuspend th pdkt 

and the celis w m  cornbimd into two cultures. The volume of these nmaining two cultures 

was brought up to 500 ml using ice cold dd&O then haivested as above. Both bactaial 

pellets were resuspended in 20 ml of ice cold d - O  and transfellzd to 30 ml 

polypropylene Oak Ridge centrifuge tubes with seaihg caps (Nalgene). The aiis wen 

haivested by centrifugation at 4400 g for 10 minutes at 4OC in a Becbnaa mode1 J2-21 

centrifuge using a pre-chiued JA20 rotor and resuspended in a final volume of 20 mi with 

sterile 10% glycerol. The cells were harvested again at 3000 g for 10 minutes (4OC), 

resuspended in 1 ml of sterile 1090 glyceml and aiiocated in 25-50 pl samples to 0.5 ml 

centrifuge tubes pnchilled on ice. The dispenseci cultures were then flash-fmzen in iiquid 

nitrogen and stored at -WC. 

Eiectrocompetent E. coli GM2163 was ntpidy prepared immediately k f o n  using. 

A toothpick was used to scrape an a p x i m a t e  50 pl volume of bacteriai ceUs fmm solid 

media which were then resuspended in 1 ml of icecold d%O in a 1.5 ml centrifuge tube. 

The cells were pdeted at 15000 g for 30 seconds and the liquid was rernoved. The ceils 

were washed nivice with 1 ml of ice-cold dc&O then resuspended in one volume (50 pl) of 

i d d  d a - O  and stored on ice util use. 



2.7 Electroporation of Electrocompetent Bacteria 

nasrnid DNA was electroporated into bacterial ceUs by electmpration based on the 

method of Dower et d (1988). Gene Pulsera electroporation cuvettes (BioRad) and 

plasmid DNA samples or ligation midions wen cooled on ice. Samples of 

eiec~ompetent ceils were equüibrated on ice prior to electroporation. After the addition 

of plasmid DNA the cells were placed into an electropoiation cuvette (0.1 cm electrode 

gap). The electroporation cuvette was immediately placed in the safety chamber dide of a 

~ e n e ~ u l s e r ~ ~  appafanis (BioRad) and pulsed at 1.25 kV with the capcitana set to 25 pFD 

and the nsistance set to 400 ohms in puailel to the sample. After elecuoporation. 500 pl 

of SOC or LB media was irnmediately added to the electroporation c h b e r  to resuspend 

the cells. The cell suspensions were pipetted into 1.5 ml centrifuge tubes and incubated in 

a 37°C waterboith for 30 minutes. Samples of 10 pl and 100 pl of this culture were plated 

separately on LB+carbenicillin media and incubated for 12-20 houn at 37°C until colonies 

were visible. 

2.8 Isolation of Bacterial Plasmid DNA 

A modifed version of the alkaline lysis miniprep procedure of Birnboim and Doiy 

(1979) was used to e x m  plasmid DNA from srnaiî scale cultures of bacteria. Single 

isolated bacteria colonies were inoculated into 2 ml of LB media supplemented with 

ampiciiiin to a f d  concentration of 50 pg/ml. Cultures were grown to stationary phase at 

37°C with agitation. Appximateiy 1.5 ml of cultun was then decanted into 1.5 ml 

polypmpylene centrifbge tubes prr-chilled on ice and pelletecl at 1 5 0  g for 30 seconds 

and the supematant was rcmoved by aspiration. The celis were M y  muspended in 100 pl 

of resuspension solution then lysed by the addition and mixing of 2W pl of lysis soIution. 



Bacteriai debris was precipitnted out of solution by ddiag 150 pl of potassium acetate 

solution and briefiy mixing by vortex. Al1 tubes w m  dowed to stand on i a  for a 

maximum of five minutes following the addition of potassium acetate. The supernatant 

was c l d  of bacterial debris by centrifugation at lMOO g for 5 minutes (4°C) and 

hansfernd to a new pre-chiîled 1.5 ml poiypmpylem centrifuge tube. DNA samples w m  

c l e d  of nsidual prociin and other cellular debris by phenoi:chiomfomi extraction and 

precipitated by the addition of 2.5 volumes absolute ethawl and 1/10 volume 3M Na 

Acetate (pH 6.0). The nucleic acid was pdleted by centrifugation ai lSOOO g for five 

minutes (4°C). The ethano1 was removed and the pellet was washed with 100 pl of 7W0 

ethanol then air dried for five minutes. Samples were resuspended in 50 pl of 1 x TE. 

2.9 Restriction Endonuclesse Digestion o l  DNA 

Restriction enzyme digestion was used to detemine the iâentity of plasmid and 

lambda DNA samples. Appxirnately 0.4 pg of DNA (2 pl) was digested by the addition 

of 19 pl dd&O, 2.5 pl of the recommended 10 n reaction buffer, 1 pl RNAseA (1 mdd) 
and 0.5 pl eoyme (2.510 units). Rior to electrophoresis, the DNA was conctntrated by 

ethaaol precipitation and resuspended in 16 pl of I x TE 

DNA samples required for plasrnid or strain construction were digested with 

m ~ c t i o n  enzymes in a similar fashion to that above. Appmrtimately 10 pg of plasmid or 

lambda DNA was mixeâ with 390 pl dd&O, 50 pl of 10x ceaction buffer, 5 pl RNAseA 

(1 mg/ml) and 5 pl enzyme (î5-100 units) for a f d  volume of 410 11. The DNA was 

digested io completion, extracted with phenoUchloroform, concentrated by ethaaol 

prccipitation and resuspended in 20-50 pl 1 x TE. DNA samples cquiring digestion with 

meîhylation sensitive enzymes w m  purifleci from the dam* bacterial strain GM2163. 



2.10 Agarose Gel Electrophoreris of DNA 

Restriction enzyme digestecl DNA was analyzed by agarose gel electrophoresis. 

UltmPureTM agarose (Gibco BRL) was dissolved in 1 x TAE to a fuial concentration of 

0.75% (wfv) by boiling. EtBr was addd to a f d  concentration of 0.5 p g h l  and the gel 

was then cast in a plastic mold tray with a comb in place to create the loadhg wells. When 

the gel cllidifîed, thc comb was nmoved and the p l  was placed in a horizontal 

electmphoresis apparatus. TAE buffer (1 x) was poured into the apparatus to cover the gel 

to a depth of approximately 3-5 mm. Samples were loaded into the loading wells and 

electmphoresed at 200 volts for 15 minutes except when  otherwise noted. Lambda DNA 

was heated to 65°C for 5 minutes before loadïng into the agarose gel wells. Migraiion of 

the DNA was noted by the addition of loading dye to the samples at a f d  concentration of 

10%. DNA molecular weight markers (1 kb ladder) were elecmphonsed alongsiûe 

samples to allow estimation of fragment sizes. Gels were illuminaiai with short wave W 

light using a Spectroline TR254 trànsilluminator and photogmphed using a Polamid MP4 

land carnera (f8, 10 second exposure), Polaroid type 667 film and a Kodak #9 Wratten 

fdter. 

2.11 Purification of DNA From Agarose Gels 

DNA was idated from agarose gels following the procedure of Girvitz et d 

(1980). DNA samples were brought up to a f d  volume of appfoximattly 95 pl using 

d a - O  and 7 pl of loading dye was added. The samples were then l d e d  into two 

contiguou wells (50 pl each well) on a 0.75% agarose gel. The samples were 

elccüophoresed at 2ûû volts for 5-10 minutes to allow the f1~1gments to exit the loading 

wells and enter the gel ma&. The voltage was then nduced to 100 vol& imtil fragments 



were separated. Any fragments migrating slower than the frasmeut of interest were 

removed by cutting away the upper part of the gel. A slit was then cut into the gel 

perpendicuiar to the direction of fragment migration, immediately in front of the 

fragmenNs) of interest. A piece of 3 MM paper (Rose Scientific) k k e d  by a 

piece of dialysis tubhg was prc-wet in 1 x TAE and placed in the dit with the Whatmana 

facing the direction of the DNA to be isolated. The samples were then electrophonsed for 

15 minutes at 150 volts to allow the fragments to enter the banier. The M e r  combination 

was then carefully removed and placed in a catch-tube combination. This combinatiou 

coasisted of a decapitated 0.5 ml microfuge tube, punctured through the bottom, wbich 

was then placed inside a decapitated 1.5 mi microfuge tube. A 10 1 pl volume of BEB was 

pipeüed over the surface of the WhatmanS paper and tubes were cenhifuged at 354 g for 10 

seconds. The liquid which coliected in the decapitated 1.5 ml tube was transfed to a 

fresh 1.5 r d  tube. The BEB was added and collected twice more and combined with the 

previous coliected sarnple. The tube containhg the Whatman* paper and dialysis tubing 

was cenerifuged at lMOO g for 30 seconds and the final volume of iiquid was collecteâ. 

The combined eluates were extracted with one volume of phenoUchloroform, ethan01 

precipita<ed and resuspended in 20 pl 1 x TE. 

2.12.1 Polyethylene Glycol (PEG) Puriîicatioo of DNA 

Large rnolecuiar weight DNA was isolated from digestd RNA or d DNA 

oligomen by the addition of 0.6 volumes of a PEG/NaCî didion (20% PEG 8000 w/v, 

2.5 M N d )  to the DNA samples. The sample was mUed briefly a d  placed in an ia- 



water bath for one hour then dlected by centrifugation at 15000 g for 10 minutes (4OC). 

The ettumol was nmoved and the pliet was wasbed with 7ü% EtûH, dried and 

resuspended in 50 pl of 1 x TE udess otherwise stateâ. 

2.12.2 Dephosphorglation of Linearized Plasdd DNA 

Linearized piasmid DNA which was purified by PEG prccipitation was trrated with 

CIP to mnove 5' phosphate groups. Dephosphorylatim buffet was added to 1 x f d  

volume dong with 2 uni& of CIP (Boehringer Manheim) and samples were incubated at 

37°C. For DNA with 5' overhang ends, the reactioa was d d  out for 30 minutes while 

DNA with flush ends and 3' overhang ends were incubated for up to one hour. Simples 

were then brought up to at least 100 pl with 1 x 'TE and extractcd with one volume of 

phenoUchloroform and ethanol precipitated. The DNA pellet was coilected as befon, 

washed with 70% UOH and resuspended in 50 pl. 

2.12.3 Ligation Reactions 

To estimate the concentration of the vector and insert DNA to be used in a ügation 

reaction, samples were electrophoresed side-by-side on an agarose gel and compareâ for 

intensity and size. These approximations were used to estimate the volume of each DNA 

sample aeeded to obtain the target ratio of insertvector DNA for ügation purposes. 



2.12.3.1 Sticky-End Ligationr 

Ligations involving DNA fragments with canpetible 5' or 3' overhangs were set up 

to achieve an appmximate 3:l ratio of iascrtvedor DNA molccules. The appropriate 

amounts of vector and insert DNA were mUed in a 0.5 ml rnicidPge tube with 2 pl of 10 x 

T4 DNA ligase buffer and bmught up to 20 pl with d-0. T4 DNA iigase (0.625 Weiss 

units) (BoehRnger Manheim) was mixed gently into the rtactim which was then incubated 

at 12°C overnight. The ligaiions were then ethanol precipitated and nsuspended in 20 pl of 

1 x TE. 

2.12.3.2 Blant-End Ligationr 

For ceactions involving DNA fragments with incompatible 5' overhangs, the ends 

were treated with Kleuow polymerase and dNTPs. Veciot and inseit DNA were mixeci in a 

0.5 ml microfuge to achieve an a p x i m a t e  ratio of 5: 1 insertvector molecules. To this 

was added 2 pl of 10 x blunt-end ügation buffer, 1 pl dNTP solution, 1 pl Klenow (5 

units) and the miction was brought to 19 pl with d - O .  The rcaction was incubaid at 

m m  temperature for 30 minutes after which 0.5 pl of ATP (50 mM), 0.5 pl MT (25û 

mM) d 1 pl (5 Weiss units) of T4 DNA ligase were addeci and the reaction was incubated 

at .lZ°C overnight. The ligations were ethano1 pcecipitated, wiobed with 709b EtON and 

brought to a fulai volume of 20 pl with 1 x TE. 



2.13 Isolation of DNA From Yeast 

DNA was isolatcd fm yeast by a modification of Q wthod of Hoffman and 

Wmston (1987). Yeast cultures from 2 ml YPAD or SC m u t  liquid medium were 

transferred to a 1.5 ml tube and pelleted by centrif'ugatioa at 15Wû g for 30 seconds. The 

iiquid was rernoved by aspiration and the celis were gently nsrispended in 200 pl of yeast 

lysis buffer. To this was added appmximately 300 mg of aeid washed glass beads (Sigma 

- 4256ûû microns) and 200 pl of phenoUchlorofom. Sampies were mixed by voitex thee 

times for 30 seconds while being maintained on ice for ri least 30 seconds between 

successive mixings. Tubes were centrifuged for 2 minutes at 1 5 0  g to sep- the 

aqueous and organic layers and the aqueous layer was nmovd to a new 1.5 ml centrifuge 

tube and ethanol precipitated. After colledng the DNA by cenirifugation. the pellet was 

washed with 70% ErOH and dissolved in M pl of 1 x TE. 

2.14 Sequencing of Plasmid DNA 

Ail DNA sequencing was carried out by the didmxy chah termination method 

(Sanger et aL, 1 9 R )  using the T7 SequenaSem version 2.0 DNA sequencing Lit 

(Amersharn). [35S]-dATP labeled nucleotides (NEP Life ScWacc Roducts) were used for 

radioactively labeling fragments. nasrnid DNA samples (-10 pg in 50 pl) w m  ûeated 

with 2 pl of RNAseA (1 mg/ml) for ?O minutes at 37T, purrf1Cd by PEG pncipitation and 

nsuspended in 20 pl of 1 x TE. For some experirnents the D I U  sample was brought up to 

a 100 pl volume after PEG precipitation using 1 x TE and extmmi with phenol/chlodom 

before ethanoi pncipitatioa. A 2 pl volume of 10 N NaOH was dispemed into a 0.5 ml 

centrifuge tube anci 18 pl of the plasmid DNA was &cd with the NaOH. The samples 

were denaturtd for five minutes at m m  tcmperahuc then psipitated by the addition of 8 



pl of 5 M NH,Ac and 100 pl absdute ethanol. The DNA samples were placed at -WC for 

at leasî one how then peileted by cenhifugation at lMOO g for 5 minutes (4°C). The 

supernatant was removed and the pellets werc allowed to dry at m m  temperature. The 

DNA peliet was resuspended in 7 pl da-O ,  mixed with 6 ng of primer, 2 pl of Sequenase 

Reaction BufTer and then heated to 65°C for five minutes. The samples were allowed to 

cool to 37°C. A 2.5 pl volume of each dideoxy nucleotide was separately dispenseci into 

0.5 ml centrifuge tubes and kept on ice while the (5 x) Labeling MU1 was diluted to 1 x 

using d a - O  and rnaintained on ice. Sequenase enzyme was âiiuted using the supplied 

Eazyme Diluent Buffer immediately before use and kept on ice. Once the DNA/priwr 

solution had c d e d  to 37T, the tubes were centrifuged for 2 seconds and 1 pl MT (0.1 

M), 2 pl of the diluted Labeling M k  and 0.5 pl of "S-dWP (-6.25 pCi) was added to the 

samples. The tubes w e n  equilibrated in a 37°C waterbath and 2 pl of diluted Sequenase 

enzyme was added to the samples to initiate the labelhg reaction. Afkr 2.5 minutes, 3.5 pl 

samples were withdrawn from the lakling reaction and added to each of the four dideoxy 

nucleotide oamples in 15 second intervals to initiate the termination mictions. Tennination 

reactions were allowed to incubate at 37°C for five minutes after which tirne 4 pl of the 

Stop Solution was added in 15 second intervals as befon. The tubes were chüled on ice 

then maintaineci at -20°C. 

2.15 Separa tion of Sequencing Reaction Products 

Sequencing reaction products were electrophoresed on a 6% denaturing 

pdyacryiamide gel (1: 19 bis:acrylamide, 7 M urea, 90 mM Trieborate, 1 mM EDTA) in 1 

x TBE buf'fer. Reaction samples were heatd to WC for 5 minutes, cenwuged for 2 

seconds and kiefly cwled on ice. Samples of 2.5 pl of each of the sequencing reactions 



were electiophonscd at 60 watts for 1-2 hours as necessary mpintahing a tempera- of 

apximately WC. The gel was then transfed to 3 mm Wbatman* paper and covercd 

with plastic wrap then dried on a slab gel drier modei SGWOSO (Savant) at 7VC for 1-2 

houn. The plastic wrap was removed and a sheet of Kodak ~-Ornat?' AR film was placed 

over the dried gel in a f h  cassette and incubated at -WC. 

2.16 Developing Autoradiograph Films 

AN autoradiograph films were developed manually. Films were placed in developer 

solution for up to 5 minutes then transfemd to stop solution for 2 minutes. The films were 

then üansfemd to fix solution for 2 minutes. The developed füms were thoroughly 

washed with cold water and air dried at room temperature. 

2.17 High EEmciency Yeast Transformation 

Yeast transformation was canied out using a LiAdPEGfssDNA protocal similar to 

the method of Agatep et uf. ( 1998). Bciefl y, an overnight liquid cuiture of yeast was used 

to inoculate 50 ml of YPAD or SC-dropout medium to a f d  concentration of 5 x 106 

celldrnl in a 250 ml Erienmeyer flask. This culture was grown at 300C with agitation until 

the culture had reached a concentration of 2 x 10' cells/ml. The culture was then harvested 

by centrifugation at 3000 g for 5 minutes ( m m  temperature) in 50 ml centrifuge tubes 

using an IU: ceud MP4 (International Equipment Company) dcsktop centrifuge. The 

ceUs were washed once with 25 ml d-O then resuspended in 1 ml of 100 mM LiAc and 

transferred to a 1.5 ml centrifuge tube. The ceUs w e n  harvested by centrifugaiion for 30 

seconds at 15000 g (room tcmptrahuc) and msuspended in 100 mM LiAc to give a fd 



concentration of 2 x 1 0  allslml. Samples containing 1 x 100 d s  (9 pl) were dispenscd 

into new 1.5 ml ccnhifuge tubes for each t a i i s f o d o n  d o n  and peleted by 

ceutrifugation for 30 seconds ai 15000 g ( m m  temperaûue). To the aU peflet was added 

240 pl of 5û% (wlv) PEG 3350,36 pl of 1 M LAC, 25 pl of boiled single-stranded carrier 

DNA (from salmoa sperm, 2 mgmi) and DNA sarnples of 0.1-5 pg. The f d  volume 

was brought up to 360 pl with d&O and thoroughly mixed by vortex. The cells wen 

incubated at 30°C for 30 minutes then subjected to a 20 minute heat shock at 42OC. The 

ceus were harvested by centrifugation for 15 seconds at 8000 g ( m m  temperature), the 

transformation mix was nmoved and the ceUs were resuspended in 1 ml of da-O. 

Samples up to 200 pl were plated on the appropriate meâia and incubated for 2-5 days at 

30°C. 

2.18 Assaying for $-galaetoddase Activity 

2.18.1 Yeart Colony Filter-Lift Assay 

The f3-galactosidase activity of yeast colonies was assayed according to the method 

of Breeden and Nasmyth (1985). Actively growing colonies w m  transfemd to 70 mm 

diameter ~hatman* Il filter discs by placing the fiter on the ycast colonies using steiile 

tongs or forceps. The fdter was slowly nmoved and frozen in Liquid nitmgen then thawed 

at m m  temperature. This cycle was repeaied t h  times. Aliquots of 1.25 ml of Z buffer 

supplemented with fl-ME (39 mM) and X-gal(420 pglml) were dispcnscd into petri plaie 

dishes and a second fdter paper was placed on the pod of liquid. The thawed fdter papr 

was plaad colony side up on the saturated fütrr papa anà c o v e d  widi the petri plate lid 



The plates were then incubateû at 37°C in plastic bags to pnvcnt desiccation and blue color 

development was monitored for up to 24 houm. The tim quiried for stmng blue colour 

developmeat was noted. 

2.18.2 Liquid Culture ONPG As~ay 

Individual colonies h m  SC-dropout plates wen inociilatcA into 3 mi of SC-Trp- 

Leu liquid media in 13 ml polypropylene tubes and incubated overnight at 300C with 

agitation. For each interaction to be tested, thm colonies from each plate were used to 

inoculate separate overnight cultures. The ceil concentration of each ovemight culhue was 

determineci by reading the absorbence at OD,, of a 1: I diiution. At the same tirne. 1.5 ml 

of ovemight culture was transferred to 1.5 ml centrifuge tubes and harvested by 

centrifugation for 30 seconds at 1 5 0  g. The celh were nsuspeaded in 1 ml of Z buffer 

and harvested again. The cells were then resuspended in 200 pi of Z buffer and split into 

two 100 pl samples in 1.5 ml centrifuge tubes. The tubes w m  flash fmen in liquid 

aitrogen then thawed by immersion in a 42°C waterbath. The fneze-thaw cycle was 

repeated thm times after which 700 pl of Z buffer containing p-ME (39 mM), 50 pl 

chlorofonn and 50 pl 0.1% SDS was added to the lysed ceus and mixai by vortex for 30 

seconds. A 100 pl volume of ONPG solution was added and the mctions were placed at 

37°C for a maximum of 4 hours or until simcant yellow color developed, whichever was 

less. Reactioas were renninated by the addition of 400 pl of 1 M WCO3. The cultures 

were centrifuged for 10 minutes at 1 5 0  g to clear the solution of debris, 1 ml samples 

were withdrawn to 1.5 ml polystyrene cuvettes (BioRaâ) and the absorbante h2, of the 

solution w as determineci. 



2.19 Southern Blotting 

2.19.1 Digestion, Separation and Traosfer of DNA 

Samples of 2!5 pl (4 pg) of genomic DNA isdated by the giass bead method were 

digest4 with 10-40 units of enzyme in a f d  volume of 2 3  pl. Reaction components 

were scaled-âown h m  the 500 pl reaction used for pepatation of DNA for cloning 

purposes. The reactioa proceeded for 1620 houn then was concenhated by ethano1 

precipitation, washed with 70% EtOH and resuspended in 25 pl of TE. Loading dye was 

added to a final concentration of 10% and the DNA sarnpla were loaded on a 10 cm x 14 

cm 0.75% (wlv) agarose gel. Samples were electrophoiwed for 400450 volt-hours as 

necessary to achieve the desired separation of DNA fragments. The gel was stained for 30 

minutes in 1 x TAE buffer containhg 0.5 pgiml EtBr then photographed under UV 

illumination as described above. The DNA was then Werred to ~etaprobe' membrane 

(BioRad) by aücaiine transfer (Reed and M m ,  19ûS) for 1-2 houn with 0.4 N NaOH 

using the ~urbo~ lo t ter~  appanitus (Schleicher and Scbuell) assemblecl according to 

supplier's instructions. The membrane was neutraüzed by washing in 2 x SSC with 

agitation for five minutes then air dried. 

2.19.2 Random Primed Klenow Labeling of DNA 

The DNA fragment to be used as a probe was isolateci from the pplasmid by 

restriction enzyme digestion and band pwif'~cation. The qyantity of isolated fragment wps 

&matcd by cornparison to the 1.6 kb fragment of tbc I kb M e r  (Gibco BRL). The 

purifed fiagrnent was concentrateci to yield appmximattiy 100 ng of DNA in 5 pl of 1 x 



TE. This was then mixed with 3 pl of pd(N), randcm hexamer primers (3 gg) and the 

volume brought up to 14 pl with d-O. This mixtine was boiled for 3-5 minutes to 

denanire the DNA then rapidly c d e d  on ice. The tubes were centrifuged briefly then 2.5 

pl of dNTP mix, 2.5 pl of 10 x Klenow buffer, 5 pl (50 pCi) [a-'*Pl-dCTP or [u-~*P]- 

dATP (3000 CPmmol, 10 mCVml) (NEP Me Science Pmducts) and 1 pl of Klenow (5 

units) were added anâ allowed to incubate at room temperature for two hours. The reactim 

was stopped by the addition of 1 pl of EM'A (0.5 M. pH 8.0) and the labeled DNA was 

purified by passing through a Sephadex' G-50 DNA Grade Nickm Column that was 

equilibrated with buffer (1 x SSC, 0.1% SDS) according to the manufacturer's directions. 

The specifc activity of the purified probe was deteimined by measuring the counts per 

minute (cpm) of 1 pl of the labeled probe eluate in 1 ml of EcoLumeTM scintillation fluid 

(EN) using a Beckman scintillation counter (Mode1 LS 1800). 

2.19.3 Membrane Hybridization 

The 2etaproûep membranes with the uan$erred DNA were prewet in 2 x SSC and 

placed in a glass tube. A 5 ml volume of Westneat hybndization buffer containhg 500 pg 

of boiled single süanded salrnon testis carrier DNA was added to the giass tubes and the 

membranes were incubated for a minimum of 30 minutes at W C  in a Robbins ScientXc 

hybndization oven. Approximately 1 x 10' cprn of labled probe was boüed for 10 

minutes then adâed to the p i e d  Westneat solution. avoiding the membrane surface untü 

the probe was sufficiently mixed in the W- solution. The membranes were 

hybridized with the labeled probe ovedght for a mimmmn of 16 hours. The labeled probe 

sduîion was discardeci and the membranes were rinsed t h  tiws in the giass tubes using 

30 mi of 2 x SSC. The membranes were thcn transftd to a giass diah and washed with 



increasiiigly stringent conditions. The membranes were fmt washed in 2 x SSC at m m  

temperature foilowed by solutions of 2 x SSC with 0.5% SDS at 50°C. 1 x SSC with 

0.5% SDS at 65T, and 0.1 x SSC with 0.5% SDS at 65°C until a locaüzeâ reading of 

appmximately 200 cpm was noted using a Mode1 PUG 1AB Geiger counter (Technid 

Associates). If necessary, P f d  wash step w u  cairied out using a soiution of O. 1 x SSC, 

0.1% SDS at 65°C. Each wash was carrieci out for up to 20 minutes in a 2M ml volume of 

buffer using a shaking waterbath set to the necessary temperature. The membraues were 

blotted dry with a papa towel to absorb any excess liquid then wrapped in plastic wtap and 

placed in a film cassette. A piece of Kodak X-matTM AR f h  was placed over the 

membrane and exposed for various thes at %OOC then developed as above. 

2.20 Determination of Sensitivity to UV Damage 

The dose nsponse of a yeast strain to UV light was detmnined by noting the 

survival levels &ter irradiation at 254 nm. A single yeast colony was inoculateci into 5 ml 

of liquid YPAD media in a 20 ml capped glas culture tube and grown ovemight at 3VC 

with agitation. The titre of the overnight culhue was detentlllled using a baemocytometer. 

Dupticate sarnples were plated on YPAD medium and expsed to increasing doses of UV 

light at a rate of 2 J/rn2/sec. After irradiation tbe plates were wrapped in a double layer of 

tinfoil and incubateci for 2-3 days at 30°C. The number of colonies on each plate was 

counted and compared to unirradiateci controls. 



2.2 1 in  vitro Traaseription and Translation 

Roduction of n c o m b i i t  pmteins in vitro was achieved using the T N P  SP6 

Coupled Reticulocyte Lysate System (Romega). Piasmid DNA samples (-10 pg) werc 

prepared by trieatment with RNAseA for 30 minutes at 37°C and pded by PEG 

precipitation. Samples were then extracteci with phenoUchlorofonn and nsuspeaded iu 50 

pl of 1 x TE. Rabbit reticulocyte lysate was ailocated to 0.5 ml centrifuge tubes in 12.5 pl 

volumes. For each coupled transciiption and translation reaction, 1.0 pl T p  Reaction 

Buffer, 0.5 pl Amho Acid Mixture Minus Methionine (ImM), 0.5 pl RNasina 

Ribonuclease Mibitor (40 Ulpl ). 2.0 pl translation grade L-[3S-S]-methionine ( 1000 

Cilrnrnol) (NEP Life Science Roducts) at 10 m C i  and approximately 0.5 /cg DNA 

template were added to the reticulocyte lysate. Steriie dd-O was added to bnng the 

volume up to 24.5 pl and 0.5 pl of SP6 Polymerase was added to initiate transcription. 

The reaction was incubated at 3CPC for 2 houn then transfemd to 1.5 ml conical screw cap 

centrifuge tubes with O-rings (VWR). Roteins were concentrated by the addition of 25 pl 

of 4 M NH,SO,, placed on ice for 20 minutes, then pelleted by cenaifugation at lm g 

for 10 minutes (4°C). The supernatant was discarded and the peliet was washed with 50 pl 

of ice cold 2 M NH,SO, supplemented with 2 mM MT (final concentration). As much 

supernatant was removed as possible and 100 pl of pchilled Buffer B was added to 

resuspend the proteins. 

The levei of incorporated label was assayed by sjmüing 2.5 pl of the protein 

solution onto 1 cm' pieces of 3 mm Whatmans füter and air dned for 110 minutes. The 

fdters were then placed in 50 ml of 5% (wlv) TCA in a 2 9  ml Erlenmcyer flask which was 

then placed in a boiling water bath for 10 minutes. The TCA solution was discaided, 50 ml 

of fnsh 5% (wh) TCA was addeâ, and the tubes w e n  allowed to stand at m m  

temperature for 10 minutes. The TCA solution was replsilctd by 50 ml of 95% EtûH and 



i n c u b a  at m m  temperature for 2 minutes. The EsOH waa diraided and the fdters were 

aliowed to air dry cornpletely thtn plaœd in 1 ml of EmlumeTM scintillation fluid (ICN). 

Incorporateci radioactivity was measuced using a Bechnan scintillation counter (Mode1 

LS 1800). Protein samples were mixed 1: 1 with SDS sample buffer for analysis by SDS- 

PAGE. AU samples were stored at 80°C. 

2.22 Immanopreeipitation 

Rotein samples were mUed with 1 pl of 12CA5 (BAbCo) antibody raw ascites 

fluid giving a 1: 100 dilution. The tubes were placed on a Themolyne Spi -Mix  rocker 

pad (Sy bron) and incubated with roclong ovemight at 4OC. A 25 pl volume of a 5050 

slurry of proteid-Sepharose beads in PBS was added to the tubes and mixed bnefiy by 

flicking the tube. Tubes were replaced on the rocker pad and further incubated at 4OC for 2 

houn. The beads were pelleted by centrifugation at 350 g for 30 seconds and the 

supematant was removed. The beads were reswpended in 0.5 ml of ice cold BufferB then 

pelleted again by centrifugation at 350 g for 30 seconds. The supematant was nmoved and 

the wash step was repeated a third time. Mtcr the third wash, as much supematant was 

nmoved as possible, 25 pl of SDS sample buffer was added and the beads were mixed 

thoroughly . 

2.23 Denaturing Poiyaerylamide Gel Electrophoresis (SDS-PAGE) 

Roteins were anaîyzcd by SDS-PAGE using the BioRad ~ini-prolean' II Cell 

electrophonsis unit. Samples were mixed with SDS sampie buffer as statcd and p i a d  in 

a boüing water bath for 3 minutes before 1-g on an SDS-PAGE gel cdst ing  of a 



upper stacking gel (4.4% 129 biracrylamide, 12.5 mM Tris-Ha, 0.1% SDS ) and a 

lower separating gel (lm 1:29 bis:acryIamide, 37.5 mM Tris-Ha, 0.1% SDS). Roteins 

were electrophomed h 1 x SDS ninaing buMer at 33 mA for app~~ximately 30 minutes 

until the brocnophend blue had migratcd to the boaom of the gel. Tbe gels were then 

submersed in 20 volumes of 10% acetic acid for 1 hou thea washed twice with agitation 

for 15 minutes in 20 volumes of dd&O at m m  temperature. Gels were placed in 20 

volumes of 1 .O M sodium salicylate (Chamberlain. 1979) for 30 minutes then trandernd to 

a piece of 3 mm p bat man@ paper and cirieci on a slab gel drier at W C  for 1-2 hours. A 

sheet of Kodak XOmatTM Blue XB-1 f h  was placed over the dried gel in a f h  cassette 

and stored at -80°C for 1-5 days. The film was developed as described in section 2.16. 



3. RESULTS 

3.1 The Rad23p Interacting Proteina 

The twu-hybrid screen identifed thne previously unchanicterized Rad23p 

interacting proteins. These proteins correspond to the open reading f m e s  designated 

YDR174w, YER047c and YHU)LOc. During this study. the BLAST algonthm (Altschul et 

d ,  1990, NCBI httpd/www.ncbi.nlm.nih.gov/BLAST/) revealed homologies of these 

proteins to distinct classes of proteins (see AppendU) but also revealed that each protein 

was reported in the literature. Lu et aL (19%) reported that YDR174w is a member of the 

high mobiiity group (HMG) class of proteins and was designated HM01 (see Table 5 and 

Appendix). The YER477c ORF was found to share homology CO ATPase proteins such as 

those found in the 26s proteosorne (see Table 5 and Appendix). This gene has recently 

been identXed b y Liberzon et d ( 1996) and designated SAP I (SINI m i a t e d  potein). 

highiighting it's observed interaction with the chmatin protein SINI. YHLOlOc has been 

@dy charactexized by Li et d (1998) and shares significant homology to BRAPZ and 

WU be designated BYHl (BRAP2 yeast homologue). BRAPZ is a cytoaoiic human protein 

found to bind to the nuclear localization signais of BRCAI (see Table 5)  potentiaily 

mediahg it ' s retention in the cytoplasm (Li et d , 199û). The full DNA sequence of each 

O W  was rranslated into protein aquence and cornparrd to the PROSlTE database 

(http:/ /expasy . hcuge.cb/sproi/scnpsit 1. h t )  ta predict any notable protein domains or 

motifs. This auaiysis identifid patentid leucine zipper patterns in bath HM01 and BYHI 

as well as an ATPIGTP binding site motif and an 'AAA' protein famiîy signature in SAPI 



(see Appendix). Li et al. (1998) also identifed a putative zinc hger  motif in B YHl tbat 

was not idenMd by PROSITE (sec Appcndix). 

Table 5 Cbaracteristics of RAD23 Interacting Poritives 

NAME CHRX S E E  h ATCC BLAST PROSITE 
bp (ad # 

Y DR174w IV 741 PM2133 70352 HMG proteins bucine zippcr 
MM01 ('4 

Y ER047c V 2694  dm 70795 26smgul;ilory ATPIGTP binding 
SAP1 (897) subunits, AAA motif A, 'AAA' 

üanscription signaiure 
factors 

YHLOlOc WII 1758 PM-4W- 70328 Hornology to Leucine zipper, 
BYHl (586) BRAP2 C 1 2  zinc fingert 

NAME = ORF name and Gene Nmne (if known) 
Cm # = yeast chromosome containing ORF 
SIZE bp/aa = size of ORF in base pairs (sizc of predicted pmtein in amino acid nsidues) 
h = deSignation of lambda clone containhg ORF 
ATCC # = referma numbcr fmm Arnerican Type Culture Collection 
BLAST = homologies reveded by B L A S  search 
PROSITE = proiein features pradicted by PROSITE cornparison 
=repocicdinLiaaL,  L99û 

3.2 Cloning of Fu11 Length RAD23 Positives 

The übrary fusion plasmids. isolated from CTY 1@5d, contained only portions of 

the coding region of each gene as a result of the Library construction. To proceed with 

analysis of these positives, the full length ORF for each gene was Uoiated fmm lambda 

clones containing yeast genomic DNA (ATCC). The full DNA sequmce of these lambda 

clone inserts was known frwi the yeast genomc sequcncing pject enabling us to 

determine the lambda clone containing each gene and the position of the gene in each clone. 



The ORF for SAPl was decermineed to be contained within the lambda clone PM4793 

(ATCC # 70793, while the OWs of HM01 and BYHl w e n  dttcrrnined to nside within 

lambda clones PM-2133 (ATCC # 70352) and PM4992 (ATCC # 70328). respectively. 

The 1aii.k clones containhg each insert are iisteâ in Table 5. 

3.2.1 Isolation of Bacteriophage DNA 

h b d a  bacteriophage particies were amplifieci and harvesteâ. as in Materials and 

Methods, for isolation of DNA containing the genes of interest. Lysates were created by 

infecting lawns of E. coli C6ûû previously grown in media coutainhg maltose to induce 

expression of the lambda nceptor. Two of the original bactenophage lysates (PM2133 

and PM-4992) initiaüy yielded two plaque phenotypes on bactcnd lawns; the characteristic 

clear phenotype and a turbid plaque appearance. Idated plaques of both appeafances 

maintained the original phenotype thiough successive platings suggesting that this was not 

an artifact. DNA was isolated using lysates derived from clear plaque phenotypes and the 

nature of the turbid plaques was not investigated any funher. Infection conditions wen 

established over a range of MOI values from MOI = 0.05, 0.2, 0.5. 1.0 and 5.0. The 

bacteriophage particles were purified by precipitatioo in PEG 8000 and their DNA extractcd 

by digesting the bacteriophage capsid with Pmteinase K as in the Materials and Methods. 

Samples were then d y z e d  by agame gel electrophonsis to ensure that suffcient qmtity 

of DNA had been isolated and that the DNA visualized on the gel was of the appropriate 

molecular weight (see figure 4). The properties of the isolatcd DNA were as expecteâ (Le. 

>12 Kb), howevet it was &ortunate that the appropriate molecular weight marken were 

not used to mon accurately cstimate size. The DNA samples appearrd to k fm of any 

other contaminahg RNA or bacteiial DNA. 



W i e d  lambda DNA was electrophorwed ksdc Gibco BRL 1 kb ladder 
on a 0.75% agmse gel containhg 0.5 pg/d EtBr. The upper band of the 1 
kb Iadder is 12 kb. For explanaiion of MOI values sa Matcrials and 
Methods. 

A DNA fmm lambda strain PM-6793. Lanes A and B rcpcesent DNA 
isolation from two different MOI values. h m  C and D represent two MOI 
vaiues from a xparate lambda lysate stock. The expected size of DNA 
isolated from PM4793 is -19 kb. 

B. Lanes A-D reprisent various MOI values for DNA isolation from the lambda 
strain PM-2133. Lanes E-H represent various MOI vaiues for DNA 
isolation from the lambda srraia PM-4992. The expected size of DNA 
isolated from PM-2133 is -15 kb. The expeaed size of DNA isolated from 
PM-2133 is -17 kb. 





3.2.2 Subcloning of ORFs From Bacteriophage DNA 

Fragments containing each O W  were cloned iDto Qther pUC19 or pBS(KS+). The 

restriction enzymes used for each clonhg were c b  based on the known D M  

sequences availabie from ATCC to generate fragments containhg the full ORF as well as 

some flanking DNA sequence. M e d  DNA from lambda clone PM6793 was digested 

with the enzyme PstL This enzyme was expcctcd to deave the insert DNA into five 

fragments which included a 3.2 kb fragment coniaining the SAP1 OW. This 3.2 kb 

fiagrnent was isolated, ligated into Pst1 digested pUC19, and electropomted into E. coli 

DWa.  Plasmid DNA was isolated from ampicillin cesistant colonies and a plasmid 

containing the 3.2 kb fragment was identified by restriction enzyme digestion and 

designated pRK1. A restriction map of pRKl is shown in Figure 5A. The purifid DNA 

from lambda clone PM-2133 was digested with the enzyme HindIII and a 2.6 kb fagment 

containing the HM01 ORF was isolated and ligated into pBS(KS+) digested with HindIII. 

Plasmid DNA was isolated from ampicillin resistant colaies and a plasmid containing the 

2.6 kb fragment was identified by restriction enzyme digestion and designated pRK7 (see 

Figure 5B). The purifed DNA from lambda clone PM- was digested with the enzyme 

CM. The 2.2 kb ffrgment containhg the BYHZ ORF was isoiated and ligated into 

pBS(KS+) digesteû with CM. Plasmid DNA was isolated from ampicillin resistant 

colonies and a plasmid confainhg the 2.2 kb CM f w e n t  was identifïed by restriction 

enzyme digestion and designateâ pRK9 (see Figure 5C). 



Figure 5 Cloning of SAPI .  W O l  and BYHI; Genes That I n w t  With RAD23 

Reshiction enzyme sites used in various cloning steps are indicated dong 
with appropriate genes. 

A. The 3.2 kb Psti fragment f m  h M a  PM4793 mntaining the SAPI O W  
was sticky-end ligated h o  pUC19 at tbc Pst1 site to mate pRK1. 

B. The 2.6 kb HindIlI frageent fmom lambda PM-2133 containing the MMOI 
ORF was sticly-end ligated into p%S(KS+) at the HindnI site to crepte 
pRK7. 

C. Thc 2.2 kb CM fiagrnent from lambda PM4992 containhg the BYHl ORF 
was sticky-end ligated into pBS(KS+) at the Chi site to clreate pRK9. 
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3.2.3 Intermediate Cloiing of ORFs 

The co~istniction of GA&, fusion genes nquind tbat in-frame stop codons 

pncedirig the f i t  ATG of each OW be excluded. Both SAPI and BYHl quired an 

additional cloning step to produce a plasmid that couid serve as a coavenient source for 

fragments suitable for cloning into GAU, vectors. To accomplish this for the SAP1 

OW, pRKl was digested with BssSI, which cleaves 43 bp upstnam of the ATG and 

excludes any in fiame stop codons. This enzyme also cleaveà within the vector near the 3' 

end of the Pst1 fragment. thus including a portion of the pUC 19 MCS (re Figure 5A). 

This BssSI fragment was blunt-end ligated into the S m 1  site of pUC18 to mate pK16  

(see Figure 6A). DNA sequeacing feveaied that the 5' 19 bp of the ORF had been àeleted 

during cloning, ükely the rcsult of exoauclease contamination. The plasmid containing the 

BYHl OW, pRK9. was digested with Msii and CM to yield a 1.8 kb fragment conîaining 

no in frame stop codons 5' to the ATG. This fragment was blunt-end Ligated into the 

HindlII site of pBS(KS+) to yield pRKS4 (se  Figure 68). 

3.2.4 GA L4 Activating Domain Fusions 

Each of the three ORFs was cloned into a two-hybrid system vector to crrate a gene 

fusion with the G U  aaivating domain. The plasmid p K 1 6  (pUC1û-SAPI) was 

digestcd with EcoN to release the 3.2 kb SAPI fragment which was pufiecl and ligated 

into the EcoRI site of pGAW24 to yield pRK26 (see Figure 7A). The HA401 ORF was 

rcleascd from pRK7 by digestion with Bf f i I  which gentratcs a fiagment containhg the 

entire HM01 ORF and no in-frame stop codons. This fmgment was blunt-end ligateù into 

the X n d  site of pGAW24 to produce pRK34 (sec Figure 7B). The BYHl O W  was 



Figure 6 intemediate Clonhg of SAP l and BYHl ORFs 

A. A BssSI fragment containhg the SAP1 ORF was isolated fmm pRKl and 
blunt-end iigated hto the S m 1  site of pUC18 to cmate pRK16. This 
cloaing aliowed the SAPI ORF to be nmoved as an &OR[ fragment 
effedvely elimiaating in-frame stop codons pnceding the imtiator start 
codon. During isolation of the BssSI fragment, a con-g 
exonuclease had digested the en& of the DNA resulting in the loss of the 
fmt  6 codons. 

B. An MsK-CU fragment comtaining the BYHl ORF was isolated fmm pRK9 
and blunt-end ligated into the Hindm site of pBS(KS+) to create pRK24. 
This cioning allowed the BYHl ORF to be removed as an EcoRV-CM 
fragment effedvely eliminating in-fme stop codons preceding the initiator 
start codon, 
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Figure 7 GALA Activahg Domain Fusions for SAPI, HM01 and B Y W  

A The EcoRI fmgment frwi pRK16 cuntaining the SAPl ORF was sticky-end 
iigated into the EcoRl site of pGAW24 ta cieate pRK26. This plasmid 
nsultcd in the fusion of amino acid &dues 7-398 of Saplp to the C- 
terminus of the GALA advathg domnia (amho ai& 768881). 

B. The BsrGI fragment from pRK7 containhg the HMOI O W  was blunt-end 
iigatd iato the XmBI site of pGAD42A to cnate pRK34. This plasmid 
rcsulted in the fusion of amino acid midues 1-247 of Hmolp to the C- 
terminus of the GALA activating domain. 

C. The EcoRV-CU fiagment from pRK24 containing the BYHl ORF was 
blunt-end ligated into the EcoRI site of pGAW24 to cr#tte pRK36. This 
plasmid resulted in the fusion of amino acid nsidues 1-586 of Byhlp to the 
C-terminus of the GAIA activating domain. 

Restriction sites used in deletion mapping are shown in bold. Note that for 
the SAPl  deletion aaalysis, the 3' restriction site us«i in combination with 
the intemal restriction sites is acttdy 2 S m 1  sites. For each deletion, it 
was deteRnined that the most 3' SmrrI site, shown with an asterisk, was 
cleaved. 





clcavecl from the plasmid pRK24 by digestion with EcoRV and C U  and ligated into the 

EcoRI site of p G .  to yield pRK36 (see Figure 7C). The fusion junctim of each 

plasmid was sequenced to ensure that each O W  was fured in fraw with the GAZ& 

coding region. 

3.3 Reconstruction of Two-Hy brid S ystem Interactions 

The GALl, fusion plasmids w e n  tested for intedon with RAD23 in the two- 

hybrid sysiern. The original bait plasmid pDG8QO (kA-RAD23) was CO-rrarisformed into 

CiY10-5d with each of the plasmids p K 2 6  (GALI,-SAPZ), pRK34 (GAL4,-HMOl) 

and pRK36 ( G U , - B Y H I )  and transfonnants were tested for activation of the hcZ 

reporter geae using the filter Mt assay. Each piasmid was shown to produce strong krcZ 

activiîy in combination with pDG&IO, confvming that the fdl-length fusion proteins do 

activate the GALI -M reporter gene in combination with the lexA-Rad23p bait protein (see 

Table 6). The plasmid combination pDG649 (pBTMl ldRAR7) and plR3 (pACI1I-SIR3) 

was used as a positive con~rol as these constnicts were previousiy shown to activate th 

kiçZ reporter gene in this assay (Paetkau et d ,  1994). 



Table 6 lac2 Activity Indaced by Fusion Comtmets in CTY 10-Sd 

-- -- - 

Binding Domain Fusion Activaiinp. Dumain Fusion Relative LrZ Advity * 
p-9 (IcrA-Rad'p) pJR3 (Gai4AD-Sir3p) +++++ 

* The rcbve laa. afüvity is assi@ a value on a s d e  of: 
-* = white after ovemight incubation 
' +* = paie bluc afkr ovdght  incukion 
' ++* = blue color development under 8 houn 
'+++* = blue color dcvelopmcnt under 4 hours 
' ++++' = blue color dcvelopnent undcr 1 houn 
+++++* = Mue cdor developnent under 1 hour 

3.4 Mapping of Interaction Domains 

The regions of each O W  containhg the domains hsponsible for the interaction 

with Rad2Jp in the two-hybrid system w m  mapped by deletion analysis. Nested deletions 

from the 3' end of each of the fusion ORFs were constructecl and tested in the twehybnd 

system with the Rad23p bait plasmid (pDGû4û). The lack of a positive nsult in the two- 

hybnd system was taken to indicate destruction or deldicm of the interacting motif. 

Aitedvely, this could suggest destabiüzation of the p.a9ii resulting in its degradation. 

and, therefore, its absence. 

The intemal restriction sites Bsu361, Bel1 and N&i of SAP2 werc w d  in 

conjmctiai with 3' extemal S d  sites to dclctc the &fincd regions of the SAP1 ORF in 

pRK26 (see Figure 8). After d i p l o n  with the appropriste enzymes, the large fragment 



was isoiateû and then blunt-end ligated on itself to fom tk deletioa plasmids. Removal of 

the Bsu36I-Sm41 ngion msulted in the deletion of the C-termhal328 aa of Saplp and 

cnated pRK38. Removal of the BcR-Sm1 and the N&I-SmoI regions resulted in the 

deletion of the C-terminai 653 and 724 aa, nspectively. These deletions createâ pRK54 

and pRK44 respectively. 

Each deletion plasmid was co-transformecl into CI"Yl@Sd with pDG840 and testcd 

for lac2 activity. The deletion constructs of pRK38 and pRK54 continued to activate hcZ 

aaivity with pDG840 (lexA-RADU) while pRK44 did not. niese ~sults suggest that the 

region between the NdeI and Bcli sites of the SAP1 ORF is necessary for the interaction of 

Saplp and Rad23p in the twehybrid systern. As uidicatai by the decrease in interaction 

strength of pRK38 and pRK34 compared to p W 6 ,  the C-terminal portion of Saplp also 

appears to be important, but not necessary, for interaction between Saplp and RadUp. 

The deletion plasmids for the HMOI  O W  w a c  constructed using an external 

BmHI site at the 3' end of the ORF in combination with tbe unique BsiWI and HpaI sites 

in pRK34 to mate pRK46 and pRK48 respectively (sec figure 9). While the BsiWI- 

&unHI deletion plasmid continued to show good activation of the reporter in 

combination wi t h pDG840 (14-RAD23). the HpoI-&nHI deletion plasmid showed on1 y 

a wcak interaction. This suggests that the region betweco the BsWI and HpI sites of the 

HMOl ORF is important for interaction of Hmo lp with Rad23p. 

Ddaion analysis of the BYHI O W  was pedamed using plasmid p W 6  and 

digcsting with EcoN to remove a 1 .O kb C-terminal fragncnt of the Bene ( s e  Figure 10). 

This plasmid, pRKSO, which containeci a C-teminal dcidicm of 3 i3 aa, fded to show an 

interaction with the ld-RAD23 plasmid. 



Figure 8 Deletion Mapping W y s i s  of Saplp interacting Domah 

The domain of Sap lp  which is responsible for interaction with Rad23p was 
detennined by ne& deletions of tbe SAP1 ORE The intact portion of the 
SAPI coding region for each consûuct is shown with numbers to indicate 
the base pair location of each restriction enyme site used. The hatchtd box 
repnsents the location of the ATPIGTP binding site motif (see Appendix). 
A S m 1  site 3' to the SAPI ORF was used in conjunction with the 
restriction sites shown hem to neate the deletions. Approximate interaction 
strength of each construct with Rad23p is shown under bcZ activity. Tbe 
SAP1 ORF contains 2694 bp. 





Figure 9 Dcletion Mapping Analysis of Hmolp Interacting Domaia 

The domain of Hmolp which is responsible for interaction with Rad23p 
was determined by nesied deletions of the HMOI ORE The intact portion 
of the HMOl coding region for each co~~tn ic t  is shown with numben to 
inâicate the base pair location of each restriction cn~ylllc site used. The 
fiîîeâ box represents the l d o n  of the leUnne zipper motif (see Appendix). 
A site 3' CO the HM01 ORF was used in conjunction with the 
restriction sites showa hem to mate the deletions. Approximate interacficm 
strength of each comtruct with Rad23p is ahown under hcZ activity. The 
HM01 O RF contains 741 bp. 





Figure 10 Deidion Mapping Aaalysis of Byhlp Interacting Domain 

nie domain of Byhlp which is responsible for inttraction with RadPp was 
dctennined by nested deletions of the BYHI ORE Th intact portion of the 
BYHl coding region for each consmict is shown with n u h e ~  to incücate 
the base pair location of each restriction enzyme site used. The fiiled box 
represents the location of the leucine tipper motif while the grey box 
repre~ents the C2HZ Mc finger domain (see Appendix). An EcoRI site 3' 
to the BYHI ORF was used in conjunction with the EcoRI site showa here 
to cfeate the deletion. Approximate interaction smgth  of each coiwnrt 
with Rad23p is shown under kicZ activity. The BYHl ORF contains 1758 
bp* 





3.4.1 Quantitation of the Rad23p-Saplp Interaction 

The interaction ktween Sap1 p and Rad23p w as mouitond by Liquid ONPG assay 

to quantitate the strrngth of the interaction. The RAD23 bait piasmid pDG840 was 

dixmeci into CïY10-5d in combination with the GALAADADSAPI plasmid (pRK26) or 

the SAP1 deletion plasmids and assayed as in the Materiais and Methods. The cdumn 

titied "Ernpty Piasmids" in Figure 1 1 refers to the uniis of p-galactosidase activity produced 

by the plasmids pBTM116 and pGAW24 lacking iriserts. This value represents the 

background level of activity seen in this assay. The plasmid containhg the full length 

Saplp (pRK26) pduced appmximateiy 5 units of p-galactosidase actinty in combination 

with the RAD23 bah plasmid (pDG840) as shown in Figun 11 "Sapl (7-897)". The 

aested deletions produced a similar pattern of interaction with Rad23p as seen during the 

mapphg of interacting domains. 

3.4.2 Evidence for Possible HM01 Dimerization 

The putative leucine zipper pattern found in the Hm01 protein suggested that it 

might k able to homodimerize. To test this the flMOl ORF was cioned into the plasmid 

pBTM116 to produce a fusion with the IexA protein and yield pRKB%. This plasmid was 

ttapsfonned into CïY10-Sd with pRK34 ( G ~ m - H M O I )  and testcd for fLgaiactosidase 

activity by fdtcr lift. This plasmid combination produceci good Mue color development 



Piasmid c01lstnu:ts coding for full lcngth or tmcated Saplp w m  
harisformed h o  CWl@# with the ld-RAD23 fusion plasmid pDG840 
and tested for 4xZ activity by liquid culture ONPG assay. The combinarion 
of plasmi& pGAD424 and pBTM116, lacking inserts, were assayed as 
negative controls ("Empty Hasmids"). Eacb plasmid combiaation was 
assayed from thne sepatate cuituns a d  each bar nprcsents an average of 
two assays of the same culture (se  Section 2.18.2). Values are expressed 
in Mîier units (Miller, 1972). The Rad7p and Sir3p combinaiion (Paellau 
et& 19%) was used as a positive contrd yielding 73.6, 78.5, and 121.5 
Mier Units. For simplicity, these values are not shown on the gaph. 





after approximately 5 hours suggesting thai Hmolp d a s  bomodimtrize in the two-hybnd 

system (see Table 6). The ld-HIMOI plasmid did not activate the reporter gene in the 

absence of a Gai4, plasmid. The BYHI protein also contains a putaiive leucine tipper 

paüem suggesting it might heter0dilneriz.e with Hmolp. The plasmid pRK36 ( G U , -  

BYHI) was testeci for f3-galactosidase activity in comaastion with pRK88 (loxA-HMOl), 

however these constnicts did not activate the krZ nporin gaie (sa Table 6). 

3.5 Construction of Mutant Strains 

Disniption aüeles for each of the Rad23p inkractiog proteins were constnicted in 

order to determine if these gene products were involved in DNA repair. Nul1 alleles of each 

positive were created by insertion of a nutritional d e r  (LEU2 or URA3) into the coding 

region to âismpt the O W  and allow selection of yeasi containing disrupted genes. The 

plasmid pRK1 (pUC1PSAPI) was digested with BgM and Ecd'II  to remove a 2.4 kb 

ngion of the SAP1 O W  (sec Figure SA). The rrmaindcr of the plasmid was purifed and 

biunt-end tigated to a 1.6 kb BmWEcoRI fmgment containhg the LEU2 gene isolaîed 

from pDG3 17 (Giea and Sugino, lm). The nsuitiag deletion/disrupiion plasmid was 

designated p K 1 5  (see Figure 12A). The HMOI gent was disnipted by digesting the 

plasmid pRK7 (see Figure SB) with BsmBI. The 1.6 kb BumHVEcoRI fragment 

containkg the LEU2 gene was Mut-end ligated into this site to fonn pRK41 (sa Figure 

12B). The BYHI gene was disrupted by NcoI digestioa of plasmid pRK9 (see Figure 5C) 

and Mut-end iigation to a 1.2 kb Hindm: URAj geoc f v e n t  fmm pRDG98. The 

resuiting disniption plasmid was desgnateâ pRK43 (se Egun 12C). 



Figure 12 Construction of Nul1 Alleles of SAPI,  HM01 and BYHl 

N&tionai marks w e n  Uiserted into the coding region of each ORF to 
disrupt translation. Solid bars indicate position of putative leucine zîppcr 
patterns. The gray box representa the putaiive C2H2 zinc finger domain of 
Byhlp. 

A The plasmid pRKl was digestcd with Ecd71II and Bgm to delete a 2.4 kb 
region of the SAPI ORF (sa Fig. 5A) and replaceci with the 1.6 kb 
EcoRVBanHI fragment of LEU2 (Gietz and Sugino. 1988) to create 
pRKl5. Note that the ATPIGTP binding site motif of Sap 1 p was deleteci in 
the creation 9f the nul1 alleie and is thus not shown. The 2.5 kb Pst1 
fragment from pRK15 is shown here. 

B. The 1.6 kb EcoRVBamHI fragment of LEU2 (Gietz and Sugino, 1988) was 
inserted into the BsmBl site of the Hl401 ORF (see Fig. SB) to disnipt the 
ORE The 4.2 kb HNldIII fiagrnent from pRK41 is shown hem. The 
HhdIII fragments were a d d i t i d y  digested with BsffiI befon 
transformation to cleave DNA suspected of harboring an ARS sequence ( s e  
Section 3 S.2). 

C. The 1.2 kb HindIII fragment of CIRA3 was bluntznd ügated into the Ncd 
site of che BYHI ORF (see Fig. 5C) to disrupt the ORE The 3.4 kb Chi 
fiagrnent from pK43 is shown h m .  



hotA.+:LEUZ liwn pïüC41 (4.2 kb) 

byhI&:URArf h m  pRK43 (3.4 kb) 



3.5.2 Allek-Replacement by Homolo~our Recombination 

The duruption alleles wen used to replace the genomic copies of each geae and 

mate mutant strains. The plasmids pRK15 (.plA), pRK41 (hmolA) and pK43  

(byhlA) wwm digestcd to completion with PstI, H i d I  and CM, respectively. This 

matment nleases the plasniid backbone h m  the yeast genes and allows efkimt 

replacement of the genomic d e i e  by homologous ncombinatioa (Rothstein. 1983). Each 

digested plasmid sample was trandormed hto MW and the diploid strain RSY 185 by the 

high eficiency method describecl in the materials and methods. Recombinant yeast 

colonies were seleded by growth ou SC-Leu media (hmolA and wplA) or SC-Ura media 

(byhlA). Slow gmwing colonies were Ken in both the hmolk:LEU2 and saplh.:LEUZ 

transformations, suggesting that these genes rnay be involved in important cellular 

processes. No such growth dcfects w m  seen in the byhl&:URAJ transfomts. 

The Hindn hmol&:LEU2 allele was suspected to carry an autonomously 

replicating sequence (ARS) due to the high number of Leu+ transformants resulting fmm 

transformation with this fragment. The plasmid was a d d i t i d y  digested with BsrGI 

before transformation to mnove any unnecessary DNA which might contain ARS 

sequences, while still retaining a simcant amount of hornology for ncombination. The 

msulting HindII-BsrGI fragment of the hniolk:LEU2 dele yielded much lower ~ U m b e ~  

of Leu+ transfofmants consistent with this type of transformation. 

3.5.3 Confirmation of Genotype by Southem Blot Analpis 

Southem blot analysis was used to c o d m  the replacement of genomic alleles with 

the nul1 aiiele cotlStNcts. Geuomic DNA fmm Leu* or Ura' colonies was extracted as 



described in the Materials and Methcuis. T'lis DNA was digwted with either Pst1 (SAPI) ,  

H i a  (HMOI) or CM (BYHJ), electmphod and riansfend to Zetapmbte membrane 

as described in the Materials and Methods. The Pst1 fmgrnent of SAP1 frwi pRKI, 

HindIII fragment of HM01 fmm pRK7 and ChI fmgment of BYHl fmm pRK9 were 

lakled with 32P-dATP using the -dom psimed Klenow labeling method and used to 

probe the appropriate membranes as described in the Materiais and Methods. A 

ctuiractaistic autoradiograph for the conatniction of saplA strains is shown in Figure 13. 

in both haploid and diploid strains, the disruption of the SAPI gene is indicated by the 

presence of a 2.5 kb band (Lanes A-D, E, and F). Note that in Lanes A-D, the wild type 

baad (3.2 kb) is preseot due to the diploid nature of RSY 185. It is apparent that in these 

diploid strains one copy of the SAP1 ORF has undergone AeIe replacement while one 

copy remaineci intact. Lanes G-J represent colonies which bave not undergone aüele 

replacement yet are Leu*. The nature of these colonies was not investigated. Colonies 

comsponding to Lanes E and F (comsporiding to saplA) pmentcd the slow-growth 

phenotype, all others grew at nomial rates. The strains containhg geae disruptions were 

ntained for further analysis (see Table 7). 

Table 7 Mutant Yeast Strains 

Mutant Strain DeSignation 

MKPOsqplA RKY:! 

- - - - - - - - - - - - - - - - - - - 

Mutant S train Desigrution 

RSY 185 sqpl A RKY3 



Figure 13 Cdhnation of the sqlb Genotypc by Soutbem Blot Annlysis 

Autoradiographs fiom a Soutbem blot shows P d  digated gnroniic DNA 
probed with the 3.2 kb Pst1 altele of SAP1 from pRKl (sa Fig. SA). 
Ianw contsining DNA from wild type str& are indimrrA by M Y  185 and 
MKP". AUele mplacemat is indicatal by loss of the 3.2 kb band (in 
haploid oniy) and appcaraace of the 2.5 kb band. Laae~  A-D Mate aüeie 
qlaccrnent of one copy of SAPI in the diploid shain FtSY1û5 thus 
displayhg both the 3.2 kb band and the 2.5 kb band. Lanes E and F show 
aiiele nplacement in MKP" whiie lancs G-J npeseot DNA fnnn Leu' 
eansfotmants which did aot undetgo allele replacement. The probe used for 
this blot rwtinely hybridized to the 1.6 kb band of the 1 kb ladder and was 
used as a Merence point. 





3.5.4 Phenotypic Analyrir of Deletion/Disnptioi Mutants 

The MKP" h m l A  and MKP" sqplA colonies showing a slow growth phenotype 

were anaiyzed to more accurately document the growth defccî. Observations of growth on 

solid mdium showcd that the growtb d e f '  seen in MKPD h l A  appean to hinder initial 

growth such that the mutimt colonies do not mach the p w t h  potential of wild-type 

colonies for at least 5 days, but thrive thereafter. On solid meâia, MKP" sapfA also 

displays a growth defect. however these colonies never okain the size of wild type 

colonies. The growth rate of the mutant strains (s@A aid hmulA) was monitored in 

liquid culture (see Figure 14) for approximately 7-9 hours after innoculation to 1-5 x 106 

ceUs/rni. While the saplA strain appears to enter into log phase at appmximately the sarne 

time as wild type (MKPD). it does not show as rapid an incnase in ceil concentration as 

wüd type. The hmolA strain appears to only be starhg into log phase after 9 hours while 

the wild type M W  in the same expeiiment entemi log phase after ody 4.5 hours. From 

this &ta and the observations of the growth defect on soiid media, it appears that the nature 

of the two p w t h  defects is quite different. In addition to the prowth defect, MW"' saplA 

colonies had an altered colony texture and color. The doaies appear to have a white 

appearance and "gooey" texture when collected on a tootbpick. The Iniockout strains of 

BYHl did not exhibit any naciceable phenotypic growth defects. 

3.5.4.1 Analysis of Sensitivity to UV Linht 

Roteins that inîeract with Rad23p might play a d e  in DNA *pair. The sensitivity 

of each disruption mutant strain to W light was d y z e d ,  Each strain to be tested was 



Figure 14 Growth Raie Analysis of h m l A  and u p I A  

The hmolA mutant s t m h  (RKY16) was imculated into YPAD meda at a 
otarting concentration of appmximatcIy 1 x 106 cellsimi. The saplA mutant 
strain (RKY2) was inocuiated into YPAD media at a starting concentration 
of appmximately 5 x 106 ceiislml. Cd concentration was measured every 
45 minutes. The isogenic wiid-type ptrain MKP' was used as a conml and 
inoculaied to the same staiting concentration as cach mutirnt strain. GKwvth 
was canied out at 300C with aeration. 
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p W  on YPAD maüa and irradiated at 2 Jlm2/s to achieve the desireci dose. The plaw 

wen then incubatecl in darkncss to pvmt the activation of the photo~eactivatim mpair 

pathway which may r ~ ~ k  repair affects due to NER. Percent survivors were counted dkr 

3 or 4 days and plotted. Figure 15 shows the swival curves for this analysis. These 

nsults show thaî both q l A  and byhlb sbains bave s u ~ v a l  c w e s  similm to the MKP 

p n t  stain. uitercstingly. the hmoIA shaia appears to exhibit a slight inmase in UV 

survival w hen cnaparcd to MKP" pentai strain, however none of the disruption mutants 

were as UV sensitive as the r d 3 A  mutant. 

3.5.4.2 Phenotypic Anrlysis of saplA 

3.5.4.2.1 Anaîysis of Temperature Sensiovity 

The M W  sopl A strain was tested for any gros  tmipeiaturr sensi tivity at elevated 

or lowereà temperatures h m  optimal (3CPC). Cultures were streaked out on YPAD and 

incubated at 37°C and 16°C for 2-3 days. In each case, the mutant strain did not appear to 

behave differently from the controls at higher or lower temperatures. 

3.5.4.2.2 Gala~üti I izat ion P henotype of sap 1 A 

D u ~ g  the anaiysis of the sapl mutant, it was found that this sirain was unable ui 

grow on galactose media with any vigor. When the shain was strraM fmrn the stock 

cultun at -80"C, âirectLy to galactose media, the growth was hampered relative to growth 

on dextrose (glucose) media. If the MKIP soplA strain was instcad strcaked fmm the 

stock culture at -800C to dextrose media then transftrrcd to gaîacto~e media, the growth 

was impairrd almaat completely. 



A The survival ratc of mutant strains was measuffd dter irradiation at various 
doses of W light. Colonies wen incubated in the dark in order to attributs 
srirvival to non-pbocomdivation R@. Each point represents an average 
of duplicate bdiatioas fmm the same culture. The W dose was delivmd 
at a rate of 2 Jouleslm2/sec. 

B. The ra&23A survival data was p h d e d  by Mrs. Sharon Simon and was 
olwained by similar mihods as describeci in Materials and Methods. The 
survivd rate of md23A is consistent with published nsuits (Watkins et d ,  
1993). 
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3 e  6 Analysis of in vitro Interactions With Rad23p 

3.&1 Construction of Plasmids 

in order to verify that the result seen in the two-bybrid system was due to protein- 

protein interaction. the proteins for each gene were expresseci in nticulocyte lysate and 

subjected to coimmunoprecipitatioa aud SDS-PAGE anal y sis. Antibodies to the proteins 

were not availabie, so proteins were made immunoreactive by the addition of  the HA-tag 

which is recognized by the antiboây 12CAS (BAbCo). The HA-tag was incorporated by 

cloning each gene into the vector pKM13 10 (see Figure 16). Genes were then cloned into 

the expression vector pKGû6 with and without the addition of the HA-tag epitope (see 

Figure 17). The expression vector pKG86 is based on the vector p S W  with the addition 

of a Kozak sequence (Kozak, 1990) and fbglobin leader sequence (Kozalc, 1986) upstmun 

of the initiator ATG. as well as additionai clonhg sites. 

To create gene fusions with the HA-tag, the EcoRIjSafI fragment of RAD23 from 

pK840 was blunt-end cloned into the Smai site of pKMI3lO to crcatc pRK74. The 

EcoRI fragment of SAPI from pRK16 was blunt-end cloned into the SMI site of 

pKM13 10 to create pRK70. The BsrGl fragment of HM01 was blunt-end cloned into the 

Snuzi site of pKM1310 to cnate pRK84. 

The plasmids to be used in the expression system were createâ by cloning the gene 

fragments into pKG86. The &oRVSaK fragment of RAD23 from PDG&€) was bluntciid 

ligated Uito the h H I  site of pKG86 to create pRK92. The Bsffii fragment of HMûl 

from pRK7 was bluat-end îigatcd into the BamHI site of pKGû6 to crcate pRK81. The 

EcoRI ftagment of SAP1 h m  p K 1 6  was blunt-end ü p t d  into the &unHI site of 



Figure 16 Fusion of HA-tag Coding Sequcace to HM01 O W  

The Hm01 protein was made immunoreactive by addition of rhe 9 amino 
acid HA-tag squence to the N-terminus. The BsrGI fragment of H M O I  
was Munt end ligated hîo the Sm1 site of -1310 to ciaite pRK84. 
RadBp, Sap l p. and Byhl p w m  also cloncd into pKMU 10 in a similar 
fshioa. 





Figure 17 Construction of HM01 Ui vitro Expression Rasmids 

The H A - M I  gene was cloned into the vector pKG86 for in vitro 
expression in the T'@" system. The &ImHI-EcoRI fragment of HA- 
HM01 fmm pRK84 was blunt-end iigattd into the &unHI site of pKG86 to 
mate p K 1 0 8  (pKG86HA-MW).  The un-ta@ HIMOI gene was 
cloned into pKG86 in a s i d a r  feshion as were SAP1 and RAD23 genes. 





pKG86 to create pRK95. Each of the pRK74 (HA-RAD23). pRK70 (HA-SAPI) and 

pRK84 (HA-HM0 I )  plasmids was digesteci with BrunHI and EcoRI to release the HA-tag- 

ORF fusion fragment w hich w as then blunteiid cloned into the -HI site of pKG86 to 

crrate pRKlOQ (HA-RAD23), pRK99 (HA-SAPI) a d  pRKlOB (HA-HMOl). 

3.6.2 Expression of Proteins in vitro 

The expression of Rad23p, Saplp and Hmolp was tested in the system. 

The SAP1 constnicts did not show any signifiant expression in this system thenfore no 

furiher analysis could be accompiished. The RAD23 constnicts gave good levels of protein 

expression while those expressing HMOI gave reproducibly low expression levels. The 

BYHI gene was not examined by in vitro analysis. 

Plasmids coding for each protein wen expressed in the ~ f l ~  systern as deScribed 

in Maîeriais and Methods. Rotein extracts containhg the radiolabeled Hmo 1 and Rad23 

proteins were combined in various combinations and subjeded to CO-immuwprecipitation 

using the 12CA5 antibody as describeci in Materials and Methods. The nsuits from these 

experiments are shown in Figure 18. Lam A contains the protcin extract from a 

reaction expressing the Rad23 protein (plasmid pRK92) and shows a prominent band at 

approximatcly 70 kDa correspondhg to the Rad23 protein. Lane B contains the protein 

extract from an HA-Hmolp expression reaction (plasmid pRKlOB) and shows a prominent 

band at approxiniateIy 39 kDa comsponding to the HA-Hm01 protein. Lane C contains 

the immunoprecipitate of the Rad23p reaction demonstrating tbp in the absence of the HA- 

tag, Rad23p is not imrnunopreciptated to an ap@aMe level. The 70 kDa baud that 

a p  in Lane C is likely due to non-specific immunopccipitation. Laiu D contaips the 

immmoprecipitate from the HA-Hrno lp wt ion  and shows tW this mmbinant protein is 



immunopecipitatsd by the 12045 antibody. Lanc E cmtah the immunoprecipitate from a 

combined sample of radiolabelcd HA-Hmo lp  and Rad- Aithough the HA-Hmo 1 p was 

immunopecipitated eficiently. the amount of RadDp pcsent is no mon signifiant than 

sœn in Lane C, suggesting that Rad23p was not ceinmiiinopscipitatcd with HA-Hmo lp. 

This suggests that Rad23p and Hmolp do not interact Ui W. The HA-E&ad23p was alsa 

efficicntly immuno~f~cipitaîed by the 1 2 W  antibady bat couid not co-immmprecipitate 

the Hmolp to any simcant degree (data wt shown). Tbe pedicteâ molecular weights of 

the Rad23p (42.4 kDa) and Hmolp (27.5 kDa) d i f k  simmtly from that seen by SDS- 

PAGE analysis, however these bands were later shown to comspoad to the proteins by 

use of smc antibodies (data not shown). 



Figure 1 8 CO-Immunoprccipitation Anal ysis for h o  1 p and Rad23p 

Radiolabellecl proteins producc in tbe TNP system were separated on a 
1046 SDS-PAGE gel and flomgmphed as &sCnbed in the Matciials and 
Methds. Arrows indicaie position of Rad23 and HA-tagged Hm01 
proteins. Note that both proteins migrate at a higher molecular weigbt than 
predicted fmm the aa sequence. 

Lane A: Rad23p T N T ~  reaction prior to immunoprecipitation 

Lane B: HA-Hm01 p TNP tcaction prior to immimoprecipitation 

Lane C: Rad23p T p  reaction after immunoprecipitation with 12CA5 
antibody 

Lane D: HA-Hmo 1 p TP reaction after immuwpncipitation with 
12CA5 antibody 

Lane E: mked T N P  reaction containhg Rad23p and ha-Hmo lp after 
Unmu~)precipitatioa with 12CA5 antibady 



140 - 
83 - Rad23p 

45 - Ha-Hmolp 

32.6 - 
18 - 



4. DISCUSSION 

In this study , three novel genes w h w  protein pioducts wen fouad to interact with 

Rad23p in the twehybrid system were îmaiyzed to determine the sigmficance of these 

interactions. Nul1 mutants for each gene wen corishucted and the nsulting shains were 

examitled for phenotypes nlated to DNA repair. Evidence of direct protein-protein 

interaction was aiso sought to demonstrate biologicd significmce for the interactions san 

in the two-h y brid system. 

4.1 The Role of RAD23 in DNA Repair 

The me role of RAD23 in DNA repair remains unhown. Recent biochmiid 

analysis of NER proteins suggest that Rad23p aiiows the aficent assembly of the NER 

machinery (especldly TFIIH) at sites of darnage (Svejstrup et d , 1995; Guzder et d . 
1995a; Guzder et aL. 19%). The demonsrniion that RAD23 is involved in spindle pole 

body duplication suggests that RAD23 plays a role in ceil cycle conml (Biggins et cd, 

19%). It is tempring to suggest that these hwo pathways are comected througb RAD23 in 

a manner simiîar to a damage checkpoint (Weinert, 1992) where duplication of the genome 

is delayed until proper repair can take place. How the Rad23 protein divides its efforts 

between these two processes rcmains to k seen. If TFIM is limiting, then iecMtmcnt of 

TFiIH into a repair role in the absence of DNA damage wouid adversely af&ct the al 

(You et 4, 1998; Svejstrup et al, 1995; Mayne and Lehmann, 1982). However, in the 

prrsence of damage, sequesicring TFIIH away fmm a transcription d e  may be bendiciai 

to delay transcription until the damape is repaired. This impties that the d e  of h d S p  in 



assembly of the NER complex is tightly regulatcd by an unknown mechaoism. How 

Rad23p is reguiated during its d e  in celicyde progression is also unknown, however, 

Schaubcr ez <3. (1998) have obsewed a œil cycle specifk degradation of Rad23p. 

Although Rad23p does not appear to be an essential protein in any one ceilular process, it is 

c ledy  important in these two pathways. 

The RAD23 homologues in humans present a W a r  assessment of the function of 

W 2 3 .  W B  was found to intemct with XPC in a s M 1 a r  fashion to the Rad+ 

RadZ3p complex (van der Spek et aL, 1996). h p k i n  et al. (1994) found an association of 

XPC with compents of TRIH, providing an indirect link between W B  and TFIIH, 

similar to that seen in yeast. RAD23A was found to play a d e  in celi cycle arnst  in the 

presence of the HIV-1 protein Vpr (Withers-Wd et d ,  1997). suggesting thaî this 

homologue fulfiis the role of Rad23p in the cell-cycle progression. Perhaps the dual 

functions of the yeast Rad23 protein are split ktween two proteins in higher organisms. 

The fact that no human diseases have bem attribuied to either RAD23 gene further 

complicatcs the assessment of the importance of RAD23. This may imply that the genes 

are so d a 1  that mutations cannot be tolerated, or more likely, that disease conditions do 

exist but remah to be identifilcd As van der Spek et d (1996) have suggested, a RAD230 

nlated disease may present an unexpected phenotype which refiects the unique mle that 

these proteins play in the celi. 

In order to understand the d e  of RAD23, it will be necessary to define how 

Rad23p is reguiated in its many d e s .  It wiil also be very useful to identify additionai 

cellular pmcesses that Rad23p participates in order to undentand how important tbis 

protein d y  is. Perhaps one of the strongest clues about Rad23p function will corn fmm 

understanhg the d e  of its tightly complexed partnet, Rad4p. When an interacting 

protein is found, its biologicai hction will mveal the pathways in which RAD23 



participates, thus aiding in defrning the role of RAD23 itself. The twehybrid systcrn 

d o w s  us to determine w hich proteins RadBp interacts with. 

4.2 The RAD23 Two-Hybrid Sereen 

The RAD23 tw*hybrid scmn identif~ed hee  interacting proteins encoded by the 

SAPI, HMOl and BYHl genes. The latter two had not pnviously been linked to DNA 

repair. It is interesting that the screen did not identify proteins hown to interact with 

Rad23p, suggesting that we identified ody a fraction of aii Rad23p interacting proteins. 

For instance, Schauber et d ( 1998) showed that Rad23p interacts with at least four 

members of the 26s proteosorne (Cim3p, CimSp, Pup lp, and Relp). Guzder et d 

(1995a) demonshated interactions ktween Rad23p and the damage recognition protein 

Radl4p, as well as with two components of the transcription factor complex TFnH 

(Rad25p and Tfb 1 p). The immmprecipitation systems used by these authors tested 

interactions in vivo using either recombinant (Schauber et d ,  1998) or native (Guzder et 

aL, 1995a) Rad23p protein. Neither of these authors reported fiding interactions between 

Rad23p and the thcee proteins in this study. The Merences in observed interactions may 

be dependeat on the condition used and thus explain our conaasting msults. 

It is not yet known what e f f e  the fusion of the lexA protein has on the structure of 

the Rad23 protein. but the addition of this binding domain may conceai interacting domains 

at the N-terminus and interfere with intcractioas in this region of Rad23p. This may be 

especially important for proteins lüre Rad4p which is known to hteract with the N-terminus 

of Rad23p (Waug et d ,  1997). The ubiquitin-Wtc domah may also k inaccessible for 

interactions with members of the potcin degradaiion family (Hofinan and Bucher, 19%). 



The preàicttd protein sequcnce of SAP1 places it in the ' A M '  class of proteins 

(see Appendix). Membem of this class include such proteins as 265 subunits (see 

Appendix) and transcription factors. W e  the= is no strong physical enQMx to assign 

Saplp to either of these classes, Libenon et d (19%) suggested that. based on the 

predicted isoelearic point of SAPI, it most likely belongs to the tta~scription factor group. 

If this is true, the interaction between Rad23p and Sap lp  provides yet d e r  link between 

DNA repak and transcription. If however Saplp proves to be a member of the protein 

degradation machinery, then the Rad23p-Sap 1 p interaction may prove to be an additionai 

physical Iink between DNA npair and the 26s proteosorne as seen by Schauber et aL 

( 1998). 

Determination of the interacting domain of Sap l p  with Rad23p revealed that a Sap1 

protein lacking the C-terminal724 aa interactexi more strongly with Rad23p than did a Sap1 

protein lacking ody the C-temiinai 328 aa. The nmoval of the additionai 3 16 aa appears to 

enhance the SaplpRad23p interaction, suggesting the pfesence of an inbibitory domain in 

this region. Another psibility is that the tnmcated fusion proteins ciiffer in stability which 

affect their levels in the ceîi and thus affect their abiiity to interact with Rad23p. 

The reduced ability of saplb to utiiize galactose as a catbOn source could be 

attributed to a defat in either transcription or protein degradation. Growth of the saplA 

strain on glucose media prior to trader to galactose m d a  appears to exacehaîe the poor 

growth phenotype suggesting that the mutant strain is unabk CO efficiendy switch carbon 

sources. The role of SAPI in galactose utüization requiies furthet investigation to 

demonsüate whether this gene is a transcription factor or protein degmUion component. 



4.2.2 HMOI 

Cluornosomal DNA in the ceii is associated with an abundance of histones and 

other non-histone proteins, including the HMG class of proteins (set Appendix). The 

processes by wbich DNA npair systems gain access to DNA in spite of this highly ordmd 

chmatin structure is poorly understood. PaetLau et 4L (1994) showed an interaction 

between the DNA =pair protein Rad7p and a cornponent of dent chromath (Sir3p), 

suggesting that Rad7p may actively participate in the remodeling of chmatin structure at 

sites of damage. HMOI appears to support this general connectioa by its interaction with 

RAD23 in the THS. The observation that Hmoip may homodimrize in the THS suggests 

that this dimerization may be important for interaction with RadZp, possibly explainhg 

why I was unable to observe a dinct interaction in vitro. 

It is interesting to note tbat in determinhg the interacting &main of Hmolp with 

Rad23p, the region thought to code for a leucine zipper pattern cornlates well with tbe 

region necessary for interaction. The HM01 ORF of p K 4 8  is truncated such that the 

potential leucine zipper motif (aa 55-76) is juxtaposed to the nsulting C-terminus and 

possibly causes the disruption of the motif'. The deletion aoalysis f d y  supports the notion 

chat the leucine zipper pattern of these proteins may be requind, M y  or indinctly, for 

interaction with Rad23p. Furthennom, it may be the relative position of this motif within 

the protein that is d a i  for interaction. 

How HMOl paiticipaks in DNA cepair is unknown, but some HMG proteins have 

ken shown to bind to damaged DNA, single stranâed DNA or DNA in kioked 

coaformation (reviewed in Grosschtdl et id, 1994). This may imply that HMG proteins 

act as spedic damage sensors. Homologues of HMOI in bigha organisms have been 

proposcd to bind M e r  DNA between histones (Peters et d ,  1979). Lu a aL (19%) 

showed that deletion of HMOl ~sul tcd in DNA that was hypc~~~ls i t ive  to DNAaeI 



suggesting that the chmatin structure in the hmolh mutant has a more open 

confotmation. in light of this, it is tempcing to thinlr of Hmolp as an ''architectiital 

keystone" and that loss of the protein causes the c ü ~ a t i o n  of the onlered stnictu~~ of 

chmatin. in order for DNA repair to occur in silent chiomatin regioas, we can 

hypothesize that a key protein such es this may be targded to rapidly assemble or 

disassemble chromatin stnicture. 

The function of BYHl in yeast remains unknown, however the ment work by Li 

et d. (1998) may nved an important regulatory mechanism for DNA mpair. These 

nsearc hem showed that the human protein BRAPZ binds to tbe nuclear ldization signals 

(NLS) of the BRCAl protein, poteutidy to maintain BRCAl in the cytoplasm and 

effectively inactivate it. The Byhl protein is the proposecl homologue of B W  based on 

sequence homology and sirnilac NLS binding properries (Li  et d , 19%). It can k 

hypothesized that Byhlp may ac? on Rad23p to ngulate the ceUular localization of Rad23p. 

The Rad23 pmtein, however, may not contain nuclear locaüzation signais (Boulib,  1997) 

suggesting that Byhlp may be interacting indirectly with Rad23p through another protein. 

A likely candidate for this intermediate protein is the tighily complexed Rad4p, a protein 

with multiple nuclear ldzat ion signals (Boulilras. 1997). 

The deletion of BYHI from yeast does not appear to have a visible affect on the 

ceiis. This could meaa that the BYHI product is not essentiai or that there is fmctiooal 

redundancy witb another protein. To emphasize the unessential nature of B YHI , it shouid 

be notcd that every Ua+ colony examineci by Southem Mot during the d o n  of the 

byhlA arain was shown to have undergone alle repla#mentr in conmt, oniy 2 of 6 



baploid colonies in the crieation of the s q l A  s t m h  werc shown to have undergone alkle 

replacement (see Figure 13). 

Deletion analysis of the interacting domain of Byhlp with Rad27p demonstrated 

that the region containhg the putative leucine npper motif is nccessary for this interaction. 

The explsnation for this may be that dimerizaticm of Byhlp is necessary for it to intaact 

with Rad23p. The putative zinc-fmger domairi of Byhlp irnplia that this protein may enter 

the nucleus and interact with DNA, contrary to the cytoplasmic location of its human 

homologue. 

4.3 Conjecture 

In order to claim that the interaction of these proteins with Rad23p is of biological 

signXcance, it must be established that the proteins interact physically. The pmblms 

associated with Sapl or Hm01 protein expression in the T N P  kit suggest that a diffenat 

approach is necessary to demonstntte interaction. Also, the in vitro envirotunent may not 

rdect the state of the ce1 which may pmmote interactions bctween Rad23p and the tlme 

interacting proteins as discussed in section 4.2. It m y  be nec*uary to fmt look at the in 

vivo environment, distinct from the two-hybrid system. if c&munopncipitation of these 

proteins camiot be easily demonstrated in the in vivo enviromcnt, this may imply an 

additional level of compienity, such as the requinment of paat-translatioiial modification of 

one or more proteins. 

Environmentai insulis such as W are bown to induce the phosphorylation of key 

proteins and alter theV fmctions. For example, Stone and Wlus (1996) demoastratcd tbpt 

Sù3p undenvent phosphoryiation in nsponse to stress, which was a remît of activation of 

a phosphorylation cascade pathway. This phwphoryistion nsulted in tighter 



tmsaiptional silencing. Based on this, it is possible th& Rad23p interacts with Merent 

subscts of proteins dependhg on its state of phosphoîylatioo, or the phosphorylation of its 

interaction partners. if the ceii cycle and DNA =pair aaivitics of Rad23p an separable, it 

may be due to ngulation by phosphorylation or other post-translational modificati011~. 

Why Rad23p interacts with Saplp, Hmolp and Byhlp in the two hybrid system may 

rcfiect the nature of the fusion proteins thcmselves. The addition of the G U  activating 

&main or the lexA protein may &t the structure of the proteins to represent an "induced" 

state of the protein, mimicking any affect derived from post-translation moàifîcation. 

The nason for the defective galactose utilizatioa pôenotype of saplh needs to k 

elucidated to propedy classify this protein as either a tninmiption factor or as a component 

of the protein degradation pathway. In addition, the q l A  strain should be tested to see 

what effet it has on the stability of known protein degndotion targets in pathways d e r  

than the N-end d e .  This stxain should dso be examincd for efTects on general or specific 

transcription. 

The observation that Hmolp may homodimrize needs to fuither established. 

Miitant Hmolp could be tested in the twehybrid system to ddineate the homodimerization 

domain and see if it maps to the leucine zipper region. h i o s  containing mutant Ieucim 

zipper motifs could then be tested for physical interaction by co-immunoprecipitation. 

It aeeds to be established whether Byhlp tnily fcptcscnts the yeast homologue of 

BRAPZ. To do this, the sub-allular localization of Byhl p must be detennimd. if B yhl p 

is found to reside in the cytoplasm and to interact physicaily with Rad23p or RacMp, it may 

play a cruciai ngulatory d e  in the localization of Rad23p, ad thereby regdate die process 

of nucleotide excision =pair aadlor alî cycle. 

Mutant sDaios necd to be constmcted that are &fiCient for the RAD23 product in 

combination with a defîcicncy for the p&ct of cach inteRf(ing gene. These straias could 



then be ttsted fot phenotyprs such as incredreduad UV sensitivity. growth almation, 

and induced mutagenesis. 

Finally, kcause the N-terminus of Rad23p appuus to be so d a 1  to its fuction. 

it would be interesting to perfom a twebybrid using a Gd+, fusion to the C- 

terminus of Rad23p, thus leaving the N - t e d u s  f= for intetaction. The fact that S. 

Simon was unable to idenMy any of the known Rad23p interacting proteius in the two- 

hybrid meen suggests that the bait cwstruct used is of k t e d  appliability to 

understanding the functioa of RAD23. 

4.4 Concludln8 Remarks 

One of the most interesting aspects of DNA ripait research is the many ovedaps 

and connections with other, seemingIy unrelaieci, cûlular processes such as the comtccticm 

tu transcription (Mayne and Lehmann, 1982). The twehybrid system is proving to k a 

valuable tool for demonstrating such comections. 

I was unable to dernonstrate the biologicaî si@icance of the interactions d e t e c d  

in the two-hybrid system either by supporthg the physical intemctions or demoastratiiig 

-tic interactions. Howeuer, due to the faiîure ta properiy express the ncombinaat 

proteins in the TNP system, as well as the complexity of variables in CO- 

imm~~)precipitaiïon studies, it wouid na be wise to nile out the possibüity that Kad23p 

d a s  truiy physically interact with any of the three positives. Nor can a genetic interaction 

be d e d  out ance the tests used were aimed ody at detecting gross changes in UV 

sensitivity . 
The thce Rad23p interacting genes investigatui in this shidy q U U e  much 

adctiticmaî rcsearch to discem thek roles in îhe ccîî and whetber or pot these d e s  am 



associated with DNA npair. Reliminay d i s  ibdicate tîiat several gmes of the RAD 

group and the SIR p u p .  intemet genetidy to influence the rate of induceci mutation 

(Sharon Simon, personai communicafion) and may be worth iiivestigating furtber with thc 

thrrt RAM3 intetachg genes. 



The HMG proteins comprise a svperfimdy of rclated proteins whose ceMar 

fimctiaos aie @y uncierstood, In peneral, the proteins are d (40 D a ) ,  arc capable 

ofbiading DNA and influence DNA metabdisan (reviewed in Butin et d, 1990). Tbne 

classes of proteins have been ideniüied within the HMG superfamily based on size, amino 

acid composition and DNA binding characteristics. Members of the HMG- 112 class, 

defmed by the human HMGl and HMG2 proteins, contain two copies of a conserved D M  

binding domain temed the "HMG box" (LandSman and Bustin, 1993). They also contain 

a charged C-teminal region of adjacent basic and acidic portions thought to participate in 

the binding of DNA and histones, nspectively. M l  is considemi to be a homologue of 

HMG 1 with slight variation in the charged C-terminai ngion (Lu et aL, 19%). The HMG- 

1/2 class of proteins does not appear to have sequence spcifcity but rather binds altcnd 

forms of DNA including single stianded regions (nviewed in LandSman and Bustin, 

1993). HMG-112 proteins have k e n  hypothesized to piay d e s  in transcription, replication 

and DNA repair but to date remah poorly understood. 

S. 2 The 265 Protease 

The 26s protease is a mult i -min complex hvolved in the regdatcd &pâation 

of ceiiuiar proteins, usuaily mediateci by uôiquitination of targeted proteins (nviewed in 

Hih and Wolf, 1996). This complex consists of two distinct multi-potcin cornponents 



nfemd ta as the 206 'core' or protcosome and the 19s 'regulatory cap'. The 20s am is 

compsed of multiple subunits ananged in a cyiindnd rnaaner and contaiPs at least five 

different proteolytic activities (reviewed in Hilt and Wolf, 1996). The 19s regulatoq cap 

constituents comprise a highly conserved class of proteins that functiou to conml the enûy 

of pmteins into the proteosorne. Tlrese proteins kstow both recognition and energy- 

dependence to the 20s core, thus M t b g  the susbstrates for degradation (nviewed in 

Dubief et aL , 1995). 

5.. 3 Protein Motifs 

5.3.1 Leucine Zipper Patterns 

The leucine zipper pattem (Rosite entry # PDOC00029) is identifid by the 

arrangement of leucine nsidues every 7 amino acids for the llength of -8 helical tums, 

folded into an alpha-helix (consensus pattern L-x(Q-L-x(6)-L-x(6)-L) (Landschulz et aL, 

19ûû). The leucine side ch& protrude ouwatds from one face of the alpha-heiix to 

interact with a similar domain of another protein, thus medrating the interaction between 

two protein molecules. The interaction between two such zipper motifs f o m  a coiled coil. 

These domains are lmown to be crucial for interactions among many proteins including tbc 

pmteoncogenes Jun and Fos (Gentz et al, 1989). 

5.3..2 ATPIGTP Binding Site Motif A 

Tbc AWGTP binding site ma(if(Rosite entq # PDOCûûû17), dm n f e d  to as 

a P-loop, is a glycine nch stretch of amino wids that typcally adopts a loop structure thet 



interacts with a phosphate group of the nuclectide (Saraste et d, 1990). The consensus 

sequence for this motif is [AGI-x(4)G-K-[ST]. 

5.3.3 'AAA' Protein Famiiy Signature 

The AAA protein family signature (Rosite eniry # PDOCOOS72) is a Iarge 

conseived domain (-220 aa) that contains an ATP binding site but has no other h o w n  

hinction (Confaionien and Dugeut, 1995). The acronym 'AAA' stands for 'A'ases 

m i a t e d  with diverse cellular stivities' to emphasize the ubiquitous nahue of ibis 

domain. In yeast thm may be as m y  as 17 differcnt classes of AAA proteins 

(Coufidonieri and Dugeut, 1995). The ATPase activity of these proteins is quite distinct 

from other AT- proteins in that the rate of ATP hydrolysis is low (Confalonien and 

ûugeut, 1995). 

5.3.4 C2H2 Zinc Finger Domain 

The zinc finget domain (Rosite entry # PWC00028) is composeci of 25-30 amino 

acid residues which fold into a secondary structure that is coordinated by the binding of a 

Pnc atom (reviewed in Klug and Rhodes, 19a1). The amino aciâs that bind to the zinc 

a t m  give the structure its classifcation. A C2H2 zinc fmget utüizes two cysteine and two 

histidine residues to bind the zinc atom. These structures are capable of binding nucleic 

acid and arc commoniy found in transcription factors. 



5.3.5: UBA Domain 

The ubiquitin associaiai domain (UBA) is roughly 55aa in fength and is ihought to 

code for a potein-protein interactioa dornain (Hofman and Bucher, 19%). It is proposeci 

that the specificity of the UBA domain is for interactions with other proteins involvd in 

uûiquitin pathway and acts to reguiate this process (Hofman and Bucher, 1996). 
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7. SOLUTIONS 

TE (lx) SM Media 

100 mM NaCl 
80 mM MgSO,@7H,-O 
M mM Tris-HC1 (pH 7.5) 
0.01 % Gelatin 

Resarpension Bof'fer 
Lyais Solution 

50 mM glucose 
25 m M  Tris-HCl (pH 8.0) 
10 mM EDTA (pH 8.0) 

Potassium Acetate Solution 

5 M potassium acetate 60.0 ml 
glacial acetic acid L 1.5 ml 
dd&O to 100.0 ml 

This solution is 3 M with respect to the 
potassium and 5 M with respect to the 
acetate 

Band elution boffer (BEB) 

50 mM Tris-HCI (pH7.5) 
2ûû mM NaCl 
0.1% SDS 
1 mM EW'A 

0.2 N NaOH 
1% SDS 

TAE (lx) 

Loading dye 
50% glycerol 
1 m m  xylene cyan01 FF 
1 mg/ml bromophenol Mue 

Dephosphorylatioi biffer (10 x) 

500 m M  Tris-HCI 
1 rnM EDTA pH (8.5) 

Bacteriophage T4 DNA ligase biffer (10x) 

MO mM Tris-HCI (pH 7.8) 
100 mM M a  
100 rnM MT 
10 m M  ATP 
2%) pg/ml BSA 



Bliint-end ligation biffer (10s) dNTP solution (pH 7.0) 

500 mM Tris-HCi (pH 7.2) 
lm mM M G -  
10 mM MT 
500 pg/rni BSA 

Yeast Iysis baffer TBE buffer (lx) 

2% Triton X-100 
1% SDS 
100 m M  NaCi 
20 m M  Tris-HCI (pH 8.0) 
10 m M  EDïA 

Developer solution 

2 1.8% Kodak GBX developer and nplenisher 

Stop solution 

2% acetic acid 

Fis solution 

24.9% Kodak rapid fixer solution A 
2.7% Kodak rapid furer solution B 

Z Bafîer ONPG Solution 

SSC (2.) 

dNTP mi= (2 mM) 

Dilutcd in d a - O  from 100 mM stocks in 3 mMTris-HCI (pH 7), 0.2 m M  
Ei3TA (Feinberg and Vogelstein, 1W) 

Klenow Baffer (10s) 

50 mM Tris-HCI (pH 7.6) 
100 mM M g q  



7% SDS 
ImM EDTA (pH 8.0) 
263 mM WHPO, (pH7.2) 
1% BSA 

Buffer B 

20 m M  HEES (pH 7.2) 
75 mM KCI 

5 mM sodium bisulfite 
05 mM EDTA 
0.5 mM MT 
0.1% Tween20 
125% glycerd 
0.5 pg/rnl leupeptin 
0.7 pdml pepstatinA 
0.1 mM PMSF 

Stacking gel buffer (4s) 

MO mM Tris-HCl 
0.1% SDS 
pH 6.8 

SDS ronning buffer (Lx) 

SDS sample buffer 

20% glyceml 
2.4% SDS 
25 pdmi bromophenol blue 
72û mM p-ME 
37.5 mM Tris-HCl 

Phosphate Buffered Saline (PBS) 

Separating gel buffer (4r) 

1.5 M Tris-HCI 
0.1% SDS 
pH 8.8 

25 mM Tris-Ha 
192 mM glycine 
0.1% SDS 




