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Abstract

The nuclear envelope divides eukaryotic cells into the nuclear and 

cytoplasmic compartments. In Saccharomyces cerevisiae there are at least 14 

soluble nuclear transport receptors, termed karyopherins, which govern the 

continuous flow of proteins, nucleic acids and small molecules between these 

two compartments. Knowledge of the cargoes carried by each karyopherin and 

insight into the mechanisms of transport are fundamental to understanding 

constitutive and regulated transport, and elucidating how transport impacts 

normal cellular functions. Yeast Kap121 p was studied as a model karyopherin to 

enhance our understanding of how transport machinery interfaces with its 

cargoes and how these interactions affect cellular physiology. New kap121 

mutants were generated and proteomics identified 27 candidate Kap121 p import 

cargoes. Two novel phenotypes associated with kap121 mutants were 

observed: Defects in mating and pseudohyphal/invasive growth. Ste12p, a 

transcription factor central to both of these cellular processes, was among the 

candidate Kap121p cargoes. Characterization of the Kap121p-Ste12p 

interaction demonstrated that Kap121p interacts directly with Ste12p and that its 

function is required for Ste12p import. Additionally, mutations within KAP121 

specifically blocked Ste12p-induced transcription and the differentiation pathways 

it mediates. Together these data clearly demonstrate that seemingly pleiotropic 

phenotypes associated with kap mutants can be directly attributed to the 

mislocalization of a cargo imported by that |3-kap.
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Nopip, Dbp9p and Soflp  were also among the Kap121p-interacting 

proteins identified and were found to be bona fide Kap121 p cargoes. Studies 

characterizing Nopip import revealed a new class of Kap121p recognized NLS, 

distinguished by the abundance of arginine and glycine residues (termed rg- 

NLSs). KAP104, a karyopherin that also recognizes rg-NLSs, was shown by 

several criteria to functionally overlap with Kap121p. Thus, these apparently 

unrelated transport pathways converge; creating a nuclear transport network that 

mediates the import of some common cargoes. Additionally, these studies 

revealed a novel piggy-back mechanism for cargo import; where Nop1 p bridges 

the interaction between Soflp and Kap121p. These data highlight the complex 

network of interactions between import karyopherins and their cargoes, and 

define additional levels of redundancy and flexibility built into nuclear transport 

pathways to ensure timely cargo delivery.
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pH................................................................................................................................................... -log[H+]
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rRNA............................................................................................................................... ribosomal RNA
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SDS....................................................................................................................sodium dodecyl sulphate
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TCA............................................................................................................................. trichloroacetic acid
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V ......................................................................................................................................................... Volts
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ip...........................................................................................................................pounds per square inch
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Chapter 1 -  Introduction

1.1 General introduction to nucleo-cytoplasmic exchange

A characteristic feature of eukaryotic cells is the compartmentalization of 

cellular processes into distinct, membrane bound environments, termed 

organelles. Organelles house specialized functions, provide optimal intracellular 

environments for biochemical reactions, and act as containers that confine 

potentially harmful reaction byproducts and separate incompatible cellular 

components from one another. The largest organelle in eukaryotic cells is 

typically the nucleus, which is contained by the nuclear envelope (NE). The NE 

physically separates nuclear DNA from the cytoplasm, thereby segregating the 

sites of gene transcription and ribosome biogenesis from the site of protein 

synthesis. This barrier provides the cell the ability to strictly coordinate key 

cellular processes like cell cycle progression, cellular differentiation and gene 

expression. However, regulating cellular functions in this manner demands that 

an astonishing number of proteins and RNAs be transported between these two 

compartments, in a regulated fashion. As such, eukaryotic cell survival depends 

on bi-directional nucleo-cytoplasmic transport pathways. Operationally, nuclear 

transport pathways can be divided into two phases: A stationary phase, 

comprised of the NE and the macromolecular protein complexes called nuclear 

pore complexes (or NPCs) that are embedded in it; and a soluble (or mobile) 

phase, which includes nuclear transport receptors, their regulators and the 

cargoes they translocate.

1
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1.2 Nucleo-cytoplasmic transport -  the stationary phase

1.2.1 The nuclear envelope -  The nuclear envelope is composed of two 

continuous, topologically distinct phospholipid bilayer membranes, the inner 

nuclear membrane and the outer nuclear membrane (Figure 1.2.1; (Alberts et al., 

2002; Lodish et al., 1999)). The inner nuclear membrane defines the nucleus 

and in vertebrate cells, but not in yeast cells, is lined with a meshwork of 

intermediate filaments (termed the nuclear lamina) that is thought to provide the 

structural support for the NE (Alberts etal., 2002; Lodish etal., 1999). The outer 

nuclear membrane interfaces with the cytoplasm, is continuous with the 

endoplasmic reticulum (ER) and, like the membrane of the ER, is studded with 

ribosomes. The inner and outer nuclear membranes are joined at numerous 

sites forming circular pores, or aqueous channels, that connect the nucleoplasm 

and cytoplasm. A third biochemically distinct membrane domain, the pore 

membrane domain, lines these pores. It is occupied by integral, and peripherally 

associating proteins that form large octagonally symmetric protein complexes, 

called nuclear pore complexes (or NPCs), through which all nucleo-cytoplasmic 

exchange occurs. As such, the NE functions as a selectively permeable barrier 

between these two cellular environments.

1.2.2 Structure of the nuclear pore complex (NPC) -  Nuclear pore complexes

are evolutionarily conserved ~45-60 MDa macromolecular protein assemblies

~100 nm in diameter (Figure 1.2.1; (Cronshaw etal., 2002; Rout et al., 2000)).

NPCs are composed of eight radial spokes and 4 coaxial rings that
2
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Cytoplasmic'Filaments
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:lnner Nuclear Membrane

Nuclear Basket

Proximal Filaments 

Central Transporter 

Cytoplasmic Ring /  

Outer Spoke Ring 

inner Spoke Ring 
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Figure 1.2.1: S tructu re o f  th e  nuclear pore com plex. Each NPC is a large proteinaceous assembly embedded 
in the pore membrane domain (PMD) o f  the nuclear envelope, where the inner and outer nuclear membranes 
fuse. The NPC contains eight spokes, projecting radially from the wall o f  the pore membrane and surrounding 
a central tube called the central transporter. Each spoke is composed o f  numerous struts and attached to its 
neighbors bv four coaxial rings: an outer spoke-ring in the lumen o f  the N E  adjacent to the pore membrane, a 
nucleoplasmic ring, a cytoplasmic ring, and an inner spoke-ring surrounding the central transporter (also 
referred to as the central tube or central channel). A considerable portion o f  each spoke traverses the pore 
membrane and resides in the N E  lumen. Together these structures comprise the central core. Peripheral 
elements project from this core toward the nucleoplasm and cytoplasm. These include: numerous proximal 
filaments on both faces o f  the cylindrical central core, whose presence (though no t directly imaged) is inferred 
from the large num ber o f  symmetrically disposed filamentous nucleoporins; eight cytoplasmic filaments, 
attached at the cytoplasmic ring; and nuclear filaments originating at the nuclear ring and conjoining distally to 
form the nuclear basket, which connects with elements o f  the nucleoskeleton (not shown). Figure adapted 
from (Rout and Aitchison, 2001).

3
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connect the spokes to each other. These spoke-ring complexes form a central 

tube or channel (also referred to as the central transporter) that is approximately 

30 nm in diameter through which the nucleoplasm and cytoplasm are connected 

(Rout et al., 2003). The outer spoke ring is embedded in the lumen of the NE, 

while the cytoplasmic ring, nucleoplasmic ring and inner spoke ring surround the 

central channel of the NPC. A large portion of each spoke pierces the pore 

membrane domain and resides within the lumen of the NE. Together, these 

structures form the cylindrical core of the NPC. This core structure anchors 

peripheral elements that project towards the cytoplasm and nucleoplasm (Figure 

1.2.1). Attached to the cytoplasmic ring are eight fibrils, termed the cytoplasmic 

filaments that extend into the cytoplasm. Similarly, eight fibrils protrude from the 

nucleoplasmic ring into the nucleus. But in this instance, they are tethered at 

their ends by a terminal ring, forming a cage-like structure called the nuclear 

basket. Based on the high concentration of symmetrically positioned filamentous 

nucleoporins (see Sections 1.5 and 1.6), numerous proximal filaments are 

thought to emanate from both faces of the central tube, although they have not 

been visualized directly (reviewed in Bednenko etal., 2003; Rout and Aitchison, 

2001; Rout etal., 2003; Suntharalingam and Wente, 2003).

1.2.3 Protein composition of the N P C -  Proteomic studies have revealed that 

S. cerevisiae and mammalian NPCs are compositionally similar and made up of 

~30 distinct proteins, termed nucleoporins (or nups) (Figure 1.2.2; (Cronshaw et 

al., 2002; Rout et al., 2000)). Consistent with the 8-fold symmetry,

4
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Figure 1.2.2: P lo t o f  th e  p o sitio n  o f  nucleoporins w ith in  th e  N P C . Positions are overlaid on a protein 
density map generated bv cryoEM. Green =  FG  nups that are found on both sides o f  the N PC; Blue =  FG  
nups asymmetrically localized to the nucleoplasmic face o f  the NPC; Red =  FG  nups asymmetrically localized 
to the cytoplasmic face o f the NPC; Grey =  non-FG  or structural nups; Purple = poms. Figure adapted from 
(Rout el al., 2000; Rout and Wente, 1994).
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each NPC is predicted to contain 8-48 copies of each nup. The components of 

the NPC can be divided into three classes (reviewed in Bednenko et al., 2003; 

Fried and Kutay, 2003; Rout et al., 2003; Suntharalingam and Wente, 2003). 

The first group of proteins, termed the pore membrane proteins (or poms), 

contain transmembrane domains that anchor the NPC to the NE. The second 

class of nups, often referred to as non-FG nups (see below), is believed to 

function mainly as structural proteins. These nups are thought to provide the 

positioning scaffold for the third class of nucleoporins (Shulga and Goldfarb,

2003). This third type of nups contains degenerate repeats of the dipeptide 

phenylalanine-glycine (FG) that are often part of larger FXFG and GLFG repeats 

(where X represents any amino acid residue, and L is leucine). They are 

collectively termed FG nups. FG repeats are usually clustered and are often 

separated by hydrophobic spacers that range in length from 5 to 30 amino acid 

residues (Bednenko et al., 2003). FG nups are thought to line the central 

channel of the NPC and provide binding sites for soluble nuclear transport factors 

(reviewed in Bednenko et al., 2003; Fahrenkrog and Aebi, 2003; Rout et al., 

2003; Suntharalingam and Wente, 2003).

1.3 Passive diffusion versus active nucleo-cytoplasmic transport

The NPCs, embedded in the NE, function as highly selective, versatile 

gates that simultaneously restrict the nucleo-cytoplasmic exchange of 

macromolecules and permit the passive diffusion of small molecules. The 

segregation of cellular processes to confined organelles has provided eukaryotic

6
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cells with numerous regulatory controls and survival advantages. However, in 

order for the cell to remain viable the concentrations of many small molecules 

must be maintained at equilibrium in various compartments of the cell. These 

equilibriums are maintained by passive diffusion. In theory, NPCs provide little 

obstruction to the free exchange of any small molecule, like water, ions, 

metabolites and macromolecules smaller than ~40 KDa (Fried and Kutay, 2003; 

Rout etal., 2003; Suntharalingam and Wente, 2003), between the nucleus and 

cytoplasm. In the “virtual gate” model proposed to explain the mechanism of 

nuclear transport, Rout et al. (2000) describe the passive diffusion of these 

molecules and the factors that constrain movement, in terms of the entropy of the 

molecule in transit (Rout et al., 2000). In the model, the entropy of a 

macromolecule is described as the numerous ways the energetic motions of that 

molecule can be distributed ((Rout etal., 2000); (reviewed in Rout etal., 2003)). 

In theory, soluble molecules in the cytoplasm move about in a number of ways 

and have many possible destinations; therefore, their entropy is high. When 

these molecules enter the restricted space of the central tube of the NPC, the 

number of possible movements they can make, and remain within the channel, 

decrease and, consequently, their entropy decreases. Therefore, a molecule 

freely diffusing between the nucleus and cytoplasm moves from a state of high 

entropy to one of low entropy, this change is referred to as the “entropic price” 

(Rout et al., 2003; Rout et al., 2000). If a molecule can afford to pay this 

“entropic price” -  be able to enter the narrow channel of the NPC, withstand its

7
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constraints and remain mobile enough to successfully move from one side to the 

other -  it can traverse the NPC without assistance. But entropy costs increase 

as the size of the molecule increases. Therefore, according to this model the 

permeability of the NPC is considered to be inversely proportional to the size of 

the molecule in transit (Rout etal., 2003).

Active transport mechanisms are, therefore, required to facilitate the 

translocation of larger molecules, whose diameters can reach 39 nm 

(Suntharalingam and Wente, 2003), across the NPC. Moreover, active transport 

mechanisms also direct the rapid accumulation of many cellular factors in 

specific organelles, often against significant concentration gradients. These 

transport mechanisms are frequently used to strictly control when and where a 

given cellular process or biochemical reaction takes place. Accordingly, cell 

growth requires macromolecules like transcription factors, ribosomal proteins, 

trans-acting ribosome assembly factors and histones to constitutively, or 

periodically, concentrate in the nucleus. Concurrently, numerous proteins and 

ribonucleoprotein particles must also accumulate in the cytoplasm. These 

facilitated nuclear transport mechanisms are saturable (Goldfarb etal., 1986; 

Zasloff, 1983), signal-mediated (Dingwall and Laskey, 1991; Fischer etal., 1995; 

Gerace, 1995) and energy-dependent (Newmeyer et al., 1986; Zasloff, 1983). 

The translocation process itself is not directly linked to NTP hydrolysis. Instead, 

the energy is thought to come from a potential energy gradient across the NPC 

established by the maintenance of distinct pools of GDP- and GTP-bound forms

8
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of the small GTPase Ran (see Section 1.4.3; (Bednenko et al., 2003; Cole and 

Hammell, 1998; Moore, 1998)). Amazingly, active nucleo-cytoplasmic transport 

has been estimated to facilitate ~800 individual translocation events of a 100 

KDa protein through a single NPC per second (Fried and Kutay, 2003).

1.4 Nucleo-cytoplasmic transport -  the soluble phase

1.4.1 Signal-mediated transport- The movement of most molecules through

the NPC is a highly specific process that is dependent on the recognition of cis-

acting signal sequences present within these cargo molecules. These targeting

signals are recognized by intermediary receptors, or carriers, that interact

specifically with the NPC. The soluble transport receptors that recognize these

signals are termed karyopherins (or kaps); from the Greek words “karyo” and

“pherin”, which are respectively defined as “nut/kernel/nucleus” and “to carry or

transfer” (Radu etal., 1995) (they are also known as importins, transportins and

exportins) (reviewed in Fried and Kutay, 2003; Mosammaparast and Pemberton,

2004)). Kaps traverse the NPC in association with their substrates, which appear

to have no affinity for the NPC in their absence (Mattaj and Englmeier, 1998).

Proteins are marked for nuclear import and nuclear export by the presence of

nuclear localization signals (NLSs) (Dingwall and Laskey, 1991) or nuclear export

signals (NESs) (Fischer etal., 1995; Gerace, 1995), respectively. Several

different types of NLSs and NESs have been identified, most of which do not fit a

well-defined consensus sequence, but nevertheless are generally recognized by

specific kaps (Table 1-1). Moreover, the NLS amino acid residue sequences
9
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present in cargoes that are imported by the same nuclear transport receptor can 

also vary dramatically (Table 1-2). NLSs and NESs are typically, but not always, 

short peptides that are located anywhere within the amino acid residue sequence 

of a cargo and are not cleaved upon translocation. Amino acid residue charge 

and hydrophobicity appear to be most important; however length and spacing of 

key residues have also been shown to contribute to signal recognition and 

subsequent transport (reviewed in Fried and Kutay, 2003; Talcott and Moore, 

1999).

Table 1-1 Nucleo-cytoplasmic transport signal sequences
Transport
signal

Example
substrates

Sequence" Transport
receptor(s)

References

Classical
mono-partite
NLS

SV40T
antigen

PKKKRKVE Imp (3/Imp a ((Kalderon et al, 
1984a)

Classical bi
partite NLS

nucleoplasmin KRPAATKKAGQAKKKKLD Imp (3/Imp a (Dingwall et al, 
1982; Robbins et 
al, 1991)

M9 domain hnRNPAl YNDFG NYNNQSSNFGPM KGGN
FGGRSSGPY

transportin (Siomi and 
Dreyfuss, 1995)

BIB domain rpL23a VHSHKKKKIRTSPTFRRPKTLRLR
RQPKYPRKSAPRRNKLDHY

transportin, Imp5, 
Imp?, Imp (3

Qakel and 
Gorlich, 1998)

RS domain SR proteins phosphorylated RS domains transportin SR2 (Lai et al., 2001)

Leucine-rich
NES

HIV Rev, PKI consensus: L-X2-3-(L,I,M,F,M)-X2-3- 
L-X-(L,I,V)

CRM1 (Bogerd et al, 
1999; Bogerd et 
al, 1996)"

rg-NLS Nab2p VDNSQRFTQRGGGAVGKNRRG
GRGGNRGGRNNNSTRFNPLAKA
LGMAGES

Kapl04p Lee and 
Aitchison, 1999

Examples o f  the amino acid residue sequences o f  com m on classes o f  nuclear transport sequences along with 
the nuclear transport receptor(s) that recognize(s) these signals are presented here. These amino acid residue 
sequences are written using the standard single letter abbreviations. This table is adapted from Fried and 
Kutay, 2003.

Table 1-2 NLSs recognized by Kap121p
Cargo Amino A dd 

Residues
Sequence Reference

Pho4p 140-166 SANKVTKNKSNSSPYLNKRRGKPGPDS Kaffman et al, 
1998

Spol2p 76-143 KKSTSNLKSSHTTSNLVKKTMFKRDLLKQDPKRKLQLQQ
RFASPTDRLVSPCSLKLNEHKVKMFGKKK

Chaves and Blobel, 
2001

10
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Pdrlp 729-769 WTDMNKILLDFDNDYSVYRSFAHYSISCIILVSQAFSVAEF Delahodde et al, 
2001

Rpl25p 1-62 MAPS AKATAAKKA VVKGTN GKKALKVRTS ATFRLPKTLK 
LARAPKYASKAVPHYNRLDSYICV

Rout et al., 1997

Y aplp 5-59 TAKRSLDW SPGSLAEFEGSKSRHDEIENEHRRTGTRDGE
DSEQPKKKGSKTSKK

Isoyama etal., 2001

histone
H2A

1-46 MSGGKGGKAGSAAKASQSRSAKAGLTFPVGRVHRLLRRG
NYAQRIG

Mosammaparast et 
al., 2001

histone
H2B

1-52 MSAKAEKKPASKAPAEKKPAAKKTSTSTDGKKRSKARKE
TYSSYIYKVLKQT

Mosammaparast et 
al., 2001

histone
H3

1-28 MARTKQTARKSTGGKAPRKQLASKAARK Mosammaparast et 
al., 2002

histone
H4

1-42 MSGRGKGGKGLGKGGAKRHRK1LRDNIQGITKPAIRRLA
RRGG

Mosammaparast et 
al., 2002

A ftlp 198-226 and 
332-365

TSSIKPKKKRCVSRFNNCPFRVRATYSL and 
SKRPCLPSVNNTGSINTNNVRKPKSQCKNKDTLL

Ueta et al., 2003

Stel2p 494-688 NNMLYPQTATSWNVLPPQAMQPAPTYVGRPYTPNYRSTP
GSAMFPYMQSSNSMQ\\"NTAVSPYSSRAPSTTAKNYPPSTF
YSQNINQYPRRRTVGMKSSQGNVPTGNKQSVGKSAKISK
PLHIKTSAYQKQYKINLETKARPSAGDEDSAHPDKNKEIS
M PTPDSNTLW QSEEGGAHSLEVDTNRRSDKNLPDAT

Chapter 3

N o p lp 1-90 MSFRPGSRGGSRGGSRGGFGGRGGSRGGARGGSRGGFG
GRGGSRGGARGGSRGGFGGRGGSRGGARGGSRGGRGG
AA GG A RG G A KW 1EP

Chapter 4

Soflp 381-489 ERSNVKTTREKNKLEYDEKLIvERFRHMPEIKRISRHRHVP 
QVIIGCAQEIKNIELSSIKRREANERRTRKDMPYISERKKQI 
V GTVHI<AEDSGRDRKRRKEDDKRDTQEK

Chapter 5

The NLS sequences present o f previously characterized K apl21p nuclear import cargoes are presented here. 
These amino acid residue sequences are written using the standard single letter abbreviations.

1.4.2 p-Karyopherins (p-Kaps) -  Eukaryotic cells contain two structurally

related families of kaps: The p-karyopherins (p-kaps) and the a-karyopherins (a-

kaps) (reviewed in Chook and Blobel, 2001; Fried and Kutay, 2003;

Mosammaparast and Pemberton, 2004; Strom and Weis, 2001). There are 14 p-

kaps in yeast and more than 20 p-kaps in higher eukaryotes (Figure 1.4.2).

Members of the p-kap family are large proteins (95-145 KDa) and, while they

share little sequence identity (~20%), all are thought to contain 15-20 HEAT

repeats (reviewed in Bednenko et al., 2003; Fried and Kutay, 2003;

Mosammaparast and Pemberton, 2004). Each HEAT repeat motif is about 50

amino acid residues in length and forms two antiparallel a-helices that
11
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Figure 1.4.2: T h e  P -karyopherin  p ro te in  fam ily. A .  Members o f  the S. cerevisiae (3-karyopherin protein 
family. B. (3-karyopherin proteins in mammals. Alternative names for each kap are also shown. Asterisks 
denote kaps encoded by essential genes in yeast. Teal =  im port kaps; Red =  export kaps; Purple =  kaps that 
function in both im port and export; and Yellow =  kaps for which no cargoes have been identified. Figure 
adapted from (Mosammaparast and Pemberton, 2004).
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are connected by a short turn (Andrade etal., 2001). All p-kaps bind the GTP- 

bound form of the small GTPase Ran (see Section 1.4.3; (reviewed in Kuersten 

et al., 2001; Macara, 2001; Quimby and Dasso, 2003; Weis, 2003)) and interact 

with specific components of the NPC (see Section 1.6).

Many groups in the nuclear transport field have focused their research 

efforts on identifying the cargoes transported by individual p-karyopherins. 

Based on these findings, p-kaps can be divided into three categories depending 

on the direction they transport cargo (Figure 1.4.2). In yeast, the import p-kaps 

are Kap95p, Kap104p, Kap108p/Sxm1 p, Kap111 p/Mtr1 Op, Kap114p, 

Kap119p/Nmd5p, Kap121p/Pse1p, Kap122p/Pdr6p and Kap123p. The export p- 

kaps are Kap124p/ Crm1 p/Xpo1 p, Kap109p/Cse1 p and Los1 p. Kap142p/Msn5p 

is capable of moving cargoes both into and out of the nucleus. No cargoes have 

been identified for Kap120p (reviewed in Chook and Blobel, 2001; Fried and 

Kutay, 2003; Kuersten etal., 2001; Macara, 2001; Moore, 1998; Mosammaparast 

and Pemberton, 2004; Strom and Weis, 2001). While only a limited number of 

substrates have been defined for each p-kap, over 1500 yeast proteins, and 

multiple RNA species, must be translocated across the NPC in one or both 

directions during their life-cycle (https://www.incyte.com/proteome/Retriever/ 

index.html). Despite this huge transport burden, only 4 p-kaps are essential in 

yeast (Figure 1.4.2), suggesting that overlapping nuclear transport networks 

provide the redundancy required to sustain growth when the cell becomes 

compromised.
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1.4.3 Ran -  The small GTPase Ran (Gsp1 p in yeast), which cycles between a 

GTP- and GDP-bound state, is an essential regulator of nucleo-cytoplasmic 

exchange (reviewed in Kuersten et al., 2001; Mosammaparast and Pemberton, 

2004; Quimby and Dasso, 2003; Rout etal., 2003; Suntharalingam and Wente, 

2003; Weis, 2003). A key feature of this Ran GTPase cycle is the spatial 

separation of GTP loading and hydrolysis: Ran’s guanosine nucleotide exchange 

factor (RanGEF; in metazoans RCC1 and in yeast Prp20p) is confined to the 

nucleus, while the Ran GTPase-activating protein (RanGAP; RanGAPI in 

metazoans and R nalp  in yeast) is restricted to the cytoplasm. The 

compartmentalization of these two Ran regulators ensures that nuclear Ran is in 

the GTP-bound state, whereas the GDP-bound form of Ran is concentrated in 

the cytoplasm. This is referred to as the RanGTP gradient, which is thought to 

provide kap-cargo complexes with important positional information (Figure 

1.4.3A; (Kalab et al., 2002; Weis, 2003)). Thus, import complexes form in the 

cytoplasm where the concentration of RanGTP is low. They then traverse the 

NPC and encounter a RanGTP-rich environment on the nucleoplasmic face of 

the NPC. Here, RanGTP binds to the (3-kap, stimulating kap-cargo complex 

dissociation. Conversely, export karyopherins bind their cargoes cooperatively 

with Ran-GTP in the nucleus. These nuclear export complexes dissociate once 

they reach the cytoplasm, where RanGAP induces GTP hydrolysis (Figure
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Figure 1.4.3: T h e  R anG T P  grad ien t and  nuclear transport. A .  S etting  up th e  R anG T P  g rad ien t across 
the  nuclear envelope (N E ). RanGEF loads Ran with GTP. RanGAP catalyzes GTP hydrolysis by activating 
the GTPase activity o f Ran. RanGEF strongly binds to chromatin and so flags the position o f  chromatin in the 
cell. By contrast, RanGAP is found largely in the cytoplasm. The result is that in the vicinity o f  chromatin (i.e. 
in the nucleoplasm) one finds mostly Ran bound to GTP whereas cytoplasmic Ran is mainly found in its G D P- 
bound form. This gradient powers much transport across the nuclear pore complex (NPC). B. T h e  nuclea r 
transpo rt cycle. An importing karyopherin (kap) binds to its NLS-bearing cargo in the cytoplasm and transits 
the NPC. O n the nucleoplasmic side, RanGTP binds to the kap, causing a conformational change that releases 
the cargo. In the nucleoplasm, exporting kaps bind their cargos in the presence o f  RanGTP. O nce the 
exporting complexes are on the cytoplasmic side, RanGTP hydrolysis is stimulated by RanGAP, resulting in the 
release o f  cargo. RanG DP is then recycled to the nucleoplasm by N TF2 and is reloaded with G TP to begin 
another cycle. Figure from (Rout et al., 2003).
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1.4.3B; (reviewed in Kuersten et al., 2001; Mosammaparast and Pemberton, 

2004; Quimby and Dasso, 2003; Rout etal., 2003; Suntharalingam and Wente, 

2003; Weis, 2003)).

Other soluble factors are also required to maintain the RanGTP gradient, 

including coactivators of the Ran cycle, and factors that aid in controlling Ran’s 

interaction with NPC-bound karyopherins (reviewed in Fried and Kutay, 2003; 

Kuersten et al., 2001; Quimby and Dasso, 2003; Weis, 2003). Without these 

factors, the continuous outflow of nuclear export complexes and cargo-free |3- 

kaps from the nucleus would quickly deplete the nuclear pool of RanGTP and 

shutdown signal-mediated transport. One such factor, NTF2, provides an active 

transport mechanism that rapidly recycles Ran to the nucleus. NTF2 interacts 

with RanGDP only and is unrelated to members of the |3-kap family (Ribbeck et 

al., 1998; Smith etal., 1998). Another family of Ran-binding proteins (RanBPI 

and RanBP2/Nup358 in higher eukaryotes, and Y rb lp  in yeast) promotes the 

dissociation of RanGTP from |3-kaps. These factors are required because the 

interactions between RanGTP, |3-kaps, and RanGAP are mutually exclusive 

(Fried and Kutay, 2003). In the absence of these accessory factors, future 

rounds of transport would be inhibited because |3-kap-RanGTP complexes are 

extremely stable. The binding of these Ran-binding proteins to export complexes 

and cargo-free p-kaps promotes the release of RanGTP, enabling RanGAP to 

bind and activate Ran’s GTPase function. M oglp is another evolutionary 

conserved Ran-binding protein that is thought to aid RanGDP release from NTF2
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in the nucleus and assist RanGEF-mediated exchange of GDP to GTP (Fried 

and Kutay, 2003; Weis, 2003). Curiously, factors that dynamically associate with 

the NPC, namely RanBP3 (Yrb2p in yeast), Nup50p/Npap60p in human cells and 

Nup2p in yeast cells, have been shown to augment some nuclear transport 

pathways by regulating the interactions between Ran, |3-kaps and the NPC 

(Denning etal., 2001; Dilworth et al., 2001; Englmeier et al., 2001; Guan et al., 

2000; Lindsay etal., 2001; Lindsay etal., 2002).

1.5 FG nups and the NPC

Surprisingly, the sequence identity shared by yeast and mammalian nups 

is generally lower than 20%-25%, with the FG-dipeptide repeats being the most 

evolutionary conserved domain (Cronshaw et al., 2002; Rout et al., 2000). Yet, 

many of their functions and/or positions in the NPC have remained evolutionarily 

conserved. There are ~200 FG nups per NPC, which account for approximately 

one-half of the total mass of the NPC (Rout et al., 2003). Most of these nups are 

positioned symmetrically on both the cytoplasmic and nuclear faces of the NPC, 

a few can, however, be found on one side or the other (Figure 1.2.2; (Cronshaw 

et al., 2002; Rout et al., 2000)). Current transport models suggest that FG nups 

gate the passive diffusion of macromolecules between the nucleus and 

cytoplasm and, simultaneously, facilitate signal-mediated active transport across 

the NPC by providing binding sites for transport complexes (discussed below; 

(Bickel and Bruinsma, 2002; Macara, 2001; Ribbeck and Gorlich, 2001, 2002; 

Rout etal., 2003; Rout etal., 2000; Shulgaand Goldfarb, 2003)).
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1.5.1 FG nups are implicated in passive diffusion -  Analysis of the structure 

of FG-rich repeat regions revealed that these domains adopt an extended 

conformation with little intrinsic secondary structure (Allen et al., 2000; Buss et 

al., 1994; Denning etal., 2003). They have also been shown to form filaments 

and to colocalize with the filamentous structures of the NPC (Allen et al., 2000; 

Stoffler etal., 1999). These findings are consistent with the idea that FG nups 

are the main component of the fibril extensions that protrude from both faces of 

the NPC (reviewed in Bednenko et al., 2003; Rout and Aitchison, 2001; Rout et 

al., 2003; Suntharalingam and Wente, 2003). In light of these data, FG nups are 

an integral component of all current models describing nucleo-cytoplasmic 

transport; all of which suggest that their disordered FG repeat domains restrict 

the permeability of the NPC (Bickel and Bruinsma, 2002; Macara, 2001; Ribbeck 

and Gorlich, 2001, 2002; Rout et al., 2003; Rout et al., 2000; Shulga and 

Goldfarb, 2003).

According to the “virtual gate” model, these FG-rich regions (referred to as 

“entropic bristles”) are thought to be kept in constant motion by diffusive forces 

(Hoh, 1998) and, as such, are predicted to fill-up the areas surrounding their 

anchoring sites in the NPC (Rout et al., 2003; Rout et al., 2000). The model 

suggests that the constant motion of the “entropic bristles” positioned at the 

entrances of the NPC guard access to central tube, while the bristles located 

within the central channel constrain the free space available for molecule 

diffusion. Therefore, molecules passively diffusing between the nucleus and
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cytoplasm would have to continually push these filamentous structures aside 

while moving through the NPC. This would require energy and add to the 

entropic price paid by these molecules. Therefore, even when a molecule is 

small enough to diffuse through the NPC the central channel can still function as 

a barrier (Rout etal., 2003; Rout etal., 2000).

The “selective-phase” model, proposed by Ribbeck and Gorlich (2001 and

2002), suggests that weak, hydrophobic interactions between the FG repeat 

domains of loosely folded FG nups generate a hydrophobic meshwork that fills 

the pore (Ribbeck and Gorlich, 2001, 2002). Thus, the exclusion limit of the NPC 

is thought to be determined by both the size of the holes in the meshwork and its 

hydrophobic nature. The high concentration of exposed hydrophobic groups of 

phenylalanine residues produce an environment that selectively inhibits the 

diffusion of hydrophilic molecules. At the same time, the sieve-like property of 

the meshwork permits the diffusion of small inert and hydrophobic molecules, 

and restricts the flow of larger molecules (Ribbeck and Gorlich, 2001,2002).

The “oily spaghetti” model proposed by Macara (2001) combines features 

of the “selective phase” model with the existence of a central open pore ~10 nm 

in diameter. This model suggests that unstructured, non-interacting FG repeats 

form extended chains that line the central channel of the NPC like loose “oily 

spaghetti” (Macara, 2001). Thus, molecules with diameters <10 nm would be 

able to passively diffuse through the NPC, while the nucleoporin “spaghetti” 

would hinder the diffusion of the larger molecules (Macara, 2001).
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Finally, the “molecular latch” model, recently proposed by Shulga and 

Goldfarb (2003), suggests that NPCs harbour a diffusion channel with an 

accessible diameter of 10.7 nm that is gated by molecular latches composed of 

FG nups and the structural (non-FG) nups that anchor them within the central 

channel. When closed, these molecular latches restrict diffusion between the 

nucleus and cytoplasm to molecules smaller than 30 KDa (Shulga and Goldfarb,

2003).

1.5.2 FG nups are involved in active nucleo-cytoplasmic exchange -  As

discussed above, macromolecules traveling between the nucleus and cytoplasm 

must be able to overcome the “virtual gate” of the NPC and pass through its 

central tube in order to reach their destinations. Residence within this central 

channel has been described as a “transition state” for translocation, into which 

molecules must be encouraged to enter (Rout et al., 2003). Nuclear transport 

receptors provide these molecules with a way to dynamically interact with the 

NPC, efficiently enter this “transition state” and efficiently move through the NPC. 

Genetic and biochemical analyses have demonstrated that every transport factor 

investigated can bind FG nups, suggesting that these components of the NPC 

play a direct role in transport (reviewed in Fried and Kutay, 2003; Rout and 

Aitchison, 2000; Rout etal., 2003; Suntharalingam and Wente, 2003).

In vivo, mutations in several FG nups have been shown to affect import, 

export or both in yeast and mammalian cells (reviewed in Fried and Kutay, 2003; 

Stoffler etal., 1999). For example in yeast, strains harbouring mutations in
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several of the genes that encode FG nups, including NUP116, NUP1, NUP60, 

and NSP1, display protein and/or RNA transport defects (Denning et al., 2001; 

Dilworth etal., 2001; Fabre and Hurt, 1997; Hurt etal., 1999; lovine etal., 1995; 

lovine and Wente, 1997; Stoffler etal., 1999; Strawn etal., 2001). In vertebrates, 

overexpression of NUP153 defined a specific role for this protein in mRNA export 

(Bastos etal., 1996). Similarly, immunodepletion assays have demonstrated that 

Nup62p is required for nuclear import in Xenopus oocytes (Dargemont et al., 

1995). RNAi strategies and gene knockout approaches have also shown that 

depletion of Nup214/CAN leads to a G2 phase cell cycle arrest, and impaired 

NLS-mediated nuclear import and mRNA export (van Deursen etal., 1996); while 

loss of Nup98 alters NPC morphology and selectively impairs some nuclear 

import pathways (Kap (31/Kap a- and Kap |32- (or Transportin) mediated import) 

(Wu et al., 2001). Together, these findings establish that FG nups are required 

for efficient nucleo-cytoplasmic exchange.

X-ray crystallography studies have begun to resolve the molecular basis of 

(3-kap-FG nup interactions. They appear to be hydrophobic in nature and are 

mediated by the phenylalanine of the FG repeat, which is inserted into a 

hydrophobic pocket formed by the amino acid residue side chains of the 

transport receptor (reviewed in Bednenko etal., 2003; Chook and Blobel, 2001). 

While most FG nups have been shown to interact with several p-kaps, the affinity 

of different transport receptors for specific FG nups varies. For example, overlay 

blot assays have demonstrated that yeast Kap95p has a higher affinity for Nuplp
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and Nsplp than Kap123p does, which interacts weakly with these nucleoporins 

(Rout et al., 1997). Kap95p also appears to have a higher affinity for Nup116p, 

NuplOOp and Nup145Np than Kap104p, but both of these |3-kaps seem to bind 

Nup57p with similar strengths (Aitchison et al., 1996). Moreover, co- 

immunopurification studies demonstrated that Kap121p specifically associates 

with Nup53p (Marelli et al., 1998).

In addition, immunoelectron microscopy studies have localized 

nucleoporins to substructures of the NPC (Figures 1.2.2 and 1.5.2; (Fried and 

Kutay, 2003; Rout et al., 2000; Suntharalingam and Wente, 2003)), most of 

which display two-fold symmetry in the plane of the nuclear envelope. 

Subcomplexes like these are thought to make up the core of the NPC, forming 

the central tube through which all molecules travel. In contrast, the yeast and 

vertebrate FG nups Nup159p and Nup42p, and Nup214/CAN and Nup358, 

respectively, localize exclusively to the cytoplasmic face of the NPC and, as 

such, are thought to be the main components of the cytoplasmic filaments (Floer 

and Blobel, 1999; Hurwitz et al., 1998; Kraemer et al., 1994; Rout et al., 2000; 

Wu et al., 1995). Similarly, the localization of yeast Nup60p and Nuplp, and 

vertebrate Nup98 and RAE1 localize to the nuclear side of the NPC, suggesting 

that these FG nups form the nuclear basket. In general, this asymmetric, 

distribution is thought to enhance transport efficiency by providing kap-cargo 

complexes with additional directional cues and, possibly, high-affinity binding
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Figure 1.5.2: N u p  subcom plexes in  b o th  S. cerevistae and vertebrate  N P C s. Biochemical and molecular 
characterization studies have defined a network o f  nup-nup subcomplexes. The boxes on the left show the 
reported budding yeast nup subcomplexes. On the right, the vertebrate subcomplexes are shown. Defined 
nup-nup interactions are indicated by the dashes, whereas commas indicate the association network is not fully 
known. Their relative surface-accessible localizations are indicated: red or blue boxes indicate asymmetric 
complexes; green boxes indicate symmetric complexes. Complexes containing dynamic nups are indicated by 
an asterisk. Figure adapted from (Suntharalingam and Wente, 2003).
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sites (see Section 1.6; (reviewed in Fahrenkrog and Aebi, 2003; Fried and Kutay, 

2003; Rout et al., 2003; Suntharalingam and Wente, 2003)).

Together, these data suggest that FG nups provide multiple docking sites 

for transport receptors and that specific p-kap-FG nup interactions dictate the 

distinct, partially overlapping routes that p-kaps follow when traveling through the 

NPC. The binding sites shared by some of these transport pathways and the 

varying affinities of p-kap-FG nup interactions could potentially cause competitive 

interference between import and export complexes traveling through the same 

NPC. However, its eight-fold symmetry and the high abundance of FG nups, 

which are thought to provide hundreds of transport factor binding sites per NPC 

(Rout et al., 2003), are assumed to limit such interference. Thus, enabling 

different p-kaps to simultaneously occupy different binding sites within a single 

NPC.

1.6 The mechanism of nucleo-cytoplasmic transport

Early studies characterizing the interactions between nuclear transport 

complexes and the NPC led researchers to postulate that kap-cargo complexes 

traverse the NPC by progressively moving from one FG nup to the next, along an 

interaction gradient of increasing affinity. However, in light of recent studies it is 

unlikely that they travel through the NPC in this manner. First, architectural and 

content analysis of both yeast and mammalian NPCs demonstrated that the vast 

majority of nups, including those that contain p-kap-binding domains, are

symmetrically distributed on both the nuclear and cytoplasmic sides of the NPC
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((Cronshaw etal., 2002; Rout et al., 2000); (reviewed in Fried and Kutay, 2003; 

Stoffler et al., 1999; Suntharalingam and Wente, 2003; Weis, 2003)). Second, 

while interactions between FG nups and transport receptors are believed to help 

macromolecules enter the NPC, they also increase the time these complexes 

spend traversing the channel. Therefore, reasonable transport rates could only 

be achieved if p-kap-FG nup interactions within the central tube of the NPC are 

weak. High-affinity interactions have slow off-rates, while fast off-rates are 

associated with low-affinity interactions. Accordingly, high-affinity interactions 

within the central tube of the NPC would be counterproductive, as they are 

predicted to significantly increase the time it takes a transport complex to move 

from one side of the NPC to the other. On the other hand, low-affinity binding 

sites are thought to allow transport complexes to traverse this channel without 

significantly impeding transport rates. Indeed, kinetic studies have demonstrated 

that the dissociation constants for these p-kap-FG nup interactions are very low, 

thus their off-rates are fast (Bayliss etal., 1999; Bednenko etal., 2003; Chaillan- 

Huntington et al., 2000; Ribbeck and Gorlich, 2001). Finally, given the dense 

concentration of FG repeats in the NPC, it is improbable that kap-cargo 

complexes sequentially move from the FG repeats of one nup to those of the 

next. Instead, the p-kap is probably in constant contact with at least one, if not 

multiple, FG repeats while traversing the NPC. Thus, the avidities of transport 

receptors for the NPC rather than the affinity of an individual p-kap-FG nup
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interaction, most likely provide the mechanism that allows transport complexes to 

move through this fluid channel.

Nevertheless, high-affinity interactions with FG nups located on either the 

cytoplasmic or nucleoplasmic faces of the NPC have been observed. For 

example, co-immunopurification studies have demonstrated that Nuplp and 

Nup2p (which localize to the nuclear basket of the NPC) co-purify with Kap95p 

(Dilworth etal., 2001), suggesting that these nups provide high-affinity docking 

sites for Kap95p import complexes. Similarly, kinetic studies have observed 

high-affinity interactions between mammalian Kap |31 nuclear import complexes 

and an FG nup (Nup153) localized solely to the nuclear basket of the NPC (Ben- 

Efraim and Gerace, 2001). Studies have also shown that when bound to 

RanGTP the yeast export factor C rm lp preferentially interacts with the 

cytoplasmic nucleoporin, Nup214/CAN (Kehlenbach etal., 1999). Accordingly, 

models describing the mechanism of nuclear transport suggest that these 

asymmetrically distributed, high-affinity binding sites provide directional cues that 

increase the efficiency of transport. A recent study supporting this established 

that while asymmetric FG-rich regions of the NPC are dispensable, these 

domains are required for the efficient transport of Kap104p, Kap95p and 

Kap121 p cargoes (Strawn etal., 2004).

With these data in mind, several models have been proposed to explain 

the mechanism of NPC gating and kap-cargo translocation through the NPC. 

These include the “oily-spaghetti” model (Macara, 2001), the “selective phase”
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model (Ribbeck and Gorlich, 2001, 2002), the “molecular latch” model (Shulga 

and Goldfarb, 2003) and the “virtual gate” model (Rout et al., 2000). While 

researchers debate the validity of each of these models, most describe three 

common features: 1. {3-kaps reversibly binding at multiple sites within the NPC; 

2. Transport through the central channel occurring via facilitated diffusion; 3. 

Kap-cargo complexes accumulating at selective, high-affinity, rate-limiting sites 

present in the compartment where Ran activity (either GTP hydrolysis or 

RanGTP binding) induces their dissociation.

The “virtual gate” model of nucleo-cytoplasmic exchange proposed by 

Rout et al. (2000) speculates that the movement of kap-cargo complexes through 

the NPC is mainly dependent on two steps, with an optional intermediate step 

(called ‘Trapping”) that is thought to increase transport efficiency (Figure 1.6.1; 

(Rout et al., 2003; Rout et al., 2000)). The first step is referred to as NPC 

“Gating” and proposes that the passage of macromolecules through the NPC is 

restricted by the central tube and the Brownian motion of the surrounding 

filamentous, unstructured FG nups (see Section 1.5.1). The low-affinity binding 

of (3-kaps to numerous FG nups located at the distal edges of the NPC allows 

transport complexes to overcome this gate and gain access to its central 

channel. Similar low-affinity interactions would then allow transport complexes to 

rapidly associate with, and dissociate from, many FG nups. As most of these 

interactions are with symmetrically distributed FG nups, the karyopherin does not 

receive any directional cues at this stage of transport. The optional step,

28

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Trapping Release

Import Cargo 

Import Kap

Cytoplasmic 
FG Nups

Symmetric 
FG Nups

Nuclear _
FG Nups'

Gating

Ran-GTP

Ran-GTP

Figure 1.6.1: T h e  “V irtual Gate”: A  m odel d escrib in g  the  m echan ism  o f nucleo-cy top lasm ic transport.
This cartoon illustrates the movement o f  a kap-cargo nuclear im port complex through the NPC according to 
the Virtual Gate transport model. See text for details. Figure adapted from (Rout et al, 2000).
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described as “Trapping”, involves the preferential binding of kap-cargo 

complexes to an asymmetric, high-affinity binding site, which is thought to 

provide transport complexes with a terminal-docking site. This site is present on 

either the nuclear or cytoplasmic face of the NPC, depending on whether an 

import |3-kap or an export p-kap, respectively, is mediating cargo translocation. 

Finally, either Ran- GTP binding or GTP hydrolysis (depending on the direction of 

transport) afford kap-cargo complexes with the terminal directional cue, which 

triggers the displacement of the cargo from the |3-kap and the (3-kap from the 

NPC (Cole and Hammell, 1998; Mattaj and Englmeier, 1998; Moore, 1998). This 

is the “Release” step and is believed to be irreversible, thereby terminating the 

transport cycle and establishing the overall direction of transport.

The “selective phase” model, the NPC gate is overcome by the binding of 

kap-cargo complexes to FG nups, which breaks the hydrophobic FG-repeat 

meshwork within the interior of the NPC. Dissolution of the meshwork is thought 

to allow kap-cargo complexes to selectively partition into and through the central 

channel of the NPC (Ribbeck and Gorlich, 2001, 2002). Similarly, the “oily 

spaghetti” model suggests that kap-cargo complexes overcome the NPC gate by 

interacting with FG nups, which allow transport complexes to easily push the 

loosely packed FG repeats aside. Assuming that transient p-kap-FG nup 

interactions occur within the central channel, translocation through the NPC is 

then facilitated by a series of binding and release steps, which coincide with 

short, random movements within the pore (Macara, 2001). Alternatively, the
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“molecular latch” model proposes that translocation through the NPC occurs as a 

result of a cascade of FG nup-non FG nup partner exchanges within the central 

channel. These changes are thought to be initiated by the binding of kap-cargo 

complexes to their cognate FG repeat domains. This induces large 

conformational changes within the pore that disrupt the molecular latches, which 

keep the pore in closed. As a result, the central channel opens or dilates, 

increasing the permeability barrier of the NPC and allowing it to accommodate 

kap-cargo complexes (Shulga and Goldfarb, 2003). While it is evident that the 

distinct details of how the NPC is gated and how transport complexes overcome 

this gate described by each of these models vary, each includes a ‘Trapping” and 

“Release” step that is similar to those described in the “virtual gate” model 

(Macara, 2001; Ribbeck and Gorlich, 2001, 2002; Shulga and Goldfarb, 2003).

1.7 Karyopherin-cargo interactions

In general, nucleo-cytoplasmic transport requires a direct interaction

between a given |3-kap and its cargo. Translocation of these kap-cargo

complexes across the NE is then mediated by direct interactions between p-kaps

and FG-nups (see Section 1.5.2). The exception to this trend comes from the

Kap (31/Kap a (Kap95p/Kap60p in yeast) nuclear import pathway, which was the

first import pathway characterized (Rexach and Blobel, 1995). In this instance,

members of the a-kap protein family (Kap60p/Srp1 p in yeast and as many as 6

members in metazoan species (http://www.incyte.com/proteome/Retriever/

index.html)) act as adapters for a p-kap (Kap95p in yeast and Kap |31 in
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mammals): a-kaps/Kap60p recognize and interact with classical NLS (cNLS)- 

containing substrates; Kap |31/Kap95p then binds cargo-bound a-kap/Kap60p 

and mediates the movement of this trimeric import complex through the NPC 

(reviewed in Chook and Blobel, 2001; Fried and Kutay, 2003; Kuersten et al., 

2001; Macara, 2001; Moore, 1998; Mosammaparast and Pemberton, 2004; 

Strom and Weis, 2001).

Knowing whether cargoes for a given (3-kap contain similar recognition 

sequences and if each (3-kap contains one or multiple cargo binding pockets are 

key to understanding how each recognizes and interacts with such structurally 

diverse substrates. Crystallography studies have solved the structures of 

mammalian Kap (31 bound to three different cargoes (Cingolani et al., 2002; 

Cingolani etal., 1999; Lee etal, 2003). These studies suggest that Kap (31 uses 

different interaction interfaces to associate with each of these cargoes. Kap (31 

can simultaneously mediate the nuclear import of non-classical (nc) NLS- and 

cNLS-containing cargoes by interacting directly or indirectly (via a-kaps), 

respectively, with these substrates. This is accomplished using two partially 

overlapping, non-mutually exclusive cargo binding pockets; an N-terminal set of 

HEAT repeats (1-11) is used when binding ncNLS cargoes, while HEAT repeats 

7 through 19 are used for the interaction with a-kap-cNLS dimers (Cingolani et 

al., 2002; Cingolani et al., 1999). In addition, a recent study established that 

when Kap |31 is bound to the helix-loop-helix zipper (HLHZ) transcription factor 

SREBP-2, it adopts a more open conformation to accommodate the HLHZ
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domain of this protein and uses more hydrophobic interactions than used when 

binding a-kap-cNLS dimers or ncNLS cargoes (Lee et al., 2003). Furthermore, 

small angle x-ray scattering techniques have demonstrated that all p-kaps do not 

adopt the same conformations when binding cargo or RanGTP (Fukuhara et al., 

2004). Together, these studies suggest that structural flexibility is likely a 

mechanism employed by all members of the p-kap family and, at least in part, 

explains how one p-kap can mediate the transport of such structurally and 

functionally diverse cargoes.

This cargo recognition flexibility has, however, made it difficult for 

researchers to predict the exact amino acid residues that are required for NLS 

and NES function, and determine how the p-kap will interact with its substrates. 

Adding to this complexity, the identification of bona fide import and export 

substrates established that some [3-kaps transport common cargoes (Figure 

1.4.2). For example, at least four p-kap transport pathways mediate the nuclear 

import of core histones and ribosomal proteins in yeast and mammalian cells 

(Jakel and Gorlich, 1998; Mosammaparast etal., 2002b; Mosammaparast et al., 

2001; Muhlhausser etal., 2001; Rout et al., 1997; Sydorskyy et al., 2003). 

Notably, these overlapping cargoes are required for essential cellular processes. 

These data suggest that many p-kap transport pathways will mediate the 

translocation of proteins whose nuclear functions are required for cell survival. 

Some interesting issues regarding the regulation of transport are raised by these 

data, as they suggest that p-kaps might compete for cargoes, or vice versa. It is,
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therefore, probable that the transport kinetics of a given cargo could be affected 

by both the presence of other cargoes and the p-kap(s) mediating its import.

1.8 Regulating nucleo-cytoplasmic exchange

Post-translational modification (PTM) of both the soluble and stationary 

phases of nuclear transport is emerging as a common mechanism employed by 

the cells to regulate transport. The reversibility and diverse nature of these 

modifications is thought to allow the cell to inhibit or activate the transport of a 

specific cargo, or group of cargoes, without globally affecting nucleo-cytoplasmic 

exchange.

1.8.1 Post-translational modification of the NPC -  In general, each (3-kap is 

thought to follow a distinct route through the NPC that is dictated by specific kap- 

nup interactions (reviewed in Fried and Kutay, 2003; Mosammaparast and 

Pemberton, 2004; Suntharalingam and Wente, 2003). Furthermore, high-affinity 

binding sites within the NPC have been identified for some |3-kaps (see Sections

1.5.2 and 1.6, and references therein). Most of these sites are differentially 

localized to either the nuclear or cytoplasmic face of the NPC and are thought to 

enhance efficient cargo delivery by augmenting kap-cargo complex “Trapping” on 

the destination face of the NPC. However, these stable docking sites could also 

be used to specifically regulate gene expression by modifying the nups utilized 

by a particular nuclear transport receptor. Several groups have demonstrated 

that post-translational modifications also influence both the architecture and

34

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



composition of the NPC (Makhnevych et al., 2003; Matunis et al., 1996; Matunis 

et al., 1998). These rearrangements are thought to provide the cell with a way to 

restrain or enhance an individual transport pathway, in a condition-specific 

manner without dramatically affecting all nucleo-cytoplasmic transport. For 

example, the mammalian nucleoporin, Nup358, has been shown to be post- 

translationally modified with SUMO, a small ubiquitin-like modifier, to specifically 

associate with modified proteins, and to function as a SUMOylating enzyme 

(Pichler et al., 2002; Vassileva and Matunis, 2004; Zhang etal., 2002). As such, 

Nup358 is predicted to facilitate nucleo-cytoplasmic transport by altering the 

modification state of cargoes as they traverse the NPC and aid export complex 

dissociation on the cytoplasmic face of the NPC.

Similarly, a recent study examining the molecular interactions between the 

yeast (3-kap, Kap121p, and FG nups revealed that Kap121p interacts with a high- 

affinity binding site in Nup53p that specifically inhibits Kap121 p-mediated 

transport in a cell cycle dependent manner (Makhnevych et al., 2003). At 

mitosis, coincident with phosphorylation, Nup53p dissociates from Nup170p and 

interacts with the nearby nucleoporin, Nic96p. This transfer is thought to unmask 

the high-affinity Kap121p binding site within Nup53p that sequesters Kap121p in 

the central tube of the NPC and rapidly inhibits Kap121 p-mediated import but 

does not affect other transport pathways. While these findings are specific to an 

individual p-kap-nup interaction, it is possible that a mechanism such as this 

could be used by the cell as a general mechanism to regulate nucleo-cytoplasmic
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transport. Interestingly, Kap121p interacts with a region of Nup53p that does not 

contain FG repeats (Lusk et al., 2002), suggesting that regulatory mechanisms 

such as this are likely mediated by nucleoporin domains that are not FG-rich. It 

is possible that the use of these non-FG repeat domains to control a specific 

transport pathway would ensure that the fluidity of the “entropic bristles” within 

the central tube of the NPC is maintained. Thus, decreasing the potential 

secondary affects such NPC rearrangements would have on other transport 

pathways.

1.8.2 Post-translational modification of cargoes -  Studies have 

demonstrated that many cellular functions required at precise times during 

growth and development are regulated by sequestering the kinases, 

phosphatases and/or transcription factors that control these processes to areas 

of the cell where they do not function (reviewed in Chen and Greene, 2004; 

Chook and Blobel, 2001; Fried and Kutay, 2003; Mosammaparast and 

Pemberton, 2004; Xu and Massague, 2004). When required, these components 

are then localized to the appropriate cellular compartment. Not surprisingly, 

mechanisms that activate, or inactivate, the nucleo-cytoplasmic shuttling of these 

second messengers and transcription factors are often used to regulate their 

activity. For example, phosphorylation has been shown to regulate the formation 

of the kap-cargo complexes that mediate the import and/or export of the yeast 

transcription factors Swi6p, Pho4p and Aft1 p (Geymonat et al., 2004; Kaffman et 

al., 1998a; Kaffman et al., 1998b; Ueta et al., 2003), as well as members of the
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NF-kB/REL and FOXO families of transcription factors, histone deacetylases and 

the tumor suppressor p53 in humans ((McKinsey et al., 2000; Smillie et al., 

2004), (reviewed in Chen and Greene, 2004; Liu etal., 1993; Xu and Massague,

2004)). Furthermore, Kap142p/Msn5p functions as the major export receptor for 

cargoes whose localizations are regulated by their phosphorylation state 

(Boustany and Cyert, 2002; DeVit and Johnston, 1999; Gorner etal., 2002; 

Jaquenoud etal., 2002; Kaplun etal., 2003). Studies have also demonstrated 

that mono- and poly-ubiquitylation, methylation, SUMOylation and acetylation 

influence the subcellular localization of many signal transducers (Chen and 

Greene, 2004; Li etal., 2003; Smith etal., 2004; Xu and Massague, 2004).

1.9 Nucleo-cytoplasmic transport cargoes

This study describes the identification and characterization of four novel 

Kap121p nuclear import cargoes: The yeast transcription factor Ste12p and the 

ribosome assembly factors Nop1 p, Sof1 p and Dbp9p. The cellular functions 

governed by these factors are described below.

1.9.1 Ste12p -  Ste12p is a transcription factor that plays a central role in the 

signal transduction pathways that transduce environmental stimuli from the 

plasma membrane to nucleus, which promote yeast cells to mate or become 

filamentous (form pseudohyphae), change their budding pattern, and invade solid 

substrates such as agar (Figure 1.9.1; (reviewed in Bardwell, 2004; Elion, 1998, 

2000; Gustin et al., 1998; Pan etal., 2000; Schwartz and Madhani, 2004)).

Yeast cells exist as either haploids or diploids, with haploid cells exhibiting one of
37
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two possible mating types, Mata, or Mata. Haploid cells can mate and become 

diploid when cells of the opposite mating types are cultured together, a process 

stimulated by the release of mating pheromones. Alternatively, under stressful 

growth conditions, like nutrient starvation or in the presence of short-chain 

alcohols (Dickinson, 1996; Lorenz et al., 2000; Pan et al., 2000), haploid yeast 

cells form pseudohyphae and grow invasively. Although the outcome depends 

on the cell type and the stimuli they receive, in either case, some of the same 

signaling elements are involved (Ste20p, Ste11p, Ste7p), and both signal 

transduction pathways terminate in the phosphorylation and activation of Ste12p 

(Figure 1.9.1).

A. Mating -  When the appropriate mating pheromone is present it 

interacts with plasma membrane receptors resulting in a GDP/GTP 

exchange on the a subunit (Gpa1 p) of a heterotrimeric G protein (Dietzel 

and Kurjan, 1987). Ste4p (p subunit) and Ste18p (ysubunit) then stimulate 

th e  activation of a mitogen-activated protein (MAP) kinase signal 

transduction cascade (Whiteway etal., 1988; Whiteway etal., 1989) which 

terminates in the phosphorylation and activation of Ste12p. Upon 

activation, Ste12p forms homodimers (Hagen etal., 1991; Johnson, 1995; 

Roberts and Fink, 1994) or Ste12p-Mcm1p heterodimers (Mead et al., 

2002) that bind the pheromone response elements (PREs) found in the 

promoter regions of ~200 mating specific genes (Roberts et al., 2000) and 

induces their transcription (Figure 1.9.1, Left). The transcriptional
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Figure 1.9.1: T h e  S. cerevisiae p h e ro m o n e  re sp o n se  a n d  p se u d o h y p h a l/ in v a s iv e  g ro w th  re sp o n se  
m ito g en -ac tiv a ted  p ro te in  (M AP) k in ase  p a thw ays. Schematic cartoons o f  selected elements o f  the 
M A PK  signaling cascade th a t regulates the  yeast pherom one response (Left cascade) and the 
filamentarion/invasion growth transition (Right cascade). Figure adapted from (Bardwell, 2004; Schwartz and 
Madhani, 2004).
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activation of these genes triggers a number of cellular responses that 

include polarized growth or shmooing, cell cycle arrest in and the 

increased expression of proteins required for cell adhesion, cell fusion, 

and nuclear fusion.

B. Invasive Growth -  During the invasive growth transition, nutrient 

deprivation stimulates the activation of two signaling pathways: The MAP 

kinase pathway required for mating (reviewed in Bardwell, 2004; Schwartz 

and Madhani, 2004) and the nutrient sensing PAK pathway (not discussed 

here, see Pan et al., 2000). Activated Ste12p forms a heterodimer with a 

second transcription factor, Teclp (Figure 1.9.1, Right; (Madhani and 

Fink, 1997; Mosch and Fink, 1997). This protein complex then interacts 

with promoters containing PREs in close proximity to Teclp binding sites 

(collectively termed filamentation/invasion response elements or FREs) 

and this induces the transcription of FL011. Flo11 p is required for many 

of the critical processes that enable yeast invasion. These include 

adhesion of mother-daughter ceils, maintenance of pseudohyphal 

filaments and agar invasion (Bardwell, 2004; Pan et al., 2000; Prinz et al., 

2004; Schwartz and Madhani, 2004).

1.9.2 Nopip, Soflp  and Dbp9p are required for ribosome biogenesis -

Mature eukaryotic ribosomes contain one copy of each of the four ribosomal 

RNAs (rRNAs) and approximately 78 ribosomal proteins (r-proteins) (reviewed in 

Aitchison and Rout, 2000; Fatica and Tollervey, 2002; Kressler etal., 1999;
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Venema and Tollervey, 1999). Synthesis of mature ribosomal subunits requires 

three major processing events that occur concurrently: 1. Methylation and 

psuedouridyiation of pre-rRNA and mature rRNA species; 2. Cleavage of pre- 

rRNA to mature 18S, 5.8S, and 25S rRNAs; and 3. The assembly of r-proteins 

onto mature rRNA species (Figure 1.9.2). In addition, numerous c/'s-acting 

factors, namely small nucleolar RNAs (snoRNAs), are also required for the 

covalent processing of pre-rRNAs (reviewed in Bachellerie et al., 2002). 

snoRNAs can be divided into two groups based on conserved sequence and 

structural features; box C/D snoRNAs direct site-specific 2’-0-ribose methylation, 

while box H/ACA snoRNAs select the sites of pseudouridine formation (Figure 

1.9.2). The experimental, or predicted, enzymatic functions of trans-acting 

ribosome assembly factors, as well as their physical or functional association 

with snoRNA, have demonstrated that they can be grouped into sub-families 

based on common functions (Kressler etal., 1999; Venema and Tollervey, 1999). 

These sub-families include components of small nucleolar ribonucleoprotein 

particles (snoRNPs) rRNA modifying enzymes, endo- and exonucleases and 

putative RNA helicases.

One of the significant metabolic burdens of a rapidly growing yeast cell is 

that imposed by ribosomal biosynthesis. It is estimated that under exponential 

growth conditions yeast allocate ~60% of the total transcription, ~50% of RNA 

polymerase II transcription and ~90% of mRNA splicing activities to ribosome 

synthesis (Warner, 1999). rRNA transcription and ribosomal subunit assembly
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take place within a specialized domain of the nucleus, termed the nucleolus. As 

a result, the NE physically separates these processes from the site of protein 

synthesis. While the segregation of these assembly and operational processes 

is thought to provide numerous quality control checkpoints, they also demand 

that all components of the ribosome be correctly sorted to the appropriate 

compartment of the cell. Accordingly, ~150,000 ribosomal proteins must be 

imported into the nucleus per minute where they are assembled by over 60 

different trans-acting nuclear factors into ~4,000 ribosomal subunits (Warner, 

1999). These subunits are then exported to the cytoplasm where they are 

assembled on mRNA species into ~2,000 translation-competent ribosomes 

(Warner, 1999). Therefore, it is not surprising that eukaryotic cells dedicate a 

sizeable portion of their energy pools to this process and have evolved intricate 

mechanisms to ensure that ribosomes are synthesized flawlessly.

Members of the DEAD-box RNA helicase family are required for rRNA 

metabolism and, as a result, ribosome biogenesis (Venema and Tollervey, 1999). 

Dbp9p is an essential DEAD-box RNA helicase required for the processing of 

27S rRNA precursors to mature 25S and 5.8S rRNAs (Figure 1.9.2; (Daugeron et 

al., 2001; Kikuma et al., 2004)). DEAD-box RNA helicases are thought to not 

only be required for the ATP-dependent dissociation of RNA-RNA substrates, but 

also modulate specific RNA-protein and protein-protein interactions (Lorsch and 

Herschlag, 1998a, b). The structural rearrangements that they govern ensure 

efficient and accurate ribosome biogenesis. Indeed, in the absence of Dbp9p
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Figure 1.9.2: P re-rR N A  p ro cessin g  pathw ays in  S. cerevisiae. An outline o f  ribosome synthesis, including a 
simplified version of the processing events required for rRNA maturation. The 90S pre-ribosome is proposed 
to contain the 35S pre-rRNA and the U3 snoRNA. The primary RNA pol I transcript is processed at its 3' end 
to yield the 35S rRNA. The early rRNA cleavages at A> to A ; lead to the separation o f  the pre-40S and pre-60S 
particles. In  both pathways a series o f  predicted intermediates are drawn, which are designated early (E), middle 
(M) and late (L) according to their position in the proposed pathway. The processing steps associated with 
each o f these complexes are indicated, as is the likely time o f  export to the cytoplasm. The 20S pre-rRNA is 
matured by endonucleolytic cleavage at site D. The 27SA; precursor is processed by two alternative pathways. 
In the major pathway, about 85% o f  27SA: pre-rRNA is cleaved at site A3 and then 5'->3' exonucleolytically 
digested to site Bis. In the m inor pathway, about 15% o f  the 27SA2 molecules are processed at site Bn.. While 
processing at site Bi is completed, the 3' end o f  mature 25S rRNA is generated by processing at site B;. The 
subsequent ITS2 processing o f  both 27SB species appears to be the same. Cleavage at sites Ci and C2 releases 
the mature 25S rRNA and the 7S pre-rRNA. The latter undergoes 3'->5' exonucleolytic digestion to the 3' end 
o f  the mature 5.8S rRNA. The 5S pre- rRNA is processed at its 3' end to generate the mature 5S rRNA. 
N o p lp , S oflp  and Dbp9p are shown at the stages o f  rRNA maturation where they function. Figure adapted 
from Kressler et al., 1999 and Fatica and Tollervey, 2002.
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function half-mer polysomes accumulated in the cell (Daugeron etal., 2001). This 

terminal phenotype is indicative of early pre- ribosomal particle instability, which 

was highlighted by the data demonstrating that these cells were unable to 

process 27S rRNA precursors.

Numerous studies have focused on characterizing the components of 

snoRNP particles and the specific roles they play in ribosome biogenesis. 

Among these are Nopip (nucleolar protein) and Soflp (suppressor of fibrillarin), 

both of which are components of box C/D snoRNPs (reviewed in Fatica and 

Tollervey, 2002; Kressler et al., 1999; Venema and Tollervey, 1999). Nopip is 

encoded by an essential, evolutionarily conserved house-keeping gene that is 

approximately 70% identical to its human homologue fibrillarin (Aris and Blobel, 

1991; Jansen etal., 1991). Characterization of nop 1 temperature-sensitive 

mutants revealed that mutations clustered in the core of a methyltransferase-like 

motif (s-adenosyl-L-methione-(AdoMet)-binding domain) specifically inhibited 

rRNA methylation (Tollervey et al., 1993), marking Nopip as the most likely box 

C/D methyltransferase candidate. A recent study demonstrated that Nopip 

provided a snoRNP complex, containing Nopip, Nop58p, Nop56p and Snu13p, 

with the methyltransferase activity required for 2’-0-ribose methylation of rRNA in 

vitro (Galardi etal., 2002). Consequently, as each eukaryotic ribosome contains 

~50-100 2’-0-ribose methylation sites it appears as though all ribosome-related 

post-transcriptional processing events are dependent on Nop1 p (Figure 1.9.2).

45

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Sof1 p was originally characterized based on its ability to suppress the 

temperature-sensitive phenotype of yeast NOP1 deletion mutants expressing 

human fibrillarin (Jansen etal., 1993). This study demonstrated that a single 

amino acid residue substitution in Soflp  (encoded by soft-56) significantly 

improved growth and restored pre-rRNA processing in this strain. This 

substitution resides within the central domain of Sof1 p that contains a G p-like 

repeat (or WD) domain also found in other nuclear factors required for ribosome 

biogenesis. Both Nop1 p and U3 snoRNA co-purified with Sof1 p-pA. In addition, 

in vivo depletion of Sof1 p was found to impair pre-rRNA processing and inhibition 

of 18S rRNA production (Jansen etal., 1993). Together, these findings 

characterized S o flp  as a new component of U3 snoRNP rRNA processing 

machinery. However, the precise molecular function Sof1 p governs during rRNA 

processing has not yet been defined. Moreover, it is still unclear how the amino 

acid residue substitution within the G (3-like motif of this protein affects its 

interaction with fibrillarin/Nop1p and suppresses the temperature-sensitive 

phenotype of this nop1 mutant strain.

1.10 Goal of this study

To enhance our general understanding of the molecular mechanisms of 

nucleo-cytoplasmic exchange, I have focused on characterizing how nuclear 

transport machinery interfaces with its cargoes and how these interactions affect 

cellular physiology. The goal of this study was to identify novel nuclear import 

cargoes for the typical yeast (3-karyopherin, Kap121p, and characterize the
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molecular mechanisms that facilitate their translocation. Temperature-sensitive 

mutations in KAP121 were generated and the phenotypes associated with these 

mutants investigated. Potential Kap121p import cargoes were then identified 

using a protein A (pA) tagged version of Kap121p as a probe in overlay blot 

assays of yeast nuclear proteins. A combination of ex vivo, in vitro and in vivo 

techniques were then used to ascertain whether these substrates were bona fide 

Kap121p cargoes and characterize the molecular interactions required for 

efficient nuclear import.
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Chapter 2 - Materials and Methods

2.1 Materials

2.1.1 Plasm ids- The plasmids used for cloning and those kindly provided by 

colleagues are described in Table 2-1.

Table 2-1 Plasmids
Name Components Source/Reference
pl04-LYS AmpR C E N 6/A R SH 4  f1 ori lacZ L Y S2  KAP104 Aitchison et at., 1996

pl2-GFP2-NLS
(pI<W431) Am pR 2(1 P_.inni U RA3 N I S  nes 2xGFP Stade et at., 1997

pBxAHISS Am pR ori BioXProteiuA spHISS Aitchison et at., 1995

pGEX-4T-3 Amp'1' laclq P,M pBR322oripitltatbione S-transferase (GST)
Amersham Pharmacia 
Biotech

pGFP-HIS5 AmpR ori GFP spHISS Dilworth et at., 2001

pHL3 CapR his3::IJBU2 Cross, F. R., 1997

pRp]25N LS-GFP AmpK f1 2,u Pm  CoIE1 ori 1JEE2 yEGFP3 R P U S N J S Benjamin Timney

pRS314 Am pf C E K 6/A R SH 4J1  ori lacZ TRP1 Sikorski and Hieter, 1989

pRS315 AmpR C E K 6/A R SH 4  f t  ori /acZLEU.2 Sikorski and Hieter, 1989

pRS316 AmpR C E N 6/A R SH 4  f t  ori lacZ URA3 Sikorski and Hieter, 1989

pRS317 AmpR C E N 6/A R SH 4  f t  ori/acZLYS2 Sikorski and Hieter, 1989

pRS426 AmpR 2fl ori f t  lacZ E R A  3 Christianson et at., 1992

pSB234 AmpR 2ti Pn  :y , lacZ E R A  3 Trueheart et at., 1987

pUH7 AmpR ura3::HIS3 Cross, 1997

pYES2 AmpR f t  2fi Pr,,uj CYC-rrpECori E R A 3 Invitrogen, Carlsbad, CA

pYX242-GFP AmpR f t  2,u PTP, Co/E tori L E E 2  yEGFP3 Rosenblum et at., 1998

2.1.2 Antibodies -T h e  primary and secondary antibodies used in this study are 

described in Table 2-2.

Table 2-2 Antibodies
Antibody Specificity T yp e* Name Dilution Source/Reference
Aequoria victoria GFPC rb-pc ct-GFP 1:2500 Dr. Michael Rout

Bacterial |3-galactosidase m-mc a-(3-Gal 1:1,000 Roche Applied Science

horseradish peroxidase- 
conjugated a-m ouse IgG

dk a-m ouse-HRP 1:5,000 Amersham Pharmacia

horseradish peroxidase- 
conjugated a-rabbit IgG

dk a-rabbit-HRP 1:5,000 Amersham Pharmacia

S. aureus protein A (pA) rb-pc Affinin'-purified rabbit a-m ouse IgG 1:5,000 ICN Biomediacals/Cappel
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S. cerevesiae G splpc rb-pc a -G sp lp 1:5,000 Dwayne Weber

S. cerevesiae K apl04pb-C rb-pc a-K apl04p 1:2500 Dwayne Weber
S. cerevesiae K apl08pb-C rb-pc a-K apl08p 1:1,000 Rosanna Baker

S. cerevesiae K apl21pc rb-pc a-K apl21p 1:2,000 Marelli et al., 1998

A. cerevesiae K apl23p m-pc a-K apl23p 1:500 Rout et al., 1997

S. cerevesiae A op lp m-mc mAb D77 1:500 Aris and Blobel, 1991
a rb, rabbit; m, mouse; dk, donkey, pc, polyclonal; me, monoclonal.
b elicited against GST-purified KaplOSp or K apl04p for Dr. Aitchison as previously described (Marelli et al., 
1998).
c these antibodies cross-react with glutathione S-transferase and Stapbj/ococcus aureus protein A

2.1.3 Oligonucleotides -  The oligonucleotides used in this study were 

synthesized either by Sigma or IDT. These oligonucleotides are listed in Table 2- 

3.

Table 2-3 Oligonucleotides
Name Sequence3 Application
DBP9 5' GCCCGGAATTCCAAAATGAGCTATGAGAAAAAGTGT

pDBP9GFP and pGST-Dbp9p
DBP9 3' GCCGTCGACTAGGATCCCTTTGAAGTTCTTCAACGGGTC

NOP1 5' GGCGCCtAATTCCAAAATGTCATTCAGACCAGGTAGG
p NOP7GFP

NOP1 3' GCCGAATCCAAAGCTTGATTTCTTCAAACCGCTTCrCAT

N O P l-S ec# l 5’ g g c g a a t t c c a a g o t a t g t c a t t c a g a c c a g g t a g g p G A IJ -K o p l  (aal-90)-GFP 
and pGST-Nopl(aal-90)N O P l-S ec# l 3' GCCGAATTO^GTTCAATAACGACCTTGGC

N O Pl-Sec#2  5' GGCGAATTCCAAGCTTATGGGTCATAGACATGCrGGTG
TTTAC

pGM LANopl (aa91-327)-GFP 
and pGST-Nopl(aa91-327)

N O Pl-Sec#3  5' GGCGAATTCCAAGCTTATGGCAAAGAAGAGACCTAAT pGML7-Nopl (aa210-327)-GFP 
and pGST-Nopl(aa210 -327)N O Pl-Sec#3  3' GCCGAATTCTTTCTTCAAACCGOTGTCAT

N O PlcN LS 5' GGCAAGCTTGGGAGTGAACCAAGACTGGAC pRS315-A'OP/n\7^S' and 
pR S 315-iW 7

N O PlcN LS 3' GGC A AGCTTG A ATTCTCACTCGACCTTCCGCTTCITCTT 
GGGCCCTTTCITCAAACCGCTTCTCAT pRS315-A'OP7n\7J'

N O Pl-cN LS 3' GGCAAGCTTTCATTTCTTCAAACCGCTTCTCAT pRS315-A'OP7
N oplp-pA  5' CCATATGAAAGAGACCATTGTATCGTCGTTGGTAGATA

CATGAGAAGCGGTTTG.AAGA.-VAATTGAAGGTAGAGGT
GAAGCTCAAAAA

NOP1 genomic tagging
N oplp-pA  3' CGAGGGTTACAAAAACTTCAAATAGGAAGTG.VVACTGA

ATGGGGGAAATATATATAAACGGCTGACGGTATCGATA
AGCTT

P H 04N L S  5' GCCGGATCCAGGCGATTGTTrCAGTGA
pGST-Pho4pNLS

P H 04N L S  3' GCGAATTCCGCTTAGGCCGGGCCCAAATGG

SOF1 5' GCCCGGAATTCCAAAATGAAGATTAAGACCATTAAA
p SOF1GFP

SOF1 3’ GCCGTCGACTAGGATCCCCTTTTCTTGAGTATGACGTTT

SOF1N 5’ GCCCGGAATTCCAAAATGAAGATTAAGACCATTAAA pG ^L/-Soflp(aal-130)-G FP 
and pGST-Soflp(aal-130)SOF1N 3’ GCCGTCGACTAGGATCCCCAAATCTGGCTTCTTGTCATG

SOF1W D 5’ GCCCGG A ATTOCAAAATGAAGAGCCAAAATTTT ATG pGy4L7-Soflp(aal31-380)-GFP 
and pGST-Soflp(aal31 -380)SOF1W D 3’ GCCGTCGACTAGGATCCCCC.YAGCTTTACTTCTCCATAG

SOF1C 5’ GCCCGGAATTCCAA.A\TGGAGAGGTCTAATGTC\AA pGv4L7-Soflp(aa381-489)-GFP 
and pGST-Soflp(aa381 -489)SOF1C 3’ GCCGTCGACTAGGATCCCCmTCTTGAGTATCACGTTT

SOF1NLS 5’ GCCCGGAATTCCAAAATGAAAAGAATCAGTAGACAT pGAL7-Soflp(aa41 l-450)-GFP 
and pGST-Soflp(aa411 -450)SOF1NLS 3’ GCCGTCGACTAGGATCCCATCCTTTCTAGTACGCrTTTr
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Soflp-pA  5' GATTCAGGAAGAGATAGGAAAAGAAGAAAGGAAGAT
GACAAACGTGATACTCAAGAAAAGATTGAAGGTAGAG
GTGAAGCTCAAAAA

SOF1 genomic ta k in g  

SOF1 genomic tagging
Soflp-pA  3' AATGGTAATTTTAATTTAACGGGACTGGCGTGAACATT

TATCAAATACATGTGAATTAAAGCTGACGGTATCGATA
AGCTT

STE12 5' GCCCGGAATTCCAAAATGAAAGTCCAAATAACCAAT
pSTE12GFP

STE12 3' CK X :A AG< ; r  I X lG G T lG O VrC TG G AA G G TiT i'l'

STE12-Sec#l 5’ GGCGAATTCCAAGCTTATGAAAGTCCAAATAACCAAT pStel2p(aal-252)-GFP and 
pGST-Stel 2p(aal-252)STE12-Sec#l 3' GCCG A a t t c g a g g c c a a c g c c t a a a a g c g g

STE12-Sec#2 5' GGCGA ATTCCAAGCTTATGG.ATGACGATGCGCCAGAA pStel2p(aa253-493)-GFP and 
pGST-Stel 2p(aa253-493)STE12-Sec#2 3’ g c c g a a t t c a t t g t t a t c a c a t c c t t c t g g

STE12-Sec#3 5' GGCGA ATTCCA AGCTTATGCTGTATCCACAAACTGCA pStel2p(aa494-688)-GFP and
STE12-Sec#3 3’ GGCQ A ATTCGGTTGCATCTGGAAGGTTTTT pGST-Stel 2p(aa494-688)

STE12/M CP 5’ GGCAAGCTTTATGAACTCTAGAGTGTTGCATAATTTGAA pRS426GTE72 and pRS316- 
STE12cNLS

STE12/M CP 3’ GCCCTCG.AGTT.AACTATTATGAACATCGATGCCTTCACC pRS426-STE12
STE12cNLS 3’ GCCGA ATTCTGAGAGCTCGACCTTCCGCTTCTTCTTGGGC 

CCGGTTGAATCTGGAAGGTTTTT pRS316-STE12cN LS
T7 AATACGACTCACTATAGGG

Marker Swap
T3 ATTAACCCTCACTAAAGGG

M l 3 forward GTAAAACGACGGCCAG
Marker Swap

M l 3 reverse CAGGAAACAGCTATGAC

YES2-KAP123 5’ GCXT;AGCTCAAAATGGATCAACAATTTCTAAGT
p G A  L 1 -KA P123-IJE. U2

YES2-KAP123 3’ GCCTCTAGAGGGCACJGTGCCTAAGATTGGGTGG

YES2-KAP10S 5’ g c c g a g c t c a a a a t g g t a c a a g a a c a g g c a a t t
p G A IJ  -KAP108-1 £ U 2

YES2-KAP108 3’ GCCTCTAGAGGGCTGATCCGGTTAAGTCGGAGG

LEU2/pYES2 5’ GGCGGCGtTTAGCATCAAATTCGATGACTGGAAA
PYES2-LEL'2

LEU2/pYES2 3’ GGCGGCGGGCCCTTAAGCAAGGATTTTCITAAC

F854 AGTTATCGAAGTTCGGAG

KAP121 sequencing

F I 237 CCCTTCTTCGAAGCTTAT

F I 632 GTGAGTGGTCCAAGTT AG

F2036 GACCACGCTCGTCAAGCT

F2443 CGCTTCCGAAGGATATTC

F2830 CCGAATTCTGGGTGATGA

F3235 GTTGTGGCATAAAGCTTC

F3641 GTAGTTATTGGTGACTTG

F4058 CGCCAATTGTGTGTGCTC

R1191 GCAACTGTTGTATCTTGGGAG

R1599 GCCGTAACTGCAGCAATT

R2015 CATCGGTATCGTCAGATT

R2402 GAACTCTTGAGGTGCATT

R2799 GATCTG.AGCGCATCATCT

R3210 CCGGTGGCTGCAAGTAAA

R3602 GGAATGTGTTTATCATAG

R4015 GGCAGCTTCTTTGTCAGT

R4403 CGCTATTACCACCGGTAA

a Restriction endonuclease recognition sites are underlined.

2.1.4 Standard buffers and solutions -  The buffers and solutions used in this 

study are described in Table 2-4.
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Table 2-4 Buffers
Solution Composition Reference
6 x sample dye 30% glycerol, 0.25% bromophenol blue, 0.25% xylene 

cvanole Maniatis et al., 1982
6X SDS sample buffer 375 mM Tris-HCl (pH 6.8), 60 mM DTT, 60% glycerol, 

12% SDS and 0.006% bromophenol blue Ausubel et al., 1994
amido black stain 40% (v/v) methanol, 10% (v/v) acetic acid, 0.1% Napthol 

Blue Black Ausubel et al., 1994
binding buffer 20 mM HEPES-KOH pH 6.8,2 mM MgOAc2, 150 mM 

ICOAc
Rexach and Blobel, 
1995

blocking buffer TBS-T, 5% skim milk powder Ausubel et al., 1994
breakage buffer 10 mM Tris-HCl (pH 8.0), 100 mM NaCl, 1 mM EDTA, 

2% Triton X -100,1% SDS Ausubel et al., 1994
Coomassie blue stain 0.1% Coomassie Brilliant Blue R-250,10% (v/v) acetic acid, 

35% (v/v) methanol Ausubel et al., 1994
destain 10% (v/v) acetic acid, 35% (v/v) methanol Ausubel etal., 1994
elution buffer 20 mM HEPES-KOH pH 7.5,0.05% Tween 20 Dilworth et al., 2001
glutathione elution buffer 20 mM reduced glutathione, 100 mM Tris-HCl pH  8.0, 120 

mM NaCl Leslie et al., 2004
loading buffer Binding Buffer + (30 mM EDTA, 4 mM DTT, 3 mM GTP 

or GDP)
Rexach and Blobel, 
1995

magic A 1 M unbuffered Tris, 13% SDS
magic B 0.2 M DTT, 30% glvcerol, 0.002% bromophenol blue
PYP solution 8% PVP, 20 mM potassium phosphate (pH 6.5), 0.75 M 

MgCb
Rout and Blobel, 
1993

running buffer 50 mM Tris, 0.4 M glycine, 1% SDS Ausubel et al., 1994
solution P 0.4 m g/m l pepstatin A, 18 m g/m l phenylmethylsulfonyl 

fluoride Aitchison et ah, 1996
STE 100 mM NaCl, 10 mM Tris-HCl pH 7.5,1 mM EDTA Ausubel et al., 1994
0.5XTBE 44.5 mM Tris, 44.5 mM boric acid, 0.5 mM EDTA Maniatis etal., 1982
TBE 89 mM Tris, 89 mM Boric Acid, 1 mM EDTA Maniatis et al., 1982
TBS-T 100 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.1% Tween 20 Huvnh et al., 1985
TE 10 mM Tris-HCl (pH 7.0-8.0, as required), 1 mM EDTA Maniatis et a!., 1982
transfer buffer

25 mM Tris base, 192 mM glycine, 0.1% SDS, 20% (v/v) 
methanol

Towbin et al., 1979; 
Burnette et al., 1981

10X transport buffer (10X 
TB)

200 mM Hepes-KOH, 1.1 M ICOAc, 20 mM MgCb, 10 uM 
ZnCP, 10 uM  CaCl2, 10 mM DTT, 1% Tween 20, pH  7.5 Aitchison et al., 1996

transport buffer (TB) 20 mM Hepes-KOH, 110 mM KOAc, 2 mM MgCI2, 1 .uM 
ZnCl2, 1 uM  CaCb. 1 mM D TT, 0.1°/, Tween 20, pH 7.5 Aitchison et al., 1996

transport buffer 2 (TB2) TB plus, 0.2% casamino acids, —40 n g / pi BSA Leslie et al., 2004
wash buffer (WB) 150 mM NaCl, 0.1 mM MgCl2, 0.1% Tween-20, 50 mM 

Tris-HCl, pH  7.5 Dilworth et al, 2001

2.2 Microorganisms and culture conditions
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2.2.1 Bacterial strains and culture conditions -  E. coli strains and culture 

media used in this study are described in Tables 2-5 and Tables 2-6, 

respectively. Unless otherwise stated, bacteria cultures were grown at 37°C. 

Cultures of 3 mL or less were grown in 16 x 150mm glass tubes in an orbital 

shaker at 200 rpm. Cultures greater than 3 mL were grown in flasks and did not 

exceed 25% of the flask volume.

Table 2-5 E. coli strains ____
Strains Genotype Source
D H 5a F- cp80d/*rZAM15 A (/^ZY A -^F)U 169 deoR rec.W endA\ 

hsdR llfa ', miA) pboA supTLM 'K tbi-1 £)'rA96 relA 1
G ibco/BRL or 
BioLine

B121 (DE3)pLysS F* ompT bsdSv, (ni’mu’) gal dcm (DE3) pLysS (CamR) Invitrogen

Table 2-6 Bacterial culture media
Medium Composition Reference
LBa-b 1.0% tryptone, 0.5% yeast extract, 1% NaCl Maniatis et ah, 1982

SOB 2% tryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KC1 Maniatis et a!., 1982

SOC SOB + (10 mM MgCk, 10 mM M gS04, 0.36% glucose) Maniatis et a I., 1982

Terrific Broth 
(TBm)a

1.27% tryptone, 2.55% yeast extract, 0.57% glycerol, 44 mM 
potassium phosphate (pH 6.4)

Maniatis et al, 1982

•'1 For plasmid selection ampicillin or chloramphenicol was added to 100 Ug/mL or 34 ug/m L, respectively, 
as necessarv.

b Agar was added to 2% for solid media.

2.2.2 S. cerevisiae strains and culture conditions -  The S. cerevisiae strains 

used in this study are described in Table 2-7. Yeast culture media are described 

in Table 2-8. Cultures of 5 mL or less were grown in 16 x 150 mm glass tubes in 

either an orbital shaker at 180-200 rpm or in a rotating wheel. Cultures of greater 

volume were grown in flasks and culture volumes did not exceed 50% of the flask 

volume.

Table 2-7 S. cerevisiae strains
Strains Genotype Reference/Source
DF5 Mata./Mata ura3-52/ura3-52 bis3h200/bis3A200 

trp1—1jtrp1—1 len2—3, 112/len2-3, 112 lys2- 801 /  !ys2-801
Aitchison etal., 1996
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Akap104 M ata ura3-52 his3A200 trp1-1 leu2-3, 112 Iys2- 801 
kap 104::nra3::HIS3 pKAP104-URA3

Aitchison et al., 1996

Akap108 M ata ura3—52 his3A200 trp1-1 ku2-3, 112 !js2- 801 
kap 108::ura3::bis3:JJE U2 pKAP 108-URA3

Rosanna Baker

Akap121/pKAP121-URA3 Mata ura3—52 bis3A200 trp1—1 Ieu2—3, 112 lys2— 801 
kap121 ::ura3::HIS3 pKAP121- URA3

Section 2.7.1

Akap121I^EU2/pKAP121-
URA3-

Mata ura3—52 bis3A200 trp1—1 leu2—3, 112 Iys2— 801 
kap 121 ::ura3::bis3::UE U2 pKAP 121-U RA3

Section 2.7.1

A/zap1211JEU2ISXU /  pK A P  
121-URA3'

Mata ura3c hi^  trp1c letOS ly s lk a p  121 ::itra3::his3::I JE U2  
pKAP121-URA3

Section 2.14.4

Akap12lIJE.U2lyxn /p K A P
121-URA3'

Mata nra3c hi.^ Irp1c kti2i p’sZ' kap 121 ::nra3::his3::I JE U2 
pKAPI 21-URA3

Section 2.14.4

Akap 121L E  l/2 ,NV7/ pKAP1  
21-LIRAS'

Mata liras’1 hi^  trp1z leu2i IjsA  kap121::nra3::bis3::IJEU2 
pKAPI 21-URA3

Section 2.14.4

kat>104-16' M ata ura3a his3h iip1-1 hn2—3, 112 jys2— 801 
kap 104::nra3::HIS3 pkap104-16 GalR

Section 2.7.4

kap104-16 M ata ura3—52 bis3A200 trp1—1 ku2-3, 112 Iys2- 801 
kap 104::ttra3::HIS3 pkap 104-16

Aitchison et al, 1996

KAP104-A M ata ura3—52 bis3A200 trp1—1 kn2-3, 112 lys2— 801 
K AP104-pA/H IS3

Aitchison et al, 1996

KAP108-A Mata ura3—52 bis3A200 trp1—1 leu2-3, 112 ljs2— 801 
K AP108-pA/H IS5

Rosanna Baker

kap121-18 Mata ura3—52 bis3A200 trp1—1 ku2—3, 112 ljs2— 801 
kap 121::ura3::HIS3 pkap 121-18

Section 2.7.2

kap121-26 Mata nra3—52 his3A200 trp1—1 len2—3, 112 !ys2— 801 
kap121 ::ura3::HIS3 pkap121-26

Section 2.7.2

kat>121-34' M ata ura3“ his3° trp1-1 ku2—3, 112 jys2— 801 ade2-1 
kap 121::nra3::HIS3 pkap121-34 GalR

Section 2.7.4

kap121-34 Mata ura3—52 bis3A200 ttp1-1 ku2-3, 112 lys2- 801 
kap 121 ::nra3::HIS3 pkap 121 -34

Section 2.7.2

kap121-34,
Akap 108/ pK AP 108- U RA3

Mata nra3—52 bls3A200 trp1-1 ku2-3, 112 Jys2- 801 
kap 108::iira3::his3::IJEU2 kap121 ::nra3::H!S3 p/zap12141  
pKAP108-URA3

Section 2.7.5

(zap 121-341 JE. U2l sx ~ Mata ura3: b i f  trpY ku? lysT kap121::t/ra3::his3::IJE.U2 
pkap121-34

Section 2.14.4

kap 121-341 JE U2, Akap104/ 
pK AP 104- URA3'

Mata ura3—52 his3A200 tip1-1 ku2-3, 112 lys2- 801 
kap 121 ::ura3::his3::I JEU2 kap104::ura3::H!S3 pkap121-41 
pKAP 104-U RA3

Section 2.7.5

kap121~41 Mata ura3-52 his3A200 trp1—1 Ieu2—3, 112 lys2— 801 
kap 121 ::ura3::HIS3 p kap12141

Section 2.7.2

KAP121 -A h Mata ura3—52 his3A200 trp1—1 Ieii2—3, 112 lys2— 801 
KAP121 -pA /H ISS

Rout et al, 1997

kap 121-34IJE U2 Mata or M ata ura3—52 bis3A200 trp1—1 Iei<2—3, 112 Iys2- 
801 kap 121 ::nra3::h/s3::I JE, U2 pkapl21 -34

Section 2.7.2

KAP123-A Mata ura3—52 bis3A200 trp1—1 ku2—3, 112 lys2— 801 
KAP123-pA/H ISS

Rout et al, 1997

kap95-14 M ata ura3—52 his3A200 trp1-1 ku2-3, 112 Iys2- 801 
kap104::ura3::HlS3 pkap9S-14

Leslie et al, 2002

KAP95-A Mata nra3—52 bis3A200 trp1—1 kit2—3, 112 Iys2— 801 
KAP9S-pA/H ISS

Rout et al, 1997

NO P1-A M ata ura3-52 his3A200 trp1-1 leu2-3, 112 Iys2- 801 
N 0P 1-pA /H ISS

Section 2.8.1

NOP1-GFP M ata ura3—S2 his3A200 trp1-1 ku2—3, 112 lys2— 801 Section 2.8.2
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N0P1-G FP/H IS3
NOP1-GFP,
Akap121IJE. U 2/pK API 21- 
URA3'

Mata. ura3-52 his3A200 trp1-1 kn2-3, 112 Ijs2— 801 
K0P1-G FP/H IS3 kap121 ::ura3::his3::l£.U2 pKAP121- 
URA3

Section 2.8.2

NOP1-GFP, kap121- 
34IJ2U 2/L Y S2

Mata ura3—52 his3A200 trp1—1 leu2-3, 112 ljs2— 801 
N0P1-G FP/H IS3 kap121::nra3::his3::I2EU2 pkapl21-34- 
L YS2

Section 2.8.2

KOP1-GFP, kap121- 
341 JE U2/1 SYS2, kap104-16'

Mata ura3—52 bis3A200 trp1—1 len2—3, 112 Ijs2— 801 
N 0P 1 -GFP/ HIS5kap 121 ::itra3::his3::IJ2 U2 
kap 104::i/ra3::HIS3 pkapl21-34-LYS2 pkap104-16

Section 2.8.2

SKI Mata bo::FYS2 lys2 ura3 leu2::bisG tip1::bisG arg4-Bgl bis4b Lydall et al., 1996

SOF1-A M ata ura3—52 bis3A200 trp1-1 Iat2-3, 112 Ijs2- 801 
S0F 1-pA /H lS5

Section 2.8.1

S0F1-GFP M ata ura3—52 his3A200 trp1—1 kn2—3, 112 lys2~ 801 
S0F1-GFP/ HIS5

Section 2.8.2

S0F1-G FP,
Akap121IJ5U2/pKAP121- 
URA31

Mata ura3—52 bis3A200 trp1—1 ku2-3, 112 lys2— 801 S0F1- 
GFP/H1S5 kap 121 ::itra3::bis3::IJE.U2 pKAP121-URA3

Section 2.8.2

SOF1-GFP, kap121- 
341J2 U 2/ L Y S 2

Mata ura3-52 his3A200 trp1-1 lm2-3, 112 !ys2~ 801 S0F1- 
GFP/HIS3 kap121 ::ttra3::his3::lJ2U2 pkapl21-34-LYS2

Section 2.8.2

S0F1-G FP, kap121- 
341J2U2/LYS2, kap104-1&

Mata nra3-52 his3A200 ttp1-1 lm2-3, 112 ljs2 - 801 S0F1- 
GFP/HIS3 kap121 ::nra3::bis3::I£U2 kap104::nra3::HIS3 
pkapl 21-34-LYS2 pkap104-16

Section 2.8.2

W303 M ata!M ala ade2-1 / ade2—1 ura3—1 jura3—1 bis3-11, 
15fhis3-11, 15 trp1—1/trp1—1 Ien2-3, 112/!eu2-3, 112 
can1—100/can1—100

Rout et al, 1997

a nra3-52 o r ura3-1. 
b bisD200 o r bis3-11.
GaIR galactose-responsive, these strains are underlined. 
c lira3 or ura3-52. 
d his3D200 or bis4b. 
c trp1-1 or trplr.hisG.
' len2-3, 112 or leu2::bisG. 
s lys2-801 or lys2. 
h originally termed PSE1-A.
‘ all derivatives o f Akap121, kap121-34 or kap104-16 strains are referred to as Akap121, kap121-34 or kap104-16 
in Chapters 3 and 4. Consult the sections below for exact strain used in each experiment.

Table 2-8 Yeast culture media
Medium Composition2'b Reference
YEPD 1% yeast extract, 2% peptone, 2% glucose Ausubel et al, 1994
YEPGal 1% yeast extract, 2% peptone, 2% galactose Ausubel et ah, 1994
Sporulation Media 1% potassium acetate, 0.1% yeast extract, 0.05% glucose Ausubel et al., 1994
CSMD 0.17% YNB-AA/AS, 0.5% (NH4)2S04, CSM dropout powder 

(minus the appropriate amino acids and nucleotides) according to 
manufacturer, 2% glucose

Ausubel et al., 1994

CSMGal 0.17% YNB-AA/AS, 0.5% (NH4)2S 0 4, CSM dropout powder 
(minus the appropriate amino acids and nucleotides) according to 
manufacturer, 2% galactose

Ausubel et al., 1994

5-fluoro-orotic 
acid (5-FOA)

0.1% 5-FOA, 0.13% CSM-Ura dropout powder, 0.17% YNB- 
AA/AS, 0.5% (NH4):S 0 4, 2% dextrose, 12 ug /m L  uracil

Ausubel et al, 1994

* For solid media, agar was added to 2%.
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b Glucose and galactose were added from stock solutions after autoclaving.

2.2.3 Yeast mating -  S. cerevisiae strains were mated using a nutritional 

complementation method (Ausubel etal., 1994). Freshly grown haploid strains of 

different mating types were patched individually and mixed on the surface of a 

YEPD agar plate. The plates were incubated at room temperature for 5 hrs. The 

haploid strains and the mating mixture were then restreaked onto a CSMD plate 

lacking the appropriate amino acids and nucleotides to select for the desired 

diploid strain and incubated at 23°C for three to five days.

2.2.4 Sporulation and tetrad dissection -  S. cerevisiae diploid strains were 

sporulated in liquid culture as previously described (Ausubel etal., 1994). 

Diploid strains were grown to saturation in the appropriate selection medium. 

Cells from I mL of the culture were harvested, washed with sterile water, 

resuspended in 5 mL YEPA and incubated at 23°C for 5 hrs. Cells from 1 mL of 

this culture were harvested, resuspended in 1 mL sporulation media, incubated at 

23°C for 2-5 days and monitored for the formation of tetrads.

Tetrads were prepared for dissection using a modified version of the 

Zymolyase 100T protocol described in Ausubel etal. (1994). Cells (consisting of 

a mixture of tetrads and single cells) from 100 ^L of the sporulation culture were 

harvested and washed twice with 500 uL sterile water. The pellet was 

resuspended in 500 ,uL sterile water, diluted 1/10 with sterile water and 

Zymolyase 100T added to a final concentration of 10 ixg/ixL. Following a 15 to 30 

min incubation at 23°C, 10 ^L of the cell suspension were plated on YEPD agar
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and the tetrads were dissected using a Nikon Eclipse E400 microscope equipped 

with a manual micromanipulation stage. The dissection plates were incubated at 

23°C for 5 days and the desired haploid strains selected based on their ability to 

grow on the appropriate selection media.

2.3 Isolation of DNA from microorganisms

Unless otherwise stated, reactions were in 1.7 mL microcentrifuge tubes 

and microcentrifugation was performed at 16,000 x g.

2.3.1 Plasmid DNA isolation from bacteria -  Single bacterial colonies were 

inoculated into 3 mL of LB (Table 2-6) containing ampicillin and grown overnight. 

Plasmid DNA was isolated from the culture by alkaline lysis (Maniatis et at., 

1982) or by using a QIAprep Miniprep Kit (Qiagen).

For the alkaline lysis method, cells were harvested by microcentrifugation 

and resuspended in 100 \x.L 50 mM Tris-HCI (pH 7.5), 10 mM EDTA containing 

100 ixg of RNase A/mL. Samples were gently mixed by inversion with 200 uL of 

0.2 M NaOH containing 1% SDS and incubated on ice for 10 min. 150 ixL of 1.25 

M KOAc, 7% glacial acetic acid was added, the samples mixed by inversion and 

incubated on ice for 10 min. The precipitate was pelleted by microcentrifugation 

for 5 min at 4°C. The supernatant was extracted with an equal volume of 

phenol/chloroform/isoamyl alcohol (25:24:1) extraction. The supernatant was 

recovered and extracted again with chloroform/isoamyl alcohol (24:1). The DNA 

was precipitated from the aqueous phase by the addition of ethanol as described
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in Section 2.4.7 and resuspended in 40 uL of TE (pH 8.0) (Table 2-4) containing 

20 txg of RNase A/mL.

Plasmid DNA isolation using the QIAprep Miniprep Kit was performed 

according to the manufacturer’s instructions. This is essentially an alkaline lysis 

method. Following lysis and protein precipitation, plasmid DNA was adsorbed 

onto a silica gel membrane. Chaotrophic salts were passed over the column to 

remove contaminating proteins; these residual salts were then removed by 

washing with Qiagen wash buffer (Buffer PE) and plasmid DNA was eluted in 50 

[xL of 10 mM Tris-HCI (pH 7.5).

2.3.2 Chromosomal DNA isolation from S. cerevisiae- Chromosomal DNA 

was isolated from yeast by a rapid isolation procedure (Ausubel etal., 1994). 

Yeast cells were grown overnight in 5 mL of YEPD or the appropriate CSMD. 

Cells were harvested by centrifugation, washed twice with 5 mL of water, 

transferred to a 1.7 mL microcentrifuge tube and washed once with breakage 

buffer (Table 2-4). To simultaneously break yeast cells and separate nucleic 

acids from proteins, cells were mixed with 200 uL each of breaking buffer, acid- 

washed glass beads (Sigma) and phenol/cholorform/isoamyl alcohol (25:24:1). 

The samples were vortexed for 3 min at 4°C. 200 ixL of TE (pH 8.0) were added, 

the mixture was vortexed briefly, and the aqueous and organic layers separated 

by centrifugation for 5 min. DNA was purified and precipitated from the aqueous 

solution as described in Section 2.4.7. To remove excess salts, the recovered

nucleic acids were resuspended in 100 \xL of water, ethanol precipitated a
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second time and resuspended in 100 jxL of TE (pH 8.0) containing 20 i*g of 

RNase A/mL.

2.3.3 Plasmid DNA isolation from S. cerevisiae- Plasmid borne kap121 

temperature-sensitive (ts) alleles were recovered using a modified version of the 

method described in Section 2.3.2. kap121-ts strains were grown overnight in 

CSMD medium lacking the appropriate amino acids and nucleotides at 23°C and 

isolated nucleic acids were resuspended 20 uL of water. The recovered plasmid 

DNA was amplified by transformation into E. coli (Section 2.5.1) followed by 

plasmid DNA isolation (Section 2.3.1).

2.4 Standard DNA manipulations

Unless otherwise stated, reactions were in 1.7 mL microcentrifuge tubes 

and microcentrifugation was performed at 16,000 x g.

2.4.1 Amplification of DNA by polymerase chain reaction (PCR) -  PCR was

used to introduce mutations within a specific gene, amplify specific DNA 

sequences and facilitate cloning. All PCR reactions discussed in this work were 

performed using the Expand Long Template PCR system (Roche) following the 

manufacturer’s instructions. Reactions were performed in 0.6 mL 

microcentrifuge tubes and typically contained 10 U of Expand DNA polymerase, 

0.5 ixg of template DNA, 100 pmol of each primer, 20 mM of each of dATP, 

dCTP, dGTP and dTTP in 100 uL of reaction buffer. Reactions were overlaid 

with mineral oil, and, in general, the DNA was denatured at 95°C for 1 min,
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renatured at temperatures between 55°C and 65°C, depending on the primers 

use, for 45 sec and elongated at 68°C for 3 min. Samples were cycled under 

these conditions 30 times in a Robocycler 40 (Stratagene) or a PTC-200 (MJ 

Research).

2.4.2 Random PCR mutagenesis -  Mutagenesis PCR reactions were 

performed as previously described (Muhlrad et ai, 1992) in 0.6 mL 

microcentrifuge tubes. Reactions contained 0.1 U of Taq DNA polymerase/ixL, 

0.05 }i,g of template DNA/ixL, 1 pmol of each primer/fiL, 100 uM dGTP, 100 uM 

dCTP, 100 dTTP, and 5 ixM dATP and carried out as described above.

2.4.3 Restriction endonuclease digestion -  DNA was digested according to 

the manufacturer’s instructions. For diagnostic and preparative digests, 

approximately 0.5 u.g and 3-5 i^g of DNA, respectively, were digested for 2-16 

hrs. Double digests were carried out according to the instructions supplied in the 

NEB or Fermentas catalogs.

2.4.4 Dephosphorylation of 5’ ends -  Prior to ligation, plasmids digested with 

one restriction endonuclease were dephosphorylated to prevent self-ligation. 

Immediately after plasmid digestion, 5 U of CIAP was added to the reaction and 

incubated at 37°C for 30 min. Dephosphorylation reactions were terminated by 

the addition of EDTA to a final concentration of 10 mM, followed by a 1 hr 

incubation at 72°C. The dephosphorylated plasmids were phenol/chloroform/
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isoamyl alcohol (25:24:1) and chloroform/isoamyl alcohol (24:1) extracted, and 

precipitated as described in Section 2.4.7.

2.4.5 Separation of DNA fragments by agarose gel electrophoresis -  6 x

sample dye (Maniatis etal., 1982) was added to the DNA in solution at a ratio of 

1:5 and the DNA fragments were separated in agarose gels containing 0.5 ug 

ethidium bromide/mL in TBE (Table 2-4). Fragments of 300 bp or less were 

separated in 2% agarose gels; larger DNA fragments were separated in 0.8% 

agarose gels. DNA was visualized using a BioRad ultra-violet transilluminator 

(Hercules, CA).

2.4.6 Purification of DNA fragments from agarose gels -  DNA fragments 

were isolated from SeaKem GTG agarose (Cambrex) gels by electroelution using 

a unidirectional eluter. Briefly, the eluter was filled with 0.5X TBE, a gel slice 

containing the DNA fragment of interest was placed in the platform slot and 80 uL 

of 7.5 M ammonium acetate containing 0.25% bromophenol blue was placed in 

the V-channel collection tube. The DNA fragment was transferred from the gel 

slice to the salt solution at 100 V for 30 to 60 min. The salt/DNA mixture (~300 

uL) was removed from the V-channel, the DNA was precipitated by the addition 

of 2.5 vol of EtOH and 1 jxg glycogen, and resuspended in 10 uL of water.

Alternatively, DNA fragments were isolated from agarose gel slices using 

a QIAquick Gel Extraction Kit (Qiagen) according to the manufacturer’s 

instructions. The gel slice containing the DNA fragment of interest is dissolved
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and the DNA adsorbed onto a silica-gel surface. Contaminants were then 

removed by washing with Qiagen wash buffer (Buffer PE) and the DNA 

fragments were eluted in 20 ij.L of 10 mM Tris-HCI (pH 7.5).

2.4.7 Purification and concentration of DNA from solution -

Phenol/chloroform/isoamyl alcohol extraction and precipitation with ethanol or a 

QIAquick PCR Purification Kit were used to concentrate DNA and remove 

contaminants (small oligonucleotides, salt, dyes ethidium bromide, nucleotide 

triphosphates and proteins). Purification and concentration of DNA using the 

QIAquick PCR Purification Kit was performed according to the manufacturer’s 

instructions. DNA fragments (100 bp to 10 kbp) were adsorbed onto a silica-gel 

surface, contaminants were removed by washing with Qiagen wash buffer (Buffer 

PE), and the DNA fragments were eluted in 20 to 50 p,L of Tris-HCI (pH 8.5).

Alternatively, DNA in 100 to 300 \iL of aqueous solution was purified by

phenol/chloroform/isoamyl alcohol extraction. Samples were vortexed with an

equal volume of phenol/chloroform/isoamyl alcohol (25:24:1), and the organic

and aqueous phases were separated by microcentrifugation for 3 min. The

aqueous layer was extracted against an equal volume of chloroform/isoamyl

alcohol (24:1) as described above. The aqueous phase was recovered and the

DNA was precipitated by adding 0.1 volume of 3 M NaOAc and 2.5 volumes of

ice-cold absolute ethanol, followed by incubation at -20°C for 30 min. The

precipitate was pelleted by microcentrifugation for 20 min and the salts were

removed by washing the pellet with 70% ethanol. The pellet was dried and
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dissolved in a minimal volume of water. No additional salt was added to the 

precipitation reaction if the DNA solution contained a high concentration of salt (> 

0.3 M). Finally, if the DNA concentration was low (< 100 ng), 1 jxg glycogen was 

added to the precipitation reactions as a carrier.

2.4.8 DNA ligation reactions - T 4  DNA ligase (Roche or Fermentas) was used 

to construct the hybrid DNA plasmids described in this study (Section 2.6). The 

DNA fragments to be ligated were obtained by restriction endonuclease digestion 

(Section 2.4.3). Prior to ligation the 5’ ends of singly digested plasmids were 

dephosphorylated to prevent intramolecular ligation (Section 2.4.4). DNA 

fragments to be ligated were purified by agarose gel electrophoresis (Section

2.4.5 and 2.4.6). The appropriate purified DNA fragments were combined and 

treated with T4 DNA ligase according to the manufacturer’s specifications in 

ligase buffer containing 1 mM ATP, with the final reaction volume being 10 \xL. 

The final concentration of DNA in each ligation reaction was approximately 60 

mM. The DNA fragments were pooled at fragment to plasmid molar ratios 

between 3:1 and 7:1, and the reactions were incubated at 16°C for ~18 hrs. 3 ,uL 

of the ligation reaction was introduced into E. coli (Section 2.5.1). Plasmids were 

isolated (Section 2.3.1) and the desired recombinant plasmids identified by 

restriction endonuclease digestion.

2.5 Introduction of DNA into microorganisms
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DNA was introduced into E. coli via chemical transformation and 

transformants were identified by antibiotic selection. DNA was introduced into S. 

cerevisiae by electroporation and the transformants were identified by 

auxotrophic selection.

2.5.1 Chemical transformation of E. coli -  Plasmid DNA was introduced into 

commercially available transformation-competent DH5a (subcloning efficiency) or 

BL21(DE3)pLysS (Table 2-5) as instructed by the manufacturer. Generally, 3 ,uL 

of a ligation reaction, or ~0.5 pig of plasmid DNA, were added to 25 to 50 uL of 

cells. The mixture was incubated on ice for 30 min, subjected to heat shock at 

42°C (for DH5a) or 37°C (for BL21(DE3)pLysS) for 30 or 45 sec, respectively, 

and then returned to ice for 2 min. 1 mL of SOC (Table 2-6) was added and the 

cells were allowed to recover in a 37°C water bath shaker for 1 hr. The cells 

were concentrated by centrifugation at 2500 x g for 5 min and spread onto LB 

agar plates containing ampicillin (Table 2-6) for antibiotic selection and incubated 

at 37°C for ~18 hrs. When necessary, 60 \iL of 2% X-gal and 10 \iL 1M 

isopropyl-p-D-thiogalactopyranosid (IPTG) were spread onto plates prior to 

plating of cells.

2.5.2 Electroporation of S. cerevisiae -  Electro-competent yeast cells were 

prepared as described in Ausubel et al. (1994). Yeast strains were grown 

overnight in 5 mL of YEPD (Table 2-8) at 30°C (for wild-type strains) or 23°C (for 

temperature-sensitive strains). 1 mL of the culture was added to 50 mL of YEPD
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and the cells were grown to an OD600 of ~0.8. Cells were harvested by 

centrifugation at 4,000 x g for 5 min, resuspended in TE (pH 7.5) (Table 2-4) 

containing 10 mM lithium acetate and incubated for 30 min at 30°C with gentle 

agitation. 1 M dithiothreitol (DTT) was added to a final concentration of 20 mM 

and the cells were incubated at 30°C with agitation for an additional 15 min. 

Cells were harvested by centrifugation 4,000 x g, washed twice with 1 mL ice 

cold water, twice with ice cold 1 M sorbitol and resuspended in a minimal volume 

of 1 M sorbitol. 0.5 to 1 ixg of plasmid DNA, or ~200 ng of linear DNA, were 

mixed with 40 jxL of these electro-competent cells and pulsed in a pre-chilled 2 

mm gap width BioRad electroporation cuvette at 16kV, 25 uF, 200 Q using a 

BioRad Gene Pulser. 100 gL of ice-cold 1 M sorbitol were immediately added to 

the cells and the suspension was plated onto appropriate selective media agar 

plates. Plates were incubated at 23°C or 30°C, depending upon the strain. 

Transformed colonies were generally visible within 2-5 days.

2.6 Construction of plasmids for gene expression

The plasmids generated throughout the course of this study are listed in 

Table 2-9. See below for cloning details.

Table 2.9 Plasmids constructed in this study___________________
Name Backbone11 Cloning Cassette
pSTE  12GFP pYX242-GFP STE12
pStel2p(aal-252)-GFP pK\V431 STE12 n t 1-759

pStel2p(aa253-493)-GFP pKW431 STE12 n t 760-1485

pStel2p(aa494-688)-GFP pKW431 STE12  n t 1486-2064

pGST-Stel 2p(aal -252) pGEX-4T-3 STE12  n t 1-759

PGST-Stel2p(aa253-493) pGEX-4T-3 STE12  n t 760-1485
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pGST-Stel2p(aa494-688) pGEX-4T-3 STE12  nt 1486-2064

pRS426-iTE72 pRS426 STE12  + /-500  nt

PRS316-STE12cNIJ> pRS316 STE12  -500nt, SV40cNLS

pNOPIGFP pYX242-GFP NOP1

pG AIJ-N O P1G FP pYES2 NOP1, yEGFP3

pG/4L7-Nopl(aal-90)-GFP pYES2 NOP1 n t 1-270, jE G F P 3

pG /4L7-N opl (aa91-327)-GFP pYES2 NOP1 n t 271-981, yEGFP3

pG^LL7-Nopl (aa210-327)-GFP pYES2 NOP1 n t 658-981, yEGFP3

pG ST -N oplp pGEX-4T-3 NOP1

pG ST-N oplp(aal-90) PGEX-4T-3 NOP1 n t 1-270

pGST-Nop 1 p (aa91-327) pGEX-4T-3 NOP1 n t 271-981

pGST-Noplp(aa210-327) pGEX-4T-3 NOP1 n t 658-981

pRS315-N0P1 cNIJi pRS315 NOP1 +700 nt, SV40cNLS

pRS315-A'OP7 pRS315 NOP1 +500 nt

p  SOF1GFP pYX242-GFP S0F1

p G A L J -SOF1 GFP pYES2 SOF1, yEGFP3

pG ^U -Soflp(aal-130)-G FP pYES2 SOF1 n t 1-390, yEGFP3

p G ^7 J-S o flp (aa l 31 -380)-GFP pYES2 S0F1 n t 391-1140KyEGFP3

pG/lL7-Soflp(aa381-489)-GFP pYES2 SOF1 n t 1141-1467, yEGFP3

pG^-lL7-Soflp(aa41 l-450)-GFP pYES2 SOF1 nt 1231-1350, yEGFP3

pGST-Soflp(aal-130) pGEX-4T-3 SOF1 nt 1-390

pGST-Soflp(aal31-380) pGEX-4T-3 S0F1  n t 391-1140

pGST-Soflp(aa381-489) pGEX-4T-3 SOF1 nt 1141-1467

pGST-Sofl p(aa411-450) pGEX-4T-3 SOF1 n t 1231-1350

p DBP9GFP pYX242-GFP DBP9

pG AIJ-D BP9G FP pYES2 DBP9, yEGFP3

pGST-Dbp9p pGEX-4T-3 DBP9

p G A IJ -cN U G F P pYES2 cNLS, nes, 2xGFP

pGST-Pho4p(aal 40-166) pGEX-4T-3 PH 04  n t

pK AP 121- URA3 pRS316 KAP121 + /-1,000 nt

pKAP121-TRP1 pRS314 KAP121 + /-1,000 nt

pKAP121-lJEU2 pRS315 KAP121 +/-1,000 nt

pYES2-LEU2 pYES2 IJEU2 -200 nt

pGAL1-KAP104-IJEU2 pYES2-LEU2 KAP104

pG A IJ-K A P 108-1 JEU2 pYES2-LEU2 KAP108 +138 nt

pkapl 21 -18 pRS314 kap121-18 +/-1,000 nt

pkapl 21 -26 pRS314 kap121-26 +/-1,000 nt

pkap121-34 pRS314 kap121-34 +/-1,000 nt

pkap121-41 pRS314 kap121-41 +/-1,000 nt

pkapl 21-34-LYS2 pRS317 kap121-34 +/-1,000 nt
a Detailed descriptions o f  these plasmid backbones can be found in Table 2-1.
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2.6.1 STE12 expression plasmids -  To construct an STE12 fusion gene 

encoding Ste12p fused in frame at its carboxy (C) terminus to green fluorescent 

protein (GFP), the STE12 open reading frame (ORF) was amplified by PCR 

(Section 2.4.1) from yeast genomic DNA using STE12 5’ and STE12 3 ’ 

oligonucleotides (Table 2-3). This product was digested with EcoRI and H/ndlM, 

and ligated into the corresponding sites of pYX242-GFP (Table 2-1 (Rosenblum 

etai, 1998)). The resulting recombinant plasmid was termed pSTE12GFP.

Fragments of the STE12 gene, nucleotides (nt) 1-759, nt 760-1485, or nt 

1486-2064) were fused in frame at their amino terminus to glutathione S- 

transferase (GST) or at their carboxy terminus to GFP. These fragments of the 

STE12 coding sequence were amplified by PCR (Section 2.4.1) from yeast 

genomic DNA using oligonucleotides STE12-Sec#1 5’ and STE12-Sec#1 3’, 

STE12-Sec#2 5’ and STE12-Sec#2 3 ’, and STE12-Sec#3 5’ and STE12-Sec#3 

3’. When constructing GST fusions, these PCR products were digested with 

EcoRI and ligated into the corresponding site of pGEX-4T-3 (Table 2-1). Desired 

recombinant plasmids were identified by restriction endonuclease digestion and 

termed pGST-Ste12p(aa1-252), pGST-Ste12p(aa253-493), and pGST- 

Ste12p(aa494-688), respectively. GFP fusions were constructed by digesting the 

same PCR fragments of STE12 with EcoRI and H/ndlll and ligating them into the 

corresponding restriction endonuclease sites of p12-GFP2-NLS (Table 2-1: 

pKW431 (Stade etai, 1997); a gift from K. Weis, University of California at San 

Francisco, CA). In each case, this resulted in the removal of the cassette
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encoding the NLS of Simian Virus 40 (SV40) large T antigen (a prototypical 

cNLS) from p12-GFP2-NLS plasmid and replacing it with STE72fragment coding 

sequences. Thereby, generating in frame fusion genes containing the desired 

fragments of STE12, a mutant (p12) NES and two GFP coding sequences 

(2xGFP). The resulting plasmids were termed pSte12p(aa1-252)-GFP, 

pSte12p(aa253-493)-GFP and pSte12p(aa494-688)-GFP.

Overexpression of STE12 was achieved by inserting the STE12 gene 

cassette into a multicopy plasmid, pRS426 (Table 2-1 (Christianson etai., 1992)). 

STE12, including 500 nt upstream and downstream of the ORF (nt +1 

corresponds to the A of the initiator codon, ATG), was amplified by PCR (Section

2.4.1) from yeast genomic DNA using oligonucleotides STE12/MCP 5’ and 

STE12/MCP 3’ (Table 2-3). The resulting PCR product was digested with H/ndlll 

and Xho\ and ligated into the corresponding restriction endonuclease sites of 

pRS426. The resulting plasmid was termed pRS426-STE12.

A modified STE12 gene encoding Ste12p fused at its carboxy terminus 

with a cNLS was made by inserting the SV40 large T antigen NLS coding 

sequence (Kalderon etai., 1984b) in frame at its 3’ end. The STE12cNLS fusion 

was constructed by PCR amplification (Section 2.4.1) of the STE12 gene, 

including 500 nucleotides upstream of the ORF, using oligonucleotides 

STE12/MCP 5’ and STE12cNLS 3’ (which contains the SV40 large T antigen 

NLS coding sequence). The PCR product was digested with H/ndlll and EcoRI 

and ligated into the corresponding restriction endonuclease sites of pRS316
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(Table 2-1 (Sikorski and Hieter, 1989)). The resulting plasmid was termed 

pRS316-STE12cNLS.

2.6.2 NOP1 expression plasmids - T o  construct pNOPIGFP, the ORF of 

NOP1 was amplified from yeast genomic DNA by PCR (Section 2.4.1) using 

oligonucleotides NOP1 5’ and NOP1 3’ (Table 2-3). The resulting PCR product 

was digested with EcoRI and Hind\\\ and ligated into the corresponding restriction 

endonuclease sites of pYX242-GFP (Table 2-1 (Rosenblum etai., 1998)). To 

place the NOP1 GFP gene fusion under control of a galactose-regulated promoter 

{GAL1) the fusion was excised from pYX242-GFP using the 5’ EcoRI and the 3’ 

Xho\ restriction endonuclease sites and subcloned into the corresponding 

restriction endonuclease sites of pYES2 (Table 2-1; Invitrogen, Carlsbad, CA). 

The resulting plasmid was termed pGAL1-NOP1GFP.

NOP1 fragment constructs were produced by PCR (Section 2.4.1) using 

oligonucleotides designed to amplify segments containing nucleotides (nt) 1-270 

(NOP1-Sec#1 5’ and NOP1-Sec#1 3’), nt 211-981 (NOP1-Sec#2 5’ and NOP1- 

Sec#3 3’), or nt 658-981 (NOP1-Sec#3 5’ and NOP1-Sec#3 3’) (Table 2-3) of 

NOP1 with 5’ EcoRI and Hin6\\\ and 3’ EcoRI restriction sites. HindlU and EcoRI 

digested PCR products were first cloned into p12-GFP2-NLS (pKW431) as 

described above. The resulting GFP gene fusions were then excised from p12- 

GFP2-NLS using the 5’ Hin6\\\ and the 3’ Xho\ restriction endonuclease sites, 

and subcloned into the corresponding restriction endonuclease sites of pYES2 

(Table 2-1). The plasmids were termed pGAL7-Nop1p(aa1-90)-GFP, pGAL1-
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Nop1 p(aa91 -327)-GFP and pGAL1-Nop1p(aa210-327)-GFP. The same PCR 

products, as well as a full-length N0P1 PCR product (which was amplified as 

described above using oligonucleotides NOP1-Sec#1 5’ and NOP1-Sec#1 3’ 

(Table 2-3)), were digested with EcoRI and ligated into the EcoRI site of pGEX- 

4T-3. All positive clones were restriction endonuclease digested to identify the 

desired recombinants, which were termed pGST-Nop1p, pGST-Nop1p(aa1-90), 

pGST-Nop1p(aa90-327) and pGST-Nop1p(aa210-327), respectively.

The NOPIcNLS gene fusion was produced by PCR amplification (Section

2.4.1) of NOP1 from yeast genomic DNA using oligonucleotides NOPIcNLS 5’ 

and NOPIcNLS 3 ’ (Table 2-3). These oligonucleotides were designed to 

generate a gene cassette encoding NOP1 including 700 nucleotides upstream of 

the ORF fused in frame at its 3’ end to the SV40 large T antigen NLS coding 

sequence (Kalderon etai., 1984b). This PCR product was digested with H/ndlll, 

ligated into the corresponding restriction endonuclease site of pRS315 and 

termed pRS315-NOP1cNLS. As a control, a NOP1 cassette, including 700 nt 

upstream of the ORF but lacking the in-frame cNLS fusion, was also amplified 

from yeast genomic DNA using oligonucleotides NOPIcNLS 5’ and NOP1-cNLS 

3’ (Table 2-3). This NOP1 PCR fragment was similarly cloned into the H/ndlll 

restriction endonuclease site of pRS315 and the termed pRS315-/VOP7.

2.6.3 SOF1 expression plasmids -  pSOF1 GFP was constructed in essentially

the same manner as pNOPIGFP. The SOF1 ORF was amplified (Section 2.4.1)

using oligonucleotides SOF1 5’ and SOF1 3 ’ (Table 2-3), and the resulting PCR
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product was cloned into the EcoRI and BamHI restriction endonuclease sites of 

pYX242-GFP (Rosenblum etai., 1998). The resulting SOF1 GFP gene fusion 

was excised from pYX242-GFP using the 5’ EcoRI and the 3’ Xho\ restriction 

endonuclease sites and placed under control of the GAL1 promoter by 

subcloning it into pYES2 (Table 2-1). The resulting plasmid was termed pGAL1- 

SOF1GFP.

SOF1 fragment constructs were produced in the same manner as 

described above for NOP1 using oligonucleotides designed to amplify segments 

of SOF1 containing 5’ EcoRI and 3’ BamHI and Sa/I restriction endonuclease 

sites: nt 1-390 (SOF1N 5’ and SOF1N 3’); nt 391-1140 (SOF1WD 5’ and 

SOF1WD 3 ’); nt 1141-1467 (SOF1C 5’ and SOF1C 3’); or nt 1231-1350 

(SOF1NLS 5’ and SOF1NLS 3’) (Table 2-3). Galactose-inducible GFP gene 

fusions were constructed by first ligating EcoRI and BamHI digested SOF1 

fragment PCR products into the corresponding restriction endonuclease sites of 

pYX242-GFP (Table 2-1). The resulting GFP gene fusions were excised from 

pYX242-GFP by digesting these plasmids with EcoRI and Xho\ and subcloning 

the recovered DNA fragments into the corresponding restriction endonuclease 

sites of pYES2 (Table 2-1). The resulting plasmids were termed pGAL1- 

Sof1 p(aa1 -130)-GFP, pGAL 1-Sof1 p(aa131 -380)-GFP, pGAL 7-Sof1 p(aa381 - 

489)-GFP and pGAL7-Sof1p(aa411-450)-GFP. N-terminal GST gene fusions 

containing the fragments of the SOF1 were constructed by digesting the same 

PCR products (SOF1 (nt 1-390), SOF1 (nt 391-1140), SOF1 (nt 1141-1467) and

70

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



SOF1 (nt 1231-1350)) with EcoRI and Sal I and ligating them into the 

corresponding restriction endonuclease sites of pGEX-4T-3. These plasmids 

were termed pGST-Sof1p(aa1-130), pGST-Sof1p(aa131-380), pGST- 

Sof1 p(aa381-489) and pGST-Sof1p(aa411-450).

2.6.4 DBP9 expression plasmids -  The ORF of DBP9 was amplified from 

yeast genomic DNA as described above using primers DBP9 5’ and DBP9 3’ 

(Table 2-3). The resulting PCR product was digested with EcoRI and BamHI and 

ligated into the corresponding restriction endonuclease sites of pYX242-GFP and 

termed pDBP9GFP. This GFP chimera was then excised from pDBP9GFP using 

EcoRI and Xho\ and subcloned into the corresponding restriction endonuclease 

sites of pYES2. The resulting plasmid was termed pGAL1-DBP9GFP. The 

same DBP9 PCR product was also digested with EcoRI and Sa/I, ligated into the 

corresponding restriction endonuclease sites of pGEX-4T-3 and the resulting 

plasmid was termed pGST-Dbp9p.

2 .6 .5  cNLS and PH04 expression plasmids - pGAL1-cNLSGFP was 

generated by subcloning a Hind\\\/Xho\ cNLSnes-2xGFP fragment restriction 

endonuclease digested from p12-GFP2-NLS (Table 2-1) into the corresponding 

restriction endonuclease sites of pYES2 (Table 2-1).

The nucleotides encoding the NLS of PH04, amino acid residues 140 to

166 (Kaffman et al., 1998b), were amplified from yeast genomic DNA by PCR

using oligonucleotides PH04NLS 5’ and PH04NLS 3’. This PCR product was

digested with BamHI and EcoRI restriction endonucleases, ligated into the
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corresponding restriction endonuclease sites of pGEX-4T-3 and the resulting 

plasmid was termed pGST-Pho4p(aa140-166).

2.6.6 KAP expression plasmids1 -  To facilitate complementation of Akap121 

haploid strains (Section 2.7.1) and the generation of kap121 mutant alleles 

(Section 2.7.2), the KAP121 gene, including 1,000 nucleotides upstream and 

downstream of the ORF, was cloned into the Sacl restriction endonuclease site 

of pRS316, pRS315 and pRS314 (Table 2-1) to yield pKAP121-URA3, pKAP121- 

LEU2 and pKAP121-TRP1, respectively.

Overexpression of KAP104and KAP108 was achieved by placing these

ORFs under the control of the GAL 1 promoter present in pYES2 (Table 2-1).

First, for selection purposes, the URA3 gene of pYES2 was replaced with the S.

cerevisiae LEU2 gene. To this end, the S. cerevisiae LEU2 gene, plus 200 bp

upstream of the start codon, was amplified from yeast genomic DNA by PCR

using oligonucleotides LEU2/pYES2 5’ and LEU2/pYES2 3’ (Table 2-3) and

digested with Nde\ and Apa\. pYES2 was also digested with Nde\ and Apa\,

thereby removing nt 1-599 of the URA3 gene, and the Nde\IApa\ digested LEU2

PCR product was ligated in place of the excised URA3 fragment. The resulting

plasmid was termed pYES2-LEU2. Next, the ORF of KAP104 was amplified

from p104-LYS (Table 2-1 (Aitchison et al., 1996)) by PCR (Section 2.4.1) and

digested with Sad. The resulting KAP104 fragment was ligated into the Sad

restriction endonuclease site of pYES2-LEU2. The desired recombinants were

1 pKAP121-URA3, pKAP121-LEU2 and pKAP121-TRP1 were constructed by Dr. John Aitchison 
at the Rockefeller University.
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identified by restriction endonuclease digestion and termed pGAL1-KAP104- 

LEU2. Similarly, the ORF of KAP108 was amplified from yeast genomic DNA by 

PCR using primers YES2-KAP108 5’ and YES2-KAP108 3 ’. The PCR product 

was digested with Sacl and Xba\ and ligated into the corresponding restriction 

endonuclease sites of pYES2-LEU2 and termed pGAL1-KAP108-LEU2.

2.7 Construction of S. cerevisiae mutant strains

2.7.1 Construction of KAP121 null strains? -  The kap121 null strain, and 

derivatives there of, were derived from DF5 (Table 2-7). The heterozygous 

kap121::URA3/KAP121 strain was constructed in DF5 diploid cells by direct 

integration of a PCR product containing the URA3 gene (Rothstein, 1991) and 

nucleotides -60-3 and 3177-3230 of KAP121 as previously described (Aitchison 

etai., 1995), thereby replacing the KAP121 ORF with URA3. Genomic DNA was 

isolated from Ura+ diploids (Section 2.3.2) and PCR amplification (Section 2.4.1) 

used to confirm deletion of KAP121. For selection purposes, the URA3 gene 

was then replaced with a HIS3 cassette by homologous recombination of a 

ura3::HIS3 cassette using a previously described “marker swap” technique 

(Cross, 1997). Briefly, a ura3::HIS3 cassette (comprised of an inactive URA3 

gene containing the HIS3 gene inserted into the intragenic Stu\ site of URA3) 

was amplified from pUH7 (Table 2-1) using M13 forward and reverse primers 

(Table 2-3), which anneal to their corresponding sequences that flank the 

ura3::HIS3 cassette present in pUH7. This PCR product was concentrated

2 Performed by Brock Grill at the University of Alberta.
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(Section 2.4.7), transformed into the kap121 "URA3/KAP121 diploid strain 

(Section 2.5.2) and transformants were selected on CSMD-His agar plates. The 

desired Ura', His+ strains were identified based on their ability to grow on CSMD- 

His but not on CSMD-Ura agar plates, the resulting strains were designated 

kap121 ::ura3::HIS3/KAP121. kap121 ::ura3::HIS3/KAP121 cells were 

transformed with pKAP121-URA3 (Section 2.5.2). The transformants were 

sporulated (Section 2.2.4), tetrads dissected (Section 2.2.4), and 

kap121 ::ura3::HIS3/pKAP121-URA3 haploids were selected by growth on 

CSMD-His-Ura agar plates. The resulting strain was designated 

Akap121/pKAP121-URA3. For additional selection purposes, the HIS3 gene of 

Akap121/pKAP121-URA3 was replaced with the LEU2 gene via homologous 

recombination of a his3::LEU2 cassette as described above. This his3::LEU2 

cassette was amplified by PCR from pHL3 (Table 2-1 (Cross, 1997)) using 

oligonucleotides T3 and T7 (Table 2-3), which anneal to their corresponding 

sequences that flank the his3::LEU2 cassette present in pHL3. The resulting His' 

Leu+ Mata and Mata strains were termed Akap121LEU2JpKAP121-URA3.

2.7.2 Construction of kap121 mutant alleles3 -  kap121 mutant alleles were 

generated using the gapped plasmid repair method (Muhlrad etai., 1992). 

Briefly, the KAP121 gene, including 1,000 nucleotides upstream and downstream 

of the ORF, was amplified under mutagenic PCR conditions as described above 

(Section 2.4.2). The pKAP121-TRP1 gapped plasmid was constructed by

3 Performed by Brock Grill at the University of Alberta.
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digesting pKAP121-TRP1 with Sa/I and Nde\, followed by gel purification 

(Section 2.4.6) and isolation of an ~ 7.5 kb DNA fragment containing pRS314 

and nt -1,000 to -1 and 2,393 to +1,000 of KAP121. The KAP121 mutagenic 

PCR product and the pKAP121-TRP1 gapped plasmid were cotransformed into 

Akap121/pKAP121URA3 cells (Section 2.5.2) at a molar ratio of 10:1. The 

transformants were plated on CSMD-Ura-Trp agar plates and incubated at 23°C 

for 3 to 4 days.

Plasmid shuffling was then used to select for kap121 mutants that were 

able to grow at 23°C but not at 37°C (Muhlrad et al., 1992). Briefly, colonies 

were replica plated onto 5-fIuoroorotic acid (5-FOA)-containing medium (Boeke 

et al., 1984) and incubated at 23°C and 37°C to select cells lacking pKAP121- 

URA3. Mutants that grew well at 23°C but failed to grow at 37°C were 

characterized further. To confirm that the temperature-sensitive (ts) phenotype 

was not the result of nutritional requirements, these colonies were replica-plated 

to YEPD and incubated at 23°C and 37°C. Finally, mutants were tested for their 

ability to be complemented with a wild-type copy of KAP121, pKAP121-URA3. 

Four colonies were isolated that fulfilled all of these requirements. These strains 

were classified as kap121-ts strains and designated kap121-18, kap121-26, 

kap121-34, and kap121-41.

The plasmids encoding these ts alleles were isolated (Section 2.3.3), 

termed pkap121-18, pkap121-26, pkap121-34, and pkap121-41, and the kap121- 

34 and kap121-41 alleles sequenced as described below (Section 2.8). For
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additional selection purposes, the kap121-34 allele was excised from pRS314 

using Sad and ligated into the corresponding site of pRS317. This plasmid was 

termed pkapl21-34-LYS2. Furthermore, Akap121LEU2/pKAP121-URA3 Mata 

and Mata strains were also transformed with the pkapl21-34 plasmid, plated on 

5-FOA containing agar plates as described above to isolate kap121-34LEU2 

strains.

2.7.3 Construction of kap95-14 temperature-sensitive strains4-  The kap95- 

14 temperature-sensitive strain (Leslie et al., 2002) is a derivative of DF5 and 

was produced as previously described (Aitchison etai., 1996).

2.7.4 Construction of galactose-responsive strains -  Galactose-responsive 

kap121-34 and kap104-16 strains were generated by crossing kap121-34 or 

kap104-16 haploids (Aitchison etai., 1996) with W303 haploids (Table 2-7 

(Aitchison et al., 1995)), a strain that grows well on galactose-containing media. 

The resulting diploids were sporulated and the tetrads dissected (Section 2.2.4). 

kap121-34 and kap104-16 haploid strains were selected based on their ability to 

grow on the appropriate selective media, in the presence of galactose as the sole 

carbon source, in a temperature-sensitive manner as described above (Section

2.7.2). Strains that grew well on galactose at 23°C but did not grow at 37°C 

were selected for further experiments and are referred to as kap121-34 and 

kao104-16.

4 The kap95-14 strain was produced by Dr. John Aitchison at the Rockefeller University.
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2.7.5 Construction of double mutant strains- Strains used to analyze genetic 

interactions between KAP121 and KAP104 or KAP108 were constructed by 

crossing kap121-34LEU2 or kap121 -34 to Akap104 (Aitchison etai., 1996) or 

Akap108 (Sydorskyy etai., 2003) null mutants containing wild-type copies of 

KAP104 {pKAP104-URA3) or KAP108 (pKAP108-URA3), respectively. The 

resulting diploids were sporulated and the tetrads dissected as described above 

(Section 2.2.4). The desired double mutant haploids were selected by growth on 

the CSMD-His-Leu-Trp-Ura agar plates and termed kap121-34LEU2, Akap104/ 

pKAP104-URA3 and kap121-34LEU2, Akap108/pKAP108-URA3.

2.8 Genomic integration of epitope tags

2.8.1 Construction of NOP1 -A and SOF1 -A strains by genomic integration -

Genomic copies of NOP1 and SOF1 were tagged by homologous recombination 

as previously described (Aitchison et al., 1995) by integrating a gene cassette 

encoding the IgG binding domains of Staphylococcus aureus protein A (pA) in

frame at the 3’ ends of these ORFs. Briefly, the protein A gene and adjacent 

HIS5 gene were amplified by PCR (Section 2.4.1) from the plasmid pBxA-HIS5 

(Table 2-1 (Aitchison etai., 1995)) using oligonucleotides Nop1p-pA 5’ and 

Nop1p-pA 3’, or Sof1p-pA 5’ and Sof1p-pA 3’ (Table 2-3). These primers were 

designed as follows: The sense (5’) primer encodes the C terminus of Nop1 p (nt 

922-981) or Soflp (nt 1408-1467) (up to, but not including the stop codon) and 

continues into the first 21 nucleotides of pA. The antisense primer contains the

untranslated regions of NOP1 (nt 1051-1110) or SOF1 (nt 1531-1590)
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downstream of their stop codons, and the reverse complement of the last 24 

nucleotides of the Schizosaccharomyces pombe HIS5 ORF. The resulting PCR 

products encode the 3’ ends of the NOP1 or SOF1 ORFs fused in-frame to the 

700 bp pA sequence followed by the S. pombe HIS5 cassette and sequences 

complementary to the untranslated regions of NOP1 or SOF1. These PCR 

products were purified (Section 2.4.7), transformed into DF5 haploid strains by 

electroporation (Section 2.5.2) and the integrants selected on CSMD-His agar 

plates. To identify cells that synthesized Nop1p-pA or Sof1p-pA, 5 mL overnight 

cultures of His+ transformants were grown up in CSMD-His medium, 1.5 mL of 

each culture was harvested and whole cells lysates were produced as described 

below (Section 2.10.1). Transformants expressing pA chimeras of the correct 

predicted relative molecular masses were identified by immunoblotting with 

affinity-purified rabbit a-mouse IgG and a-rabbit-HRP antibodies (Table 2-2), and 

detected using enhanced chemiluminescence (ECL) reagents as described in 

Section 2.12.5. The desired recombinant strains were designated NOP1-A or 

SOF1-A.

2.8.2 Construction of genomically tagged NOP1-GFP and SOF1-GFP 

strains -  Chromosomal NOP1 and SOF1 were tagged with Aequoria victoria 

green fluorescent protein (GFP) in Akap121 LEU2/pKAP121-URA3 and DF5 Mata 

haploid cells via homologous recombination as described above and previously 

(Dilworth etai., 2001). His+ transformants expressing GFP fusions that localized 

to the nucleolus were identified and confirmed by a-GFP immunoblot detection of
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appropriately sized Nop1p-GFP and Sof1p-GFP chimeric proteins. 

Akapl21 LEU2/pKAP121 -URA strains expressing NOP1-GFPor SOF1-GFP were 

termed NOP1-GFP, Akapl21 LEU2/pKAP121-URA3 and S0F1-GFPAkap121 

/pKAP121-URA3, while the DF5 strains were designated NOP1 -GFP and SOF1- 

G F P . NOP1-GFP, Akapl 21 LEU2/pKAP121-URA3 and SO F1-G FP, 

Akap121LEU2/pKAP121-URA3 strains were then transformed with pkap121-34- 

LYS2, the transformants were plated on 5-FOA-containing medium and 

incubated at 23°C to select cells lacking pKAP121-URA3. The resulting strains 

were termed NOP 1-GFP, kap121-34LEU2/LYS2 and SOF1-GFP, kap121- 

34LEU2/LYS2.

To generate kap121-34, kap104-16 double mutants containing NOP1- 

GFP or SOF1-GFP, the NOP1-GFP, Akap121LEU2/pKAP121-URA3 and 

SOF1-GFP, Akapl 21 LEU2/pKAP121-URA3 strains described above were 

crossed with kap104-16 (Table 2-7 (Aitchison etai., 1996)), and the resulting 

diploids sporulated to generate NOP1-GFP, Akapl21LEU2/pKAP121-URA3, 

kap104-16an6 SOF1-GFP, Akap121LEU2/pKAP121-URA3, kap104-16 haploid 

strains. Because the NOP1-GFP, SOF1-GFP and Akapl04 cassettes are His+, 

the desired haploids were selected from tetrads that segregated the His+ 

phenotype at 3:1 or 2:2 ratios. Expression of NOP1-GFP or SOF1-GFP was 

confirmed as described above and the resulting His+Leu+Ura+Trp+GFP+ strains 

were transformed with pkapl21-34-LYS2. These transformants were plated on 

5-FOA-containing agar plates and incubated at 23°C to select cells lacking
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pKAP121-URA3. The resulting double mutants were designated NOP1-GFP, 

kap 121-34LEU2/LYS2, kap104-16 and SOFT-GFP, kap121-34LEU2/LYS2, 

kap104-16.

2.9 DNA Sequencing

The DNA Core Services Laboratory at the University of Alberta sequenced 

the kap121-34 and kap121-41 mutant alleles using the dideoxynucleotide chain- 

termination method (Sanger etai., 1977) with fluorescently labeled DNA. 

Oligonucleotide primers were designed to sequence ~400bp overlapping DNA 

fragments of KAP121 from both the coding and complementary stands, with the 

overlapping sequences being approximately 50 bp in length. Automated 

sequencing reactions were performed on pkap121-34 or pkap121-41 plasmid 

DNA using a Beckman Coulter CEQ2000XL sequencing machine. The resulting 

kap121-34 DNA sequences were compared to KAP121 using the DNASTAR 

(DNASTAR Inc., Madison Wl) Lasergene software MegAlign (Wilbur-Lipman: 

ktuple, 3; gap penalty, 3; window, 20 (Lee and Aitchison, 1999)). Nucleotide 

substitutions were deemed bona fide if they appeared in both the coding and 

complementary strand sequences.

2.10 Subcellular fractionation of S. cerevisiae

2.10.1 Preparation of whole cell lysates for immunoblotting -  When 

assaying protein levels and screening His+ colonies for appropriate integration of 

either the pA/HIS5 or the GFP/HIS5 gene cassettes whole cell lysates were
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generated via chemical lysis of yeast cells. Typically, the strain of interest was 

grown overnight in 5 mL of YEPD or the appropriate selection media. Cells were 

harvested by centrifugation at 3,000 x g for 5 min at room temperature, 

transferred to a 1.7 mL eppendorf tube and washed twice with 1 mL of sterile 

water. The cell pellet was resuspended in 240 ixL 1.85 M NaOH, 7.4% (v/v) |3- 

mercaptoethanol and incubated on ice for 10 min. The polypeptides were 

precipitated by addition of an equal volume of 50% trichloroacetic acid (TCA), 

followed by incubation on ice for 10 min and collected by centrifugation at 15,000 

x g for 10 min at 4°C. The supernatant was aspirated, the pellet was washed 

with sterile water and resuspended in 50 ixL magic A (Table 2-4). An equal 

volume of magic B (Table 2-4) was added, the mixture was vortexed briefly and 

heated at 65°C for 15 min. Proteins in these samples were separated by SDS- 

PAGE (Section 2.12.3), and analyzed by immunoblotting and enhanced 

chemiluminescence (Section 2.12.5) (ECL, Pierce).

2.10.2 Preparation of co-immunopurification whole cell lysates -  For co-

immunopurification studies whole cell lysates were prepared using a French

press chamber (SLM-Aminco model 2,000^, Spectronics Instruments,

Rochester, NY) or a microfluidizer (Model M-110S, Microfluidics International

Corp., Newton, MA,) as previously described (Leslie et al., 2004; Mareili et ai,

1998). The S. cerevisiae strain of interest was grown to an OD600 of 1.0 in 2L

YEPD at 30°C, harvested by centrifugation at 4,000 x g in a Beckman JS 4.2

rotor for 5 min, washed with 50 mL ice cold transport buffer (TB) plus 1/100
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solution P (Table 2-4) and resuspended in 25 mL of the same buffer. The cell 

suspension was passed through a pre-chilled French press chamber at least 

three times or through the microfluidizer at least six times with the coil immersed 

in ice water. Cell lysis was monitored by microscopy. An equal volume of ice 

cold TB containing 1/100 solution P, 2% Triton X-100, 40% dimethyl sulfoxide 

(DMSO) was added and the lysate was clarified by centrifugation at 4,000 x g in 

a Beckman JS 4.2 rotor for 30 min at 4°C. The protein concentration of the 

resulting lysate was determined using the Bradford method as described in 

Section 2.12.2 and the lysate was stored at -80°C in 5 mL aliquots.

2.10.3 Isolation of S. cerevisiae nuclei5 - Nuclei were isolated as previously 

described (Strambio-de-Castillia eta!., 1995). Yeast cells were grown to an 

OD600 of 1.0 in 2 L YEPD. The cells were harvested by centrifugation, washed 

and resuspended in 2 mL of 1.1 M sorbitol/g of cells. The cells were converted to 

spheroplasts by addition of 1/100 1% zymolyase 20T and 1/10 glusulase and 

incubation at 30°C with agitation. The resulting spheroplasts were washed 

thoroughly and lysed by homogenizing three times with a Polytron (Polytron Inc. 

Tallahassee, FL) in 20 mL of polyvinylpyrrolidone (PVP) solution containing 2 

mM DTT, 0.025% Triton X-100, and 1/100 solution P. The lysates were 

separated into crude nuclei and cytosolic fractions by centrifugation at 14,700 x g 

in a Beckman JS 13.1 rotor for 20 min at 4°C. The resulting supernatant 

(corresponding to the cytosolic fraction) was stored at -80°C and diluted at a

5 Performed by Drs. John Aitchison and Michael Rout at the Rockefeller University.
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ratio of 1:4 with TB for overlay blot assays. The crude nuclei were resuspended 

in 10 mL of 1.8 M sucrose in PVP solution (Table 2-4) and overlaid onto a four- 

step sucrose gradient (consisting of 9 mL each of 1.60 M sucrose, 2.15 M 

sucrose, 2.25 M sucrose, and 2.52 M sucrose all in PVP solution and containing 

1/100 solution P). The gradients were centrifuged in a Beckman SW28 rotor at 

103,000 x g for 6 hrs at 4°C and the purified nuclei were collected from the 2.25 

M/2.52 M sucrose interface.

2.11 Overlay Blot Assay6

Yeast nuclei were prepared as described above (see Section 2.10.3 and 

Rout and Blobel, 1993). The proteins were denatured in SDS and fractionated 

by hydroxyapatite (HA) high-pressure liquid chromatography (HPLC). Pooled 

HA/HPLC column fractions were further separated by standard formic acid HPLC 

separation (Rout and Blobel, 1993; Wozniak et ai, 1994) and each of the 

resulting column fractions were concentrated by TCA precipitation. 1/10 volume 

of TCA was added to each fraction, incubated on ice for 30 min and collected via 

centrifugation at 20,000 x g for 30 min. Precipitated protein pellets were washed 

twice with acetone, resuspended in equal volumes of magic A and magic B 

(Table 2-4), and heat denatured at 65°C for 15 min. Each fraction was then 

separated by SDS-PAGE in Novex SDS-polyacrylamide gels and transferred to 

nitrocellulose membranes. Nitrocellulose membranes were blocked with TB 

containing 1/100 solution P and probed with diluted cytosolic fractions (Section

6 Performed by Drs. John Aitchison and Michael Rout at the Rockefeller University.
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2.10.3) isolated from yeast cells expressing protein A-tagged Kap121p or 

Kap123p via incubation on an orbital shaker for 18 hrs at 4°C (Aitchison etal., 

1996; Rout et al, 1997). Binding of the protein A tagged fusions was detected by 

immunoblotting with affinity-purified rabbit a-mouse IgG and a-rabbit-HRP, 

followed by ECL as described below (Section 2.12.5). Bands of interest were 

identified in replicate Novex SDS-polyacrylamide gels and excised for 

identification by mass spectrometry as described in Section 2.12.6 (Qin etal., 

1997; Rout etal., 2000).

2.12 Protein analysis and manipulation

2.12.1 Precipitation co-immunopurification protein eluates- To precipitate 

the eluates derived from the MgCI2 step gradient, all eluate volumes were 

brought to 1 mL with ice cold sterile water. Sodium deoxycholate and TCA were 

added to each of the fractions to final concentrations of 0.012% and 7.7% (v/v), 

respectively, and incubated on ice for 1 hr. The precipitated proteins were 

collected by centrifugation at 20,000 x g for 30 min at 4°C, the supernatant 

aspirated and the precipitates were resuspended in 100 uL of water. 900 uL of 

acetone was added to each and the samples were incubated at -20°C for 2 hrs. 

The resulting precipitates were collected by centrifugation at 20,000 x g fo r 30 

min at 4°C, the pellets were dried and resuspended in 50 jaL of magic A and 50 

[iL magic B (Table 2-4).
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2.12.2 Determination of protein concentration -  Protein concentration was 

determined by the method of Bradford (Bradford, 1976) using the BioRad protein 

assay dye reagent. To create a standard curve, six 10 \xL samples of water 

containing 0 to 20 ug of BSA (Sigma) were added to 1 mL of reagent, vortexed 

briefly and incubated at room temperature for 5 min. The OD595 of each sample 

was measured and plotted against protein concentration. Dilutions of the 

samples to be tested were prepared and measured in the same manner. Protein 

concentrations were estimated from samples with absorbances in the linear 

range of the standard curve.

2.12.3 Electrophoretic separation of proteins -  Proteins were separated by 

sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) by the 

method of Laemmli (1970) as described in Ausubel et al. (1994). 6 x SDS 

sample buffer (Table 2-4) was added to protein samples in solution to yield a final 

buffer concentration of 62.5 mM Tris-HCI (pH 6.8), 10 mM DTT, 10% glycerol, 

2% SDS and 0.001% bromophenol blue. Alternatively, precipitated protein 

samples were resuspended in equal volumes of magic A and magic B (Table 2- 

4). Samples were then denatured by heating in a 65°C water bath for 15 min. 

Proteins were separated by electrophoresis on discontinuous slab gels. Stacking 

gels contained 3% acrylamide/A/,/\/-methylene-bis-acrylamide (37.5:1), 15% 

sucrose, 60 mM Tris-HCI (pH 6.8), 0.1% SDS, 0.1% (v/v) N,N,N,N - 

Tetramethyl-Ethylenediam ine (TEMED), 0.1% (w/v) ammonium persulphate

(APS). Resolving gels contained a continuous gradient of 7 to 15%

85

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



acrylamide/A/,A/-methylene-bis-acrylamide (37.5:1) and 0 to 15% sucrose in 370 

mM Tris-HCI (pH 8.8), 0.1% SDS, 0.1% (v/v) TEMED, 0.042% (w/v) ammonium 

persulphate. Electrophoresis was performed using a mini-Protean II 

electrophoresis system (BioRad) according to the manufacturer’s instructions in 

SDS-PAGE running buffer (Table 2-4).

2.12.4 Detection of proteins by gel staining -  Proteins resolved in 

polyacrylamide gels were visualized by staining with Coomassie blue stain (Table 

2-4) for at least 30 min and the unbound dye was removed by incubating gels in 

destain (Table 2-4). Gels were dried on a vacuum drier (BioRad) or using gel 

dying film (BioRad).

2.12.5 Detection of proteins by immunoblotting -  Proteins separated by

SDS-PAGE were transferred to nitrocellulose at room temperature for 3 to 18 hrs

at 400 mA or 50 mA, respectively, in transfer buffer (Table 2-4 (Burnette, 1981;

Towbin etal., 1979)) in a mini Trans-Blot electrophoresis transfer cell (BioRad).

Proteins bound to nitrocellulose were visualized by staining with amido black

stain (Table 2-4) and then incubated with gentle agitation in blocking buffer

(Table 2-4) to prevent non-specific binding of the antibodies. Membranes were

then incubated with agitation at room temperature for 1.5 hrs with primary

antibody in blocking buffer and then with the appropriate secondary antibody

labeled with horseradish peroxidase (HRP) in blocking buffer for 30 min. After

each antibody incubation, unbound antibodies were removed by washing the

blots at room temperature three times for 10 min each in TBS-T. Antigen-
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antibody complexes were detected by incubating the blot in a 1:1 mixture of the 

two detection reagents supplied in the ECL Supersignal detection kit (Pierce) and 

exposing the blot to X-Omat X-K1 film.

2.12.6 Mass Spectrometric Protein Identification7 -  The method used for in

gel tryptic digestion of proteins separated by SDS-PAGE was as previously 

described (Zhang and Chait, 2000). Matrix-assisted Laser Desorption/Ionization 

(MALDI)-time-of-flight (TOF) MS was carried out using a commercial instrument 

(Perseptive Biosystems STR, Framington, MA) operated in the delayed- 

extraction reflector mode (FWHM resolution ~5,000). Protein identification was 

carried out using the protein search engine "ProFound", which employs a 

Bayesian algorithm to identify proteins from protein databases using mass 

spectrometric peptide mapping data (Zhang and Chait, 2000). Proteins were 

ranked in order of their probabilities. When the probability for the first-ranked 

protein was close to unity and there was a large probability transition (s 103) from 

the first to second candidate, the identification of the top ranked protein was 

considered to be highly confident (Zhang and Chait, 2000).

2.13 Preparation of Recombinant Proteins

2.13.1 Synthesis of GST chimeras in E. coli -  Plasmids pGEX-4T-3 and those 

containing gene fusions encoding GST chimeras were introduced into the 

protease-deficient E. coli strain BL21 (DE3)pLysS (Table 2-5; Novagen, Madison,

7 Performed by Wenzhu Zhang in Dr. Brian T. Chait’s laboratory at the Rockefeller University.
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WI). Small-scale induction experiments were performed on a number of 

transformants to confirm synthesis of full-length GST chimeric proteins. 

Typically, transformants were grown overnight in 5 mL of LB (Table 2-6) 

containing ampicillin and chloramphenocol, the cultures were diluted in duplicate 

1 in 5 into fresh LB containing antibiotics and cultured for 30 min. One culture of 

each strain was induced to express the GST chimeric protein via addition of 2 

mM IPTG and incubated at 37°C for an additional 5 hrs. Whole cell lysates from 

both the induced and the uninduced cultures were generated as described above 

(Section 2.10.1). The proteins present in these lysates were resolved by SDS- 

PAGE (Section 2.12.3) and visualized by Coomassie blue staining (Section 

2.12.4). GST chimeric proteins were identified based on the presence of a 

protein band of the predicted relative molecular mass in the IPTG induced 

samples.

Transformants containing abundant GST chimeras were then induced to 

express these chimeric genes on a larger scale using a super GST expression 

protocol (C. Patrick Lusk, personal communication). To this end, 30 mL cultures 

of each strain were grown for ~18 hrs at 37°C in Terrific Broth (TBm; Table 2-6) 

containing antibiotics, the cells were harvested by centrifugation at 4,000 xg  in a 

Beckman JS 4.2 rotor, resuspended in 50 mL of TBm containing antibiotics and 

incubated in 250 mL flask for 8 hrs. The cells were harvested as described 

above, resuspended in 1 L of TBm containing antibiotics and incubated in a 6 L 

flask for 5 hrs at 250 rpm. GST chimeric protein synthesis was then induced by
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the addition of IPTG to a final concentration of 2 mM and incubating the cultures 

at 30°C for 16 hrs. Cells were harvested by centrifugation 4,000 x g  in a 

Beckman JS 4.2 rotor, washed with sterile water, resuspended in STE containing 

1/100 solution P and flash frozen in a dry ice/ethanol bath or liquid nitrogen. 

Suspensions were thawed at room temperature, Triton X-100 was added to a 

final concentration of 1% and the cells lysed by sonication. Lysates were 

clarified by centrifugation at 17,500 x g  in a Beckman JA17 rotor for 20 minutes 

at 4 °C and stored at -80°C in 1 mL aliquots.

2.13.2 Recombinant protein purification and thrombin protease cleavage -

E. coli protein lysates, produced as described above, were thawed, and 

incubated with 50 to 200 uL of pre-equilibrated glutathione (GT)-Sepharose 

(Amersham Pharmacia Biotech) for 1 hr at 4°C with rotation. GT-Sepharose 

was pre-equilibrated by washing the beads three times with 1 mL of transport 

buffer (TB) and incubating them in 1 mL of TB with rotation for 30 min at room 

temperature. All subsequent steps were carried out on ice and the buffers 

contained 1/100 solution P, unless otherwise stated, and all washing steps were 

performed with 1 mL of buffer. The beads were pelleted by centrifugation a 

recommended by the manufacturer and washed three times with TB, once with 

TB containing 500 mM NaCI, and three times with TB. For immobilized GST- 

Nop1 p chimeric proteins, the beads were washed three times with TB, once with 

TB containing 1 M NaCI, incubated in TB containing 100 ij.M ATP with gentle
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agitation for 2 min and washed three additional times with TB. The beads were 

resuspended in 100 uL TB lacking solution P.

Proteins were cleaved from the beads by the addition of thrombin (Sigma) 

to a final concentration of 0.3 U/iaL and incubation either at room temperature for 

30 to 60 min, or at 4°C for 3 to 16 hrs, with rotation. Thrombin was inactivated by 

the addition of 3 U of hirudin (Sigma). Cleaved proteins were collected through a 

Micro Bio-Spin chromatography column (BioRad) and cleared of any residual 

GST proteins by incubation with 20 uL of pre-equilibrated GT resin at 4°C for 30 

min. These samples were collected a second time through a fresh Micro Bio- 

Spin chromatography column and stored in small aliquots at -80°C.

2.13.3 Ran Preparation -Yeast Ran (Gsplp) was synthesized as a GST 

chimera in E. coli as described above (Section 2.13.1). GST-Ran was purified 

and cleaved with thrombin as described above, except binding buffer (Table 2-4) 

was used in place of transport buffer. Purified Ran was then loaded with either 

GTP or GDP as described previously (Rexach and Blobel, 1995). Briefly, Ran 

samples were divided into two equal fractions and an equal volume of loading 

buffer (Table 2-4), containing either GTP or GDP, added. The samples were 

incubated with rotation at room temperature for 90 min. The loading reaction 

was quenched by the addition of magnesium acetate to a final concentration of 

30 mM and incubation with rotation at 4°C for 15 min. The samples were stored 

in small aliquots at -80°C.
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2.13.4 Elution of purified GST chimeras using reduced glutathione -  GST

chimeras were purified and eluted from the GT-Sepharose beads as follows: 

Approximately 0.5 mg of each chimera protein was purified and the beads were 

washed as described above (Section 2.13.2). The chimeras were eluted from 

the beads by incubation in 100 jxL of glutathione elution buffer (Table 2-4) at 

room temperature for 2 hrs and the supernatants (which contain the desired GST 

chimeras) were collected through a Micro Bio-Spin chromatography column 

(Section 2.13.2). The protein concentrations of the resulting eluates were 

adjusted to 10 to 20 ng/u-L using 10X TB, 1% casamino acids and 1 ug of 

BSA/jxL to yield TB2 buffer concentrations.

2.14 Assays

2.14.1 fi-galactosidase activity assay -  DF5 Mata and kap121-34 Mata cells 

were transformed with a plasmid encoding the fusl-lacZchimeric gene (pSB234, 

Table 2-1 (Trueheart etal., 1987)). Transformants were grown to an OD600 of 

0.200 and divided into two equal aliquots. Cultures were treated with 5 ct- 

factor and incubated at 23°C, 30°C, or 37°C. Samples were taken upon initial 

addition of a-factor, and at 1 hr and 3 hrs intervals post-pheromone treatment. 

These samples were divided in half and prepared for immunoblot analysis or |3- 

galactosidase activity assays. For western blot analysis, whole cell protein 

lysates were prepared (Section 2.12.1), separated by SDS-PAGE (Section

2.12.3) and transferred to nitrocellulose membranes (Section 2.12.4). The (3-
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galactosidase chimera or Gsplp were detected with a-p-Gal or a-Gsp1p (Table 

2-2), respectively, and visualized as described above (Section 2.12.5).

The (3-galactosidase activity of each sample was assayed by monitoring 

the cleavage of o-nitrophenyl |3-D galactopyranoside (ONPG), a |3-galactosidase 

substrate, as described in the Yeast Protocols Handbook (Clonetech 

Laboratories, 2001). Briefly, the OD600 of each culture was determined, the cells 

were harvested by centrifugation at 4,000 x g for 5 min at room temperature, 

washed with Z buffer (Table 2-4 (Clonetech Laboratories, 2001)) and 

resuspended in 100 mL of the same buffer. The cells were lysed by 3 freeze- 

thaw cycles in which the cell suspensions were flash frozen in liquid nitrogen, 

followed by quick thawing in a 37°C water bath. 700i.iL 0.27% p- 

mercaptoethanol containing 0.56 mg of ONPG was added to each sample and 

incubated with agitation at 30°C for 3 minutes. Reactions were neutralized by 

the addition of 400 \iL 1 M Na2C03, vortexed briefly, and clarified by 

centrifugation at 15,000 x g for 10 min at room temperature. The supernatants 

were transferred to 2 mL disposable cuvettes and the OD420 of each sample was 

determined using a spectrophotometer. Units of |3-galactosidase activity were 

calculated using the following formula: (1,000 x OD420 of centrifuged reaction 

mixture)/(OD600 of culture x volume of culture x minutes of assay) (Trueheart et 

aL, 1987). The standard deviations from the means were calculated from three 

separate experiments.
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2.14.2 Pheromone response assay -  The pheromone response assay was 

carried out as described previously (Sprague, 1991). Briefly, kap121-34 Mata 

and DF5 (WT) Mata cultures were grown to an OD600 of ~0.3 at 23°C in YEPD 

and the number of budded and unbudded cells in each culture was determined 

using a hemacytometer and phase contrast microscopy. The cultures were 

separated into two equal aliquots, one aliquot of each strain was treated with 2.5 

i.iM a-factor (Sigma) while the other aliquot was left untreated. Both the treated 

and untreated cultures were then incubated at 23°C, 30°C or 37°C. Samples of 

each culture were taken at 1 hr intervals post-pheromone treatment and fixed 

with 3.7% (v/v) formaldehyde in 7.5 mM NaCI. The number of budded and 

unbudded/shmooed cells in each sample were determined as described above. 

The standard deviations from the means were calculated from three separate 

experiments.

2.14.3 Quantitative mating assay -  Quantitative mating assays were 

performed as previously described (Sprague, 1991). Briefly, actively growing 

cultures of a-mating types of the strains to be tested {kap121 -34, 

Akap121JpKAP121-URA3, kap121-34/pRS42G-STE12, kap121-34/\pRS316- 

STE72cNLS) and a-mating types of a wild-type tester strain (transformed with 

pRS315 for selection purposes; (DF5/pRS315)) were grown at 23°C in the 

appropriate selection medium. 2 x 1 0 s kap121-34, kap121A/KAP121, kap121- 

34fpRS426-STE12, or kap121-34JpRS316-STE12cNLS cells were mixed with 

~107 DF5/pRS315 cells. The mating mixtures were incubated in 250 jxL of YEPD
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at 30°C for 5 hrs and plated in a 1:1,000 dilution onto CSMD-His-Trp-Leu or 

CSMD-His-Trp-Ura-Leu agar plates to select for diploids. To determine the 

number of viable haploid cells of the strain being tested, the mating mixtures 

were also plated in a 1:1,000 dilution onto CSMD-His-Trp (for kap121-34), 

CSMD-His-Ura (for Akap121/pKAP121-URA3) or CSMD-His-Trp-Ura (for 

kap121-34/pRS426-STE12 and kap121-34JpRS316-STE12cNLS) agar plates to 

select haploids. The resulting haploid and diploid colonies were counted after 3 

days of growth at 23°C. The mating efficiency was expressed as a percentage of 

the input haploids of the strain being tested that formed diploid colonies (Kunzler 

et a!., 2001). The standard deviations from the means were calculated from three 

separate experiments.

2.14.4 Invasion assay -  To obtain invasion competent kap121 temperature- 

sensitive strains Akap121LEU2/pKAP121-URA3 haploids were crossed with SK1 

{Mata) (Lydall etal., 1996), an invasion-competent S. cerevisiae strain. The 

resulting diploids were sporulated and tetrads were dissected as described 

above (Section 2.2.4). Akap121LEU2/pKAP121-URA3 haploids were identified 

by growth on CSMD-Leu-Ura agar plates, patched on YEPD agar plates and 

incubated at 23°C for 2 days. The plates were then washed with a gentle stream 

of deionized water to rinse all cells from the agar surface and reveal invasion 

competent strains (Roberts and Fink, 1994). Three invasion competent 

Akap121LEU2JpKAP12 1 -U R A 3  strains were isolated and designated 

Akap121LEU2mJ/pKAP12 1 -URA3, Akap121LEU2mU/pKAP12 1 -URA3 and
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Akap 121LE L/2nv13/p KAP121- UR A3. Akap121LEU2m7lpKAP121-URA3 was then 

transformed with pkap121-34, the transformants were replica plated to 5-FOA- 

containing agar plates to isolate isogenic strains containing only a temperature- 

sensitive copy kap121 (kap121-34) or a wild-type copy of KAP121. The resulting 

strain was called kap121-34LEU2nv7. kap121 -34LEU2nnv7 was also transformed 

with pRS426-STE72 and pRS316-STE72cNLS. All of the resulting invasion 

competent strains were patched to YEPD plates with a toothpick, incubated at 

30°C for 2 days and assayed for invasion a described above. While only one 

colony from each of the pRS426-S T E 12  and pRS316-STE72cNLS 

transformations is shown in Chapter 3, the invasive properties of three colonies 

from each transformation were tested and all were found to behave similarly.

2.15 Co-immunopurifications

2.15.1 Ex vivo co-immunopurification studies with GST chimeric proteins -

The GST chimeric proteins containing fragments of Ste12p or Nopip were

purified from E. coli lysates as described above (Section 2.13.2). Clarified whole

cell lysates were prepared as described above (Section 2.10.2) from yeast

strains synthesizing Kap95-pA (Aitchison et al., 1996; Rout et al., 1997),

Kap104p-pA (Aitchison et al., 1996), Kap121p-pA (Rout etal., 1997), or

Kap123p-pA (Rout etal., 1997). The protein concentration of these lysates was

determined as described above (Section 2.12.2) and brought to a final

concentration of 1 mg/mL with TB. 5 mL of each lysate was incubated with the

immobilized GST chimeras for 18 hrs at 4°C with rotation. Immobilized protein
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complexes were washed four times with wash buffer (WB) plus 1:1,000 solution 

P and successively eluted with WB containing 500 mM, 1 M, and 2 M MgCI2 and 

finally with 0.5 M acetic acid. The proteins in each fraction were precipitated as 

described above (Section 2.12.1), and prepared for SDS-PAGE using magic A 

and B. Protein samples were separated in SDS-polyacrylamide gels (Section 

2.12.3), and stained with Coomassie blue (Section 2.12.4) or transferred to 

nitrocellulose (Section 2.12.5). To detect protein A-tagged chimeras 

immunoblots were performed as described above (Section 2.12.5) using affinity- 

purified rabbit a-mouse IgG and a-rabbit-HRP antibodies (Table 2-2).

2.15.2 Isolation of Nop1p-pA- and Sof1 p-pA-containing complexes -

Lysates were prepared from NOP1-A  and SOF1-A  yeast cells using a 

microfluidizer as described above (Section 2.10.2). These lysates were 

incubated overnight on a rotator at 4°C with 75 ,uL of pre-equilibrated (Section

2.13.2) IgG-coupIed magnetic beads from a 2.0 x 106 bead/mL slurry (Dynal 

Biotech). The beads were collected using a magnet, washed four times with 5 

mL TB and the bound proteins were eluted with increasing concentrations 

(50mM, 100mM, 250mM, 500mM, 1M, 2M and 4M) of MgCI2 in elution buffer 

(Table 2-4). Proteins in each eluate fraction were precipitated with TCA as 

described above (Section 2.12.1). The precipitated protein fractions were 

prepared for SDS-PAGE using magic A and B, electrophoretically separated 

(Section 2.12.3) and transferred to nitrocellulose membranes (Section 2.12.5). 

As necessary, immunoblotting was performed with a-Kap121p, a-Kap108p, a-
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Kap104p and <x-Kap123p antibodies (Table 2-2) as described above (Section 

2.12.5).

2.16 Microscopy

All fluorescence microscopy experiments were performed using either a 

Zeiss Axioskop 2 or a Zeiss Axiophot equipped for fluorescence, and images 

were captured using a Spot camera (Diagnostic Instruments Inc.) or a CoolSNAP 

camera (Photometries).

2.16.1 Analysis of constitutively expressed GFP chimeric proteins -  DF5

Mata, kap121-ts, kap95-14 and kap121-ts/pKAP121 strains were transformed 

with pYX242-GFP plasmids containing STE12, NOP1, SOF1, DBP9 or plasmids 

containing STE12 gene fragments as indicated, as well as p12-GFP2-NLS (Table 

2-1 (Stade etal., 1997) and 2-8). These strains were grown in CSMD 

supplemented with appropriate amino acids and nucleotides to mid-logarithmic 

phase at 23°C. Direct fluorescence microscopy was then used to determine the 

cellular localization of each GFP chimera. Where temperature shifts were 

required, cultures were grown to mid-logarithmic phase at 23°C as described 

above and the localization of the GFP chimeric proteins was established by direct 

fluorescence microscopy. The cultures were then shifted to 30°C or 37°C for the 

indicated time and examined again as described above.

2.16.2 Visualization of gaiactose-inducible GFP chimeric proteins - T o

identify the regions of Nopip and Soflp that contain functional NLSs, kap121-34
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cells were transformed with plasmids encoding the galactose-inducible NOP1 or 

SOF1 deletion fragment GFP-chimeras (Table 2-8). These strains were grown to 

mid-logarithmic phase at 23°C in CSMGal lacking the appropriate amino acids 

and nucleotides and visualized directly by fluorescence microscopy.

2.16.3 Temperature shift assays with galactose-inducible GFP chimeric 

proteins -  kap121-34 and kap 104-16 haploid strains containing GAL 7-inducible 

GFP chimeric proteins (pGAL1-NOP1 GFP, pGAL1-SOF1GFP, pGAL1- 

DBP9GFP, pGAL1 -cNLSGFP, pG/\U-Nop1p(aa1-90)-GFP, pGAL1-SoUp 

(aa381-489)-GFP or pG/\L7-Sof1p(aa411-450)-GFP (Table 2-8)), and pKAP121- 

URA3 or pKAP104-URA3 (as indicated), were grown overnight at 23°C in CSMD 

medium lacking the appropriate amino acids and nucleotides. The cultures were 

divided in half and incubated at 23°C or 37°C for 2 hrs. The cells were 

harvested, washed with sterile water and resuspended in CSMGal lacking the 

appropriate amino acids and nucleotides (Table 2-8) to induce expression of the 

gene fusions. These cultures were incubated at 23°C or 37°C for an additional 

2-3 hrs and the cellular distributions of the GFP chimeras were established using 

direct fluorescence microscopy.

pRS315-A/OP7 and pRS315-/VOPfcNLS were transformed into kap121- 

34/pGAL 1-SOF1 GFP cells and the localization of Sof1p-GFP was analyzed after 

its induction as described above.

For KAP104 and KAP108 regulated expression, kap121-34/pGAL1-

NOP1GFP and kap121 -34/pGAL1 -SOF1 GFP strains were transformed with
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pGAL1 -KAP104-LEU2 or pGAL1-KAP108-LEU2. The expression of the GFP 

chimeras and KAP104 or KAP108 were induced as described above. The 

cellular localization of each GFP chimera was analyzed by direct fluorescence 

microscopy. To confirm overexpression of KAP104 or KAP108, whole cell 

lysates from 1.5 mL of each culture were prepared as described above (Section

2.10.1) and analyzed by immunoblotting with a-GFP, a-Kap104p, a-Kap108p, 

and mAb D77 antibodies (Table 2-2).

2.16.4 Temperature shift assays with genomicaily tagged GFP gene 

fusions -  When analyzing the cellular localization of genomicaily GFP-tagged 

NOP1 (eNop1p-GFP) or SOF1 (eSoflp-GFP), strains containing the NOP1-GFP 

or SOF1-GFP genomic tags (Table 2-7) were grown to mid-logarithmic phase at 

23°C and visualized by direct fluorescence microscopy (T=0). These cultures 

were then shifted to 37°C and the cellular localization of eNop1p-GFP or eSoflp- 

GFP was monitored at the indicated time intervals as described above.

2.16.5 Metabolic poisoning -  Metabolic poisoning assays were performed as 

previously described (Shulga et al., 1996). Briefly, 5 mL cultures of kap121-34 

cells transformed with pNOPIGFP, pSOF1GFP, or p12-GFP-NLS were grown to 

mid-logarithmic phase at 23°C in CSMD-His-Trp-Ura and the localizations of 

these GFP chimeras analyzed as described above. 1.5 mL of each culture was 

harvested and the cells washed with CSM-His-Trp-Ura. Cells were resuspended 

in CSM-His-Trp-Ura containing 10 mM sodium azide and 10 mM 2-
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deoxyglucose, incubated on ice for 2 hrs and the localizations of Nop1p-GFP and 

cNLS-GFP monitored at the indicated time points.

2.17 In vitro binding assays

2.17.1 GST-Ste12p, GST-Dbp9p and GST-Sof1p protein complex formation

-  For in vitro binding reactions involving GST-Ste12p, GST-Dbp9p and the 

fragments of GST-Sof1p, initial purification was carried out as described above 

(Section 2.13.2). Purified Kap121p was incubated with the GT-Sepharose 

immobilized chimeric proteins for 1 hr at 4 °C with rotation. The beads were 

collected by centrifugation as recommended by the manufacturer, the unbound 

protein fractions were collected and prepared for SDS-PAGE using 6X SDS 

sample buffer (Table 2-4) as described above (Section 2.12.3). The bound 

protein complexes were washed three times with TB, once with TB containing 

500 mM NaCI and three additional times with TB. The beads were loaded onto a 

microcentrifuge chromatography column (BioRad) and 60 uL 1X SDS sample 

buffer passed over the beads twice to release the bead-bound proteins. Both the 

bound and unbound fractions were heat denatured as described above (Section

2.12.3) and an equal volume of each sample was separated by SDS-PAGE 

(Section 2.12.3) and visualized by Coomassie blue staining.

2.17.2 GST-Nop1p protein complex formation -  GST-chimeras containing 

full-length Nopip, the deletion fragments of Nopip or GST alone were 

immobilized on GT-Sepharose as described above (Section 2.13.2) and
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incubated with purified recombinant Kap121p, Kap104p or Kap108p (Section

2.13.2) in TB for 3 hrs at 4°C. The beads were collected by centrifugation and 

the unbound protein fractions were collected and prepared for SDS-PAGE as 

described above. The beads were washed three times with 1mL TB and 

collected as described above (Section 2.17.1) SDS-PAGE and Coomassie blue 

staining were used to an analyze equal volume of each of these fractions.

2.17.3 Ran release -  GST-Ste12p(aa494-688)/Kap121p, GST-Nop1 p(aa1- 

90)/Kap121p and GST-Dbp9p/Kap121p protein complexes were formed as 

above (Section 2.17.1 and 2.17.2) and separated into three equal aliquots. Ran- 

GTP, Ran-GDP, or GTP-loading buffer alone were added and incubated with 

rotation at room temperature for 30 min. The beads were collected by 

centrifugation, and each unbound protein fraction was collected and prepared for 

SDS-PAGE. The bound protein complexes were washed three times with TB 

and released from the beads as described above (Section 2.17.1). Proteins in 

the resulting fractions were separated by SDS-PAGE and visualized by 

Coomassie blue staining. The amounts of Kap121p present in each lane of the 

gel were quantified using ImageQuant as previously described (Lee and 

Aitchison, 1999). The quantity of Kap121p released from the complex was 

represented graphically as a percentage of total Kap121p ((released/(released + 

bound)) x 100%). The standard deviations from the means were calculated from 

three separate experiments.
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2.17.4 Sof1p-pA protein complex formation -  Sof1 p-pA was isolated from a 

yeast whole cell lysate. 100 of IgG-coupled magnetic beads, from a 2.0 x 106 

bead/mL slurry, were pre-equilibrated by washing the beads three times with 1 

mL TB. The beads were then blocked by incubation with TB containing 0.4 ug of 

BSA/jxL and 0.2% casamino acids (Difco) at room temperature for 30 min. The 

beads were added to 10 mL of a SOF1-A yeast whole cell lysate (Section 2.10.2) 

and incubated with rotation at 4°C for 2-16 hrs. The beads were collected using 

a magnet and the unbound fraction was aspirated slowly and discarded. The 

beads were washed three times with 5 mL TB and three times with 5 mL of 

elution buffer containing 1 M MgCI2 to remove Sof1 p-interacting proteins. The 

sample was then divided into 4 equal fractions, 400 to 800 ng of the indicated 

purified recombinant proteins were added to individual fractions of the 

immobilized Sof1p-pA and incubated at 4°C for 2 hrs. The beads were collected 

and the unbound protein fractions were prepared for SDS-PAGE. Immobilized 

protein fractions were washed three times with 1mL TB and prepared for SDS- 

PAGE as described above. The samples were separated by SDS-PAGE, 

transferred to nitrocellulose membranes and immunoblotted with a-Kap121p 

(which recognizes GST, protein A and Kap121p (Marelli etal., 1998)).

2.17.5 In vitro binding challenge assays -  For Sof1p-pA-GST-Nop1p and 

Sof1p-pA-Kap121p complex challenge assays, the complexes were assembled 

as described above (Section 2.17.4) and divided into five equal fractions. The 

bead-bound proteins from one of these fractions were released from the beads
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with 1X SDS sample buffer. The remaining fractions of beads were incubated 

with either recombinant Kap121p (in TB2), GST-Nop1p (in TB2), GST (in TB2) or 

TB2 alone, as indicated, for 2 hrs at 4°C. The beads were collected using a 

magnet and the unbound protein fractions prepared for SDS-PAGE. The beads 

were washed two times with 1ml_ TB and the bead-retained proteins were 

collected as described above. All samples were separated by SDS-PAGE and 

transferred to nitrocellulose membranes. Immunoblotting using a-Kap121p was 

used to analyze the unbound and bound fractions.

2.17.6 Competition assays -  Nop1 p-pA was purified from NOP1-A cell lysates 

as described above (Section 2.17.4). The immobilized chimera was incubated 

with ~400 ng of purified Kap121 p (in TB2) at 4°C for 3 hrs and the beads washed 

three times with 1mL TB containing 500 mM NaCI. The Nop1p-Kap121p 

complexes were then challenged with the indicated GST-NLS chimeric protein (in 

TB2 plus 500 mM NaCI), GST (in TB2 plus 500 mM NaCI), or TB2 plus 500 mM 

NaCI for 3 hrs at 4°C. All unbound and bead-bound fractions were analyzed by 

immunoblotting as described above (Section 2.17.4).
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Chapter 3 -  Kap121p-mediated nuclear import is required for 
mating and cellular differentiation in S. cerevisiaeP

3.1 Summary

The prototypical Kap121p nuclear import pathway was used as a model to 

enhance our general understanding of how regulated nucleo-cytoplasmic 

transport events influence cellular physiology. This chapter describes the 

identification and characterization of Ste12p, a transcription factor required for 

both the mating response and pseudohyphal or invasive growth, as a Kap121p 

nuclear import cargo. While generating kap121 temperature-sensitive (ts) 

mutants, two previously unreported phenotypes associated with kap121 mutants 

were detected: defects in mating and in the transition from the normal yeast form 

to the pseudohyphal, invasive form. Using Kap121p as a probe in overlay blot 

assays of yeast nuclear proteins, Ste12p was identified among 27 potential 

Kap121p cargoes. Together, these preliminary studies suggested that these 

mutant phenotypes could result from an inability to import Ste12p. Indeed, in 

vivo fluorescence microscopy studies showed that Ste12p mislocalized to the 

cytoplasm upon temperature inactivation of Kap121p in kap 121-ts mutant strains. 

Co-immunopurification and in vitro binding studies demonstrated that Kap121p 

interacted specifically with Ste12p, and that this interaction was sensitive to Ran- 

GTP. The Kap121p-specific NLS of Ste12p was found to reside within the C

8 The data presented in this Chapter were published in Leslie, D.M., B. Grill, M.P. Rout, R.W. 
Wozniak, and J.D. Aitchison. 2002. Kap121 p-mediated nuclear import is required for mating and 
cellular differentiation in yeast. Mol Cell Biol. 22:2544-55.
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terminus of Ste12p. Furthermore, overexpressing STE12 or expressing a 

STE72CNLS gene fusion in kap121-ts haploid cells suppressed both the invasive 

growth and mating defects of this strain. Together, these data established that 

Ste12p is imported into nuclei by Kap121p, and that the mating and cellular 

differentiation defects associated with kap121-ts mutants are attributable, at least 

in part, to the mislocalization of Ste12p. This chapter emphasizes how employing 

parallel experimental approaches when initially identifying potential nuclear 

transport cargoes provides valuable insight that can link the phenotypes 

associated with kap mutants to their transport substrates.

3.2 KAP121 temperature-sensitive mutants

3.2.1 Generation and characterization of kap121-ts mutants -  Previous 

studies have demonstrated that KAP121 is an essential gene (Rout et al., 1997; 

Seedorf and Silver, 1997). To understand the essential role Kap121p plays in 

cellular fitness and aid in the identification of Kap121p-specific cargoes, a 

random PCR mutagenesis approach (Muhlrad etal., 1992) was used to isolate 

temperature-sensitive mutant alleles of KAP121. Four temperature-sensitive 

clones were isolated based on their ability to grow on rich solid medium at 23 °C 

but not at 37°C (Figure 3.2.1 A)9. To characterize the growth rates of these 

mutant clones in liquid culture, their growth was monitored over a 12 hour period 

at either 23°C or 37°C and growth curves were generated from these data for 

each strain (Figure 3.2.1 B). When compared to a wild-type strain

9 kap121-ts strains were isolated by Brock Grili.
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Figure 3.2.1: kap121-tsxa\itants. A .  Parental (PT) DF5 cells, Akap121/pKAP121-URA3 
(WT), and the kap121-ts yeast strains were streaked on to Y EPD agar plates and incubated 
for 2 days at 23°C or 37°C. When incubated at 23°C, all strains grew, but the growth o f  the 
temperature-sensitive strains (kap l21 -18, kap!21-26, kap121-34, and kap121 -41) was 
dramatically inhibited at 37°C. B. WT (Map121 /p K A P 1 21-URA3) and kap121-ts strains 
were inoculated into Y EPD liquid medium at a concentration o f  5 x 10D cells/mL and 
incubated at either 23°C or 37°C. Aliquots were removed from each culture at the indicated 
times and the cell concentration o f each culture was determined using a hemacytometer. 
Culture concentrations are plotted against time (hours). C. W T (Akapl21 /pKAP121-URA3) 
and kap121-ts strains were inoculated into YEPD liquid medium at a concentration o f ~1 x 
106 cell/ml and incubated at 37°C. Cells were harvested from these cultures at the indicated 
times and whole cell lysates were generated. An equal amount o f  protein from each sample 
was separated by SDS-PAGE, transferred to nitrocellulose and probed with a-K apl21p and 
a -G sp lp  (loading control) antibodies (Table 2-2).
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(Akap121/pKAP121- URA3), all of the mutant strains grew slower at the 

permissive temperature (23°C) and displayed dramatic growth defects at the 

non-permissive temperature (37°C). Immunoblotting whole cell lysates obtained 

from both the wild-type and temperature-sensitive strains during a similar 

temperature shift time course with a-Kap121p antibodies (Table 2-2) 

demonstrated that each mutant allele produced proteins of the same molecular 

mass as wild-type Kap121p (Figure 3.2.1 C), indicating that Kap121p was present 

but not functional at the non-permissive temperature (37°C).

3.2.2 Nuclear import of Kap121p cargo in kap121-ts mutants -  To determine 

if the kap121-ts alleles isolated contained mutations that impaired Kap121p 

mediated nuclear import, the cellular localization of a Pho4SA-GFP fusion 

(Kaffman et ai, 1998b) was monitored in the kap121-18, kap121-34, and 

kap121-41 strains. As previously observed with other kap121 mutants (pse1-1 

(Kaffman et ai, 1998b) and kap121-41 (Marelli et ai., 1998)), this GFP chimera 

was predominantly mislocalized to the cytoplasm of each strain at the permissive 

temperature (23°C) and was completely mislocalized at the non-permissive 

temperature (37°C) (Figure 3.2.2). When a wild-type allele of KAP121 was 

added back to each strain, Pho4SA-GFP relocalized to the nucleus at both 23°C 

and 37°C (Figure 3.2.2), demonstrating that these mutant alleles of KAP121 

specifically impaired the Kap121 p transport pathway in the similar manner as the 

pse1-1 allele. As differences in import among the three kap 121 -ts strains 

examined (Figure 3.2.2 and below) were not obvious, and not specifically
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Figure 3.2.2: N u c lea r im port o f Kapl21p cargo in  th e  kap121-ts strains. The Pho4SA- 
GFP gene fusion (Kaffman et al., 1998b) was expressed in the indicated kap121-ts strains, as 
well as the same strains also expressing a wild-type KAP121 allele. The cultures were grown 
to mid-logarithmic phase at 23°C and the G FP chimera detected using fluorescence 
microscopy (Top). These cultures were then incubated at 37°C for 3 hours and localization 
o f Pho4SA-GFP determined as described above. Note that when expressed in the kap121-ts 
mutants at 23°C the GFP fusion was predominantly mislocalized to the cytoplasm and 
completely mislocalized to the cytoplasm of these cells when incubated at 37°C.
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explored, I chose to focus on characterizing the mutant phenotypes of one of

these strains, kap121-34. DNA sequence analysis of the kap121-34 allele 

identified 20 point mutations, which resulted in 13 amino acid residue changes 

throughout the length of the protein (Table 3-1).

Table 3-1 kap121-34 nucleotide and amino acid residue substitutions

Nucleotide Change Position
Amino Acid 

Residue Change Position
A ->  C 305 I ->  T 102
A ->  G 977 D ->  G 326

T  ->  C 1087 Y -> H 363
A ->  G 1274 Q ->  R 425

A ->  T 1336 T  ->  S 446
A ->  G 1630 I< ->  E 544

T  ->  G 2042 L ->  R 681

A ->  G 2105 E -> G 702

T  ->  C 2317 S - > P 773
A ->  T 2566 N - >  Y 856

C ->  T 2732 S ->  F 911
T  ->  C 3068 V -> A 1023
A ->  G 3109 I - >  V 1037

kap121-34 D N A  coding sequence was determined in both the forward and reverse orientation, and the 
resulting kap121-34 DN A sequences were compared to KAP121 using MegAlign. Nucleotide substitutions that 
appeared in bo th  the forward and reverse orientation sequences were incorporated into the full-length KAP121 
sequence and translated using EditSeq. The resulting kapl21-34p amino acid residue sequence was compared 
with wild-type I<apl21p using MegAlign and amino acid residue substitutions recorded. The nucleotide 
substitutions that resulted in amino acid residue changes are presented here.

As demonstrated above, initial analysis of kap121-34 cells showed that 

this strain grew more slowly than the wild-type strain at all temperatures tested 

(Figure 3.2.1 B). However, closer examination of kap121-34 cells revealed that 

these cells accumulated late in cell division as large-budded cells after 4 hours of 

growth at 37°C10 (Marelli et ai, 1998). Furthermore, when crossed with other 

strains, this strain did not mate as well as other laboratory strains (see below; 

Figure 3.9.1). This mating deficiency suggested that Kap121p might mediate the

10 Similar, independent observations were made by Dr. Marcello Marelli and Dr. C. Patrick Lusk 
when working with the kap121-41 strain .

I l l
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nuclear import of proteins required for mating; a pheromone response assay 

was, therefore, used to further characterize this phenotype.

3.2.3 kap121-34 cells do not respond to pheromone at non-permissive 

temperatures -  When haploid cells are treated with the appropriate pheromone 

a number of physiological changes occur that are indicative of mating responses, 

including cell cycle arrest (evidenced by the accumulation of unbudded cells) and 

shmoo formation, which can be assayed using differential phase contrast 

microscopy (Figure 3.2.3A; (Sprague, 1991)). To this end, kap121-34 Mata and 

wild-type (DF5) Mata cultures were grown to mid-logarithmic phase at 23°C and 

were found to contain 40-50% unbudded cells, a characteristic typical of actively 

growing cultures (Figure 3.2.3B). These cultures were then treated with 2.5 ,uM 

a-factor, incubated at 23°C, 30°C or 37°C, and assayed for shmoo formation and 

cell cycle arrest at 1 hour intervals post-pheromone treatment. In WT (DF5) 

cultures, the number of unbudded and shmooed (unbudded/shmooed) cells 

increased to ~75% after 3 hours of pheromone treatment at 23°C, ~85% at 30°C 

and 75% at 37°C. The number of unbudded and shmooed cells increased to 

~70% at both 23°C and 30°C in kap121-34 cultures, indicating that these cells 

were also able respond to a-factor at permissive temperatures (Figure 3.2.3B). 

However, at the non-permissive temperature kap121-34 cells did not respond to 

pheromone treatment. The number of unbudded and shmooed cells remained 

constant at ~40% under these conditions (Figure 3.2.3A/B). These data 

supported our qualitative observation that wild-type Kap121 p was important for
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Figure 3.2.3: kap121-34 cells are u n ab le  to  respond  to  a -fa c to r  a t non-perm issive 
tem peratures. Exponentially growing DF5 Mata and kap121-34 Mata, cultures were treated 
with 2.5 uM a-factor and incubated at 23°C, 30°C or 37°C. Samples were taken from each 
culture at 1 hour intervals post-pheromone treatment and fixed with 3.7% formaldehyde in 
7.5 mM NaCl. A .  The cultures were assayed using differential phase contrast microscopy 
for cell cycle arrest (the accumulation o f unbudded cells) and shmoo formation. N ote that 
shmoos were not detected in the kap121 -34 cultures when incubated at 37°C. B. The 
number o f budded cells was compared to the number o f unbudded/shm ooed cells in each 
culture. Plotted are the percentages o f unbudded/shm ooed cells in the presence of 
pheromone. The standard deviations from the means were calculated from three separate 
experiments. Note the lack o f response to pheromone by kap121 -34 cells at 37°C.
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the mating response. I, therefore, hypothesized that an essential factor required 

for yeast mating responses was normally imported into the nucleus by Kap121 p. 

While previous studies had identified a number of Kap121p nuclear import 

cargoes, including Pho4p (Kaffman etal., 1998b), Spo12p (Chaves and Blobel, 

2001), Pdrlp (Delahodde etal., 2001) and Yaplp (Isoyama etal., 2001), the 

cellular processes governed by these substrates are not specifically related to 

the mating process. Thus, overlay blot assays of yeast nuclear proteins were 

used to identify Kap121p cargoes; some of which may be implicated in this 

specific differentiation program.

3.3 Identification of Ste12p as a Kap121p-interacting nuclear protein

A protein A (pA)-tagged Kap121p chimera (Kap121-pA) was used in an 

overlay assay to detect nuclear proteins that interact with Kap121p11. Yeast 

nuclei were purified, the proteins fractionated using hydroxy apatite HPLC 

(HA/HPLC), separated by SDS-PAGE, and transferred to nitrocellulose 

membranes (Figure 3.3.1A). The membranes were incubated with cytosols from 

yeast cells expressing Kap121p-pA, and the bound chimera was detected with 

rabbit IgG and enhanced chemiluminescence (Figure 3.3.1 B). Because 

Kap121p and Kap123p are functionally similar and it is well established that they 

bind to many of the same cargoes (Rout et ai, 1997), the overlay blot assay was 

repeated using protein A-tagged Kap123p (Kap123p-pA) as a control. Fractions 

enriched with Kap121p-interacting proteins were pooled and further fractionated

11 Overlay blot assays were performed by Drs. John Aitchison and Michael Rout.
114
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Figure 3.3.1: K apl21p in teracts  w ith  num erous n uclear p ro te in s. A .  Yeast nuclear 
proteins were purified, fractionated by hydroxyapatite HPLC (HA/HPLC), separated by 
SDS-PAGE, transferred to nitrocellulose membranes and detected by amido-black staining. 
B. These membranes were then probed with cytosols from cells expressing either I<apl21p- 
pA or I<apl23p-pA and the bound chimeras were detected with horse-radish peroxidase- 
conjugated rabbit IgG  and ECL. The Kapl21p-pA overlay blot is shown here. C. Fractions 
enriched with I<apl21p interacting proteins were pooled as indicated and further 
fractionated by reverse-phase HPLC (RP/HPLC). The resulting fractions were separated by 
SDS-PAGE, transferred to nitrocellulose membranes and detected by amido-black staining. 
D. These membranes were separately probed with cytosols containing I<apl21p-pA or 
K apl23p-pA as described above and the bound chimeras detected as before. Shown are 
overlaid, colorized images o f each blot (red = Kapl23p-pA; green =  Kapl21p-pA; yellow = 
both). Karyopherin-interacting proteins were identified by mass spectrometry o f the same 
protein bands in an identical gel. The protein bands corresponding to the identified proteins 
are marked with red, green or yellow squares (indicating their interaction specificity) on the 
RP/H PLC amido black-stained membrane. The band corresponding to Stel2p is labeled in 
panels C  and D. (Overlay blot assays were performed by Drs. John Aitchison and Michael 
Rout.)
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by reverse-phase HPLC (RP/HPLC), separated by SDS-PAGE and transferred to 

nitrocellulose membranes (Figure 3.3.1 C). These membranes were again 

separately probed with Kap121-pA and Kap123-pA cytosols. The resulting 

Kap121p-pA and Kap123p-pA profiles were compared (Figure 3.3.1 D) and all 

karyopherin-interacting proteins were identified by MALDI-TOF mass 

spectrometry of the same bands in Coomassie blue-stained SDS-polyacrylamide 

gels12.

Twenty-seven Kap121p-interacting proteins were identified (Table 3-2). In 

agreement with previous studies, many of these proteins, including ribosomal 

proteins, also interacted with Kap123p; however, 11 proteins favored Kap121p 

over Kap123p under these conditions. Among these was Ste12p (Figure 3.3.1), 

a transcription factor that regulates mating responses and cellular differentiation. 

The central role that Ste12p plays in regulating mating responses (Gustin eta l, 

1998; Liu et al, 1993; Roberts and Fink, 1994), together with the data 

demonstrating that kap121-34 mutants were unable to respond to a-factor at 

elevated temperatures prompted further characterization of the Kap121p-Ste12p 

interaction.

Table 3-2 Kap121p-interacting nuclear proteins
YPD

Name
a.k.a MW Binding

Preference
Function #Peptides % Coverage P(top)/P<

next) B and#

YBR031W RpWAp 39124 Kapl21p/
Kapl23p

Ribosomal protein L4 (yeast L2; YL2; rp2; 
Xcnopus L I; Drosophila L I; rat L4), nearly 
identical to Rpl4Bp

11 49 1 x 10(15) 26

YBR079C Rpglp;
Tif32p

110329 Kapl21p/
Kapl23p

Translation initiation factor cIF3, p i 10 subunit 12 18 1 x 10(10) 34

YBR142W Mak5p 87051
Kapl21p/

Kapl23p

Probable RNA-hclicasc o f the DEAD box family, 
involved in maintenance o f M double-stranded 
RN A (dsRNA) killer plasmid, required for 60S

16 26 2x10(25) 41

12 Wenzhu Zhang in Dr. Brian Chait’s laboratory at the Rockefeller University performed MALDI- 
TOF mass spectrometry experiments and subsequent protein identifications.
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ribosomal subunit biogenesis
YCR016W 33594 Kapl21p Protein o f unknown function 11 41 5 x 10(4) 17

YDL014W" Noplp 34487 Kapl21p

Fibrillarin, required for 35S rRNA processing and 
methvlarion, mcthyltransfctasc component o f box 
C /D  snoRNPs which function in 2'-0- 
mcthvlarion o f ribosomal RNAs, and component 
o f L’3 snoRNP, which is required for 18S rRNA 
biogenesis

9 45 5 x 10(7) 49,50,52

YDL20SW Nhp2p 18883
Kapl21p/

Kapl23p

Nucleolar protein required in association with 
H/ACA snoRNAs for ribosomal RNA 
pscudouridinylation

6 32 1 x 10(10) 7,42

YDR012W Rpl4Bp 39094 Kapl21p/
Kapl23p

Ribosomal protein L4 (yeast 1-2; YL2; rp2; 
Xenopus L I; Drosophila L I; rat L4), nearly 
identical to Rpl4Ap

10 44 1 x 10(12) 26

YF.R082C
L’tp7p;
Krc31p 62333 Kapl21p

Component o f L'3 snoRNP (also called small 
subunit proccssomc), which is required for 18S 
rRNA biogenesis, has one VfD (WD-40) domain

15 31 2 x 10(25) 25

YER126C Nsa2p;
Krc32p 29751 Kapl21p Nuclear protein involved in ribosome biogenesis 12 41 2x  10(10) 36

YHR084W Stcl2p 77S53 Kapl21p

Transcription factor that binds to pheromone 
response element (PRE) to regulate genes 
required for mating, also functions with Teclp to 
regulate genes required for pscudohyphal growth

14 32 8 x 10(21) 12

YHR203C Rps4Bp 29431 Kapl21p/
Kapl23p

Ribosomal protein S4 (yeast S7; YS6; rp5; rat and 
human S4), identical to Rps4Ap 24 66 1 x 10(50) 28

YJR145C Rps4Ap 29431 Kapl21p/
Kapl23p

Ribosomal protein S4 (yeast S7; YS6; rp5; rat and 
human S4), identical to Rps4Bp 23 62 1 x 10(49) 28

YKR024C Dbp7p 83328 Kapl21p/
Kapl23p

Protein involved in 60S ribosomal large subunit 
biogenesis, member o f DEAD-box family o f 
putative ATP-dcpendcnt RNA hclicascs

8 16 1 x 10(7) 40

YLL011W" Soflp 56804 Kapl21p

Protein component o f L'3 snoRNP (also called 
small subunit proccssomc), which is required for 
18S rRNA biogenesis, contains seven WD (WD- 
40) repeats

17 49 1 x 10(23) 38

YLR175W CbBp 54717 Kapl21p/
Kapl23p

Ribosomal RNA pscudouridinc synthase, 
associated with 11/ACA class small nucleolar 
RNAs (snoRNAs)

14 36 5 x 10(19) 32,33

YLR276C Dbp9p 68076 Kapl21p
Member o f the DEAD-box RNA hclicase family, 
functions in rRNA processing to the precursor o f 
60S ribosomal subunits, interacts with Dbp6p

16 39 3 x 10(26) 44

YLR448W Rpl6Bp 20004 Kapl21p/
Kapl23p

Ribosomal protein L6 (yeast L17B; YL16B; 
human L6), nearly identical to Rpl6Ap

8 50 2 x 10(3) 8

YML069W Pob3p 62960 Kapl21p
Protein that binds to DNA polymerase I (Poll) 
that is involved in both transcription and 
replication

9 24 5 x 10(3) 18

YML073C RpI6Ap 19980 Kapl21p/
Kapl23p

Ribosomal protein L6 (yeast L17A; YL16A; 
human L6), ncarlv identical to Rpl6Bp

8 50 2 x 10(3) 8

YNL002C
RJp7p:
Rix9p 36569 Kapl21p/

Kapl23p

Protein with similarity to ribosomal proteins 
including Rp!7p (Rpl7Ap and Rpl7Bp), involved 
in processing o f precursor rRN As

14 45 1 x 10(17) 30

YNI.075W Imp4p 33486 Kapl21p

Component of L’3 snoRNP (also called small 
subunit proccssomc), which is required for prc- 
18S rRNA processing, member o f supcrfamily of 
proteins with a sigma70-likc motif

15 53 3 x 10(13) 17

YOL041C Nopl2p 51962 Kapl21p Protein important for the svnthcsis o f 25S prc- 
rRNA 10 25 6 x 10(12) 24

YOL090V Msh2p 108860 Kapl21p/
Kapl23p

Component with Msh3p and Msh6p o f DNA 
mismatch binding factor, involved in repair o f 
single base mismatches and short insertions/ 
deletions

12 21 5 x 10(16) 43

YOL127W Rpl25p 15775
Kapl21p/
Kapl23p

Ribosomal protein L25 (YL25; rp61L; E. coli 
L23; rat L23a), required for efficient prc-rRNA 
processing, including early cleavage steps and 
processing o f internal transcribed spacer 2 (ITS2)

9 60 1 x 10(7) 6

YOL145C Ctr9p 124639 Kapl21p/
Kapl23p

Protein required for normal expression o f G1 
cydins CLN1 and CLN2, has tctratricopcptidc 
(TPR) repeats and binds triplex DNA, may be 
involved in transcription elongation

6 9 5 x 10(2) 34
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YOR063W Tcmlp 43796
Kapl21p/

Kapl23p

Ribosomal protein L3 (YL1; rp l; rat L3), 
responsible for trichodcrmin resistance and 
involved in maintenance o f dsRNA viruses

22 49 1 x 10(31) 37,51

YPL012W Rrpl2p 137501 Kapl21p
Protein possibly involved in rRNA processing, 
has high similarity to uncharactcrizcd C. albicans 
Orf6.7937p

36 44 1 x 10(35) 45

Proteins identified by K apl21p-pA  and K apl23p-pA  overlays are listed as their open reading frame identifier 
and their com mon names. Calculated molecular masses (MW) are shown. Binding preference indicates 
whether the protein bound specifically to K apl21p or showed litde specificity between the K apl21p-pA  and 
K apl23p-pA . Functions are listed as annotated in YPD (Yeast Proteom e Database; Incyte Genomics; 
h ttp s ://www.incvte.com1. The num ber o f  peptides identified, percent coverage o f  the protein and the ratio o f  
the probability o f  the first-ranked protein to the second-ranked protein as determined by the protein search 
engine "ProFound" is shown. For ratios a  103 the identification o f  the top-ranked protein is considered to be 
highly confident.

3.4 Ste12p is mislocalized in kap121-ts cells

To determine if Ste12p is a cargo of the Kap121p-mediated transport 

pathway, Ste12p was C-terminally tagged with green fluorescent protein (GFP) 

and its cellular localization examined in kap121-18, kap121-34 and kap121-41 

cells (Figure 3.4.1 A). At 23°C, Ste12p-GFP was predominantly nuclear but also 

detectable in the cytoplasm of kap121-ts cells. After 3 hours at 30°C the 

cytoplasmic pool of Ste12p-GFP increased and at 37°C Ste12p mislocalized to 

the cytoplasm, with little or no defined nuclear signal (Figure 3.4.1 A). When a 

functional copy of KAP121 was added back to kap121-34 cells, Ste12p-GFP 

remained nuclear at all temperatures. Similar observations were made when a 

wild-type copy of KAP121 was added back to kap121-18 and kap121-41 cells. 

These data demonstrated that partial or total loss of Kap121p function caused 

the redistribution of Ste12p to the cytoplasm, while the presence of a functional 

copy prevented this mislocalization. As controls, the cellular localizations of GFP 

fusion proteins containing the cNLS of SV40 large T antigen and the NLS of 

RpI25p (Rpl25NLS), whose import into the nucleus are mediated by
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Figure 3.4.1: S tel2p m islocalizes in  kap121-ts a t non -p erm issiv e  tem p era tu res. A .
Stel2p was expressed as a GFP chimera in the indicated kap121-ts haploid cells, as well as 
kap121-34 cells expressing a wild-type copy of KAP121. Cultures were grown to mid- 
logarithmic phase at 23°C and GFP detected using direct fluorescence microscopy. In each 
case, the GFP fusion localized predominantly to the nucleus. Each culture was then shifted 
to 30 °C or 37 °C for 3 hours prior to microscopy analysis. N ote that after the temperature 
shift to 30°C the cytoplasmic pool o f Stel2p-GFP increased and at 37°C this chimera was 
primarily mislocalized to the cytoplasm. B. The cNLS o f SV40 large T-antigen and the NLS 
o f Rpl25p (Rpl25NLS) were expressed as GFP chimeras in kap121-34 cells under the 
conditions described above and their cellular localizations monitored as before.
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Kap95p/Kap60p and Kap123p, respectively (Rexach and Blobel, 1995; Rout et 

al., 1997), were monitored in the kap121-34 strain. Both of these GFP chimeras 

localized to the nucleus at all temperatures tested (Figure 3.4.1 B), indicating that 

Ste12p mislocalization was specific to the Kap121 p transport pathway.

3.5 Mapping the nuclear localization signal (NLS) of Ste12p

3.5.1 Kap121p interacts directly with the C terminus of Ste12p -  Both the

overlay assay and the in vivo import data suggested that Kap121p interacts with

Ste12p and mediates its nuclear import. In vitro binding studies were used to

determine whether Kap121p interacts directly with Ste12p. A GST chimera

containing full-length Ste12p was constructed and expressed in E. coli, however

this chimera was highly susceptible to proteolysis. Deletion fragments of Ste12p

were, therefore, generated to further characterize this interaction and

concomitantly identify the region of Ste12p that contains its NLS. Ste12p

contains a number of domains that are essential for its function as a transcription

factor (Pi et al., 1997; Yuan and Fields, 1991), but the presence of an obvious

NLS was not clear. Visual analysis of the amino acid residue sequence of

Ste12p revealed a few regions located in both the N-terminal and C-terminal

portions of Ste12p that could function as NLS sequences based on the high

concentration of basic amino acid residues within these areas (Figure 3.5.1 A).

GST chimeras containing amino acid residues 1-252, 253-493, 494-688 (GST-

Ste12p(aa1-252), GST-Ste12p(aa253-493) and GST-Ste12p(aa494-688),

respectively) and GST alone were expressed in E. coli, immobilized
122
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aa1-252<
aa253-493
aa494-688

aa1-252 aa253-493aa494-688 GST 
Kap121p Kap121p Kap121p Kap121p
UB B UB B UB B UB B200 '  . . . .  ,

-Kap121p

-GST-Ste12p(aa1 -252) 
-GST-Ste12p(aa253-493) 
-GST-Ste12p(aa494-688)

-GST

Figure 3.5.1: K apl21p in teracts directly w ith  the C -term inal portion  o f Stel2p. A .  The
schematic diagram illustrates the fragments o f Stel2p expressed as GST fusions, with the 
regions in gray highlighting basic regions that were considered as potential NLS sequences. 
B. GST alone (~400 ng) and the fragments o f Stel2p (~400 ng) were expressed as GST
chimeric proteins in E. coli and immobilized on GT-Sepharose. The immobilized chimeras 
were incubated with recombinant Kapl21p (~200 ng). After extensive washing, bound 
protein fractions were released from the GT resin by incubation with lx  SDS sample buffer. 
Equal amounts o f both the unbound (UB) and bound (B) protein fractions were analyzed by 
SDS-PAGE and Coomassie blue staining.
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on GT-Sepharose and incubated with recombinant Kap121p. Kap121p bound 

directly to the C-terminal fragment of Ste12p (amino acid residues 494-688), but 

failed to bind to either the N-terminal (amino acid residues 1-252) or central 

portions (amino acid residues 253-493) of the protein or GST alone (Figure

3.5.1 B).

3.5.2 The Kap121p-interacting domain of Ste12p contains a functional NLS

-  To evaluate the potential of each fragment of Ste12p to be imported into nuclei 

in vivo, these fragments were C-terminally fused to a tandem repeat of two GFPs 

(2xGFP), expressed under control of the ADH1 promoter and visualized directly 

by fluorescence microscopy in wild-type (DF5) yeast cells. In agreement with the 

in vitro binding studies, only the C-terminal, Kap121p-interacting fragment of 

Ste12p (amino acid residues 494-688) was targeted to the nucleus, while the 

other fragments were diffusely localized throughout the cell (Figure 3.5.2A). 

Furthermore, the import of Ste12p(aa494-688)-GFP was found to be dependent 

on Kap121 p function. In kap121-34 cells, Ste12p(aa494-688)-GFP was localized 

predominantly to nuclei at 23°C but mislocalized to the cytoplasm at 37°C 

(Figure 3.5.2B). Moreover, the nuclear import of this GFP chimera was rescued 

by introducing a wild-type copy of KAP121 into this strain. As a control, we also 

monitored the localization of Ste12p(aa494-688)-GFP in a kap95 temperature- 

sensitive strain (kap95-14). In this strain, the atypical yeast p-karyopherin 

(Kap95p) is mutated and, consequently, cNLS-containing reporters are 

mislocalized to the cytoplasm at restrictive temperatures. Under these
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A aa1-252-GFP aa253-493-GFP aa494-688-GFP

DF5

B.
kap121-34

kap121-34 
+ KAP121 kap95-14

23°C

37°C

Ste12p(aa494-688)-GFP

Figure 3.5.2: A m ino acid residues 494 to 688 of Stel2p con ta in  a functional Kapl21p
N LS. A .  Stel2p deletion constructs were expressed as GFP chimeras in haploid DF5 cells. 
Cultures were grown to mid-logarithmic phase at 23°C, and the localization o f these GFP 
chimeras determined using direct fluorescence microscopy. Note the nuclear localization of 
the C-terminal portion o f Stel2p. B. The C-terminal GFP chimera (Stel2p(aa494-688)- 
GFP) was expressed in ka p l21 -34, kap121 -34 containing a wild-type copy o f KAP121  
(kap121-34 +  KAP121) and kcp95-14 cells. Cultures were grown to mid-logarithmic phase at 
23°C, and the GFP chimeras detected as described above or incubated at 37°C for 3 hours 
prior microscopy analysis. Note the cytoplasmic accumulation of Stel2p(aa494-688)-GFP in 
kap121-34 after the temperature shift
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conditions, the Ste12p(aa494-688)-GFP chimera remained nuclear at both the 

permissive and non-permissive temperatures (Figure 3.5.2B). Taken together, 

these data demonstrated that Kap121p mediates the nuclear import of Ste12p 

through a direct interaction with an, as yet undefined, NLS present between 

amino acid residues 494 and 688 of Ste12p.

3.6 RanGTP dissociates the Kap121p-Ste12p complex

RanGTP is a key regulator and a driving force of nucleo-cytoplasmic

transport (Clarke and Zhang, 2001; Cole and Hammell, 1998; Macara, 2001;

Moore, 1998; Strom and Weis, 2001). Previous studies have shown that the

binding of Ran-GTP to import-bound p-karyopherins; including Kap95p (Rexach

and Blobel, 1995), Kap104p (Lee and Aitchison, 1999), Kap123p (Schlenstedt et

al., 1997), and Kap121p (Kaffman etal., 1998b; Schlenstedt et al., 1997),

contributes, to varying degrees, to the displacement of import substrates. To test

if RanGTP affected Kap121p-Ste12p(aa494-688) import complexes in a similar

manner, this complex was immobilized on GT-Sepharose as described above

and incubated with RanGTP, RanGDP, or GTP-loading buffer. The unbound and

bound protein fractions were analyzed by SDS-PAGE and visualized by

Coomassie blue staining (Figure 3.6.1 A). Addition of RanGTP to the complex

resulted in the release of Kap121p into the unbound protein fraction. By

comparison when the complex was challenged with RanGDP or GTP-loading

buffer, Kap121p remained predominantly in the bound fraction. Quantification of

the amount of Kap121p released in three separate experiments revealed that
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Figure 3.6.1: R an-G T P dissociates Kapl21p-Stel2p(aa494-688) p ro te in  com plexes. A .
GT-Sepharose immobilized GST-Stel2p(aa494-688)-Kapl21p complexes were incubated 
with RanGTP (~120 ng), RanGDP (~120 ng), or GTP-loading buffer, as indicated, for 30 
min at room temperature. The unbound (UB) protein fractions were collected and the 
proteins remaining bound to the resin (B) were released by incubation in lx  SDS sample 
buffer. Equal amounts o f each protein fraction were analyzed by SDS-PAGE and 
Coomassie blue staining. B. The results from three separate experiments were quantified as 
described in Section 2.17.3. The graph represents the percentage o f K apl2p that was 
released by each treatment. The standard deviations from the means were calculated from 
three separate experiments. Note that K apl21p was preferentially released when the protein 
complex was incubated with RanGTP.
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RanGTP stimulated the dissociation of this import complex approximately 3-fold 

over that of either RanGDP or buffer alone (Figure 3.6.16). The specific 

dissociation of Kap121p-Ste12p(aa494-688) protein complexes by RanGTP is 

similar to other nuclear import carrier/cargo interactions and is thought to mimic 

the conditions these complexes encounter as they enter the nucleus in vivo 

(Isoyama etal., 2001; Kaffman etal., 1998b; Lee and Aitchison, 1999; Rexach 

and Blobel, 1995; Rout etal., 1997; Schlenstedt etal., 1997).

3.7 The C-terminal fragment of Ste12p, amino acid residues 494 to 688, 

interacts specifically with Kap121p

Previous studies suggest that the Kap121p and Kap123p transport 

pathways overlap and are capable of mediating the nuclear import of some 

common substrates (Isoyama etal., 2001; Rout etal., 1997). To investigate the 

specific role that Kap121p plays in the nuclear import of Ste12p, 

immunopurification studies were used to determine whether the recombinant, E. 

coli expressed Ste12p GST chimeras could interact with other p-karyopherins. 

Each GST-Ste12p chimera was immobilized on GT-Sepharose and incubated 

with lysates derived from yeast strains expressing protein A (pA)-tagged copies 

of Kap95p, Kap104p, Kap121p, and Kap123p. Bound proteins were eluted from 

the column with increasing concentrations of MgCI2 and lastly with 0.5 M acetic 

acid. Coomassie blue staining and immunoblotting (Figure 3.7.1) demonstrated 

that of the four karyopherins tested, only Kap121p specifically enriched with the 

C terminus of Ste12p. Together, the immunopurification data, the overlay blot
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Figure 3.7.1: T h e  C term inus o f Stel2p specifically enriches Kapl21-pA from w hole cell 
lysates. Recombinant GST-Stel2p(aal-252) (A), GST-Stel2p(aa253-493) (B), and GST- 
Stel2p(aa494-688) (C) chimeras were immobilized on GT-Sepharose and incubated with 
whole cell lysates from strains expressing protein A (pA) chimeras o f kaps. Bound protein 
complexes were washed with wash buffer (WB), followed by increasing concentrations of 
MgCl2 ((MgCh) in M is indicated) and finally with 0.5 M acetic acid (AA). Proteins from each 
fraction were separated by SDS-PAGE. T op  P an e l shows the Coomassie blue-stained gel 
resulting from incubating the S tel2p GST-chimeras with lysates derived from cells 
expressing Kapl21p-pA. B ottom  P anel shows immunoblots detecting the pA chimeras in 
the unbound lysate (U), the first wash buffer fraction (WB) and eluate fractions from each 
experiment. N ote the only detected interaction was between K apl21p and the C-terminal 
portion of Stel2p.
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assays and the in vitro binding studies provide complementary evidence 

demonstrating that Kap121p interacts exclusively with Ste12p in a RanGTP 

sensitive manner via direct binding with the NLS-containing C terminus of this 

protein.

3.8 Ste12p-induced transcription is severely compromised in kap121-34 

ceils.

The data presented above suggest that kap121-34 cells are unable to 

respond to mating pheromones at elevated temperatures because, under these 

conditions, Ste12p is mislocalized to the cytoplasm of these cells. Therefore, I 

hypothesized that Ste12p-induced transcription would also be affected in 

kap121-34 cells. A well-characterized Ste12p-dependent p-galactosidase 

reporter, fusl-LacZ(Trueheart eta!., 1987) was used to monitor Ste12p-induced 

transcription in kap121-34 Mate and wild-type (DF5) Mate cells in response to 

the mating pheromone, a-factor. These strains were grown to mid-logarithmic 

phase, treated with 5 uM a-factor and incubated at 23°C, 30°C and 37°C. 

Samples were obtained from each culture prior to pheromone treatment, and at 1 

hour and 3 hours post-pheromone treatment, p-galactosidase activity assays 

and immunoblotting were used to determine the transcriptional activity of Ste12p 

under these conditions. In both strains, |3-galactosidase activity peaked at 3 

hours post-pheromone treatment, but at all temperatures tested kap121-34 cells 

displayed significantly less Ste12p transcriptional activity that that observed in

wild-type cells. This effect was more pronounced at 37°C (Figure 3.8.1).
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Figure 3.8.1: Stel2p-induced transcription is compromised in kap121-34 cells.
kap121-34 Mate, and wild-type (DF5) Mate cells containing a fusl-LacZ  fusion were induced 
with 5 u.M a-facto r and incubated at 23°C, 30°C, or 37°C. Samples were taken at the 
indicated intervals post-pheromone treatment and prepared for im munoblot analysis or (3- 
galactosidase activity assays. Units o f (3-galactosidase activity were determined as described 
in Materials and M ethods (Section 2.14.1) and represented graphically, the error was 
calculated from three separate experiments. Immunoblots detecting the |3-galactosidase and 
G splp  (loading control) were from whole cell lysates obtained from the same experiment 
represented graphically. The standard deviations from the means were calculated from three 
separate experiments. N ote the (3-galactosidase activity and the am ount o f (3-galactosidase 
protein produced by kap121-34 cells were significantly less than that produced by wild-type 
cells at all temperatures.
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It should also be noted that the overall enzymatic activity was decreased in both 

wild-type and mutant cells at 37°C. The reasons for this are unclear, but may 

involve a heat shock response and may partially explain a poor mating efficiency 

of even wild-type cells at 37°C (Reid and Hartwell, 1977).

3.9 Ste12p-regulated cellular processes are compromised in kap121-34 

cells

The fact that, coincident with its mislocalization to the cytoplasm, Ste12p 

activity is apparently compromised at permissive temperatures provided the 

opportunity to assay both mating and invasive growth efficiencies under 

permissive growth conditions. To address this, quantitative mating and invasive 

growth assays were performed with kap121-34 mutants at 23°C and 30°C. 

Quantitative mating assays showed that the mating efficiency of kap121-34 cells 

was at least 3-fold less than that observed for wild-type cells (Figure 3.9.1 A). 

Furthermore, the invasive growth assay demonstrated that invasion-competent 

cells (Gustin et al, 1998) carrying a WT copy of KAP121 displayed characteristic 

haploid invasive growth, but otherwise isogenic cells containing the kap121-34 

allele were unable to invade agar at either 23°C or 37°C (Figure 3.9.1 B). Taken 

together, these data further supported the findings presented above which 

established that Kap121p mediates the nuclear import of Ste12p and, as a result, 

limited Kap121p function affected the cellular differentiation reactions regulated 

by nuclear Ste12p.
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Figure 3.9.1: kap121-34  cells do n o t m a te  efficently  o r grow  invasively. A .
Exponentially growing kap121-34, Akapl 21 /pKAP121-URA3, kap121-34/pRS426-5TE/2, 
kap 121 -34/pRS316-STE 12cNLS and wild-type tester strains were grown at 23°C, 2 x 106 
cells of the strain being tested were mixed with 10' cells o f the tester strain and incubated at 
23°C or 30°C for 5 hours. The mating mixtures were plated on the appropriate selection 
media to select for diploids, as well as haploid cells o f the strain being tested, and the 
resulting colonies counted. The standard deviations from the means were calculated from 
three separate experiments. Mating efficiency is expressed as a percentage o f the input 
haploids o f  the strain being tested that formed diploid colonies. B. Invasion-competent 
kap121 -34 cells, Akapl21 / pKAP121-URA3 cells and kap121-34 cells containing either wild- 
type STE12  on a multicopy plasmid (pRS426-TTE/2) or the 5TE/2cN LS fusion (pRS316- 
STE 12cNLS) were patched onto YEPD media and incubated at 23°C or 30°C for 2 days. 
The plates were then washed with a gentle stream o f deionized water to reveal invasive 
growth (Roberts and Fink, 1994). N ote that kap121-34 cells were unable to grow invasively; 
but that A kapl21 /pKAP121-URA3  cells and kap121-34 cells expressing multiple copies of 
STE12, or the STE12cNLS fusion were able to invade the agar.
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However because Kap121p likely imports many cargoes, we wished to evaluate 

whether these phenotypes primarily resulted from inefficient Ste12p import. To 

address this, invasion-competent kap121-34 cells were transformed with a 

multicopy plasmid encoding STE12, effectively resulting in the overexpression of 

STE12. Under these conditions, the kap121-34 mating and invasive growth 

defects were rescued (Figure 3.9.1 AS)- Previous studies have demonstrated 

that overexpression of STE12 suppressed many mating defects (Dolan and 

Fields, 1990; Schrick et al., 1997) and stimulated pseudohyphal/invasive growth 

(Lorenz and Heitman, 1997; Treisman, 1996). It was therefore possible that 

additional components required for these differentiation processes may be 

similarly mislocalized in kap121-34 cells and that overexpression of STE12 could 

mask their mislocalization. To address the specific role Ste12p plays in the 

development of these kap121-34 mutant phenotypes, STE12 was fused in frame 

to the SV40 large T antigen cNLS sequence (Kalderon et al., 1984b); thereby 

allowing it to be imported by the Kap95p/Kap60p import pathway. Expression of 

this chimera in kap121-34 cells, from its endogenous promoter, rescued both 

mating and invasion mutant phenotypes (Figure 3.9.1/4/S). Together, these 

findings clearly demonstrated that the observed Ste12p-induced transcription 

deficiency in kap121-34 cells and subsequent inability of these cells to mate or 

grow invasively were directly related to the inefficient nuclear import of Ste12p in 

this mutant strain.

3.10 Discussion
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To expand our understanding of the mechanisms of nuclear transport, this 

study focused on unraveling the web of interactions for a typical karyopherin, 

Kap121 p. Kap121 p is an essential yeast protein (Rout et al., 1997; Seedorf and 

Silver, 1997) that was initially characterized as a p-kap based on its similarity to 

Kap95p and Kap123p (Rout et al., 1997). Kap121p was then found to be 

functionally homologous to Kap123p; both p-kaps mediated the nuclear import of 

many common cargoes (Isoyama et al., 2001; Mosammaparast et al., 2002b; 

Mosammaparast et al., 2001; Rout et al., 1997). However, each also appears to 

have its own set of cargoes. Studies have shown that Kap121p imports Pho4p 

(Kaffman et al., 1998b), Pdrlp (Delahodde et al., 2001), Spo12p (Chaves and 

Blobel, 2001), and A ftlp  (Ueta et al., 2003), transcription factors that regulate 

phosphate homeostasis, multidrug resistance, sporulation, iron homeostasis and 

cell size regulation, respectively. A two-pronged approach was used to further 

characterize Kap121p: New kap121 temperature-sensitive mutants were 

generated; and overlay blot assays were used to initiate the identification of novel 

Kap121 p nuclear import cargoes.

This approach proved to be very fruitful; four kap121 temperature- 

sensitive alleles were isolated and 27 Kap121p-interacting proteins were 

identified (Figures 3.2.1 and 3.3.1). Kap123p also bound some of Kap121p- 

interacting proteins, supporting the previously reported redundancy between 

these two p-kaps (Isoyama et al., 2001; Mosammaparast et al., 2001; Rout et al., 

1997). However, 11 proteins preferentially interacted with Kap121p (Table 3-2).

137

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Given that approximately one third of all yeast proteins are imported into the 

nucleus, I believe that this list represents a subset of all Kap121p cargoes. 

Indeed, only one of the twelve previously characterized Kap121p cargoes, 

Rpl25p, was among these 27 proteins (Chaves and Blobel, 2001; Delahodde et 

al., 2001; Isoyama et al., 2001; Kaffman et al., 1998b; Mosammaparast et al., 

2002b; Mosammaparast etal., 2001; Ueta etal., 2003). This was not surprising, 

as the nature of this approach, using a karyopherin as the probe to identify 

cargoes, demands that the cargoes be sufficiently abundant in order to detect 

these interactions. In the past, Kap121p cargoes were identified by monitoring 

the cargo’s (Yaplp, Pdrlp, Pho4p, A ftlp  and histones H2A, H2B, H3, and H4) 

cellular localization in different kap mutants or when Kap121p co-immunopurified 

with the cargo of interest (Spo12p). The majority of the [3-kap-interacting proteins 

(23 of the 27) identified here are abundant cellular factors that are required for 

ribosome biogenesis. Therefore, these proteins are likely to represent some of 

the more abundant Kap121p cargoes in the cell.

Intriguingly, two previously unreported phenotypes associated with the 

kap121 temperature-sensitive mutants were also observed here: defects in the 

mating response and the transition to the pseudohyphal, invasive form (Figures 

3.2.3 and 3.9.1). These two, apparently distinct, differentiation programs are 

activated by different external stimuli and utilize different MAP kinases to convey 

their signals to the nucleus. However, both pathways share some signaling 

elements (Ste20p, Ste11p and Ste7p) and converge on a single nuclear
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transcription factor, Ste12p -  a protein that specifically interacted with Kap121p 

in the overlay assays (reviewed in Bardwell, 2004; Pan et al., 2000; Schwartz 

and Madhani, 2004). Depending on the MAP kinase activated, the 

phosphorylation state of Ste12p, and its interaction partners, different 

transcriptional programs are activated (see Section 1.9.1). These specific gene 

expression patterns induce either the mating response or pseudohyphal/invasive 

growth. Indeed, based on what is currently known about these two cellular 

responses, Ste12p is unique among characterized nuclear proteins whose 

mislocalization could specifically disable both of these differentiation programs.

Thus, in vivo fluorescence studies were used to test if the nuclear import 

of Ste12p was dependent on Kap121p. Analysis of Ste12p-GFP chimeras 

demonstrated that Ste12p was not efficiently imported into nuclei of kap121-ts 

cells, and remained cytoplasmic at the non-permissive temperature (Figure 

3.4.1). When a functional copy of KAP121 was added back to these cells, 

Ste12p import was restored, establishing that functional Kap121p is required for 

Ste12p nuclear import. Furthermore, although Kap121p function has previously 

been shown to overlap with that of Kap123p, Ste12p is a Kap121p-specific 

nuclear import cargo. In agreement with the overlay assays, immunopurification 

studies showed that of the p-kaps tested (Kap95p, Kap104p, Kap121p and 

Kap123p) only Kap121p specifically purified with Ste12p (Figure 3.7.1). 

Additionally, in vivo fluorescence localization studies demonstrated that a
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temperature-sensitive mutation in KAP95 did not affect Ste12p nuclear import 

(Figure 3.5.2).

A combination of in vivo fluorescence localization and in vitro binding 

studies determined that amino acid residues 494-688 of Ste12p contain a 

functional Kap121p-specific NLS (Figures 3.5.2). Furthermore, these studies 

demonstrated that, as with other cargoes for this |3-kap (Isoyama et al., 2001; 

Kaffman etal., 1998b; Ueta etal., 2003), Kap121p interacts directly with Ste12p 

in a RanGTP-sensitive manner (Figure 3.5.1 and 3.6.1). While I have not 

attempted to more precisely define the amino acid residues that are necessary 

and sufficient for NLS activity, amino acid residue sequence alignment studies 

have predicted a number of domains within this fragment of Ste12p that could 

function in this capacity. Alignments between the NLS of Pho4p and full-length 

Ste12p identified two short domains, amino acid residues 521-534 and 638-657, 

which are 28.6% and 35% similar to the Pho4p NLS, respectively. Moreover, an 

independent amino acid residue sequence alignment study between the 

Kap121p-interacting domains of Nup53p, Pho4p, Yaplp, Spo12p and Ste12p 

identified a larger domain, amino acid residues 606 to 651 (Lusk et al., 2002). 

Interestingly, the parallels between these p-kap-interacting domains fall into two 

distinct regions that are separated by a spacer of variable length -  a 

characteristic reminiscent of the bipartite NLS sequences found in some 

Kap95p/Kap60p nuclear import cargoes. Mutational and structural analysis of
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Ste12p will fully illustrate which, if any, of these potential NLS domains in this C- 

terminal fragment frame the minimal NLS required for Kap121p interaction.

Ste12p is constitutively expressed and localized to the nucleus (Bardwell, 

2004; Hung etal., 1997), therefore in the absence of appropriate external stimuli 

its activity must be repressed. This is accomplished by the binding of D iglp and 

Dig2p, which function as negative regulators of Ste12p. Upon stimulation, 

phosphorylation of Ste12p, and/or D iglp and Dig2p alters the ability of these 

regulators repress Ste12p activity (Olson etal., 2000). Given that Ste12p activity 

is restricted to the nucleus (Bardwell, 2004; Pan et al., 2000), it is likely that 

mutations affecting its nuclear import would impair mating, and 

pseudohyphal/invasive growth to the same extent as complete loss of this 

transcription factor. Therefore, a role for Kap121 p in Ste12p import suggests that 

the cytoplasmic mislocalization of Ste12p in kap121 cells is the primary cause of 

the observed mating and invasive growth defects. Indeed, Ste12p-induced 

transcription was severely compromised in these cells at all temperatures tested 

(Figure 3.8.1). Moreover, expression of a STE12cNLS fusion or overexpression 

of STE12 suppressed both mutant phenotypes. Together, these data suggest 

that, although other Kap121p cargoes are mislocalized in kap121-34 cells, the 

phenotypes observed under these conditions are linked directly to Ste12p.

A number of other mutant phenotypes have also been associated with 

kap121 temperature-sensitive mutants. These include the nuclear accumulation 

of small ribosomal subunits (Moy and Silver, 1999), drug sensitivity (Delahodde
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et al., 2001), sporulation defects (Chaves and Blobel, 2001) and cell cycle 

progression defects (Makhnevych etal., 2003; Marelli etal., 1998), as well as the 

accumulation of mRNA in nuclei of kap121/kap123 (pse1-1/kap123A) double 

mutants (Seedorf and Silver, 1997). Studies have directly attributed the drug 

sensitivity and inefficient sporulation to the mislocalization of Kap121p import 

cargoes (Chaves and Blobel, 2001; Delahodde et al., 2001). But direct roles for 

Kap121p or Kap123p in mRNA and/or ribosomal subunit export have not been 

shown. However, the studies presented here and previously have demonstrated 

that these p-kaps, as well as Kap108p/Sxm1 p and Kap119p/Nmd5p, mediate the 

nuclear import of ribosomal proteins and ribosome assembly factors (see 

Chapter 4 and 5, and Rout etal., 1997; Sydorskyy etal., 2003). Ribosome 

subunit assembly is extremely complex and requires the coordinated activity of 

numerous nuclear proteins. Thus, the accumulation of these subunits in nuclei of 

kap mutants could be a downstream consequence of the inability to efficiently 

import proteins required for their assembly or subsequent export. Indeed, a 

recent study by Sydorskyy et al. (2003) demonstrated that the nuclear 

accumulation of pre-60S ribosomal subunits in rai1/kap 123 double mutant strains 

was partially due to the inefficient Kap123p-mediated import of Nmd3p, a factor 

required for the pre-60S subunit export. Together, these findings underscore the 

validity of our parallel approaches and provide a framework for future studies 

aimed at linking seemingly pleiotropic phenotypes (like the nuclear accumulation
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of mRNA and ribosomal subunits) associated with kap mutants to their transport 

cargoes.
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Chapter 4 -  Identification of a unique class of Kap121p nuclear 
import cargoes and a novel nuclear transport network13

4.1 Summary

This chapter focuses on the identification of two novel Kap121 p transport 

cargoes, Nopip and Dbp9p. Nopip is a nucleolar protein encoded by an 

essential yeast housekeeping gene required at the early stages of ribosome 

biogenesis. Dbp9p is an essential DEAD-box helicase that is also required for 

60S ribosome assembly. In vivo fluorescence microscopy studies demonstrated 

that Nopip and Dbp9p accumulated in the cytoplasm of kap121-ts mutant cells 

at the restrictive temperature. Furthermore, in vitro binding studies showed that 

Kap121p interacts directly with both of these cargoes. Additional 

characterization of the Kap121p-Nop1p protein-protein interaction demonstrated 

that, in addition to lysine-rich nuclear localization signals (NLS), Kap121p 

recognizes a unique class of NLS sequences, termed rg-NLSs that are 

distinguished by the abundance of arginine and glycine residues. In contrast to 

previous studies, which have shown that Kap121 p-lysine-rich NLS nuclear import 

complexes are sensitive to RanGTP, Nop1p-Kap121p nuclear import complexes 

were stable in the presence of RanGTP. These findings suggest that separate 

molecular mechanisms are used to terminate Kap121 p-mediated import cycles. 

Moreover, in vitro competition binding assays established that Kap121 p does not

13 The majority of the data presented in this Chapter were published in Leslie, D.M., W. Zhang,
B.L. Timney, B.T. Chait, M.P. Rout, R.W. Wozniak, and J.D. Aitchison. 2004. Characterization of 
karyopherin cargoes reveals unique mechanisms of Kap121 p-mediated nuclear import. Mol Cell 
Biol. 24:8487-503.
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interact with these two types of cargo concurrently. I also discovered a functional 

relationship between Kap121p and Kap104p, a kap that also recognizes rg- 

NLSs, and demonstrated that Kap104p can compensate for loss of functional 

Kap121p. These findings established for the first time that these seemingly 

unrelated nucleo-cytoplasmic transport pathways converge; giving rise to a 

nuclear transport network in which different karyopherins mediate the import of 

some common cargoes, highlighting the complex network of interactions 

between import karyopherins and their cargoes.

4.2 Kap121p interacts specifically with a number of ribosome assembly 

factors

As described above (Section 3.3), overlay blot assays were used to 

identify interactions between Kap121p and nuclear proteins by probing three 

dimensionally separated yeast nuclear proteins with cytosols isolated from 

strains expressing protein A tagged Kap121p (Kap121p-pA) or Kap123p 

(Kap123p-pA) (Figure 3.3.1). The sections of these overlay blots that are 

relevant to this chapter are shown in Figure 4.2.1. Twenty-seven Kap121p- 

interacting proteins were identified (Table 3-2) and further studies demonstrated 

that this procedure could successfully be used to identify direct interactions 

between p-kaps and cargoes. These interactions included Ste12p, which was 

confirmed to be an authentic import cargo of Kap121p (see Chapter 3 and Leslie 

etal., 2002), and numerous ribosomal cargoes of Kap123p (Rout etal., 1997). 

The successful preliminary identification of a novel Kap121p nuclear import
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Figure 4.2.1: K apl21p in te rac ts  w ith  num erous nuclear p ro te in s . A .  Yeast nuclear 
proteins were purified, fractionated and probed with cytosols from cells expressing either 
K apl21p-pA or Kapl23p-pA as described previously (See Sections 2.11 and 3.3, and Figure 
3.3.1). Fractions enriched with Kapl21p-pA-interacting proteins were pooled as shown in 
Figure 3.3.2 and the proteins fractionated further using R P/H PLC . These samples were 
then separated by SDS-PAGE, transferred to nitrocellulose membranes, and detected by 
amido black staining. B. Membranes were separately probed with cytosols from cells 
expressing Kapl21p-pA  or K apl23p-pA and bound chimeras were detected as described 
above. Shown are overlaid, colorized images o f each blot (red =  Kapl21p-pA; blue = 
Kapl23p-pA). Karvopherin-interacting proteins were identified by mass spectrometry o f the 
corresponding protein bands in an identical gel.
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cargo, Ste12p, using this approach prompted further characterization of the 

Kap121 p interactions identified here.

Previous studies have demonstrated that |3-kaps often transport cargoes 

that mediate similar tasks in the cell (e.g. transcription factors) or that function 

together (e.g. ribosome proteins). Interestingly, the majority of the proteins that 

interacted specifically with Kap121p in the overlay blot assay function as trans

acting ribosome assembly factors. Together, these data suggest that Kap121p 

could function as the primary transport receptor for this class of essential cellular 

factors. Two of the most prominent Kap121p-interacting proteins identified in the 

overlay blot assays were Nopip and Dbp9p. I, therefore, chose to further 

characterize the Kap121p-Dbp9p and Kap121 p-Nop1p interactions.

4.3 Kap121p interacts directly with Nopip and Dbp9p

Previous studies have demonstrated that Kap121p mediates the nuclear

import of its cargoes by interacting directly with them. Solution binding assays

were, therefore, used to determine whether Kap121p was also capable of binding

directly to Nop1 p and Dbp9p. GST fusion proteins containing full-length Nop1 p

or Dbp9p were synthesized in E. coli, immobilized on GT-Sepharose and

incubated with recombinant Kap121p. As observed with previously identified

Kap121p cargoes, Kap121p interacted directly with both GST-Nop1p and GST-

Dbp9p (Figure 4.3.1). Given that |3-kaps, including Kap121p, typically mediate

nuclear transport by interacting directly with their substrates, these findings

presented here suggest that Kap121p mediates the nuclear import of these
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Figure 4.3.1: Kapl21p interacts directly w ith  N o p lp  and  D bp9p. E. coli synthesized GST 
chimeras containing N op lp  or Dbp9p (—400 ng) were immobilized on GT-Sepharose and 
incubated with recombinant Kapl21p (-300 ng). The unbound protein fractions (UB) were 
collected and after extensive washing, lx  SDS sample buffer was passed over the GT-resin 
to release the bead-bound proteins (B). Equal amounts o f both the bound and unbound 
protein fractions, as well as the GST-fusion proteins alone (A), were analyzed using SDS- 
PAGE and Coomassie blue staining.
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trans-acting ribosome assembly factors into the nucleus.

4.4 Development of a regulated in vivo fluorescence-based nuclear import 

assay

4.4.1 Noplp and Dbp9p are tethered in the nucleolus -  To determine 

whether Noplp and Dbp9p are authentic Kap121p nuclear import cargoes, these 

proteins were C-terminally tagged with the green fluorescent protein (GFP)14. 

The cellular localization of Nop1p-GFP and Dbp9p-GFP were examined in the 

kap 121-34 temperature-sensitive strain at permissive (23°C) and non-permissive 

temperatures (37°C) by direct fluorescence microscopy. In agreement with 

previous studies, both Nop1p-GFP (Aris and Blobel, 1991) and Dbp9p-GFP 

(Daugeron etal., 2001) localized exclusively to the nucleolus at 23°C, but 

surprisingly both proteins remained nucleolar after a 3 hour incubation at 37°C 

(Figure 4.4.1 A). This is in contrast to Ste12p (see Chapter 3; Figure 3.4.1) and 

other previously characterized Kap121p cargoes (Chaves and Blobel, 2001; 

Delahodde et al., 2001; Kaffman etal., 1998b; Mosammaparast et al., 2001; 

Rout et al., 1997; Ueta et al., 2003), which redistribute from the nucleus to the 

cytoplasm under similar non-permissive and semi-permissive conditions.

I was concerned that plasmid expression of these GFP chimeras may be 

well above endogenous levels, which could mask the mislocalization of 

endogenous Noplp (or Dbp9p), therefore NOP1 was genomically tagged with

14 Benjamin Timney, in Dr. Michael Rout’s laboratory, constructed the plasmids constitutively expressing 
these NO P 1 GFP  and D BP9GFP  chimeric genes.
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Figure 4.4.1: C o n stitu tiv e ly  ex p ressed  N o p lp -G F P  an d  D b p 9 p -G F P  do  n o t 
m isloca lized  in  kap121-34 cells a t th e  restric tiv e  te m p era tu re . A .  The cellular 
distribution o f  constiutively expressed N op lp -G F P  (pNOP1 GFP) and D bp9p-G FP 
(pDBPPGFP) were monitored by direct fluorescence microscopy in kap121 -34 cells. Cells 
expressing these GFP chimeras were visualized after growth to mid-logarithmic phase at the 
permissive temperature (23°C) and after a 3 hour incubation at the restrictive temperature 
(37°C). Both N oplp-G FP  and Dbp9p-GFP remained exclusively nucleolar after 3 hours at 
37°C. B. NOP1—GFP, kap121-34 haploid cells were grown at 23°C (T=0). The cultures 
were then shifted to 37°C and the distribution o f ^N oplp-G FP was observed at 1 hour 
(T = l), 2 hours (T=2) and 4 hours (T=4) post-temperature shift by direct fluorescence 
microscopy. As a control, a wild-type copy of KAP121 (pKAP121-URA3) was added back 
to this strain. Note, under these conditions ^Noplp-GFP remained entirely nucleolar.
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GFP in the kap121-34 strain. These cells were grown to mid-logarithmic phase 

at 23°C and the localization of endogenous Nop1p-GFP (eNop1p-GFP) was 

determined as described above (Figure 4.4.16; T=0). Cultures were then 

incubated at 37°C and the cellular localization of eNop1p-GFP was monitored 

periodically. Surprisingly, under these conditions eNop1p-GFP remained 

exclusively nucleolar (Figure 4.4.16). These data suggested one of two 

possibilities: 1. Another member of the |3-karyopherin protein family is mediating 

the nuclear import of Noplp; or 2. Mechanisms such as binding and retention 

within the nucleolus keep Noplp (and Dbp9p) in the nucleus after Kap121p 

inactivation.

A previously described in vivo nuclear import assay (Shulga etal., 1996) 

was used to test the nucleolar retention hypothesis. This assay utilizes the 

metabolic poisons azide and deoxyglucose, which reduce the cellular levels of 

RanGTP (Schwoebel et al., 2002), to induce the redistribution of the soluble 

contents of the nucleus between the nucleus and cytoplasm. As mentioned in 

Chapter 1, the RanGTP gradient is required for all aspects of nucleo-cytoplasmic 

transport; including nuclear import cargo dissociation, nuclear export complex 

assembly and the recycling of nuclear import p-kaps to the cytoplasm (reviewed 

in Fried and Kutay, 2003; Mosammaparast and Pemberton, 2004; Rout et al., 

2003). Thus, treating cells with azide and deoxyglucose results in the nucleo- 

cytoplasmic equilibration of soluble nuclear transport cargoes (Shulga et al., 

1996). To this end, kap121-34 cells were poisoned (treated with 10 mM
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deoxyglucose and 10 mM sodium azide, and incubated on ice) and the cellular 

localizations of Nop1p-GFP and cNLS-GFP monitored. The cNLS-GFP fusion 

equilibrated between the nucleus and cytoplasm in a manner similar to that 

previously reported (Shulga et al., 1996), however these conditions failed to 

induce the equilibration Nop1p-GFP (Figure 4.4.2). Together, these findings 

suggest that Noplp is not a soluble nucleoplasmic protein and that during 

Kap121p inactivation its nuclear concentration is maintained by mechanisms 

such as binding and retention within the nucleolus.

4.4.2 Galactose-regulated nuclear import assays demonstrate that 

Kap121p function is required for Noplp nuclear import -  In light of the data 

presented above I imagined that if Noplp and Dbp9p are bona fide Kap121p 

nuclear import cargoes, inducing their expression after inactivation of Kap121p 

would reveal whether this transport pathway is required for their nuclear import. 

NOP 1 GFP and DBP9GFP  were, therefore, placed under the control of a 

galactose-inducible promoter (GAL1). The expression of these GFP fusions was 

induced after temperature inactivation of kap121-34p and their cellular 

distributions were examined by direct fluorescence microscopy. After 3 hours of 

growth under inducing conditions at 37°C, both Nop1p-GFP and Dbp9p-GFP 

accumulated in the cytoplasm of kap121-34 cells, but were appropriately 

localized to at 23°C or when a wild-type copy of KAP121 was present (Figure 

4.4.3). By comparison, when synthesized under the same conditions (under 

control of the GAL1 promoter) cNLS-GFP remained nuclear at both the
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cNLS-GFP

Nop1p-GFP

kap121-34

Figure 4.4.2: N o p lp  does not equ ilib rate  betw een  the  nucleus and  cytoplasm  upo n  
m etabolic poisoning. kap121-34 cells containing pNOP1GFP (Noplp-GFP) or pl2-G FP2- 
NLS (cNLS-GFP) were grown to mid-logarithmic phase at 23°C (0 min). Cells were then 
washed, placed in media containing 10 mM sodium-azide and 10 mM 2-deoxyglucose, and 
incubated on ice. The cellular distributions o f  these GFP chimeras were documented by 
direct fluorescence microscopy at the indicated times. Note, the cNLS-GFP equilibrated 
between the nucleus and the cytoplasm while N oplp-G FP remained exclusively nucleolar.
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Figure 4.4.3: N o p lp  an d  D bp9p  m islocalize in  ka p 1 21 -34  cells. T he cellular
distributions o f  galactose-inducible N O P  1 GFP (G A L 1  -N oplp-G FP) and DBP9GFP  
(G^4L7-Dbp9p-GFP) gene fusions were monitored by direct fluorescence microscopy in 
kap121-34 cells. These chimeras were expressed at either 23°C or 37°C. Note, both G AL1- 
N oplp-G FP and GAL7-Dbp9p-GFP accumulated in the cytoplasm o f kap121-34 cells when 
expressed at the non-permissive temperature. This contrasts with control kap121-34 cells 
containing a wild-type copy of KAP121 (pKAP 121- URA3) or kap121-34 cells expressing a 
GAL7-cNLS-GFP chimera.
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permissive and non-permissive temperatures. These data indicate that Kap121p 

is required for the efficient nuclear import of Nop1 p and Dbp9p.

4.5 Noplp contains an N-terminal GAR domain that is similar to rg-NLS 

sequences

The NLS regions of previously characterized Kap121p cargoes are 

generally rich in lysine residues (Table 1-2), and in this sense resemble the 

cNLSs or the NLSs of ribosomal proteins. Similarly, visual inspection of the 

amino acid residue sequences of Dbp9p and Noplp, as well as the other 9 

potential Kap121p-specific cargoes identified in the overlay blot assay revealed 

that each contains at least one lysine-rich region that could represent functional 

Kap121p NLS sequences (Table 4-1).

Table 4-1 Potential Kap121 p-recog n ized N LSs______________ ________
YPD

N am e
a.k.a P red icted  lysine-rich N LS Location

YCR016W k s s t k k g i<r v s k p g t i<k i<:e i<l s k d e k n s i<i<n k i l k aa61-98
YDL014W N o p lp FSHRPGRELISMAKKRPNIIP aal99-219

YER0S2C
Utp7p;
KreSlp KPDVKGKNSGLRSFLRKK aa487-504

YER126C
Nsa2p;
Kre32p

KLT GW'KGKQF AKIvR aa41-54
RIIRPSALRQKK aal70-181

YHR084W Stel2p GRPYTPNYRSTPGS aa521-564
PRRRTVGMKSSQGNVPTGNKQSVGKSAKISKPLHIK aa582-616

YLL011W Soflp
KRISRHRHVPQVIIG<AQEIKNIELSSIKRREANERRTR
KDM PYISERKKQ

aa411-450

YLR276C Dbp9p
KKPSKKKKVQVKKDK aa365-379
RGN GTKVKFVPF HN AKKR aa554-571

YML069W Pob3p YKDKLKKQYDAKTHI aa342-355
YNL075W Imp4p R W C ILK H LFN A G PK K aa200-216
YOL041C N opl2p KNKSAVRKICSNLNAW FQDHHLR aa 342-365
YPL012W Rrpl2p LKLLRWSHEH TGHFKAKVKH aa971-990

The amino acid residue sequences o f  the regions o f  the potential Kapl21p-specific im port cargoes that were 
found to be similar to the NLSs o f  previously identified K apl21p lysine-rich NLS are presented here. These 
amino add  residue sequences are written using the standard single letter abbreviations.
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This was also true for Nopip; a potential lysine-rich Kap121p NLS is 

located between amino acid residues 199 and 219 (Table 4-1; Figure 4.5.1). 

However, Nopip also contains an N-terminal GAR (glycine/arginine-rich) domain. 

This domain is very similar to the arginine-glycine rich RNA binding domains of 

Nab2p and Nab4p/Hrp1p (Figure 4.5.1), which in S. cerevisiae, are also nuclear 

import signals (rg-NLSs) recognized by the karyopherin, Kap104p (Lee and 

Aitchison, 1999). Moreover, localization studies of Nopip homologues identified 

the evolutionarily conserved N-terminal domain as possessing nuclear 

localization activity. In the case of human Nopip (fibrillarin), this domain was 

required, but not sufficient, for nuclear import (Snaar etal., 2000). In Arabidopsis 

the GAR domain of AtFbrl was both necessary and sufficient to target this 

protein to nucleoli (Pih et ai, 2000). These data strongly suggested that if 

Kap121 p mediates the nuclear import of Nop1 p it could do so by interacting with 

an NLS that is different from those previously characterized for Kap121p 

cargoes.

4.6 Mapping the nuclear localization signal (NLS) of Nopip

4.6.1 The RGG-rich N-terminal GAR domain of Nopip contains a functional

NLS -  As described above, two potential NLSs were identified for Nopip: an

RGG-rich NLS within the N-terminal GAR domain of this protein and a lysine-rich

domain (aa 199-219) that is similar to previously characterized Kap121p NLSs

(Table 4-1 and Figure 4.5.1). To determine if either of these sequences contain

a functional Kap121p NLS, three fragments encoding amino acid residues 1-90,
156

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1 100 
|  GAR Domain

200 300

200 v210
FSHRPGRELISM4KKRPNIIP Noplp

v500 v510 v520
Nab* rg-NLS /  SGVGVNRDRGDRORNDRDRDVNHRSG— GNHRRNGRGGRGG

v30 :G :G  .  : . R . : .  R : G  G . R . :RGGRGG
Noplp GHRGGSRGGFGGRGGSRGGRRGGSRGGFGGRGGSRGGRRGGSRGGRGG 

:.R .  RGG G: G :R  G :RG G:RGG  ~ 6 0  ~ ? 0
Nab2 rg-NLS SqRFTQRGG-GRVGKNRRGGRGGNRGG  

'‘210 ''2Kb

Figure 4.5.1: A  schem atic  d iagram  of N o p lp . The white segment highlights the RGG- 
rich GAR domain o f N oplp . The gray segment represents a basic stretch o f amino acids 
(aal99-219) that is m ost similar to the previously identified K apl21p NLS sequences. 
Amino acid sequence alignment studies using MegAlign (Lipman-Pearson: ktuple, 2; gap 
penalty, 4; gap length penalty, 12) comparing the NLS sequences o f  Nab2p (amino acids 
200-249) and Nab4p (amino acids 492-534) (Lee and Aitchison, 1999) with full-length 
N op lp  are shown here. The GAR domain o f N oplp , amino acids 28 to 54 and 35 to 75, 
were found to share 50% and 30% sequence similarity with the NLSs o f  Nab2p and Nab4p, 
respectively.
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91 -327 and 210-327 of Nop1 p were fused to the 5’ end of a tandem repeat of two 

GFPs (Figure 4.6.1 A). The expression of these Nop1p-(2xGFP) chimeras was 

regulated using the GAL1 promoter in kap121-34 cells as described above and 

their cellular localizations determined by fluorescence microscopy at 23°C 

(Figure 4.6.1 B). Nop1p(aa1-90)-GFP, the fragment containing the RGG- rich 

GAR domain, was targeted to the nucleus, whereas Nop1p(aa91-327)-GFP and 

Nop1p(aa210-327)-GFP were diffusely distributed throughout the cell. Notably, 

Nop1p(aa1-90)-GFP lacks the aforementioned lysine-rich region most closely 

related to other Kap121p NLSs (Chaves and Blobel, 2001; Delahodde et ai, 

2001; Kaffman et ai, 1998b; Lusk et ai, 2002; Mosammaparast et ai, 2002b; 

Mosammaparast et al., 2001; Ueta et ai, 2003). Moreover, the import of 

Nop1p(aa1-90)-GFP was found to be dependent on Kap121p function. When 

the expression of Nop1p(aa1-90)-GFP was induced at 37°C in kap121-34 cells it 

mislocalized to the cytoplasm, but appropriately localized to the nucleolus when 

expressed at the permissive temperature (23°C) (Figure 4.6.1 C). Introduction of 

a wild-type copy of KAP121 rescued this nuclear import defect at the non- 

permissive temperature. These findings suggested that Kap121p mediates the 

nuclear import of Nop1 p via an atypical rg-NLS.

4.6.2 Kap121p interacts directly with the rg-NLS containing fragment of 

Noplp  - T o  confirm that Kap121p is capable of interacting directly with the 

RGG-rich GAR domain of Noplp, GST fusion proteins containing the Noplp 

deletion fragments described above were constructed. These chimeric proteins
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Nop1 p(aa1 -90) B  GAR Domain 1

Nop1p(aa91-327)

Nop1 p(aa210-327)

B.
Noplp Noplp Noplp

(aa1-90)-GFP (aa91-327)-GFP (aa210-327)-GFP

c.
23°C 37°C

kap121-34

kap121-34 
+ KAP121

Nop1 p(aa1 -90J-GFP

Figure 4.6.1: T h e  RGG-rich GAR dom ain  o f N o p lp  contains a functional N LS. A .  A
schematic diagram representing the fragments o f N oplp  expressed as GST- and GFP-fusion 
proteins. The GAR domain and the lysine-rich domain, which is similar to other Kapl21p 
NLSs (aal99-219; gray), are higlighted. B. Galactose-inducible G FP chimeras containing 
these three fragments o f  N o p lp  were synthesized at 23°C in kap121-34 cells and localized 
using direct fluorescence microscopy. N ote the nuclear localization o f  Noplp(aal-90)-GFP. 
C. N oplp(aal-90)-G FP was synthesized at either 23°C and 37°C in kap121-34 and kap121- 
34 +  KAP121 cells, and localized as described above N ote, N oplp(aal-90)-G F P  
mislocalized to the cytoplasm of in kap121-34 cells at 37°C.
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were synthesized in E. coli, immobilized on GT-Sepharose and incubated with 

recombinant Kap121p. In agreement with the in vivo localization studies, 

Kap121p bound directly to GST-Nop1p(aa1-90), but failed to interact to any 

appreciable extent with either GST-Nop1p(aa91-327), GST-Nop1 p(aa210-327) 

or GST alone (Figure 4.6.2). The weak binding to GST-Nop1p(aa91-327) may 

reflect the presence of the basic region (aa199-219) similar to other Kap121p 

NLSs, but which, as shown above, is inactive as an NLS in vivo (Figure 4.6.16). 

Taken together, these data show that Kap121p interacts directly with an rg-NLS 

sequence present in the N-terminal GAR domain of Noplp, which is both 

necessary and sufficient for its Kap121p-mediated import. Furthermore, these 

findings also establish that this |3-kap mediates the nuclear import of two distinct 

types of cargoes: those containing lysine-rich NLSs and those with rg-NLSs.

4.7 GST-Nop1p(aa1-90)-Kap121p protein complexes are insensitive to 

RanGTP

Previous studies have shown that the binding of nuclear RanGTP to 

Kap121p-cargo complexes specifically induces the dissociation of these 

complexes (see Chapter 3 and Isoyama etal., 2001; Kaffman eta!., 1998b; Ueta 

et ai, 2003). To test if RanGTP also displaces Kap121p from GST-Nop1p(aa1- 

90), GST-Nop1p(aa1-90)-Kap121p complexes where immobilized on GT- 

Sepharose and then incubated with RanGTP, RanGDP, or GTP-Ioading buffer. 

RanGTP did not preferentially release Kap121p from the rg-NLS of Noplp. 

Approximately 20% of the total amount of Kap121p bound to GST-Nop1p(aa1-
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Figure 4.6.2: Kapl21p in teracts directly w ith  the RGG-rich GAR dom ain o f  N o p lp .
GST chimeras containing the deletion fragments o f N op lp  (~400 ng) or GST alone were 
immobilized on GT-Sepharose and incubated with recombinant Kapl21p (~300ng). Equal 
amounts o f the unbound fractions (UB), bound fractions (B) and the GST-fusions alone (A) 
were analyzed by SDS-PAGE and Coomassie blue staining. Note, recombinant Kapl21p 
interacts directly with GST-Noplp(aal-90).
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90) was displaced from the protein complex upon incubation with RanGTP, 

RanGDP or GTP Buffer (Figure 4.7.1 A). Studies have demonstrated that 

RanGTP alone is not always sufficient to induce nuclear import complex 

dissociation. This is true for many nucleic acid binding proteins, as researchers 

have demonstrated that a combination of RanGTP and nucleic acids are required 

to release these cargoes from their karyopherins (Lee and Aitchison, 1999; 

Pemberton etal., 1999; Senger etal., 1998). Therefore, it is possible that this is 

also the case for Kap121p. All of the previously identified Kap121p-specific 

import cargoes are transcription factors (see Chapter 3 and Chaves and Blobel, 

2001; Delahodde etal., 2001; Isoyama etal., 2001; Kaffman etal., 1998b; Ueta 

et ai, 2003), which by definition, are nucleic acid binding proteins. However, 

when tested, these Kap121p-cargo interactions were found to be sensitive to 

RanGTP (Figure 3.6.1; (Isoyama etal., 2001; Kaffman etal., 1998b; Ueta etal., 

2003)).

These findings suggested that Kap121p-Nop1p nuclear import complexes 

may, therefore, be insensitive to RanGTP for one of two reasons: 1. Kap121p not 

only imports Nop1 p into the nucleus, but also mediates its intranuclear transport 

(and, possibly, that of other cargoes) to the nucleolus where the mutual binding 

of rRNA and RanGTP could lead to the dissociation of these import complexes; 

or 2. Kap121p-rg-NLS protein-protein interactions are specifically insensitive to 

RanGTP. Although, the NLS of Dbp9p has not been mapped, this protein does 

not contain a sequence similar to the rg-NLS of Noplp. It does, however,
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Figure 4.7.1: R anG T P  does n o t d issocia te  K ap l21p-N oplp  im port com plexes. GT-
Sepharose immobilized protein complexes containing recombinant Kapl21p bound to either 
GST-Noplp(aal-90) (A) or GST-Dbp9p (B) were incubated with Ran-GTP (~120 ng), Ran
GDP (~120 ng), or GTP-loading buffer, as indicated, for 30 min at room temperature. The 
unbound (UB) protein fractions were collected and after washing lx  SDS sample buffer was 
passed over the G T resin to release the bead-bound proteins (B). Equal amounts o f each 
protein fraction were analyzed by SDS-PAGE and Coomassie blue staining (Left Panels). 
The results o f  three separate experiments were quantified as described in Materials and 
Methods (Right Panels). The graph represents the percentage o f Kapl21p that was released 
by each treatment. N ote that when incubated with Ran-GTP K apl21p was preferentially 
released from G ST-D bp9p-K apl21p complexes, bu t no t from G ST -N oplp(aal-90)- 
K apl21p complexes. The standard deviations from the means were calculated from three 
separate experiments.
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contain a lysine-rich domain similar to the NLSs of other Kap121 p cargoes (Table 

4-1), indicating that it likely represents a more typical Kap121p cargo. As Dbp9p 

also localizes to the nucleolus, it was used as a control to distinguish between 

these two hypotheses. Incubation with RanGTP specifically induced the release 

of Kap121p from immobilized GST-Dbp9p-Kap121p protein complexes (Figure

4.7.1 B, left panel). By comparison when the complex was challenged with 

RanGDP or GTP-loading buffer, Kap121p remained predominantly bound to 

GST-Dbp9p. Quantification of the amount of Kap121 p released in three separate 

experiments revealed that at least 2-fold more Kap121p dissociated from Dbp9p 

upon incubation with RanGTP when compared to that released upon incubation 

with either RanGDP or GTP-loading buffer (Figure 4.7.1 B, right panel). The 

specific dissociation of the Kap121p-Dbp9p protein complex by RanGTP is 

similar to that of prototypical Kap121p-cargo interactions (Figure 3.6.1; (Isoyama 

et ai, 2001; Kaffman et al., 1998b; Ueta etal., 2003)). These findings implied 

that the insensitivity of Kap121p-Nop1p protein complexes to RanGTP was 

specific to Kap121p-rg-NLS interactions, not the intranuclear localization of this, 

or other, cargoes. As Noplp represents a novel class of Kap121p cargoes, the 

remaining studies presented in this chapter focused on further analyzing Nop1 p 

nuclear import and the molecular mechanisms that mediate its translocation.

4.8 Kap121p is not able to bind lysine-rich NLS and rg-NLS containing 

cargoes simultaneously
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The data presented here, and previously (Chaves and Blobel, 2001; 

D e lahodde etal., 2001; Isoyama etal., 2001; Kaffman etal., 1998b; 

Mosammaparast et ai, 2001; Rout etal., 1997) suggest that Kap121p can 

interact with two different types of NLSs. This raises the possibility that Kap121 p 

might be capable of simultaneously interacting with two distinct NLSs. Therefore, 

in vitro competition assays were performed to determine whether Kap121p could 

form a single nuclear import complex containing both a lysine-rich NLS cargo and 

Noplp (Figure 4.8.1). Nop1p-pA was purified from NOP1-A whole cell lysates 

and the interacting yeast proteins were removed by extensive washing with 1M 

MgCI2. The immobilized Nop1p-pA chimera was incubated with recombinant 

Kap121p to assemble Nop1p-pA-Kap121p import complexes. These 

heterodimers were then challenged with GST alone, GST-fusion proteins 

containing the Kap121p-specific NLS sequences of Noplp (GST-Nop1p(aa1- 

90)), Ste12p (GST-Ste12p(aa494-688); Chapter 3), Pho4p (GST-Pho4p(aa140- 

166); (Kaffman etal., 1998b)) or buffer alone. Under these conditions, 

challenging Kap121p-Nop1p protein complexes with an rg-NLS (GST- 

Nop1p(aa1-90)) or lysine-rich NLS sequences (GST-Ste12p(aa494-688) or GST- 

Pho4p(aa140-166)) displaced Kap121p from NoplpA (Figure 4.8.1). These data 

suggest that, at least for the different NLSs tested here, Kap121p binds directly 

to only one cargo at a time.

4.9 Kap104p mediates Noplp nuclear import in the absence of Kap121p 

function
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Kap121p

Kap121p

+ Transport + GST-Nop1 p+ GST-Ste12p + GS1*Pho4p
Start Buffer + GST (aa1-90) (aa494-688) (aa140-166)

-Kap121p 

-Nop1p-pA 

-GST-fusion

Figure 4.8.1: Kapl21p does no t in teract w ith cargoes con tain ing  lysine-rich N LSs and  
rg-N LSs concurrently. N oplp-pA  was purified from N 0 P 1 -A  whole cell lysates and the 
co-purifying proteins removed by washing with 1M MgCL (far left panel). The immobilized 
pA-fusion was then incubated with recombinant K apl21p (~400ng), forming K apl21p- 
N oplp-pA  protein complexes (Start). These im port complexes were then incubated with 
transport buffer, GST alone or GST-fusion proteins (~600-800ng) containing the Kapl21p- 
specific NLS sequences o f N op lp  (GST-Noplp(aa 1-90)), Stel2p (GST-Stel2p(aa 494-688)) 
or Pho4p (GST-Pho4p(aa 140-166)). After washing, equal volumes o f the unbound (UB) 
and bound (B) fractions were separated by SDS-PAGE, transferred to nitrocellulose and 
immunoblotted with a-G ST-K apl21p antibodies (which reacts with GST, protein A and 
Kapl21p; Table 2-2). N ote addition o f the NLS sequences o f N op lp , Stel2p or Pho4p 
disrupted the K apl21p-N oplp-pA  import complexes.
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4.9.1 KAP104 and KAP121 are synthetically le thal- The similarity between 

the rg-NLS sequences of Noplp and those of the Kap104p cargoes Nab2p and 

Nab4p suggests possible overlap between the cargoes recognized by Kap121p 

and Kap104p. A synthetic lethal genetic assay was used to determine whether 

these two nuclear transport pathways functionally interact. A conditional 

kap121 ::ura3::his3::LEU2, kap104::ura3::HIS3 double deletion haploid strain 

expressing a temperature-sensitive allele of KAP121 (kap121-34) and a URA3 

selectable w ild-type allele of KAP104 was isolated (kap121-34, 

Akap104/pKAP104-URA3). As a control, a kap121-34, Akapl08/pKAP108-URA3 

strain was also isolated. An equal number of cells from each culture were 

spotted in serial dilution on YEPD and 5-FOA-containing agar plates and 

incubated at 23°C (Figure 4.9.1). The double deletion strains grew equally well 

on rich medium. However, when these strains were grown on 5-FOA containing 

media (to select for cells lacking pKAP104-URA3 or pKAP108-URA3) the 

kap121-34, Akapl 04fpKAP104-URA3 strains failed to grow, while the kap121-34, 

Akapl 08/pKAP108-URA3 grew as well as its parental strains. Thus, a wild-type 

copy of KAP104 was required for growth of cells with compromised Kap121p 

function, suggesting that under such conditions Kap104p may mediate the import 

of essential Kap121p cargoes. By comparison, no synthetic lethal interaction 

between kap121-34 and Akapl08 was observed, suggesting a specific functional 

relationship between the Kap121p and Kap104p nuclear import pathways.
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23°C YEPD 23°C 5-FOA
1 1/10 1/100 1 1/10 1/100

DF5 MATa 

kap121-34 

Akap 104/pKAP104-URA3

Akap 108/pKAP108-URA3
kap 121-34;Akap 108/ 

pKAP108-URA3

kap121-34;Akap104/\MATa 
pKAP104-URA3\UATa

Figure 4.9.1: kap121-34 a n d  Akapl04 are synthetically  le th a l in  com bination . The
mutant strains shown were tested for their ability to withstand the loss o f  a wild-type copy of 
KAP104  or KAP108 at an otherwise permissive temperature. The indicated dilutions of 
actively growing cultures containing each strain were spotted onto Y EPD or 5-FOA- 
containing (to select against cells containing pK AP 104-U RA 3  or pKAP108-URA3  agar 
plates and incubated at 23°C for 4 day's. Note, kap121-34, Akap104 cells were unable to 
grow in the absence o f wild-type KAP104.
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4.9.2 Kap104p imports Noplp in the absence of functional Kap121p -  To

directly test if Kap104p could supplant Kap121p activity, KAP104 and KAP108 

were overexpressed in kap121-34 cells expressing the galactose-inducible 

NOP1GFP gene fusion. Cultures were prepared as previously described and the 

localization of GAL f-Nop1p-GFP was determined by direct fluorescence 

microscopy (Figure 4.9.2A). Immunoblot analysis was used to confirm KAP104 

and KAP108 overexpression in these cells (Figure 4.9.28). GAL1-Nop1p-GFP 

localized to the nucleolus of kap121-34 cells upon .overexpression of KAP104 but 

accumulated in the cytoplasm when KAP108 was overexpressed in these cells 

(Figure 4.9.2A). These findings suggest that Kap104p is also capable of 

importing Nop1 p into the nucleus. Kap104p thus likely contributes to the nuclear 

localization of Noplp upon inactivation of Kap121p, and at least partially explains 

why it was necessary to regulate Nop1p-GFP expression to reveal its 

cytoplasmic accumulation in kap121 mutant cells (Figure 4.4.3).

4.10 Kap121p, and small amounts of Kap104p, co-immunopurify with 

Noplp

The data presented in Sections 4.4.3 and 4.9.2 established that both 

Kap121p and Kap104p mediate the import of Noplp in vivo. Co- 

immunopurification studies were used to investigate whether Kap104p, in 

addition to Kap121p, could interact with Noplp. To this end, Nop1p-pA protein 

complexes were purified from a NOP1-A yeast whole cell lysate using rabbit IgG- 

conjugated magnetic beads. Bound proteins were eluted from the beads with
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A. B.

kap121-34

kap121-34 + 
GAL1-KAP104

kap121-34 + 
GAL1-KAP108

23°C 37°C 23̂ q 37«0
^ ^ f f l -K a p 1 0 4 p  

-Kap108p
H 5 « P -N o p 1 p -G F P  

-Noplp 
-Gsplp 
-Kap104p 
-Kap108p 

mmmmmm -Nop1p-GFP 
-Noplp

™ ^s^ .K a p 1 0 4 p
LwjjCSji’M  -Kap108p

|-Nop1p-GFP 
[-Noplp 
-Gsplp

Figure 4.9.2: O verexpression  o f K A P 104  rescues the m islocalization  o f G A L 1 -  
N o p lp -G F P  in  kap121-34 cells. A .  GAL1-KAP104 and GAL1-KAP108 were induced 
in kap121-34 cells containing G A L /-N oplp-G FP  (pGAL1 -N0P1GFP) by shifting these 
cells to media containing galactose and incubating them at restrictive (37°C) or permissive 
(23°C) temperatures for 3 hours. Under these conditions, in the absence o f additional 
Kapl04p, N oplp-G FP accumulates in the cytoplasm, but is nuclear upon co-induction of 
K apl04p. B. kap121-34, kap121-34 + GAL1-KAP104 and kap121-34 + GAL1-KAP108 
whole cell lysates from the same cultures as those used for microscopy were probed with 
rabbit-polvclonal Ct-Kapl04p, a-K apl08p , a -G sp lp  and mouse-monoclonal a-N op lp  
(mAb D77 (Aris and Blobel, 1991)) antibodies (Table 2-2) (Right Panels). These western 
blots indicate the relative levels o f Kapl04p, KaplOSp, N oplp-G FP, endogenous N oplp  
and G splp  (loading control).
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increasing concentrations of MgCI2 and the fractions were analyzed by 

immunoblotting with four p-kap-specific polyclonal antibodies directed against 

Kap121p, Kap104p, Kap123p and Kap108p (Table 2-2). While inherent 

variations of antigen recognition for each p-kap-specific antibody precluded 

quantitative comparisons between these immunoblots, qualitative examination of 

these data suggested that of the p-kaps tested, only Kap121p and Kap104p 

interacted significantly with Nop1p-pA (Figure 4.10.1 A). In parallel, GST- 

Nop1p(aa1-90) was immobilized on GT-Sepharose and incubated with lysates 

derived from yeast strains expressing pA-tagged copies of Kap121p, Kap104p, 

Kap123p and Kap108p. Immunoblot analysis was then used to determine which 

of the pA chimeras GST-Nop1p(aa1-90) bound. In agreement with the Noplp- 

pA immunopurification studies, both Kap121p-pA and Kap104p-pA specifically 

enriched with GST-Nop1p(aa1-90), with Kap121p-pA appearing to bind this 

fragment of Noplp with a higher affinity (Figure 4.10.1 B). In contrast, neither 

Kap123p nor Kap108p enriched GST-Nop1p(aa1-90).

4.11 Kap104p interacts directly with Nop1 p

Considering that previous studies demonstrated that Kap104p interacts

directly with the rg-NLS sequences of Nab2p and Nab4p (Lee and Aitchison,

1999), we reasoned that Kap104p would also bind directly to the N-terminal rg-

NLS of Noplp. To address this, GST-Nop1p, GST-Nop1p(aa1-90), GST-

Nop1p(aa91-327) and GST alone were immobilized on GT-Sepharose and

incubated with recombinant Kap104p or Kap108p. In agreement with the
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Figure 4.10.1: Kapl21p and Kapl04p co-immunopurify with N oplp . A .  N oplp-pA  
was immunopurified from N O P1-A  cells and the copuritying proteins were eluted with a 
step gradient o f MgCl2 as indicated. Equal volumes o f  the lysate (L) and eluate fractions 
were separated by SDS-PAGE and either stained with Coomassie blue (Top) or transferred 
to nitrocellulose for immunoblot analysis (Bottom) with the indicated kap-specific polyclonal 
antibodies and donkey a-rabbit-HRP or donkey a-mouse-HRP secondary7 antibodies (Table 
2-2). The antigen-antibody complexes were then visualized using ECL reagents (Pierce). 
N oplp-pA  was also detected. B. Recombinant GST-Noplp(aal-90) was immobilized on 
GT-Sepharose and incubated with yeast whole cell lysates (1 m g/m L) from strains 
expressing Kapl21p-pA , Kapl04p-pA, I<apl23p-pA and Kapl08p-pA. Bound protein 
complexes were washed and eluted with a step gradient o f MgCU as indicated. Proteins 
from each eluate fraction, as well as the unbound (UB) and wash buffer (WB) fractions, were 
separated by SDS-PAGE and transferred to nitrocellulose membranes. Protein A (pA) 
chimeras were detected by immunoblotting using affinity-purified rabbit a-m ouse IgG  and 
donkey a-rabbit-HRP, and visualized as described above. K apl21p preferentially co-purified 
with both N oplp-pA  and G ST-Noplp (aal-90), small amounts o f K apl04p also co-purified 
with these N o p lp  chimeras.
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Figure 4.11.1: K apl04p b inds directly to N o p lp  th rough  its N -term inal, RG G -rich 
GAR dom ain . G ST -N oplp (~400ng), GST-Noplp(aal-90) (~400ng), GST-Noplp(aa91- 
327) (~400ng) and GST alone (~400ng) were immobilized on GT-Sepharose and incubated 
with recombinant Kapl04p (~200ng) or Kapl08p (~200ng) as indicated. Equal amounts of 
the unbound (UB), bound (B) and purified GST chimeras alone (A) were prepared and 
analyzed as described above. Kapl04p interacted direcdv with both full-length N o p lp  and 
the N-terminal, rg-NLS containing GAR domain o f  N oplp.
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immunopurification studies, Kap108p did not interact with these GST fusion 

proteins (Figure 4.11.1, Left). However, like Kap121p, Kap104p interacted 

directly with both full-length Noplp and the rg-NLS-containing GAR domain of 

Nop1 p (Figure 4.11.1, Right), but not with GST-Nop1 p(aa91 -327) or GST alone.

Collectively, these data suggest that the Kap104p and Kap121p transport 

pathways overlap in their cargo specificities. It is, thus, likely that Kap104p can 

supplant the activity of Kap121p upon its inactivation or disruption of its import 

activity (and vice versa). Nevertheless, as has been observed for other transport 

pathways, each |3-kap appears to prefer its own cargo. Indeed, a significant 

change in the localization of Nop1p-GFP was not observed when its expression 

was induced in kap104-16 cells (Aitchison et ai, 1996) at 37°C (Figure 4.11.2A) 

and the rg-NLS of Nab2p does not mislocalize in kap121-34 cells at non- 

permissive temperatures. In addition, eNop1p-GFP did not dramatically 

mislocalize in a kap121-34, kap104-16 double mutant strain that was shifted to 

the non-permissive temperature for 4 hours (Figure 14.11.26). These findings 

were not unexpected as both Kap121p and Kap104p are functional in this strain 

at permissive temperature. Therefore, before the cells are shifted to 37°C both 

these |3-kaps are able to import Noplp. Because Noplp is tethered in the 

nucleolus (Figures 4.4.1 and 4.4.2) any detectable signal in the cytoplasm would 

be attributable to new protein synthesis.

4.12 Discussion
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A. kap104-16 
kap104-16 +KAP104

23°C

37°C

GALf-Noplp-GFP

37°C
T=0 T=1 T=2 T=4

Figure 4.11.2: N o p lp  is correctly localized to  the  nucleolus in  kap104-16  cells. A .
The galactose-inducible NOP1GFP  gene fusion (G /4L7-Noplp-GFP) was expressed in 
kap104-16 cells in the presence or absence o f wild-type KAP104  at permissive (23°C) or 
restrictive (37°C) temperatures and visualized by direct fluorescence microscopy. N ote there 
was no significant change in the localization o f N o p lp  in these strains at the non-permissive 
temperature. B. The N O P1—GFP; kap121 -34, kap104-16 strain was grown to mid- 
logarithmic phase at 23°C and ^Noplp-G FP localized as described above (T=0). The 
culture was shifted to 37°C and the distribution o f ^N oplp-G FP monitored by direct 
fluorescence microscopy at the indicated time intervals. As a control, a wild-type copy of 
KAP121 was added back this strain. Note, ^Noplp-GFP remain exclusively nucleolar in 
kap121-34 cells at the non-permissive temperature (37°C).
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As described in Chapter 3, overlay blot assays probing a subset of nuclear 

proteins with cytosols from cells expressing Kap121p-pA identified many 

Kap121p-interacting proteins (Table 3-2, and Figures 3.3.1 and 4.2.1). Two of 

the most prominent Kap121p-interacting proteins identified were Noplp and 

Dbp9p (Figure 4.2.1). Characterization of the Kap121p-Nop1p and Kap121p- 

Dbp9p interactions demonstrated that Nop1 p and Dbp9p are bona fide import 

cargoes for Kap121p (Figure 4.4.3) and that Kap121p interacts directly with 

these cargoes (Figure 4.3.1).

As mentioned previously, several studies have identified the NLSs of 

Kap121p cargoes (Chaves and Blobel, 2001; Delahodde etal., 2001; Kaffman et 

ai, 1998b; Mosammaparast etal., 2002b; Mosammaparast etal., 2001; Ueta et 

ai, 2003). While these sequences share little primary sequence similarities, they 

generally contain clusters of lysine residues (Table 1-2). Similarly, lysine-rich 

motifs were also found in Dbp9p and Noplp (Table 4-1). However, Noplp also 

contains an N-terminal RGG-rich GAR domain that shares significant sequence 

homology with NLS sequences recognized by another (3-karyopherin, Kap104p 

(Figure 4.5.1). Studies analyzing Noplp homologues have shown that this N- 

terminal GAR domain contains an NLS sequence that is required, but not always 

sufficient, for the efficient nuclear import of these homologues (Pih et ai, 2000; 

Snaar etal., 2000). Noplp has remained extremely well conserved, both 

structurally and functionally, throughout evolution (Aris and Blobel, 1991; 

Bachellerie etal., 2002; Jansen etal., 1991). Therefore, these findings
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suggested that the RGG-rich GAR domain of Noplp may contain a functional 

Kap121p NLS and indicated that Kap121p might recognize structurally distinct 

NLSs.

Moreover, Noplp provides U3 and U14 snoRNP protein complexes with 

the methyltransferase activity required for the post-transcriptional modification of 

rRNA and, consequently, the flawless assembly of ribosome subunits is 

dependent on its function (Bachellerie et ai, 2002; Fatica and Tollervey, 2002; 

Venema and Tollervey, 1999). Therefore, comprehensively understanding 

ribosome biogenesis requires the characterization of all factors that contribute to 

the activity of proteins required for this process. In addition, researchers have 

demonstrated that Nop1 p (fibrillarin) is an autoantigen in humans implicated in 

~8% of the cases of the autoimmune disease scleroderma (Aris and Blobel, 

1991; Lischwe etal., 1985). The unique NLS characteristics of this putative 

Kap121 p import substrate, the essential functions carried out by Nop1 p and the 

potential extrapolation to vertebrates prompted further characterization of the 

Kap121p-Nop1p interaction.

A combination of in vivo fluorescence and in vitro binding studies 

established that Kap121p mediates Noplp import by interacting directly with an 

rg-NLS present in the N-terminal GAR domain of this protein (Figures 4.6.1 and

4.6.2). Interestingly, the rg-NLS-containing fragment of Noplp is 50 and 30 

percent similar to the rg-NLS sequences of the Kap104p import cargoes Nab2p 

and Nab4p, respectively. This high degree of sequence similarity suggested that
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these seemingly distinct nuclear transport pathways might converge and mediate 

the nuclear import of some common cargoes. Genetic studies demonstrated that 

mutations in both KAP121 and KAP104 are synthetically lethal (Figure 4.9.1), 

establishing a functional relationship between these two |3-kaps and strongly 

implied that these two transport pathways overlap. Although rg-NLS sequences 

were originally characterized for Kap104p, and Kap104p can bind the rg-NLS of 

Noplp in vitro (Figure 4.11.1), co-immunopurification demonstrated that Kap121p 

does so with higher affinity (Figure 4.10.1). In agreement with these findings, 

Nop1p-GFP was efficiently imported in kap104-16 temperature-sensitive cells at 

all temperatures tested (Figure 4.11.2A), demonstrating that Kap121 p is primarily 

responsible for its import. Nevertheless, overexpression of KAP104 redirected 

Nop1p-GFP to nuclei of kap121-34 cells at the restrictive temperature (Figure

4.9.2). Together, these data established that Kap104p provides an alternative 

transport route for Noplp in the absence of Kap121 p function.

As mentioned above, cargoes that are transported by the same |3-kap 

typically contain related NLSs (reviewed in Mosammaparast and Pemberton, 

2004; Talcott and Moore, 1999). However, this is not always the case, as 

indicated by the findings presented here and by similar studies with mammalian 

Kap |31 (Cingolani etal., 2002; Cingolani etal., 1999; Lee etal., 2003), and 

references within). Both Kap121p and Kap (31 recognize, interact with, and 

transport cargoes containing unrelated NLSs. A recent study further 

characterizing mammalian Kap (31-cargo interactions established that this |3-kap
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could simultaneously mediate the nuclear import of a fragment of Kap a and 

nonclassical NLS-containing cargoes (Cingolani etal., 2002). In contrast, in vitro 

competition assays demonstrated that Kap121p does not interact with lysine-rich 

NLSs of Kap121p cargoes and the rg-NLS of Noplp at the same time (Figure

4.8.1). Based on these findings, it is feasible that Kap121p contains only one 

NLS binding pocket, or if two binding pockets are present, the occupation of one 

sterically, or allostericaliy, blocks cargo binding at the other site.

Interestingly, solution binding assays demonstrated that Kap121p-Nop1p 

import complexes are insensitive to RanGTP in vitro (Figure 4.7.1). Similarly, Lee 

and Aitchison (1999) demonstrated that in vitro RanGTP alone did not sufficiently 

displace Nab4p, a cargo whose rg-NLS is 30% similar to the rg-NLS-containing 

GAR domain of Noplp (Figure 4.5.1), from Kap104p. In this case, a combination 

of RanGTP and RNA was required to dissociate Kap104p-Nab4p import 

complexes (Lee and Aitchison, 1999). Moreover, similar conditions were 

required to induce the dissociation of transport complexes containing nucleic acid 

binding proteins (Pemberton etal., 1999; Senger et ai., 1998). To account for 

these findings researchers have suggested that (3-kaps might mediate the 

intranuclear delivery of these cargoes to the subnuclear compartments where 

they function (like the nucleolus). However, most characterized Kap121p- 

specific import cargoes also bind nucleic acids and, when tested, transport 

complexes containing some of these substrates were also sensitive to RanGTP 

(Isoyama etal., 2001; Kaffman etal., 1998b; Ueta etal., 2003).
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This was also true for Dbp9p, a Kap121p cargo that like Nopip interacts 

with rRNA and localizes to the nucleolus, but does not contain a GAR domain or 

a motif similar to the rg-NLS of Nopip. Kap121p was specifically released from 

Dbp9p upon addition of RanGTP (Figure 4.7.1). In light of these findings, it 

appears as though Kap121p-rg-NLS interactions are insensitive to RanGTP and 

that nucleo-cytoplasmic transport can also be regulated in an NLS-specific 

manner. A transport mechanism such as this would promote cargo unloading 

under the appropriate conditions and/or in the presence of the correct cellular 

components. Additional experiments are required to identify the conditions 

and/or accessory factors that together with RanGTP induce the release of Nopfp 

from Kap121p.

It should also be noted that this study also describes the development of a 

regulated in vivo fluorescence nuclear import assay. Observing the cellular 

localization of constitutively expressed NOP1-GFP or DBP9-GFP demonstrated 

that these potential Kap121p transport cargoes did not behave in the same 

manner as other Kap121p substrates (Figures 4.4.1), which mislocalized to the 

cytoplasm upon Kap121p inactivation (Figure 3.2.2 and 3.4.1). Nopip and 

Dbp9p, however, remained nucleolar under all conditions tested (Figures 4.4.1 

and 4.4.2). This led me to conclude that their nucleolar concentrations were 

maintained by binding and retention mechanisms within this subnuclear domain. 

I, therefore, hypothesized that inducing the expression of Nop1p-GFP and 

Dbp9p-GFP after Kap121p inactivation would clarify whether this (3-kap was
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required for the nuclear import of these proteins. Indeed, under these conditions, 

both Nopip and Dbp9p mislocalized to the cytoplasm of kap121-34 cells at the 

non-permissive temperature (Figure 4.4.3). This assay was successfully used to 

identify the transport pathway that mediates the import of nucleolar proteins 

whose retention within this subnuclear domain made it technically impossible to 

characterize their transport routes using conventional nuclear import assays. 

This assay is generally useful to monitor the affect any conditional yeast mutant 

strain has on the cellular localization of insoluble nuclear proteins.
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Chapter 5 -  Characterization of novel molecular mechanisms of 
Kap121p-mediated nuclear import15

5.1 Introduction

Numerous nuclear transport studies have demonstrated that a given 

karyopherin tends to transport cargoes involved in similar processes (Lee and 

Aitchison, 1999; Mosammaparast et al., 2002a; Mosammaparast et al., 2002b; 

Mosammaparast et al., 2001; Rout et al., 1997). These findings suggest that 

coordinating the nuclear import of these factors may serve as a means to 

regulate various cellular functions. Analysis of the Kap121p-interacting proteins 

identified in the overlay blot assays revealed that 8 out of 11 of these proteins 

are, or are predicted to be, trans-acting ribosome assembly factors (Table 3-2). 

Among these was Sof1 p, which interacts both physically and functionally with 

Nopip (Jansen etal., 1993). Both Soflp and Nopip are essential members of 

the U3 box C/D snoRNP complex required for site-specific 2’-0-ribose 

methylation of pre-rRNA in the nucleolus (reviewed in Bachellerie et al., 2002; 

Kressler etal., 1999; Venema and Tollervey, 1999). However, unlike Nopip, 

Soflp does not contain an RGG-rich domain that could function as its NLS. 

Instead, visual analysis of the amino acid residue sequence of Sof1 p identified a 

C-terminal lysine-rich domain (amino acid residues 411-450) more typical of the 

NLSs found in other Kap121p cargoes (Table 4-1; Figure 5.1.1). Presented with

15 The data presented in this Chapter were published in Leslie, D.M., W. Zhang, B.L. Timney, B.T. 
Chait, M.P. Rout, R.W. Wozniak, and J.D. Aitchison. 2004. Characterization of karyopherin 
cargoes reveals unique mechanisms of Kap121 p-mediated nuclear import. Mol Cell Biol. 
24:8487-503.
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Figure 5.1.1: A  schem atic  d iagram  of Soflp. The gray segment represents a the lysine- 
rich region o f  Soflp that is most similar to the NLS sequences o f previously identified 
Kapl21p cargoes.
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the opportunity to study the import of two proteins carrying distinct NLSs that 

both physically interact and are functionally related, I chose to investigate the 

mechanism of Sof1 p nuclear import. In vivo localization and solution binding 

studies established that Kap121p imports Soflp  by interacting directly with an 

NLS present between amino acid residues 381 and 489. Unexpectedly, this 

study also demonstrated that Soflp nuclear import could be mediated by a 

“piggy-back” transport mechanism; with Nopip bridging the interaction between 

Soflp  and Kap121p, revealing a novel molecular mechanism for Kap121p- 

mediated import.

5.2 Kap121 p is required for the nuclear import of Sof 1 p

In vivo fluorescence localization studies were used to determine whether 

Kap121p mediates the nuclear import of Soflp. Endogenous Soflp  was C- 

terminally tagged with GFP and its localization in kap121-34 cells was examined 

at both permissive (23°C) and non-permissive temperatures (37°C). Like Nopip, 

eSof1p-GFP was retained in the nucleolus under these conditions (Figure 5.2.1). 

Consequently, the expression of a SOF1 GFP gene fusion was placed under the 

control of a galactose-inducible promoter (GAL1) and its cellular localization was 

monitored after kap121-34p inactivation as described above. Under these 

conditions, G/4L1-Sof1p-GFP accumulated in the cytoplasm of kap121-34 cells at 

the non-permissive temperature (37°C) (Figure 5.2.1). Furthermore, this chimera 

remained nuclear at the permissive temperature (23°C) or when a wild-type copy 

of KAP121 was present. These findings indicate that Kap121p function is
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S0F1-GFP;
S0F1-GFP; kap121-34 kap121-34
kap121-34 +KAP121 kap121-34 +KAP121

GAL1- Sof1p-GFP

Figure 5.2.1: K apl21p im ports Soflp. Endogenously tagged SOF1-GFP (eSoflp-GFP) and a 
galactose-inducible S0F1G FP  gene fusion (GAL7-Soflp-GFP) were monitored by direct 
fluorescence microscopy in kap121 -34 cells at permissive (23°C) and non-permissive (37°C) 
temperatures as described previously. N ote the cytoplasmic mislocalization o f G A L 1 -  
Soflp-G FP at 37°C.
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required for the efficient nuclear import of Sof1 p.

5.3 Both Kap121p and Nopip co-immunopurify with, and interact directly 

with Soflp

Immunopurification studies were used to investigate whether Soflp could 

interact with Kap121p. Following Sof1p-pA purification from a SOF1-A yeast 

whole cell lysate, immunoblot analysis with a-Kap121p antibodies (Table 2-2) 

was used to determine if Kap121p co-purified with Soflp. As previous studies 

have demonstrated that Soflp  and Nop1 p interact (Jansen etal., 1993), a-Nop1p 

antibodies (Table 2-2 (Aris and Blobel, 1991)) were also used to follow the co

purification of this Sof1 p-interacting protein. Both Kap121p and Nopip co

enriched with Sof1p-pA, with the majority of Kap121p eluting in the 100 mM 

MgCI2 fraction and Nop1 p eluting in the 250 mM MgCI2 fraction (Figure 5.3.1 A).

Recombinant proteins and solution binding experiments were used in an 

attempt to reconstruct the Kap121p-Sof1p interaction in vitro. Sufficient 

quantities of full-length GST-Sof1p could not be synthesized using an E. coli 

expression system. Therefore, Sof1 p-pA was isolated from yeast lysates and the 

copurifying yeast proteins were removed by repeated washes with 1M MgCI2 (see 

Figure 5.3.1A). The resulting immobilized Sof1p-pA fusion was then incubated 

with recombinant Kap121p or GST-Nop1p (Figure 5.3.1 B). As well as confirming 

the previously detected Sof1p-Nop1p interaction (Jansen etal., 1993), these data 

also confirmed the interaction between Kap121p and S oflp  detected in the 

overlay blot assay (Figure 4.2.1).
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Figure 5.3.1: Soflp in teracts directly w ith  Kapl21p and  N o p lp . A .  Soflp-pA protein 
complexes were purified from a SOF1-A  whole cell lysate. The immobilized complexes 
were washed extensively and the bound proteins eluted with increasing concentrations of 
MgCh as indicated. Equal volumes o f the lysate (L) and eluate fractions were separated by 
SDS-PAGE and either stained with Coomassiae blue (Top), or transferred to nitrocellulose 
and analyzed by immunoblotting with a-K apl21p  and a -N o p lp  (mAb D77 (Aris and 
Blobel, 1991)) antibodies (Table 2-2; Bottom). Note both Kapl21p and N op lp  co-purified 
with Soflp-pA. B. Soflp-pA was purified as described above and the co-purifying proteins 
removed by washing with 1M MgCU (Left panel). The beads were incubated with GST- 
N oplp or recombinant Kapl21p (Middle and Right panels, respectively) and equal volumes 
of each o f the resulting bead-bound fractions were analvzed bv immunoblottins; with a -O  *  •  O

Kapl21p antibodies (which react with Kapl21p, GST and pA (Marelli et al, 1998)). Both 
N oplp and Kapl21p interacted direcdv with Soflp.
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5.4 Soflp is imported by Kap121p using a lysine-rich NLS

5.4.1 Kap121p binds amino acid residues 381 to 489 of Soflp  -  Visual 

analysis of the amino acid residue sequence of Soflp identified a potential 

archetypal lysine-rich Kap121p NLS was identified within amino acid residues 

411-450 of this protein (Figure 5.1.1). To determine if Kap121p is capable of 

interacting directly with Sof1 p and if the interaction is mediated by this lysine-rich 

domain, GST fusion proteins containing amino acid residues 1-130, 131-380, 

381-489 and 411-450 of Soflp  were constructed and synthesized in E. coli. 

These GST chimeras were immobilized on GT-Sepharose and incubated with 

recombinant Kap121p or Kap104p. Kap121 p failed to bind either the N-terminal 

(aa1-130) or the central portion (aa131-380) of the protein, but interacted directly 

with both GST-Sof1p(aa381-489) and GST-Sof1p(aa411-450) (Figure 5.4.1). As 

these Kap121p-interacting fragments of Soflp contain the above-mentioned 

sequence similar to previously identified Kap121 p NLSs, this result suggests that 

this sequence may indeed function as the NLS for Soflp . Interestingly, 

extending the Kap121p-interacting fragment of Soflp from aa411-450 to aa381- 

489 significantly improved the observed Kap121p-Sof1p protein-protein 

interaction, indicating that these flanking sequences are required for optimal 

Kap121p binding. Kap104p did not interact with any of these GST fusion 

proteins nor was Kap123p found to interact with Soflp in the overlay blot assay 

(Figures 3.3.1 and 4.2.1), suggesting that the observed Kap121p is specific.
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Figure 5.4.1: K apl21p in te rac ts  d irec tly  w ith  am ino  acids 381-489 o f Soflp . GST
chimeras containing fragments o f Soflp (~400 ng) were immobilized on GT-Sepharose and 
incubated with recombinant Kapl21p (~200 ng) or Kapl04p (~300 ng). Equal amounts of 
the unbound (UB) and bound (B) fractions, as well as the GST chimeric proteins alone (A), 
were analyzed bv SDS-PAGE and Coomassie blue staining. N ote that recombinant

.  O

Kapl21p, bu t no t K apl04p, interacts strongly with GST-Soflp(aa381-498) and weakly with 
GST-Soflp(aa411-450).
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5.4.2 Amino acid residues 381 to 489 of Soflp contain a functional NLS -

To evaluate the import potential of each fragment in vivo, the fragments 

described above were C-terminally fused to GFP and expressed from a 

galactose-inducible promoter (GAL1) in kap121-34 cells. After overnight growth 

at 23°C under inducing conditions, their cellular localizations were monitored by 

fluorescence microscopy (Figure 5.4.2A). In agreement with the in vitro binding 

experiments, the Kap121p-interacting fragments (Sof1p(aa381-489)-GFP and 

Sof1p(aa411-450)-GFP) were targeted to the nucleus. The GFP chimeras 

containing amino acid residues 1 to 130 and 131 to 380 were found diffusely 

distributed throughout the cell. Furthermore, amino acid residues 381-489 

exhibited a wild-type localization pattern; localizing the GFP reporter exclusively 

to the nucleolus. While the GFP chimera containing the smaller fragment of 

Sof1 p(aa411-450) also concentrated in the nucleus its import was less efficient. 

Kap121p function was found to be required for the import of these NLS- 

containing reporters, as inactivation of Kap121p resulted in the mislocalization 

Sof1p(aa381-489)-GFP and Sof1p(aa411-450)-GFP (Figure 5.4.2B). Together, 

these data established that Kap121 p interacts directly with Soft p through a C- 

terminal, lysine-rich NLS that is both necessary and sufficient for its Kap121p- 

mediated import.

5.5 Tertiary import complexes containing Kap121p, Noplp and Soflp  

assemble in vitro

The Sof1p-pA immunopurification studies presented above demonstrated
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Soflp (aa1-130) (aa131-380) (aa381-489) (aa411-450)

B.
kap121-34 

kap121-34 +KAP121
kap121-34 

kap121-34 + KAP121

23°C

37°C

Sof1 p(aa381 -489)-GFP Sof 1 p(aa411 -450)-GFP

Figure 5.4.2: A m ino acids 381-489 o f Soflp con tain  a  functional N L S. A .  Galactose- 
inducible GFP chimeric proteins containing the four fragments of Soflp were synthesized at 
23°C in kap121-34 cells and analyzed by direct fluorescence microscopy. Note the nuclear 
localization o f  Soflp(aa381-489)-GFP and Soflp(aa411-450)-GFP. B. The cellular 
localizations o f  Soflp(aa381-489)-GFP and Soflp(aa411-450)-GFP were determined at both 
23°C and 37°C in kap121-34 and kap121-34 cells containing pKAP121-URA3 [kapl21-34 + 
KAP121). N ote the nuclear import o f  these Soflp fragments is dependent on Kapl21p 
function.
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that Noplp eluted from Soflp at a higher concentration of MgCI2 than that 

required to release Kap121p (Figure 5.3.1 A). These data suggested that the 

protein-protein interaction between Noplp and Soflp was stronger than the 

Kap121 p-Sof1 p interaction. It was, therefore, reasoned that if Nop1 p and Sof1 p 

interact in the cytoplasm, then the cytoplasmic pool of Nop1 p could inhibit the 

formation of Kap121p-Sof1p import complexes. In agreement with this idea, in 

vitro binding assays showed that when a Kap121p-Sof1p complex was 

preformed and Noplp was added, Kap121p was displaced, and Noplp, in turn, 

bound to Sof1 p (Figure 5.5.1). These findings further suggest that, like the other 

NLSs examined (Figure 4.7.1), Kap121p cannot simultaneously interact with the 

lysine-rich NLS of Soflp and the rg-NLS of Noplp. However, when a complex 

between N op lp  and Soflp  was preformed and Kap121p was added 

subsequently, a tertiary complex was formed without displacing either component 

(Figure 5.5.1). These data demonstrate that Kap121p is capable of interacting 

with a protein complex containing both Noplp and Soflp and suggested that 

these proteins may be imported into the nucleus together.

5.6 Soflp can be imported by a piggy-back transport mechanism

Because addition of Noplp to Kap121p-Sof1p heterodimers displaced 

Kap121p from Soflp, we hypothesized that in such a scenario, the Noplp rg- 

NLS would be engaged and Soflp, in turn, would interact with Noplp, and be 

carried piggy-back into the nucleus. To investigate this possibility, a cNLS from 

SV40 large T Antigen (Kalderon etal., 1984b), which is recognized by
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Sof1 p-pA/GST-Nop1 p 
+ Kap121p

B1 UB B2
-Kap121p
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Figure 5.5.1: H etero trim eric  pro tein  com plexes con ta in ing  Soflp, Kapl21p and N o p lp  
a ssem b le  in vitro. Soflp -N op lp  (Soflp-pA /G ST -N oplp) or Soflp-K apl21p (Soflp- 
pA /K apl21p) complexes were assembled as previously described (Figure 5.3.1) and 
incubated with recombinant Kapl21p, G ST-Noplp, GST or transport buffer as indicated. 
After extensive washing, the initial complex (B l: S o flp -pA /G S T -N op lp  or S o flp - 
pA /K apl21p), unbound (UB) and bound (B2) fractions were prepared for SDS-PAGE, 
separated, transferred to nitrocellulose and probed with a-K apl21p  antibodies (which react 
with GST, protein A and Kapl21p). Note N o p lp  dissociates Kapl21p from Soflp, while 
Kapl21p interacts with the Soflp-N oplp protein complex without displacing N oplp.
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Kap95p/Kap60p, was appended to the C terminus of Noplp; consequently 

bypassing the requirement of Kap121p for Noplp nuclear import. If Noplp and 

Soflp  can be imported as a single complex, this chimera should restore Soflp 

nuclear importin kap121-34 cells. kap121-34 cells containing pGAL1-SOF1GFP 

were transformed with a single copy plasmid containing either NOP1 or a 

/N/OPfcNLS. The expression of this GFP chimera was induced at 23°C and 37°C 

as described above, and its localization was monitored using direct fluorescence 

microscopy. Remarkably, the nuclear import of Sof1p-GFP was restored in the 

presence of NOP1 cNLS, but remained mislocalized in kap121-34 cells 

expressing NOP1 alone (Figure 5.6.1>4). Taken together, it appears that Soflp 

can be imported as a complex with Nop1 p, which in turn is bound to a (3-kap.

Given that overexpression KAP104 rescued the mislocalization of Noplp- 

GFP in kap121-34 cells (Figure 4.9.2), this condition should also rescue the 

mislocalization of Sof1p-GFP. Indeed, upon KAP104 overexpression the nuclear 

import of Sof1p-GFP at the non-permissive temperature was restored in kap121- 

34 cells (Figure 5.6.1 >4). This was not observed upon overexpression of the 

control |3-kap, Kap108p, although immunoblotting of whole cell lysates from these 

cells confirmed that both KAP104 and KAP108 (Figure 5.6.16) were induced to 

similar extents. Together these data show that Noplp and Soflp  can be 

simultaneously imported by Kap104p, or if provided with a cNLS, by the 

Kap95p/Kap60p complex. In combination with the in vitro binding data, 

demonstrating that Kap104p does not interact with Soflp  (Figure 5.4.1), these
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37°C
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Figure 5.6.1: Soflp can  be  im ported  by piggy-back. A .  Soflp is imported by interacting 
with N o p lp  bound to a karyopherin. The galactose-inducible S0F 1 GFP gene fusion 
(GAL7-Soflp-GFP) was expressed in kap121-34 cells which contained a plasmid-linked 
copy o f wild-type N 0P 1 (N0P1), N 0P 1  fused to a cNLS (iY0P7cNLS), galactose-inducible 
KAP104 (G AL1-KAP104) or galactose-inducible KAP108 (GAL1-KAP108) at permissive 
(23°C) or restrictive (37°C) temperatures as previously described. Note that expression of 
NO PIcNLS  or overexpression of KAP104 rescued the cytoplasmic mislocalization o f Soflp- 
GFP at the non-permissive temperature (37°C). B. Whole cell lysates from the same 
cultures as those used for microscopy (as shown in panel A) were probed with a-K apl04p, 
Ci-Kapl08p, a -G sp lp , a -G F P  and mouse-monoclonal a -N o p lp  (mAb D77 (Aris and 
Blobel, 1991)) antibodies (Table 2-2).
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findings establish that Soflp can be imported as a piggy-back complex with 

Noplp and Kap121p or Kap104p.

5.7 Discussion

Studies have demonstrated that individual {5-kaps frequently transport 

proteins that perform similar functions or function together (Aitchison et al., 1996; 

Chaves and Blobel, 2001; Delahodde et al., 2001; Jakel and Gorlich, 1998; 

Kaffman et al., 1998b; Lee and Aitchison, 1999; Mosammaparast et al., 2002b; 

Mosammaparast etal., 2001; Muhlhausser et al., 2001; Rout et al., 1997; 

Sydorskyy et al., 2003; Ueta et al., 2003). In agreement with these findings, 

most of the proteins that interacted specifically with Kap121p in the overlay blot 

assays are trans-acting protein factors required for ribosome biogenesis. These 

included Noplp (Chapter 4), Kre31p, Kre32p, Soflp, Dbp9p (Chapter 4), Imp4p, 

Nop12p and Rrp12p (Table 3-2). Along with Noplp, three other components of 

the U3 C/D box snoRNP complex were also found: Kre31p, Soflp and Imp4p. 

Of these Sof1 p was unique, as it has been shown to be functionally related to 

Noplp (Jansen et al., 1993). Moreover, inspection of the amino acid residue 

sequence of Soflp revealed that it does not contain an RGG-rich domain that 

could function as an rg-NLS, but does have a lysine-rich region similar to those 

found in most other Kap121p import cargoes. This presented me with the 

opportunity to dissect the nuclear import mechanisms of two ribosome assembly 

factors that physically interact and are functionally related, but carry different
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types of NLSs. I, therefore, chose to further characterize the interaction between 

Kap121 p and Sof1 p.

In vivo fluorescence localization analysis and in vitro binding studies 

established that Kap121 p could mediate the nuclear import of Sof1 p through a C- 

terminal lysine-rich NLS (Figures 5.2.1, 5.4.1 and 5.4.2). Moreover, truncation 

analysis of Soflp demonstrated that the lysine-rich region (amino acid residues 

411-450) mentioned above provides the minimal signal required for Kap121p 

recognition, binding and subsequent import. However, amino acid residues 381 

to 410 and 451 to 489 seem to provide additional contact points or adopt higher- 

order structural characteristics that reinforce the interaction between Kap121 p 

and Sof1 p. Furthermore, this fragment contains all of the information required for 

wild-type, nucleolar localization of Soflp (Figures 5.4.1 and 5.4.2).

Interestingly, two nuclear import complexes containing Soflp could be 

generated in vitro: Sof1p-Kap121p and Sof1p-Nop1p-Kap121p (Figure 5.3.1 and

5.5.1). These findings were intriguing as the in vitro competition assays 

demonstrated that Kap121p does not interact with lysine-rich and rg-NLS 

sequences at the same time (Figure 4.8.1). Nevertheless, these data indicate 

that Noplp and Soflp  can be imported together by Kap121p. In this case, 

however, Noplp and Soflp form a complex that can be recognized by Kap121p, 

and the trimeric complex traverses the NPC. Indeed, both expression of 

A/OP7cNLS chimera or overexpression of KAP104 (which does not bind Soflp
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(Figure 5.4.1)) rescued the nuclear import defect of Sof1p-GFP in kap121-34 

cells (Figure 5.6.1).

Together, these findings established that Soflp could be imported into the 

nucleus in two ways: by direct interaction with Kap121p via its C-terminal lysine- 

rich NLS or by a piggy-back transport mechanism where Noplp bridges the 

interaction between S oflp  and a (3-kap. But which one of these transport 

mechanisms acts as the primary import route and which one functions as the 

back-up? The immunopurification studies and solution binding assays 

demonstrated that under the conditions explored here, Kap121 p appears to have 

a higher affinity for the rg-NLS of Noplp than that present in Soflp, and that 

Soflp  has a higher affinity for Noplp than Kap121p (Figures 5.3.1 and 5.5.1). 

These findings suggest that in vivo the stronger interactions between Nop1 p and 

Kap121p, and Noplp and Soflp would out compete the weaker Kap121 p-Sof1 p 

interaction, supporting the piggy-back transport mechanism as the primary import 

route for Soflp. Moreover, the in vivo localization studies that re-directed the 

nuclear import pathway used by Noplp in kap121-34 cells completely restored 

the otherwise defective nuclear import of Sof1p-GFP in these cells. Based on 

these data, I suggest that Sof1 p is primarily imported via the piggy-back transport 

mechanism and that the more typical Kap121p-Sof1p interaction provides an 

alternate means of transport into the nucleus. Alternatively, one could imagine 

that if the stoichiometric ratio of Sof1p:Nop1p present in U3 snoRNPs are not 

appropriate then both of these import mechanisms could be active in vivo. This
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would ensure that the correct amount of each component (eg. 2 molecules of 

Sof1p:1 molecule of Noplp) would be delivered to the nucleolus where U3 

snoRNPs are assembled. To clearly determine which, if either, of these transport 

mechanisms dominates in vivo, additional experiments quantitatively assaying 

the nuclear import and determining the stoichiometric ratios of the proteins 

present in snoRNPs. Additionally, experiments analyzing how uncoupling the 

Nop1p-Sof1p interaction and disabling the activity of the NLS of Soflp affect its 

import would also allow one to determine which import route prevails in vivo.

Importantly, these studies suggest that cellular factors that interact in the 

nucleus can assemble in the cytoplasm and be transported into the nucleus as 

pre-assembled complexes. A transport mechanism like this could be used by the 

cell to ensure that functionally related proteins are localized appropriately when 

required, while lessening the number of transport cycles required for a given 

cellular process. Moreover, this piggy-back transport mechanism might provide 

the cell with a back-up plan that would allow it to adapt to minor perturbations in 

an individual nuclear transport pathway.
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Chapter 6 -  Perspectives

6.1 Summary

Cell biological, genetic and biochemical techniques were used to examine 

the molecular mechanisms that regulate the soluble phase of nucleo-cytoplasmic 

transport. Four novel nuclear import cargoes (Ste12p, Noplp, Soflp and Dbp9p) 

for the typical yeast p-karyopherin, Kap121 p, were identified and the underlying 

kap-cargo interactions characterized. A direct connection was made between 

the phenotypes associated with kap121-ts mutants and the mislocalization of a 

cargo imported by this p-kap (Ste12p). Studies characterizing Noplp nuclear 

import established that Kap121p could interact with and mediate the transport of, 

at least two classes of cargo: those containing lysine-rich NLSs and cargoes with 

rg-NLSs. This finding led to the discovery of a previously uncharacterized 

nucleo-cytoplasmic transport network in which the Kap121p and Kap104p 

nuclear import pathways transport some common cargoes. In addition, import (3- 

kaps were found to be capable of transporting cytoplasmically pre-assembled 

protein complexes containing cellular factors that associate and function together 

in the nucleus (Noplp and Soflp). Together, these data have extended the 

repertoire of known kap-cargo interactions that facilitate nucleo-cytoplasmic 

exchange. Furthermore, the findings presented here highlight the numerous 

levels of redundancy and flexibility that are built into this transport system to
5

ensure that many of the key components required for a given cellular process or 

response are localized to the appropriate compartment at the right time.
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6.2 Perspectives on the regulation of nucleo-cytoplasmic transport

Nucleo-cytoplasmic transport pathways ferry numerous transcription 

factors, second messengers, housekeeping proteins and ribonucleoprotein 

(RNP) particles between the nucleus and cytoplasm. The cell’s ability to remain 

viable, to maintain homeostasis, control growth, and to be able to effectively 

respond to external stimuli is dependent on an efficient nuclear transport system. 

The importance of DNA binding, trans-activation or repression, and protein 

interaction domains has been well documented in transcription factor function. 

However, data are accumulating which suggest that the nucleo-cytoplasmic 

transport of transcription factors and/or their co-regulators provides an additional 

level of regulation that controls gene expression (Fabbro and Henderson, 2003; 

Kau et al., 2004; Schwartz and Madhani, 2004; Smith and Koopman, 2004; Xu 

and Massague, 2004).

Nuclear transport can be regulated on at least three levels: 1. cargo 

recognition; 2. |3-kap activity; and 3. passage through the NPC.

1. Cargo recognition -  All signal-mediated nuclear transport events are 

dependent on cargo recognition. Thus the activities of many transcription 

factors and their cofactors are often regulated by either masking or 

exposing their nuclear transport signals. For example, the NESs of NF-AT 

and PBX1/EXD are blocked by the binding of calcineurin and 

PREP1/HTH, respectively, thereby preventing p-kap recognition and 

facilitating their nuclear retention (Berthelsen etal., 1999; Zhu and

202

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



McKeon, 1999). Similarly, the binding of IkBcx to NF-kB in the cytoplasm 

inhibits its nuclear import by NLS masking (Chen and Greene, 2004). 

Altering the post-translational modification (PTM) state of a transcription 

factor or transcriptional coregulators can also be used to control their 

nuclear transport. For example, the NESs of BRCA1, p53 and 

INI1/hSNF5 are masked by phosphorylation (reviewed in Chen and 

Greene, 2004; Fabbro and Henderson, 2003; Kau et al., 2004; Xu and 

Massague, 2004). Similarly, phosphorylation of Pho4p or 

dephosphorylation and ubiquitylation of p53 induce export by exposing 

their NESs (Kaffman eta/., 1998a; Kau etal., 2004). In many of these 

cases, the proteins whose activities are regulated by PTMs and nuclear 

transport are tumour suppressors -  gene encoding a protein that 

suppresses tumour formation. Thus, it is not surprising that mutations 

altering the manner in which their nuclear transport is regulated have been 

identified in various cancers (Fabbro and Henderson, 2003; Kau et al., 

2004). For example, a C-terminal truncation of INI1/hSNF5 associated 

with malignant rhabdoid tumours is found in the cytoplasm (Craig et al.,

2002). In normal cells its subcellular localization is tightly controlled by 

NES masking, which ensures that INI1/hSNF5 remains nuclear where it 

controls the G1-S cell cycle transition (Versteege etal., 2002). However, 

this truncation is thought to induce a conformational change that unmasks 

its NES, thereby stimulating export and preventing INI1/hSNF5 induced
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ceil cycle arrest. Likewise, C-terminal truncations of the tumour 

suppressor BRCA1 impair its nuclear import in breast cancer cells, but do 

not alter its nuclear export (Chen etal., 1995; Fabbro and Henderson, 

2003; Taylor et al., 1998); thus affecting its steady-state nuclear 

localization. This could affect one, or all, of the numerous cellular 

processes associated with BRCA1, which include cell cycle control, 

protein degradation, DNA damage repair and transcriptional regulation. 

Recent studies have also linked defects in nucleo-cytoplasmic shuttling 

with syndromes affecting organogenesis in humans (reviewed in Smith 

and Koopman, 2004). Mutations that deregulate the nuclear import and/or 

nuclear export of members of the SOX family of developmental 

transcription factors, including SRY (Li et al., 2001), SOX9 (Gasca etal., 

2002; Preiss et al., 2001) and SOX10 (Rehberg et al., 2002), have been 

associated with human sex reversal syndromes.

2. p-kap activity -  (3-kap activity can also be regulated by PTMs and 

specific protein-protein interactions, which often occur consequent to the 

modification. For example, phosphorylated CAS/Cse1p is localized to the 

cytoplasm where it strongly associates with cytoplasmic microtubules, 

while the dephosphorylated form is found in the nucleus (Behrens et al.,

2003). Such dramatic changes in the localization of a (3-kap are thought to 

affect its activity. Accordingly, it has been suggested that the cytoplasmic 

CAS/Cse1p tethering sites generate an inactive pool of CAS/Cse1p that
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could affect its roles in apoptosis, proliferation and/or nuclear transport 

(Behrens et al., 2003).

3. Passage across the NPC -  Similarly, studies have established that 

the post-translational modification of an individual component of the NPC 

can specifically and dramatically alter the translocation of kap-cargo 

complexes through NPC. For example, Nup53p phosphorylation at certain 

stages of the cell cycle exposes a high affinity Kap121p binding site within 

this nup. Kap121 p binding at this site specifically traps it at the NPC and, 

accordingly, inhibits the import of its cargoes (Makhnevych et al., 2003).

Together, these findings demonstrate that specifically altering cargo 

recognition provides a means by which an isolated transport event can be 

regulated and that changing the activity of a (3-kap and/or the rate at which 

transport complexes traverse the NPC can globally affect both regulated and 

constitutive nucleo-cytoplasmic exchange.

6.3 Perspectives on nucleo-cytoplasmic transport and cell physiology

Nuclear transport pathways are extremely complex: a given |3-kap

mediates the transport of numerous cargoes with some transport events

occurring continually and others only under certain conditions; the list of cargoes

transported by each p-kap is incomplete; and mutations that alter the activity of

p-kaps can change the nucleancytoplasmic distribution of numerous cellular

factors. The mislocalization of any one of these factors, or combinations thereof,

could lead to altered cellular phenotypes and disease. Therefore, precisely
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relating a phenotype to the mislocalization of a specific protein can be very 

difficult.

For example, CAS/Cse1p (the export receptor for Kap a )  is 

overexpressed, and often differentially localized, in some breast, colon and 

bladder cancers, as well as lymphoid neoplasms (Behrens etai, 2001; Behrens 

eta!., 2003; Brinkmann, 1998; Wellmann et al, 2001). Any change in the 

expression or steady-state localization of CAS could affect the import of Kap 

(31/Kap a cargoes, which include a number of transcription factors, tumour 

suppressors, oncoproteins and microtubule organizing proteins, or alter its ability 

to regulate mitosis, cell proliferation, and apoptosis (Behrens et al., 2003; 

Brinkmann etai, 1996; Ogryzko etal., 1997; Scherf eta i, 1996). Furthermore, it 

is possible that in addition to Kap a, CAS/Cse1p exports other cellular factors 

and that blocking their export may also result in the transformation of normal cells 

to cancerous cells. Therefore, the molecular nature of the association between 

CAS/Cse1 p and cancer is unclear.

The study described in Chapter 3 provides a framework of experiments 

that could be used to determine precisely how perturbing CAS/Cse1p function 

causes cancer. We were faced with a similar problem in S. cerevisiae. Analysis 

of kap121-ts mutant strains revealed that these cells were unable to mate or 

grow invasively; cellular processes that were unrelated to those governed by 

known Kap121p cargoes. Proteomic studies were then used to initiate the 

identification of novel Kap121p cargoes. Among a number of potential Kap121p
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cargoes was Ste12p, a transcription factor that regulates both of these 

differentiation programs. A role for Kap121p in Ste12p function was then 

highlighted by the data demonstrating that Kap121p imports Ste12p and that 

Ste12p-induced transcription was impaired in kap121-ts mutant cells. A direct 

relationship between these phenotypes and aberrant Ste12p import was then 

confirmed by the data demonstrating that changing the nuclear import pathway 

used by this cargo corrected the mating and invasive growth defects associated 

with kap121-ts mutants. Based on these findings, techniques such as those 

described here could be used to define the molecular interactions between |3- 

kaps and their cargoes (or other cellular factors) that directly connect diseased 

states, including cancer, autoimmune diseases and aberrant embryo 

development, to a specific interaction or transport event.

Together, the data presented in Chapter 3 and the studies discussed here 

highlight the multiple ways nucleo-cytoplasmic transport pathways influence cell 

viability. However, we have only just begun to untangle the networks of 

interactions between karyopherins and their cargoes. Accordingly, a 

comprehensive inventory of kap-cargo interactions must be generated before we 

can truly begin to understand how these transport pathways influence normal cell 

growth and development. Once armed with this list, we can then begin to map 

the individual interactions or combinations of interactions that cause a particular 

phenotype and vice versa.

6.4 Perspectives on nucleo-cytoplasmic transport networks
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Nucleo-cytoplasmic transport networks are groups of (3-kaps that mediate 

the transport of some common cargoes. These networks provide cells with a 

mechanism that enables them to globally control specific classes of cellular 

factors at the level of nuclear transport. The experiments presented in Chapter 

4, as well as previous studies, have begun to identify these networks. A 

synthetic lethal relationship between KAP121 and KAP104 was identified and 

subsequent experiments demonstrated that in the absence of Kap121 p function, 

Kap104p provides an alternative transport route for Nopip (a cargo that is 

primarily transported by Kap121p). Similarly, other yeast and mammalian p-kaps 

import overlapping groups of cargoes (Figure 1.4.2). For example, at least four 

p-kap transport pathways mediate the nuclear import of core histones and 

ribosomal proteins (Jakel and Gorlich, 1998; Mosammaparast etai., 2002b; 

Mosammaparast e ta i, 2001; Muhlhausser et al., 2001; Rout et al., 1997; 

Sydorskyy et al., 2003). The redundancies between nucleo-cytoplasmic 

transport pathways described here endow the cell with two mechanisms that 

allow it to carefully maintain the intricate balance of constitutive and regulated 

transport events.

1. Fail-safes -  The yeast and mammalian nuclear transport networks that 

have been identified thus far mediate the import of housekeeping proteins 

that are required for basic cellular processes (e.g. ribosome biogenesis 

and chromatin organization). While numerous cargoes for each (3-kap 

remain to be identified, it is doubtful that this trend is coincidental. The
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data obtained from experiments overexpressing or reducing the 

expression of |3-kaps suggests that their abundances are limited with 

respect to number and abundance of cargoes that need to be transported 

in the cell (Lund etai., 2004; Rodriguez and Henderson, 2000; Yi etai, 

2003). Therefore, these transport networks are thought to provide fail- 

safes that ensure the timely delivery of essential cellular factors to the 

sites where they function.

2. Globally regulating the transport cargo classes - As mentioned 

above, Kap121p transport is specifically attenuated at certain stages of 

the cell cycle by the post-translational modification of Nup53p 

(Makhnevych et al., 2003). Controlling nuclear transport in this manner 

has the potential to alter the import of numerous Kap121p cargoes, 

including those that could be required for cell cycle progression. However, 

the alternative kap-cargo associations described here create a situation 

where the loss of function of an individual karyopherin (either temporarily 

through regulation, or constitutively through genetic perturbation) would 

only affect the small number of cargoes that are specifically transported by 

that |3-kap. A mechanism such as this would provide the cell with a means 

to shut down the transport of specific classes of molecules by modifying 

the p-kap (or a nup with which it specifically interacts) without affecting all 

of the cargoes normally transported by that karyopherin.
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The presence of nucleo-cytoplasmic transport networks could explain why 

so few mutations in nuclear transport machinery have been associated with the 

transformation of normal cells into cancerous ones and aberrant embryonic 

development. As these networks provide cellular factors with multiple paths into 

nucleus, it is logical that mutations altering the active or inactive states of nuclear 

transport signals would be far more detrimental to the cell than mutations 

affecting the ability of a single karyopherin to recognize its cargo. Indeed, many 

of the mutations described above that affect the cellular localization of factors 

associated with abnormal growth constitutively unmask their nuclear transport 

signals. This negates that regulatory mechanisms that influence their alternate 

cellular localizations and, ultimately, control their activity (reviewed in Fabbro and 

Henderson, 2003; Smith and Koopman, 2004). As the (3-kaps in a given 

transport network recognize a common NLS within their shared cargoes (see 

Chapter 4 and Mosammaparast et al., 2002b; Mosammaparast et al., 2001; 

Muhlhausser et al., 2001; Rout et al., 1997), transport networks would not 

provide the cell with an advantage in these instances.

Accordingly, mutations within nuclear transport receptors that have been 

identified in various cancer cells inhibit the function of kaps whose cargoes are 

not transported by other karyopherins (Kau et al., 2004). Therefore, the lack of an 

alternative transport pathway for the tumour suppressors and oncoproteins that 

they translocate, which include p53, BRCA1, and RB (Behrens etai., 2003), 

partially explains how these mutations manifest in uncontrolled cell growth and
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cancer development. With these data in mind, it is imperative that researchers 

not only strive to generate a comprehensive list of cargoes for each member of 

the p-kap family but also globally characterize the molecular interactions that 

facilitate the transport of these cargoes. The techniques used in this study 

successfully identified a number of novel Kap121p cargoes, however these 

cargoes are likely among the most abundant in the cell. Therefore, we are still 

faced with the challenge of identifying low abundant cargoes and those that 

dynamically localize to the nucleus. High-throughput techniques, as well as S. 

cerevisiae deletion, TAP- and GFP-fusion strain libraries, have been developed 

since this study began and could now be used to identify these elusive cargoes. 

For example, large-scale localization studies in a series of kap mutant strains 

using automated microscopy coupled with protein chips, microfluidics and 

surface plasmon resonance (SPR) imaging would not only facilitate the rapid 

identification of transport cargoes but also measure the affinities of these 

interactions. Bioinformatics software tools could then be used to identify patterns 

within these large datasets, which could then be used to group cargoes into 

primary and secondary transport classes, identify additional and expand existing 

transport networks, and hypothesize how transport can be regulated on a 

systems level.

6.5 Perspectives on kap-cargo interactions

Numerous studies have focused on characterizing kap-cargo interactions 

in an attempt to understand the molecular mechanisms that allow such a large
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number of structurally diverse cargoes to be transported by a limited number of 

p-kaps. Individual p-kaps were originally thought to have high-affinities for only 

one type of NLS and weak-affinities for the NLSs of most other cargoes. 

However, studies characterizing the interactions between mammalian Kap p1 

and its cargoes revealed that this transport receptor recognizes and binds 

unrelated NLSs (either directly or indirectly via a-kaps) (Chan etai ,  1998; 

Henderson and Percipalle, 1997; Lam etai ,  1999; Tiganis et al., 1997). 

Similarly, the data presented in Chapter 4 demonstrated that Kap121 p could also 

recognize and interact with two types of NLSs (lysine-rich NLSs and rg-NLSs). 

This raises the question: How can an individual p-kap recognize and interact with 

unrelated NLS sequences that likely adopt very different structural 

conformations?

A few studies analyzing the structure of mammalian Kap p i bound to 

different cargoes have begun to answer this question. As mentioned above, 

Cingolani et al. (2002) established that this p-kap contains two cargo-binding 

pockets and mediates the nuclear import of a fragment of Kap a and non- 

classical NLS-containing cargoes simultaneously. However, the data presented 

in Chapter 4 demonstrated that Kap121 p interacts with only one cargo at a time, 

suggesting that this might not be a common feature among p-kaps (Figure 4.8.1). 

As a result, we have not yet identified a universal molecular mechanism that can 

explain how a p-kap binds unrelated NLSs. A recent structural study by Lee et 

al. (2003) solved the crystal structure of Kap p1 bound to SREBP-2 and
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established that this |5-kap adopts an SREBP-2 distinct conformation, which 

allows it to accommodate the bulky structural motifs of this cargo. Thus, it is 

possible that together these two characteristics, multiple NLS recognition and 

conformational flexibility, provide (3-kaps with the mechanisms that enable them 

to transport a complex array of cellular factors.

This idea of |3-kap conformational flexibility is further supported by the 

experiments presented in Chapters 3 and 5, as well as similar studies published 

by other groups (Chaves and Blobel, 2001; Delahodde et al., 2001; Kaffman et 

al., 1998b; Mosammaparast etai., 2002b; Mosammaparast etai., 2001; Rout et 

al., 1997; Ueta et al., 2003), characterizing the lysine-rich NLSs of Kap121p 

nuclear import cargoes. Beyond being basic in nature and, by definition, lysine- 

rich, these NLSs share little notable amino acid residue sequence similarities 

(Table 1-2). Moreover, exceptionally large karyopherin-interacting NLS domains 

have been identified (Chaves and Blobel, 2001), as well as multiple NLSs within 

a single cargo that function synergistically (Ueta et al., 2003). For example, a 40 

amino acid residue fragment of Soflp  (aa 411-450) was found to be import 

competent, but when this sequence was expanded to include an additional 69 

amino acid residues (aa 381-489), its ability to interact with Kap121p improved 

markedly and this peptide displayed wild-type localization patterns. Together, 

these findings suggest that the similarities facilitating Kap121p NLS recognition 

lie, in part, in the higher-order structures adopted by these sequences.
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With these findings in mind, I propose that the amino acid residue 

sequence similarities shared by the NLSs recognized by a given p-kap provide 

the backbone required for recognition. The secondary and tertiary structures 

adopted by these NLSs then solidify the interactions and prevent non-specific 

binding. Furthermore, it is likely that all members of the |3-karyopherin family can 

adopt cargo specific conformations and use extensive interaction surfaces when 

binding cargoes. Together, these mechanisms would not only allow transport 

receptors to bind unrelated NLSs but also accommodate the various structural 

features of each cargo. This flexibility could also provide p-kaps with the 

characteristics that facilitate interactions with secondary transport substrates, 

thus permitting the import of alternative classes of cargo.

6.6 Perspectives on alternative mechanisms of nucleo-cytoplasmic 

transport

The data presented in Chapter 5 characterizing the nuclear transport of 

Soflp  demonstrated that molecularly distinct mechanisms could mediate the 

nuclear import of a ribosome assembly factor. A typical kap-cargo interaction 

can be used, where Kap121p can recognize and bind a lysine-rich NLS present 

in the C terminus of this protein. Alternatively, Soflp could be imported by a 

piggy-back import mechanism, where Nop1 p was found to bridge the interaction 

between Soflp and a p-kap (either Kap121p or Kap104p). While it is unclear 

which if these two mechanism functions as the primary mode of transport, this 

flexibility adds to the ever-growing list of redundancies that are built into the
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nuclear transport system. These numerous contingency plans are reminiscent of 

the redundancies that are employed by viruses to ensure successful infection. 

For example, the nuclear import of the HIV preintegration complex (PIC) is 

facilitated by unique but redundant nuclear import signals. Recent studies have 

identified nuclear import signals in three different viral proteins (integrase. Matrix 

(MA), and VPR), as well as a “DNA flap” that is produced during reverse 

transcription (Sherman et al., 2002). Based on the data currently available, 

researchers believe that HIV integrase plays the leading role in the nuclear 

import of HIV PICs, and that the signals present in MA, Vpr and the DNA flap 

increase infection efficiency (Sherman etai., 2002).

Together, these data highlight the numerous ways a given cargo can gain 

access to the nucleus. But the techniques used to acquire these data are tied to 

the reductionist approach of examining individual components of an extremely 

complex system, therefore concluding how these redundant mechanisms 

function in the context of the cell is difficult. This complexity was underscored by 

the studies characterizing Sof1 p. Truncation analysis of Sof1 p suggested that its 

import could be mediated by a direct interaction between Kap121p and a C- 

terminal lysine-rich NLS. However, when its interacting partner Nopip was 

added into the equation, the in vitro, ex vivo and in vivo studies overwhelmingly 

suggest that the piggy-back import complex (Kap121p-Nop1p-Sof1p) may prevail 

in vivo, with the Kap121 p-Sof1 p interaction functioning as a secondary transport 

route (see Section 5.7). Transport mechanisms such as these are exploited by
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many types of viruses (e.g. HIV-1, influenza virus and SV40 (Sherman etai., 

2002) when infecting host cells, and by the cell when transporting RNPs. 

Transporting cargoes in this manner might reduce the number of transport 

cycles, and the amount of energy and resources required for a given process. 

But, more importantly, they would also ensure that essential, functionally 

dependent factors are properly localized, in appropriate molar ratios, to the 

subcellular compartments where they function. Thus, increasing the likelihood 

that the process they govern continues in a timely and flawless manner. It is 

possible that this piggy-back transport mechanism may also be used to mediate 

the concurrent transport of other cellular factors that function together in the 

nucleus, including ribosomal proteins, components of general transcription 

machinery complexes, transcriptional frans-activation and repression complexes. 

Moreover, I envision that like nuclear transport networks, piggy-back 

mechanisms may also provide the cell with an additional level of flexibility that 

could allow it to adapt to the loss of an individual nuclear transport pathway.

As discussed above and in Section 5.7, the presence of a NLS does not 

necessarily mean that it will act as the primary transport signal in vivo. The 

complex environment within the cell suggests that competition among transport 

cargoes, varying kap-NLS affinities and the presence of binding partners could all 

alter the activity of a particular NLS. To wholly appreciate how an individual 

nuclear transport pathway functions, researchers are now faced with the 

challenge of determining how this (and other) alternative transport mechanisms
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are regulated with respect to classic mechanisms of transport and the cellular 

environment. To loosely paraphrase the Nobel Laureate Dr. Sydney Brenner -  

‘The sum of the parts does not necessarily equal the whole...” -  Nobel Lecture 

2002 (http://nobelprize.org/medicine/laureates/2002/brenner-lecture.html).

6.7 Perspectives on cargo delivery

The small GTPase Ran is thought to provide nuclear transport complexes

with directional cues. As mentioned above, nuclear import cycles are generally

terminated upon translocation through the NPC, where RanGTP induces the

dissociation of nuclear import complexes. However, studies have demonstrated

that nucleic acids are occasionally required in addition to RanGTP to induce the

dissociation of kap-cargo complexes containing nucleic binding proteins (Lee and

Aitchison, 1999; Pemberton etai., 1999; Senger etai., 1998). Although the

molecular mechanism that produces this cooperative effect is not known,

researchers have hypothesized that Ran-insensitive p-kaps might have a

relatively low affinity for RanGTP and that RNA binding could change the affinity

of the p-kap for either the cargo or RanGTP (reviewed in Mosammaparast and

Pemberton, 2004). In addition to RNA, transport cofactors have been shown to

modulate the affinities of |3-kaps for RanGTP. For example, the binding of the

import cofactor Naplp to Kap114p-cargo complexes containing histones H2A or

H2B renders these complexes insensitive to RanGTP (Mosammaparast et al.,

2002a). As free histones are toxic to the cell, this is thought to inhibit their

deposition and release within the nucleus until the appropriate target site is
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encountered (Mosammaparast et al., 2005; Mosammaparast et al., 2002a). 

Based on these findings, it is likely that individual import events are terminated in 

a cargo type dependent manner.

The data presented in Chapters 3 and 4 support this hypothesis. Here we 

established that kap-cargo complex RanGTP sensitivity could be modified in an 

NLS dependent manner. Kap121 p-lysine-rich NLS import complexes were found 

to be sensitive to RanGTP, while Kap121p-rg-NLS import complexes remained 

stable under the same condition. In this instance, it is possible that the 

conformation adopted by either the p-kap or the cargo upon import complex 

formation (in this case, rg-NLS cargoes and Kap121p) specifically obstructs 

RanGTP binding. This could promote the intranuclear movement of these kap- 

cargo complexes to the cargo’s ultimate destination (e.g. nucleolus). Once 

delivered, accessory factors (a protein or RNA molecule) could interact with the 

cargo, stimulating a conformational change (either in the cargo or the p-kap) that 

exposes the p-kap’s RanGTP binding pocket and induces cargo release.

Together, these data strongly indicate that p-kaps can function as

transporters that not only deliver cargo to the proper cellular compartment, but

also chaperone them to their distinct functional domains of the nucleus.

Computational modeling of the Ran system indicates that the dissociation

constant for RanGTP binding to several p-kaps is orders of magnitude higher

than the levels of free RanGTP in the cell (Smith et al., 2002). This suggests

that, in addition to nucleic acids and accessory factors, the local RanGTP
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concentration could be a critical factor that regulates kap-cargo dissociation by 

determining. In light of all of these data, insight into how nucleo-cytoplasmic 

transport is regulated demands a complete understanding of precisely how and 

where transport cycles are terminated, the influence cargo types have on this 

process and whether accessory factors are commonly used to alter kap-cargo 

complex stability.
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