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Abstract

Interplay Between Nuclear Import and Cell Cycle Control
By Kanika Faye Pulliam

The bi-directional transport of proteins across the nuclear envelope via nuclear
pore complexes is a highly regulated process that involves many different factors. The
classical nuclear import pathway is the most studied mechanism for the transport of
proteins into the nucleus. During classical nuclear import, proteins are shuttled into the
nucleus by an internal targeting sequence termed the classical nuclear localization signal
(cNLS) via interactions with nuclear import receptors. The cNLS receptor, importin o
recognizes the cNLS-containing protein or cargo in the cytoplasm as the initial step in the
transport process. In an effort to investigate how the classical nuclear transport
mechanism affects a fundamental process in biology, we examined the interplay between
nuclear transport and progression through the cell cycle in budding yeast, Saccharomyces
cerevisiae. In eukaryotes, a subset of proteins are transported across the nuclear envelope
in a cell cycle dependent manner. Previous studies support a link between nuclear
transport and the cell cycle but these studies did not demonstrate a direct role of the
nuclear transport machinery in cell cycle regulation. We first demonstrated that the
cNLS cargo binding affinity for importin o dictates the rate of import of a cNLS cargo
into the nucleus, suggesting that cargo binding to the receptor regulates the import
process. We next hypothesized that temporally regulated interactions between specific
cNLS cargoes and importin a are required for progression through the cell cycle. Results
of our study exploiting importin o mutants with defects in cargo binding and release
showed that a defect in cNLS cargo recognition causes a profound delay in progression
through the G//S transition of the cell cycle. In conclusion, cNLS cargo recognition by
the classical nuclear import receptor, importin a is required for efficient transition
through the G/S stage of the cell cycle. This is the first study to demonstrate a direct
role of importin o in regulation of the G,/S phase of the cell cycle. In conclusion, this
work defines the rate-limiting step in the classical nuclear import process and then
reveals that the G,/S stage of the cell cycle is strongly dependent on classical protein
import.
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CHAPTER 1. GENERAL INTRODUCTION

A daughter cell is generated from a series of actions identified as the cell cycle.
Activation or repression of genes, located within the nucleus of a cell, plays a key role in
progression through the cell cycle [1, 2]. When the expression of a gene is regulated in
response to an intra- or extracellular signal during different stages of the cell cycle,
information in the form of specific proteins enters the nucleus. Different transport factors
are responsible for shuttling these cargo proteins into the nucleus [3]. The transport
factors recognize proteins by the identification of an internal targeting signal located
within the cargo protein. Interactions between nuclear-bound proteins that regulate the
cell cycle and these carriers play a major role in cell cycle progression.

This dissertation will focus on a role of nuclear transport in regulating the
eukaryotic cell cycle. Our studies reveal a critical role for the classical nuclear import

machinery in key cell cycle transitions.

1.1 The Nucleus and Cell Compartmentalization

The nucleus of the eukaryotic cell is responsible for separating the genetic
material from the cytoplasmic compartments of the cell [4]. During gene expression,
mRNA molecules are generated from the DNA located in the nucleus and are further
processed into mature mRNA [1]. Then the processed mRNA molecules are transported
to the cytoplasm where they are translated into functional proteins. Transcription factors
are responsible for regulating gene expression and some are maintained in the cytoplasm
separated from the DNA in the nucleus, to prevent premature expression of genes [1, 2].
The compartmentalization of these macromolecules controls genetic stability by

regulating access of transcriptional regulators to the nucleus and preventing protein



translation of unprocessed mRNA in the cytoplasm that would lead to nonfunctional
proteins [3].

A major feature of the nucleus is the nuclear envelope which is a double
membrane structure that physically separates the contents of the nucleus from the cell
cytoplasm. The nuclear envelope is impermeable to most macromolecules, allowing for
regulated control of entry. Macromolecules must be selectively transported through

nuclear pores to cross the nuclear membrane [3-5].

1.2 The Nuclear Pore Complex and Nuclear Pore Proteins

The transport of macromolecules into and out of the nucleus is mediated by
nuclear pore complexes (NPCs), dynamic proteinaceous structures perforating the nuclear
envelope [6-10]. The movement of small molecules through nuclear pores occurs by
passive diffusion but molecules larger than ~40 kDa require energy-dependent transport
with the assistance of soluble receptors [11, 12]. The NPC consists of three regions: the
nuclear basket, the central core, and the cytoplasmic filaments (Figure 1) [13-16]. The
composition of the NPC is similar from yeast to humans, although the size is different.
The calculated mass of NPCs is ~40 MDa in the yeast Saccharomyces cerevisiae and ~60
MDa in vertebrates [17-20].

Individual components of the NPC have been identified by biochemical and
genetic studies [18, 21]. The NPC consists of approximately 30 nucleoporin (Nup)
proteins [9, 13, 20]. There are three subgroups of Nups (Figure 1) [9, 22, 23]. Structural

Nups make up the architecture of the NPC. Pore membrane proteins (Poms) anchor the
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Figure 1. Structure of the Nuclear Pore Complex.
The nuclear pore complex (NPC) consists of three regions: the cytoplasmic filaments, the central

core, and the nuclear basket. There are three subgroups of nucleoporins (Nups). Structural Nups
make up the architecture of the NPC. Pore membrane Nups (Poms) anchor the NPC in the

nuclear envelope. Nups that contain phenylalanine-glycine (FG) repeat motifs line the inside of
the NPC. FG-Nups are involved in the physical translocation of macromolecules into and out of

the nucleus.



NPC into the nuclear envelope. Lastly, Nups containing phenylalanine-glycine (FG)
repeat motifs line the inside of the NPC [24-27]. FG-Nups are involved in the physical
translocation of macromolecules into and out of the nucleus [13, 28, 29].

Although dogma dictates that the composition of all NPCs is identical, there are
small variations in protein composition that affect transport activity [9, 30-32]. The
composition and transport activity of the NPC can depend on the tissue type in
multicellular organisms [6, 33], developmental stage [34, 35], and stage of the cell cycle
[36]. Proteins that are not considered Nups also associate with the NPC at distinct
locations in the nuclear envelope [37]. For example, proteins that associate with the
nuclear basket of the NPC may be involved in the quality control of mRNA molecules

transported from the nucleus to the cytoplasm by mRNA retention [37, 38].

1.3 Recognition of Nuclear Targeting Signals

The molecular pathway a protein will take to reach its destination is distinguished
by the type of nuclear targeting amino acid sequence (signal) located within that protein
cargo. The type of targeting signal determines if a protein should be transported into the
nucleus or remain in the cytoplasm. Although the destination may be the same for
different proteins, the nuclear targeting signal can come in different flavors.

The best characterized signal is the classical nuclear localization signal (cNLS)
that functions in targeting proteins or cargoes from the cytoplasm into the nucleus [39].
There are two types of ctNLS sequences, composed of either one (monopartite) or two
basic clusters of amino acids separated by a linker region (bipartite) [40].

The prototypical monopartite cNLS was first identified by generation of amino

acid substitutions in the sequence of the simian virus 40 (SV40) large-T antigen [41, 42].



Mutations in the predicted cNLS sequence led to mislocalization of the SV40 large T
antigen protein to the cytoplasm. The cNLS sequence was confirmed by fusion of the
wild type cNLS sequence (PKKKRKYV) of SV40 to the N-terminus of the mutant SV40
protein and other cytoplasmic proteins coupled with subsequent localization studies. The
fusion proteins were localized to the nucleus [41, 42]. This study along with many other
subsequent studies revealed a monopartite cNLS contains a consensus sequence of lysine
(K) followed by two basic amino acid residues [lysine or arginine (R)] in a loose
consensus sequence, K(K/R)X(K/R) [43].

In addition to the prototypical monopartite cNLS sequence, a small downstream
cluster of basic amino acid residues is also required for efficient nuclear targeting of a
subset of proteins [44-46]. A nuclear targeting signal containing two clusters of basic
amino acid residues is termed a bipartite cNLS. A prototypical bipartite cNLS was first
discovered in the Xenopus laevis nucleoplasmin protein as the sequence,
AVKRPAATKKAGQAKKKKI.D [44]. Evidence of a bipartite sequence was revealed
when the nucleoplasmin predicted monopartite cNLS sequence fused to pyruvate kinase
did not localize the fusion protein to the nucleus [44].

The cNLS is not the only nuclear targeting signal. Proteomic analysis in the
budding yeast S. cerevisiae genome revealed approximately 60% of the proteins that
accumulate in the nucleus, contain a predicted cNLS [47]. This analysis suggests the
other 40% of proteins located in the nucleus are transported to the nucleus via a different
pathway.

Recently, a new class of NLS motif was identified termed the proline tyrosine

NLS (PY-NLS). This motif was identified in the splicing factor hnRNP A1 through



structural and complementary biochemical analyses [48]. The PY-NLS is defined by
three rules: (1) PY-NLSs are large (>30 residues) and structurally disordered, (2) possess
basic amino acid sequences, and have a (3) central hydrophobic or basic motif followed
by a C-terminal R/H/KX(».5)PY consensus sequence [48]. Because PY-NLS sequences
are defined by both structure and sequence, PY-NLSs could not be identified by
conventional sequence analysis methods. The PY-NLS is conserved in S. cerevisiae and
in vivo analysis indicates the PY-NLS is a functional nuclear targeting sequence [49].
Therefore, other nuclear targeting sequences such as the new PY-NLS should be
identified to better understand the complex process of nuclear transport.

The other well characterized targeting signal is the classical nuclear export signal
(cNES), which directs proteins from the nucleus to the cytoplasm. The classical NES
sequence was first discovered in HIV Rev (LQLPPLERLTL) and the protein kinase A

inhibitor (PKI; LALKLAGLDI) as a leucine-rich motif [50, 51].

1.4 Identification of Transport Factors

Identifying targeting signals in cargo molecules was the first step toward
understanding nuclear transport mechanisms. To understand the mechanism of nuclear
transport, it was necessary to identify the cellular machinery that recognizes these
targeting signals.

An in vitro assay in digitonin-permeabilized vertebrate cells was used to analyze
nuclear import of a reporter protein containing the monopartite SV40 cNLS sequence
[52]. Digitonin solubilizes the plasma membrane and membrane-bound insoluble
proteins of the cell while the nuclear envelope remains intact. Thus the contents of the

nucleus remain unchanged and the cytoplasm is depleted of soluble proteins that are not



embedded within the cellular membranes [52]. Through experimentation, cytoplasmic
soluble factors were shown to be required for the nuclear import of a SV40 cNLS fusion
protein [52]. The same group later identified the receptor proteins exploiting the import
activity of proteins containing cNLS sequences [53].

The cytoplasmic factors that are involved in nuclear accumulation of ¢cNLS-
containing proteins were identified by use of the permeabilized in vitro assay and also
through studies in different organisms [54-58]. From groundbreaking work, two
cytoplasmic fractions were discovered. Fraction A was determined to be involved in
targeting cNLS proteins to the nuclear envelope. Fraction B was determined to play a
role in translocation of cNLS proteins through the nuclear pore to the nucleus [54]. The
cytoplasmic factors in fraction A were cloned and identified as importin/karyopherin o
[57] and importin/karyopherin 3 [56] heterodimeric receptor involved in ¢cNLS cargo
recognition and targeting to the nuclear pore. The small GTPase, Ran, [55] and the
nuclear transport factor 2 (NTF2), [58] were identified as factors in fraction B required to
mediate ongoing translocation through the nuclear pore into the nucleus. In summary,

the cell requires soluble transport receptors for nuclear localization of cNLS cargoes.



1.5 Nuclear Transport Receptors

Further investigation of the transport factors revealed importin 3 plays two roles
in nuclear transport. Although importin [ facilitates cNLS cargo targeting to the nuclear
pore, importin [ also functions in cargo release by interaction with RanGTP.
Characterization of importin 3 and Ran led to the discovery of more nuclear transport
receptors that are involved in the bi-directional transport of proteins and interact with
Ran. These receptors show homology to importin 3, revealing an importin 3 superfamily
of nuclear transport receptors. Although the members of the importin 3 superfamily
possess weak overall sequence homology, they all contain an N-terminal Ran binding
domain [59]. The superfamily includes fourteen members in S. cerevisiae and
approximately twenty-two in mammalian cells [3, 59-63].

Importin f members are composed of HEAT repeats consisting of ~40 tandem
amino acid motifs that fold into a pair of a-helices stacking together in parallel to form a
superhelical structure. HEAT repeats are involved in protein-protein interactions [59,
64]. The importin 3 superhelical structure is very flexible allowing for versatility in
binding different cargoes [65]. This flexibility makes it difficult to identify predicted
signal sequences within cargoes that bind a specific importin § member. In addition,
some cargoes are recognized and transported by multiple importin B members via
different routes [66-69].

Members of the importin  superfamily are not only involved in the import of
cargoes to the nucleus but they also function in the export of NES-containing cargoes and

ribonucleoproteins to the cytoplasm. These members are named exportins. For example,



the importin 3 superfamily member, exportin 1 (Crm1), mediates export of leucine-rich
cNES cargoes to the cytoplasm [70, 71].

A small subset of nuclear transport receptors have been documented to function in
both import and export of signal-containing cargoes. The importin 3 receptors, yeast
Msn5 (Kap142) and mammalian importin 13, both import and export various cargoes
through the NPC [72, 73]. These receptors can modulate their binding characteristics for
various proteins. This mechanism suggests some transport receptors must recognize
many structurally different NLS cargoes because there are more cargoes than nuclear
transport receptors [74]. This is a clear example of the versatility in conformation many
transport receptors must possess to recognize different cargoes [65].

Although many nuclear transport receptors bind their cargoes directly, a subset of
receptors requires an adapter to mediate interaction between the transport receptor and
their cargo. For example, the classical importin 3 receptor (Kap95/Kapp1) directly binds
some cargoes and also uses the adapter, importin a, to indirectly bind cNLS cargoes and
transport them into the nucleus [75-77]. S. cerevisiae encodes only one importin o
(Srp1). In contrast, there are six isoforms of importin o encoded in the human genome.
These isoforms are divided into three phylogenetic groups (a1, a2, and a3) based on
sequence similarity [78]. Importin a1 is found in all eukaryotes. Importins a2 and a3
are only found in multicellular animals [78]. The presence of six isoforms of importin o
suggests a more complex role for adapter-dependent nuclear import of ctNLS cargoes in

higher eukaryotes.
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1.6 Ran-GTPase Cycle
The small GTPase, Ran, regulates interactions between the nuclear transport

receptors and the NLS cargoes. Ran cycles between RanGDP and RanGTP states. The
GDP- or GTP-bound state of Ran depends on the regulatory proteins, RCC1 and
RanGAP. The nuclear guanine nucleotide-exchange factor RCC1 (RanGEF) catalyzes
the conversion of RanGDP to RanGTP in the nucleus [79-81]. The cytoplasmic guanine
nucleotide-activating factor, RanGAP, facilitates GTP hydrolysis in the cytoplasm [80,
82-84]. Therefore, increased RanGTP is located in the nucleus and more RanGDP is
located in the cytoplasm (Figure 2) [85-87].

RanGTP binds to importin 3 superfamily receptors to modulate the directionality
of transport. Import complexes form in the cytoplasm in the absence of RanGTP while
export complexes that form in the nucleus require RanGTP binding to the complex [55,

88-91].
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Ran

GDP
Ran
GDP —

Ran
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Ran —
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Figure 2. Ran GTPase System.
RanGTP is concentrated in the nucleus while RanGDP is concentrated in the cytoplasm. The

nucleotide-bound state of Ran depends on the nuclear guanine nucleotide-exchange factor, RCC1
(RanGEF), which catalyzes the conversion of RanGDP to RanGTP in the nucleus and the
cytoplasmic guanine nucleotide-activating factor, RanGAP, which facilitates GTP hydrolysis in

the cytoplasm.
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1.7 A Model of Classical Nuclear Import
Classical nuclear import is the most well characterized nuclear transport pathway.

The classical nuclear import machinery transports ~100-1,000 cargoes per minute per
NPC [92]. The classical nuclear import cycle consists of four key steps: (1) assembly;
(2) translocation; (3) delivery; and (4) recycling (Figure 3).

During the first step, a trimeric import complex is assembled in the cytoplasm
when a cNLS-containing cargo destined for the nucleus is recognized by the
heterodimeric receptor consisting of the adapter importin o and the nuclear pore targeting
subunit, importin 3 [75, 93-96]. Second, the trimeric complex is translocated through the
NPC to the nucleus by interaction of importin 3 with FG-Nup proteins [97, 98]. Third,
the interaction of RanGTP with importin B triggers the disassembly of the trimeric import
complex and delivery of the ctNLS cargo into the nucleus [99, 100]. Fourth, after
disassembly of the cNLS cargo:carrier complex, the receptors must be recycled back to
the cytoplasm for another round of nuclear import. Importin 3 is transported back to the
cytoplasm in complex with RanGTP [101, 102]. Importin a is transported by the export
factor, CAS/Csel, in complex with RanGTP [103-105]. This trimeric export complex is
dissociated in the cytoplasm upon hydrolysis of RanGTP to RanGDP and a

conformational change in Csel [106, 107].



Figure 3. Model of Classical Nuclear Import.
Classical nuclear transport contains four key steps: (1) Assembly of the importin o//cNLS

cargo import complex in the cytoplasm; (2) Translocation of the import complex through the
nuclear pore complex to the nucleus; (3) Delivery of the cNLS cargo into the nucleus; and (4)

Recycling of the import receptors back to the cytoplasm for another round of nuclear import.

13



14

1.8 Classical Nuclear Transport Factors

Delivery of cNLS cargoes into the nucleus requires coordinated function of
receptors (importin a and importin ), the nuclear pore, RanGTP and other factors that
facilitate delivery of the cargo into the nucleus including the importin o export receptor,
Csel, and the nucleoporin, Nup2. Knowledge of the function and interaction of these
factors with each provides insight into understanding classical nuclear transport of cNLS
cargoes to the nucleus.
1.8a The Classical Adapter Receptor: Importin o

In 1994, the first subunit of the heterodimeric import complex, importin o
(karyopherin o, Kap60), was identified in Xenopus cytosol as a 60 kDa protein [57].
Cloning and sequencing of the importin o gene [57] led to identification of importin o in
other organisms [53, 76, 108-112]. Structural and biochemical studies of importin a
revealed three functional domains (Figure 4A) [93, 94, 96, 113, 114]. The central
domain is composed of tandem armadillo (ARM) repeats that consists of repeating
tryptophan and asparagine amino acid residues. ARM repeats contain solvent-accessible
surfaces that create extended binding sites for large proteins. The ARM repeats in
importin o are involved in cNLS cargo recognition [64, 115]. The cNLS cargo binding
domain contains two binding pockets, a major binding pocket consisting of ARM repeats
2-4 and a minor binding pocket region consisting of ARM repeats 6-8. Monopartite
cNLS cargoes only bind the major binding pocket while bipartite cNLS cargoes interact
with both the major and minor binding pockets [93, 94, 96].

The N-terminal domain of importin o has two important functional roles. First,
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Figure 4. Domain structures of Importin o, Importin 3, Nup2, and Csel.
(A) Importin a contains three functional domains: an N-terminal importin 3 binding domain

(IBB), a central cNLS cargo binding domain, and a C-terminal Csel binding domain. The cNLS
cargo binding domain contains major and minor cNLS binding pockets. Monopartite cNLS
cargoes bind the major binding pocket while bipartite cNLS cargoes interact with both the major
and minor binding pockets. (B) Importin  consists of an N-terminal RanGTP binding domain
that facilitates release of NLS cargo into the nucleus, an N-terminal FG-Nup binding domain that
facilitates translocation of the import complex through the NPC, and a C-terminal importin o
binding domain. (C) Nup2 contains an N-terminal importin a binding domain that facilitates
release of cNLS cargo, an internal importin § and Nup60 binding domain, and a C-terminal
RanGTP binding domain to aid in dissociation of the import complex. (D) Csel contains an N-

terminal RanGTP binding domain that facilitates re-export of importin a.
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the N-terminus contains the importin § binding (IBB) domain, the location where the
carrier importin 3 interacts with importin o in the cytoplasm [116, 117].

Second, located within the IBB domain is a cluster of basic amino acids (KRR)
that resembles a cNLS sequence (Figure 4A). This KRR sequence functions in auto-
inhibition by competing with cNLS cargoes for binding to the central cNLS cargo
binding domain of importin o [105, 118, 119]. There is no binding competition between
the cNLS cargo and the IBB domain for the cargo binding domain when the IBB domain
of importin o is bound by importin 3 in the cytoplasm [118]. Therefore, importin o has a
high affinity for cNLS cargoes in the cytoplasm while bound to importin 8 (Figure 5).
When importin o enters the nucleus, RanGTP binding to importin 3 triggers release of
importin o and the cNLS cargo. Thus the auto-inhibition motif can compete with the
cNLS cargo for binding to the cargo binding domain. In this free state, importin o has a
low affinity for the cNLS cargo (Figure 5). This change in the affinity of importin a for
the cNLS cargo helps facilitate release of cNLS cargoes into the nucleus. This
mechanism has been confirmed in experiments demonstrating that importin o lacking the
IBB domain has increased binding affinity for cNLS cargoes [22, 23, 43].

A portion of the N-terminal IBB domain together with the C-terminal domain of
importin o creates a binding site for the export receptor Csel/CAS (Figure 4A) [105,
114, 120]. This interaction is critical because it ensures importin a is not exported with
cargo bound in a “futile transport cycle.” The importin a:Csel interaction is required to
recycle importin o back to the cytoplasm after cNLS cargo is released into the nucleus

[88, 103-105, 121].
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Figure 5. Binding Affinity of Importin o for ¢cNLS cargo.

When the IBB domain of importin o is bound by importin B in the cytoplasm, importin o has a
high binding affinity for the cNLS cargo because there is no competition between the auto-
inhibitory motif and cNLS cargo for the cNLS binding pocket. Once the trimeric complex is
translocated through the NPC into the nucleus, the loss of interaction between the importin o/
heterodimer triggered by RanGTP binding to importin 3 releases the IBB domain of importin o
allowing the auto-inhibitory motif within the IBB domain to compete for binding to the cNLS
cargo binding pocket and dissociate the cNLS cargo from importin o.. This mechanism results in

release of the cNLS cargo into the nucleus.
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1.8b The Classical Carrier Receptor: Importin 3
Classical importin 3 (karyopherin B1, Kap95) is the carrier receptor that indirectly

binds cNLS cargoes through the adapter, importin o [75, 122]. Importin 3 contains 19
HEAT repeats consisting of two a helices that function as a docking site for other
proteins [64, 115]. Domain analysis of importin 3 revealed three functional regions
(Figure 4B) [123-125]. The N-terminus contains a RanGTP binding domain that
facilitates release of cNLS cargo into the nucleus [99]. An additional region within the
N-terminus in cooperation with the C-terminus is involved in binding FG-Nups located
within the NPC. FG-Nups aid in translocation of the import complex through the NPC to
the nucleus [22, 97, 98, 126]. The interaction of importin 3 with FG-Nups is weak and
transient to allow rapid transport of cNLS cargo-carriers [97, 127]. The mechanism of
how the FG-Nups facilitate ¢cNLS cargo:carrier movement through the NPC is unknown.
Lastly, the C-terminal region of importin 3 binds importin o in the cytoplasm [75].
1.8¢ FG-Nucleoporins: Nup2/Nup5S0

S. cerevisiae Nup2 and the mouse homolog, Nup50, are FG-Nups located on the
interior nuclear face of the NPC (Figure 1) [128-130]. Nup2 contains an N-terminal
importin o binding domain that cooperates with the C-terminal region, an internal FG
repeat importin  and Nup60 binding domain, and a C-terminal Ran binding domain
(Figure 4C) [22, 23, 129, 131]. Nup60 is involved in tethering Nup2 to the NPC [132,
133]. Nup2/Nup50 functions in the disassembly of the import complex and then

assembly of the importin a export complex [22, 23, 129, 131].
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1.8d Classical Export Receptor: CAS/Csel
CAS/Csel is the importin o export receptor in the importin 3 superfamily that

contains 19 HEAT repeats and a RanGTP binding domain like the classical importin 3
carrier receptor (Figure 4D) [74, 105]. Csel in complex with RanGTP mediates export of
importin o back to the cytoplasm for subsequent rounds of cNLS cargo import [103,

104]. Csel will not interact with importin o unless the cNLS cargo has been released and
delivered into the nucleus [104, 114, 125]. Structural studies show that Csel coils around
RanGTP and importin o [105]. This interaction allows Csel to stabilize RanGTP and
also allows the auto-inhibition motif in the IBB domain of importin a to bind the cNLS
cargo binding domain, preventing cNLS cargo binding [105]. This mechanism helps
ensure the proper delivery of the cNLS cargo to the nucleus and the export of cNLS
cargo-free importin o to the cytoplasm. The importin o export complex is disassembled
in the cytoplasm upon hydrolysis of RanGTP to RanGDP by RanGAP, leading to a
conformational change in Csel to allow the interaction of the IBB domain of importin o

with importin 3 [104-106].

1.9 Regulation of cNLS Cargo Delivery into the Nucleus

As was discussed previously, there are various factors and mechanisms
orchestrating the efficient delivery of ¢cNLS cargoes into the nucleus. Many critical
cellular functions are dependent on cNLS cargo transport into the nucleus. There are two
major steps in regulating nuclear import of cNLS cargoes. The first is cNLS cargo
recognition by importin o in the cytoplasm. The second is the release of the cNLS cargo

into the nucleus.
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1.9a Recognition of ¢cNLS Cargo in the Cytoplasm
There are many amino acid variations within the nuclear targeting sequence of a

functional cNLS. Thermodynamic studies analyzed the relative importance for cNLS
cargo binding to S. cerevisiae importin a in vitro [43]. In this study, a variant
monopartite K(K/R)X(K/R) was engineered with or without a second basic cluster amino
acids (KR) to represent a bipartite cNLS. Quantitative analysis was performed with
either importin a lacking the IBB domain to represent cNLS cargo binding in the
cytoplasm or with full-length importin a to represent the efficiency of cargo release into
the nucleus since the auto-inhibition motif is located within the IBB domain. This study
demonstrated a lysine residue followed by two basic residues is required to bind importin
o for monopartite cNLS cargo import into the nucleus [43].

Structural analyses of the interaction between the cNLS cargo and isoforms of
importin o have revealed highly conserved critical residues within the binding groove of
importin o that mediate ctNLS cargo recognition [93, 94, 96, 134]. In vitro and in vivo
characterization of various conserved residues in the cNLS binding region of importin o
revealed the functional importance of the major, minor, and linker binding region of
importin o in recognition of monopartite and bipartite cNLS cargoes [135]. Functional
studies show drastic changes in either of these pockets yield a non-functional protein. /n
vivo functional analyses of these regions revealed a conditional allele of importin a in the
minor binding region termed srp/-E402Q. As mentioned previously, the minor binding
pocket region of importin a is involved in binding bipartite cNLS cargoes [96]. The

srp1-E402Q mutant can be utilized as a functional tool to identify bipartite cNLS cargoes
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recognized by importin o [135]. Thus, the mechanism of import into the nucleus via

importin o can be determined for a subset of bipartite cNLS cargoes.

1.9b Release of cNLS Cargo

The release of cNLS cargoes into the nucleus is much more complex than cNLS
cargo recognition in the cytoplasm. The interaction between importin o and importin 3
must be disrupted before the cNLS cargo is released into the nucleus. Following entry
into the nucleus, RanGTP binding triggers a conformational change in importin 3 leading
to the irreversible dissociation of the IBB domain of importin o from importin 3 [99,
100]. Dissociation of the importin a:importin 3 interaction leads to release of the cNLS
cargo into the nucleus. Interestingly, RanGTP and the IBB domain of importin o bind to
overlapping regions of importin 3 [75, 99, 100].

Although the importin B:importin o interaction is disrupted upon RanGTP
binding to importin 3, the cNLS cargo interaction with importin o must also be disrupted
for cargo release into the nucleus and subsequent export of importin o to the cytoplasm
by Csel. As discussed earlier, dissociation of the cNLS cargo occurs when the auto-
inhibition motif within the IBB domain of importin o competes with the cNLS cargo for
binding to the cNLS cargo binding pocket [118, 119, 136]. Because nuclear transport
occurs at a fast rate of ~100-1000 NLS cargoes per second per NPC, the dissociation of
cNLS cargoes from importin a through the auto-inhibition function may not be sufficient
to release cargoes with high affinities for importin a [92, 137]. Energetic studies by
Hodel et al. suggest cNLS cargoes possessing a high binding affinity for importin oo may

not be efficiently released into the nucleus [43].



22

The function of the FG-Nup, Nup2/Nup50, is activated once the importin
o/B:cNLS cargo trimeric complex is docked at the NPC by interaction with importin 3.
Nup2/Nup50 is able to compete with cNLS cargoes for binding to two sites on importin o
[23]. One higher binding affinity site is used to anchor Nup2/Nup50 to importin o and
the other weaker binding affinity site overlaps with the major and minor cNLS cargo
binding pocket of importin o to aid in release of the cNLS cargo into the nucleus [22,
23].

Further in vitro and in vivo characterization of importin o examined the
importance of the auto-inhibitory function [118, 136]. A change in one of the amino
acids within the auto-inhibition motif create a non-functional the importin a protein that
causes cells to die. Studies in S. cerevisiae identified a conditional allele in importin o,
srpl-55 (KRR>KAR’®) [136]. The srpl-55 mutant shows a defect in the auto-
inhibition function and a defect in release of the cNLS cargo into the nucleus [136].
Thus, the Srp1-55 mutant can be used as a tool to identify cNLS cargoes affected by

defects in cNLS cargo release into the nucleus [136].

1.10 Regulation of Nuclear Transport

There are three general mechanisms for regulating cNLS cargo nuclear import
[138-140]. (1) Intramolecular masking involves the prevention of cNLS cargo
recognition by importin o by a conformational change in the cNLS cargo [140-143]. (2)
Intermolecular masking is blocking the nuclear targeting sequence of the cNLS cargo
from importin o recognition by interaction of the cNLS cargo with another molecule or

protein [ 140, 144, 145]. (3) Modulation of cNLS cargo binding affinity to importin o by
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phosphorylation within or adjacent to the cNLS cargo nuclear targeting sequence [140,
146, 147].

In addition to the regulation of nuclear import by cNLS cargo recognition and
release by importin o, the nuclear envelope acts as a physical barrier for the regulation of
nuclear transport. As mentioned above, macromolecules can only gain access to the
nucleus by passage through the NPCs, which are embedded in the nuclear envelope [3,
4]. In higher eukaryotes (Figure 6), the nuclear envelope breaks down at late mitosis
leading to free distribution of macromolecules between the nucleus and cytoplasm [148,
149]. In contrast, the nuclear envelope does not breakdown in budding yeast and some
other fungi [150]. Thus, macromolecules that enter the nucleus in yeast and fungi depend

on the nuclear transport machinery throughout the cell cycle.

1.11 General Overview of the Eukaryotic Cell cycle

The duplication of genetic material to produce a new cell or organism entails
many events that comprise the cell cycle. The eukaryotic cell cycle is divided into four
phases: cell growth, DNA replication, transfer of genetic material to daughter cells, and
cell division (Figure 6). These phases are separated into two stages: interphase and
mitosis. Interphase consists of approximately 95% of the cell cycle while mitosis only
consists of about 5%. Interphase is subdivided into Gapl (Gy), Synthesis (S), and Gap2
(Gy) [151]. The G, phase separates mitosis and S phase initiation. During the G; phase
the cells grow and prepare for DNA replication. During S phase (DNA replication), the
packaged DNA containing many chromosomes is duplicated to form sister chromatids.

The sister chromatids are held together by centromeres. The centromeres are also
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duplicated. During G phase, the cell continues to grow and protein synthesis occurs to
prepare for mitosis [151].

Mitosis follows interphase. Mitosis (M phase) is the phase where the duplicated
contents of the nucleus separate as the daughter cells separate (cytokinesis). Mitosis is
subdivided into six key steps [152, 153]. First, early prophase is identified by the
movement of kinetochores to the opposite poles of the cell, along with the breakdown of
the nuclear envelope. Kinetochores function in sister chromatid movement. Second,
during late prophase, the sister chromatids are condensed and the microtubule spindles,
which are involved in cellular structure and movement, begin to elongate from the
spindle pole bodies. Third, the sister chromatids align near the equator of the cell during

metaphase. Fourth, anaphase is identified by the separation of the two sister



25

Mitotic -
Checkpoint

CDK4

CDK6

Cyclin B
CDK1

G, DNA Damage/
Checkpoint

Cyclin A
@ S Phase DNA Damage
: Checkpoint
Cyclin Al— P
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The eukaryotic cell cycle is divided into two stages: mitosis and interphase. Interphase is
subdivided into Gapl (G,), Synthesis (S), and Gap2 (G;). During G, phase, cells grow and
prepare for DNA replication. During S phase, chromosomes are duplicated forming sister
chromatids. The sister chromatids are held together by centromeres. The G, phase is the stage
where cell growth and protein synthesis occurs. Mitosis (nuclear division) or M phase is the
phase where the daughter cells separate and the cells divide (cytokinesis). Cells do not progress
to the restriction point located at late G, phase, if the environment is not favorable for cell
division. Then the cells progress into the resting state, the Gy phase. Checkpoints are located
throughout the cell cycle to function as monitoring devices for DNA damage and proper spindle
formation. The interaction between cyclins and cyclin-dependent kinases (CDK) regulates

progression through the cell cycle.
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chromatids into individual chromosomes as the cell and spindles elongate to begin
cytokinesis. Fifth, during telophase, a new nuclear envelope forms, the spindles
depolymerize, and the chromosomes decondense. Sixth, cytokinesis completes mitosis
with division of the cytoplasm to create two daughter cells. Then the cells enter the G,
phase for another round of cell duplication [152, 153].

Although the cell cycle of budding yeast is similar to higher eukaryotes, S.
cerevisiae duplicate their cells by budding and the nuclear envelope does not breakdown
at late mitosis (Figure 7) [150]. Briefly, the beginning of the G, phase is signified by a
mother cell. As the G, phase progresses, protein synthesis occurs as the cell
simultaneously grows until it reaches a sufficient size to activate gene expression and the
microtubule spindles assemble at the spindle pole bodies. If the cell is switched to a low
nutrient medium without the appropriate growth-promoting signals, then the cell enters
the Gy phase where the cell grows slowly until the cell reaches an optimal size to progress
through the cell cycle. Once the cell reaches a critical size, the cell commits to
transitioning through the cell cycle at the start point [154]. During S phase, a bud
emerges on the cell and the spindle pole bodies duplicate. As the cell reaches the G,
phase, the bud continues to grow and the spindle pole bodies separate as the microtubule
spindles formulate and elongate [155]. The exact timing of spindle elongation is
controversial because spindle elongation has also been documented as entry into mitosis
[156]. The spindles continue to elongate as well as the nucleus while the bud
simultaneously grows larger at the G,/M transition stage [155]. During mitosis, the

chromosomes segregate and the nucleus divides [155].
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Figure 7. The yeast S. cerevisiae cell cycle.
S. cerevisiae duplicate by budding. During the G, phase, the cell grows until it reaches a

sufficient size to activate gene expression and the microtubule spindles assemble at the spindle
pole bodies. If the cell is switched to a low nutrient medium then the cell enters G, phase where
it grows slowly until the cells reaches an optimal size to progress through the cell cycle. Once the
cell reaches a critical size, the cell commits to transitioning through the cell cycle at the start
point. During S phase, a bud emerges on the cell and the spindle pole bodies duplicate. As the
cell reaches G, phase, the spindle pole bodies separate as the microtubule spindles formulate and
elongate. The spindles continue to elongate as the nucleus migrates to each side of the cell at the

G,/M stage. During mitosis, the chromosomes segregate and the nucleus divides.
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1.11a Regulation of the Eukaryotic Cell Cycle
Progression through the eukaryotic cell cycle is regulated by many factors. One

of these is the cell cycle checkpoints. The checkpoints function as monitoring devices.
Different checkpoints are put in place throughout the cell cycle to ensure different
processes have been completed properly in order to maintain the integrity of the genome
(Figure 6) [157, 158]. The cell cycle is stopped at distinct checkpoints if all the
conditions are not favorable and the processes have not occurred appropriately to
transition to the next phase. These halts in the cell cycle allow time to repair the
problem. If the problem can not be repaired then the cells are targeted for programmed
cell death (apoptosis).

There are four main checkpoints: G;/S, S phase, G; phase, and the mitotic
(spindle) checkpoint (Figure 6) [158]. The G,/S checkpoint detects DNA damage such as
double-strand breaks, UV photo products or incomplete DNA replication. The S phase
checkpoint also detects DNA damage. The G; phase checkpoint detects DNA damage
after DNA replication has been completed. The mitotic checkpoint ensures that mitotic
spindles form properly [158-160]. In addition, DNA damage checkpoints are activated
throughout the cell cycle and function by activating critical proteins that work to repair
each type of DNA damage [161]. Another regulatory mechanism is the restriction point.
Cells do not progress to the restriction point (start in yeast) located at late G; phase of the
cell cycle if the cells have not received the appropriate growth-promoting signals. These
cells progress into the resting state, the Gy phase. Some cells stay in the Gy phase forever
[157, 162].

Key regulators of the cell cycle are cyclins and a family of cyclin-dependent

kinases (CDK) [154, 163]. CDKs are a part of a family of serine/threonine protein
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kinases that trigger activation of downstream factors by phosphorylating specific proteins
[164, 165]. Interaction between cyclins and CDKs activates the kinase of the bound
CDK [165, 166]. The cellular levels of cyclins control progression through the cell cycle.
The levels of these cyclins vary at certain stages of the cell cycle while the CDK levels
remain relatively stable [167, 168].

The cyclins and CDKs form different complexes at distinct phases of the cell
cycle (Figure 6). Interaction between the cyclin D proteins (cyclin D1, cyclin D2, and
cyclin D3) with CDK4 and CDKG6 are required for entry into G, phase [169]. Cyclin E
interacts with CDK2 to regulate the G,/S phase transition [170]. Cyclin A also binds
CDK?2 but it regulates S phase entry and S phase progression [171, 172]. Lastly, cyclins
A and B separately interact with CDK1 during late G, to M phase to regulate entry into
mitosis and M phase progression [173, 174]. The activity of the CDKs is not only
regulated by interaction with cyclins, but CDK function can be negatively regulated by
CDK inhibitors (CKI) that bind CDK alone or CDK-cyclin complexes [175]. In S.
cerevisiae, there is only one CDK protein which regulates cell cycle progression, the cell-

division cycle protein, Cdc28 [176, 177].

1.12 Interplay of Nuclear Transport and Cell Cycle Progression

There is a long history suggesting nuclear transport factors play key roles in
regulating the cell cycle. The original indicators come from defects in cell cycle
progression associated with mutations in nuclear transport factors [178-182]. For
example, the first evidence of interplay between nuclear transport and the cell cycle was
observed with the nuclear transport factor, Ran. A study utilizing cultured baby hamster

kidney cells containing a conditional allele of RCC1 (RanGEF), revealed premature entry
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into mitosis in the presence of unreplicated DNA [178]. Furthermore, in a conditional
allele of RanGEF in fission yeast cells, the mutant cells progress through one round of
DNA replication and mitosis before arresting at the mitosis-interphase transition of the
cell cycle due to the failure of chromatin decondensation [179]. Subsequent studies have
revealed RanGTP regulates the activity of several mitotic proteins primarily by
modulating interactions with nuclear import factors [181-185].

Importin o orthologs in S. cerevisiae and the fission yeast, Schizosaccharomyces
pombe, have also been linked to the cell cycle [113, 180, 186]. Interestingly, a
conditional allele of S. cerevisiae importin o (SRP1), srpl-31, which contains an amino
acid substitution within the first ARM domain just N-terminal of the cNLS binding
pocket, was shown to cause cell cycle defects [113, 180]. The srp1-31 mutant has been
reported to delay cells at the G,/M transition of the cell cycle [180]. This mutant also
shows defects in nuclear protein import [180], suggesting the cell cycle delay could be
due to the inability to import key proteins functioning in the G»/M transition. However,
the srpl-31 mutation is not located within a functional region of importin o, making it
unclear how this amino acid change impacts the molecular function of importin o in
nuclear import (Figure 2).

Many proteins have been identified whose functions in different cellular processes
are dependent upon their ability to be imported into the nucleus at distinct stages of the
cell cycle. A subset of these cargo proteins that contribute to control of the cell cycle, are

likely to be targeted into the nucleus through a cNLS sequence [47].
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1.12a Cell Cycle Regulated Proteins
As mentioned earlier, progression through the eukaryotic cell cycle is regulated

by the cellular levels of cyclins and interaction of the cyclins with CDKs [167, 168].
Specifically, cyclin A and cyclin B are required for entry into mitosis and their
expression level is regulated [173, 174]. The function of the cell cycle regulators, cyclin
A and cyclin B, is dependent on import into the nucleus during different phases of the
cell cycle when the nuclear envelope is intact [187]. Cyclin A is imported into the
nucleus during the S phase and is degraded during metaphase of mitosis [187]. Cyclin B
accumulates in the cytoplasm during the S and the G, phases and then cyclin B is
imported into the nucleus at the start of mitosis before the nuclear envelope is broken
down [187, 188].
1.12b Nuclear Transport, Cell Cycle, and Cancer

The activity of tumor suppressors and transcription factors involved in controlling
cell growth and cell death is also regulated by their location in the cell during distinct
stages of the cell cycle [189]. The mislocalization of these proteins can potentially lead
to the development of different cancers [190-194]. For example, the activity of the
multifunctional tumor suppressor, p53, is highly regulated by its cell cycle dependent
localization to the nucleus. The expression of p53 is controlled by its degradation in the
cytoplasm. Stressors such as DNA damage induce the transient stabilization of p53 and
localization of p53 into the nucleus [195]. The p53 protein enters the nucleus at various
stages of the cell cycle in different tissue types to activate transcription factors that
initiate apoptosis [196-199]. The nuclear import of p53 is poorly understood but

published reports show nuclear accumulation of p53 between the G, and the S phases of
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the cell cycle [200]. It has been reported that mislocalization of p53 to the cytoplasm
plays a role in tumorigenesis [201].

The mislocalization of the tumor suppressors, nuclear factor kappa B (NF-kB)
and breast cancer 1 (BRCA1), also plays a role in the development of various types of
cancers [202]. NF-kB accumulates in the nucleus at the G; to S phase transition of the
cell cycle [203] and BRCAL is located in the nucleus at all phases of the cell cycle [204].
The distinct nuclear localization-dependent function of proteins like NF-kB and BRCA1
demonstrates a fundamental role of nuclear import-mediated cell cycle transitions. These
examples reveal direct consequences of defects in nuclear transport of critical proteins
that regulate cell growth. Therefore, studying the interplay of nuclear transport and the
cell cycle could be important for the development of therapeutic approaches to prevent
and fight cancers caused by the mislocalization of proteins that regulate cell proliferation.

1.13 S. cerevisiae as a Model to Study Nuclear Transport and the Cell Cycle
S. cerevisiae is the ideal model organism to study the interplay between nuclear

transport and the cell cycle because the proteins and cellular functions of nuclear
transport and the cell cycle are conserved. A fundamental difference between S.
cerevisiae and higher eukaryotes is the fact that nuclear envelope does not break down
during late mitosis in yeast [201]. Therefore, all proteins in S. cerevisiae must be actively
transported across the nuclear envelope at all stages of the cell cycle. Genetic
manipulations in yeast also make it possible to generate conditional alleles to utilize in
studying the function of essential genes that would otherwise cause the cell to die in

another organism.
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1.14 Dissertation Overview

The goal of Chapter II was to develop a quantitative model to identify the upper
and lower limits of importin o binding affinity for cNLS cargoes. The hypothesis of this
study was the binding affinity between importin a and a ¢ctNLS cargo dictates cNLS cargo
import into the nucleus. In this study, our lab in collaboration with the Hodel laboratory
characterized different cNLS cargo variants possessing a broad range of binding affinities
for importin a. We demonstrate the higher the binding affinity of a cNLS cargo for
importin o, the higher the probability of the ctNLS cargo accumulating in the nucleus.

The goal of Chapter III was to define a role between nuclear transport and cell
cycle progression. In this study, we used two mutants of importin o with defined
molecular defects in nuclear import to determine the role nuclear transport plays in cell
cycle progression. We show the G;/S transition of the cell cycle is affected by these
importin oo mutants. In addition, we identified possible ¢cNLS cargoes that function in the
G and/or S phases of the cell cycle and show that their localization is affected by defects
in nuclear import.

Furthermore, these studies investigate how the nuclear import of key cNLS
cargoes involved in cell cycle control are affected by the function of the nuclear import
receptor, importin a.. As a result of these studies we have defined a specific role of the
nuclear transport machinery in cell cycle progression in S. cerevisiae.

Chapter IV consists of an overall discussion of the data presented in this
dissertation and how this body of work increases the knowledge in the nuclear transport

and cell cycle field. Future directions will also be presented.
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Abstract

Nuclear localization signals (NLSs) target proteins into the nucleus through mediating
interactions with nuclear import receptors. Here, we perform a quantitative analysis of
the correlation between NLS-receptor affinity and the steady-state distribution of NLS-
bearing cargo proteins between the cytoplasm and the nucleus of live yeast, which
reflects the relative import rates of various NLS sequences. We find that there is a
complicated, but monotonic quantitative relationship between the affinity of an NLS for
the import receptor, importin o, and the steady-state accumulation of the cargo in the
nucleus. This analysis assesses the impact of protein size. In addition, the hypothetical
upper limit to an NLS affinity for the receptors is explored through genetic approaches.
Overall, our results indicate that there is a correlation between the binding affinity of an
NLS cargo for the NLS receptor, importin o, and the import rate for this cargo. This
correlation, however, is not maintained for cargoes that bind to the NLS receptor with

very weak or very strong affinity.
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2.1 Introduction

The segregation of the nuclear genetic material from the cytoplasmic machinery
that translates it into proteins provides the eukaryotic cell with complex mechanisms for
controlling gene expression. This segregation, however, also presents the cell with a
mechanistic problem. Since most intra- and extracellular signaling pathways culminate
with changes in gene expression within the nucleus, signals must cross the nuclear
envelope to gain access to the genetic material. This signal is almost invariably a protein,
such as a transcription factor, that enters the nucleus. In addition, once a gene is
transcribed, the messenger RNA must then be exported across the nuclear envelope into
the cytoplasm where it is translated into protein. In fact, the nuclear envelope is a critical
information barrier across which both RNA and proteins are selectively transported in a
highly regulated manner to establish orderly communication and behavior within the cell
[205].

The best-characterized mechanism for translocation across the nuclear envelope is
protein import which depends on the ‘classical’ nuclear localization signal or NLS [40].
A classical NLS consists of a cluster of basic residues (monopartite) or two clusters of
basic residues separated by 10-12 residues (bipartite) [41, 44]. A complete understanding
of nuclear import signals requires a quantitative model for the import reaction that
correlates NLS amino acid sequence, in vitro interaction energies, and in vivo
functionality. We have previously attempted to decipher the energetic details of NLS
recognition by importin a through quantitative analysis of variant NLSs. The relative
importance of each residue in two monopartite NLS sequences was determined using an

alanine scanning approach [43]. This analysis was performed using the AIBB-importin o
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variant, which lacks the N-terminal auto-inhibitory domain, as a model for the high
affinity importin o/importin 3 complex. Variants of NLS sequences were generated with
affinities for AIBB-importin a that ranged between a Kp of a few micromolar to a Kp of a
few picomolar (see Table I). In addition, the energy of inhibition of the importin o IBB
domain was measured and found to be approximately 3 Kcal/mole regardless of the
sequence of the NLS. These data allow the generation of an energetic scale of nuclear
localization sequences where a signal has a high affinity for the cytoplasmic importin
o/importin  complex and an affinity 3 Kcal/mole weaker for the auto-inhibited importin
o in the nucleus [43].

One goal of this quantitative analysis is to provide a thermodynamic foundation
for a numerical model of the process of nuclear transport (for examples see [85, 206,
207]). One would expect that the in vivo process of nuclear import would correlate in
some manner with the energetics of the individual protein-protein interactions that drive
the process. One finding from a recent modeling study is that the rates of nuclear protein
import are largely governed by the level of the NLS receptor, importin o [207]. One
implication of this finding is that the binding affinity of the NLS receptor for its cargo
should be an important determinant of how efficiently that cargo is transported into the
nucleus. Indeed, there is empirical evidence to indicate that there is some sort of
functional threshold of affinity that an NLS must possess for importin a in order for the
cargo to be imported into the nucleus [42]. When the SV40 NLS (PKKKRKVE) is
mutated to the SV40T3 sequence (PKTKRKVE), its affinity for AIBB-importin o
decreases by ~ 3 Kcal/mol (from Kp=9 nM to Kp=3 uM) and it also loses its ability to

function as a nuclear localization signal in vivo [42]. Thus the energetic threshold



38

dividing a functional NLS from a non-functional NLS exists somewhere between the
binding affinity of the SV40T3 variant NLS (Kp=3 uM) and the SV40 wildtype NLS
(Kp=9 nM).

There have been a handful of reports comparing the measured binding affinity
between an NLS and its receptors with the rate of import of a cargo fused to that NLS in
vivo. Work by Jans et al. [208-210] involved the measurement of the binding constant
between several NLSs and full length importin o through an ELISA assay followed by
measurement of the import rate of these NLSs microinjected into rat hepatoma cells.
They reported that the initial rate of protein import is linearly correlated with the
equilibrium constant for the interaction between the NLS-cargo and importin o. This is
an interesting result as this relationship would hold true in a simple model where the rate
of protein import would depend on the equilibrium concentration of the importin
o/importin B/cargo-NLS ternary complex. Although provocative, the dynamic range of
the measurements used in this study was limited: the range of Kp measurements used in
this report varied only by a factor of four. Thus it would be interesting to see if this
correlation suggested in these studies is general to a wider range of NLS affinities.

The quantitative data generated by our examination of the energy landscape of
importin o yields a numerical skeleton on which to build a comprehensive model for the
complicated process of protein import. A given NLS can be situated on a linear scale that
describes its affinity for the importin o/importin 3 complex (using AIBB importin o as a
model) as well as its affinity for importin o alone [43]. For an NLS to function in nuclear
import, one might hypothesize that it must have an affinity for the importin o/ complex

that is tight enough to stimulate the uptake of the NLS-cargo into the nuclear pore, but it
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must also have an affinity for lone importin a that is weak enough to allow efficient
release of the cargo into the nucleus. Thus, we might hypothesize that there are both
upper and lower limits to the affinity of an NLS for its receptors that define a functional
localization signal.

Here, we report the results of our initial experiments designed to address the
correlation between in vitro binding energies and in vivo import function. We quantify
the initial import rates of various NLSs in live yeast cells of the NLS-bearing cargo
protein. Our results indicate that there is a complicated but monotonic quantitative
relationship between the affinity of an NLS for the import receptors and the initial rate of

nuclear accumulation of the cargo in the nucleus.

2.2 Material and Methods

Construction of Plasmids
All plasmids used in this study are listed in Table 2. NLS-GFP fusion proteins were

expressed in the yeast S. cerevisiae under the control of the MET25 promoter using the
plasmid pGFP-C-FUS [211]. The NLS-GFP fusion proteins expressed in yeast were
identical to the proteins expressed in E. coli for in vitro binding studies [43] except that
the first 17 residues of the N-terminus were removed, including the N-terminal 6xHis tag,
to facilitate expression in yeast. The DNA sequences encoding the SV40-GFP fusion
were amplified from the bacterial expression vector (see [43] using the DNA
oligonucleotide GCTCTAGATGGGCAGCCATATGGCTAG as a 5’ primer and the
oligo ACTCATCTCGACGGTATCG as the 3’ primer. The DNA encoding the SV40-
GFP fusion protein was then ligated into the yeast expression vector pGFP-C-Fus [211]

using Xbal and Clal restriction sites, placing the gene as an in-frame 5’ fusion with a
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second GFP molecule encoded in the vector DNA (pAC1065). The fidelity of the
resulting vector was confirmed by sequencing and by appropriate expression of the target
protein in yeast. Other NLS sequences were placed in this vector by PCR amplification
and then ligated into the SV40-GFP-GFP vector using Xbal and Hindlll.

NLS-reporters carrying a single copy of the GFP protein were constructed from
the NLS-GFP-GFP reporter plasmids by digesting with Sa/l, then performing an
intramolecular ligation with the resulting large fragment.

To construct a plasmid encoding the NLS-GFP-NES reporter, first an
intermediate vector was generated encoding GFP-NES. The bacterial expression vector
SV40-GFP [43] was amplified using the primers GTCCGGCGTAGAGGATCGAG,
which primed 5’ to the gene in the vector, and GCGCCTCGAGTTAGCGGCCGCGGA
GGAGCCGGAGCCTTTGTATAGTTCATCCATGC, which added a Nof site at the 3’
end of the GFP gene. The resulting DNA fragment was cut with HindIII and X#ol and
ligated into pET28a (Novagen). After verification by sequencing, this new vector, GFP-
Not, was then amplified with primers GTCCGGCGTAGAGGATCGAG at the 5’ end and
GCGCCTCGAGTTAGGACCCGGACCCTATGTCCAAGCCTGCGAGTTTCA
GTGCCAGGGCGGCCGCGGAGGAGCCGG, which added the NES sequence to the 3°
end of the GFP gene after the Nof site. This PCR fragment was again cut with HindIII
and X%ol and ligated into pET28a. After verification by sequencing, the DNA fragment
encoding GFP-NES was then excised using HindIII and XAol. This fragment was then
ligated into each yeast NLS reporter expression plasmid cut with the same enzymes
creating NLS-GFP-NES reporters with unique NLS sequences that could be expressed in

yeast.
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Microscopy

Indirect immunofluorescence was performed as described elsewhere [212]. To
detect myc-tagged importin o or the NLS-GFP reporter, myc (EMD Bioscience) and GFP
antibodies [213] were diluted 1:3000 and incubated with fixed cells overnight at 4°C.
The Texas Red-labeled anti-mouse secondary (Jackson ImmnunoResearch) and FITC
anti-rabbit secondary antibodies (1:1000) were incubated with cells for 2 h at room
temperature. Cells were also labeled with DAPI (1 pg/ml) to mark the position of the
nucleus. Samples were viewed through a Texas Red-optimized filter and a GFP-
optimized filter (Chroma Technology) using an Olympus BX60 epifluorescence
microscope equipped with a Photometrics Quantix digital camera.

Direct fluorescence microscopy was used to localize GFP fusion proteins in live
cells. For all experiments, cells were incubated with DAPI to visualize the DNA and
confirm the location of the nucleus. The localization of the fusion protein was monitored
by directly viewing the GFP signal in living cells through a GFP-optimized filter as
described for indirect immunofluorescence microscopy.

NLS-GEP Import Assay
The NLS-GFP import assay was performed as described previously [214]. Briefly, cells

were grown to early mid-log phase in synthetic media containing 2% glucose (w/v) at
30°C, pelleted, resuspended in 1 ml of glucose-free synthetic media containing 10 mM
sodium azide, 10 mM 2-deoxy-D-glucose, and incubated at 30°C for 45 min. The cells
were then pelleted, washed with 1 ml of ice-cold ddH0, repelleted, resuspended in 100
ul of glucose-containing synthetic media pre-warmed to 30°C, and incubated at 30°C.
For scoring, 2-ul samples were removed every 2.5 min following resuspension in pre-

warmed glucose-containing synthetic media. Individual cells were analyzed and counted
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using a GFP-optimized filter (Chroma Technology) using an Olympus BX60
epifluorescence microscope. Cells were scored as “nuclear” if the nucleus was both
brighter than the surrounding cytoplasm and a nuclear-cytoplasmic boundary was visible.
At least 100 cells were counted for each time point. Cells were also examined to assure

the complete relocalization of nuclear proteins upon energy depletion.

Overexpression of NLS Cargo
Wild-type cells (ACY192) or srpl-55 cells (ACY642) were transformed with B-galactose

inducible plasmids encoding GFP (pAC1350), SV40 NLS (ESPKKKRKVE)-GFP
(pAC1352), a bipartite SV40 NLS (KRTADGSEFESPKKKRKVE)-GFP (pAC1353) or
as a control a known dominant negative mutant of NTF2 (N77Y NTF2, pAC253) [43,
118, 215]. Single transformants were grown in liquid culture to saturation, serially
diluted (1:10) and spotted on minimal media plates containing 2% galactose or, as a
control, 2% glucose. Galactose induces expression of the plasmid encoded proteins.
Plates were incubated at 25°C for 3 days. For all experiments we employed quantitative
immunoblotting to examine the level of expression of both the NLS reporter proteins and
the importin alpha proteins. This analysis revealed that the expression levels of either the
reporters or the importin alpha proteins were equivalent for all experiments (data not

shown).
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2.3 Results

Measurements of in vivo import rates
Our first goal was to determine the correlation between the affinity of an NLS for

receptor and the rate of import of the NLS-cargo into the nucleus. This is an important
question as this relationship would have direct implications for the mechanism of nuclear
transport. We have previously generated a diverse set of NLS variants comprising a wide
range of defined affinities for importin o [43]. To measure the in vivo import rate
associated with these variant NLSs, we constructed a reporter cargo for use in live yeast
that is nearly identical to the NLS-GFP fusion proteins used in the in vitro measurements
with two exceptions [43]. First, the N-terminal 17 residues of the protein used in the in
vitro studies was removed to facilitate expression in yeast. Although this reduces the
number of residues N-terminal to the NLS (from 27 to 10 in the case of the bipartite
NLS), the local context of the NLS remains identical. The second modification is the
addition of a second GFP peptide to the C-terminus of the reporter. This addition yields a
double GFP molecule (molecular weight of ~55kD) with a presumably slowed rate of
passive diffusion through the nuclear pore. The similarity between the in vitro and in
vivo reporter molecules near the N-terminal NLS ensures that the results of one assay are
directly comparable to the results of the other.

In Figure 8A, yeast cells expressing four different NLS-GFP-GFP reporters are
imaged by direct fluorescence microscopy. The level of nuclear fluorescence compared
to cytoplasmic fluorescence increases with the measured strength of the affinity between
the reporter and importin a. The tight binding SV40 NLS shows more marked nuclear

localization than the weak SV40T3 mutant or the GFP-GFP without an NLS (Figure 8A,
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panels A-C). The very tight binding BPSV40 NLS is only observed in the nucleus
(Figure 8A, panel D). Thus, the relative ‘strength’ of an NLS sequence is apparently
reflected qualitatively in the steady-state distribution of the fluorescent reporter in yeast
cells.

One possibility is that since the BPSV40 reporter binds to importin o with high
affinity, the enhanced nuclear localization simply reflects an increase in the reporter-
receptor complex rather than free reporter within the nucleus. To determine whether the
BPSV40 reporter remains bound to importin a in the nucleus, we localized importin o
and the BPSV40 reporter in yeast overexpressing the importin o export receptor, Cselp.
Because Csel relocalizes importin a to the cytoplasm [103, 104, 216], if the nuclear
concentration of the BPSV40 reporter were due solely to binding to importin o, the
nuclear cargo concentration would be expected to decrease when importin o is no longer
concentrated in the nucleus. Thus, localization of both importin o and the BPSV40
reporter was analyzed by indirect immunofluorescence in control cells or cells
overexpressing Cselp. Control cells show primary nuclear localization of both the
BPSV40 reporter and importin a (Figure 8B, panels A and C). Overexpression of CSE/
causes relocalization of importin a to the cytoplasm (Figure 8B, panel D), while the
BPSV40 reporter remains within the nucleus (Figure 8B, panel B). This result shows
that the nuclear localization of the BPSV40 reporter does not depend on a nuclear pool of

importin o.
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Figure 8. Localization of NLS Variants.
Steady-state fluorescence distribution in yeast expressing NLS-GFP-GFP variants as viewed

through a standard fluorescence microscope. (A) The top panels show GFP fluorescence (panels
A-D). The bottom panels show the corresponding DIC image (panels E-H). The binding
constant for each NLS-cargo binding to importin o is indicated below the images. (B)
Localization of importin a—myc (pAC963) and the BPSV40-GFP-GFP reporter (pAC1056) by
indirect immunofluorescence in control cells (pRS425) or cells overexpressing CSE1 (pAC958).
Images of wild type cells expressing the BPSV40-GFP-GFP reporter (panels A and B) and
importin o-myc (panels C and D) are shown. Corresponding DAPI and DIC images are shown

below (panels E-H).
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To confirm the validity of our results using steady-state measurements to estimate
import rates, we carried out a kinetic NLS-GFP import assay [214] on selected reporters.
This assay provides a kinetic measurement of initial import rates in live yeast cells
(Figure 9). The NLS-GFP import assay was performed using GFP-GFP, as a control, and
the SV40T3, SV40, and BPSV40 variants. In this assay, cells expressing NLS reporters
are depleted of energy by incubation with azide and 2-deoxy-glucose, which causes the
redistribution of any nuclear protein [214]. Import kinetics are then measured by
counting the percentage of cells showing nuclear localization of the reporter over time
after azide and 2-deoxy-glucose are removed. As predicted by our steady-state analysis,
the import kinetics increase as the binding affinity of the reporter for importin o increases
(Figure 9A). In fact, import of the BPSV40 reporter is so fast that it is virtually all
nuclear at the earliest time point we can measure. To assure that the BPSV40 reporter
was redistributed upon incubation of cells with azide and 2-deoxy-glucose, we examined
cells expressing this reporter at each point in the assay (Figure 9B). Cells show diffuse
localization of the BPSV40 reporter in media containing azide and 2-deoxy-glucose in
comparison to cells not treated (Figure 9B, compare panels A and B). After cells are
washed with H,0, BPSV40 remains diffusely localized throughout the cell (Figure 9B,
panel C). However, as soon as cells are placed in pre-warmed glucose-containing media,

BPSV40 accumulates within the nucleus (Figure 9B, panels D and E).



47

A. 100
80 /‘,—-.._ 4_£.———-A

,,ﬁ—'A/—.— Control

=
S 60 —
3 / /ﬁ/ —O—SV40T3
Z. ——SV40 |
o 40
o / / ~e—BPSV40

20

0 T T T T T T T 1 T

T. 1 2 4 6 8 10 12

Time (min)

B. No Azide/deoxy-

treatment glucose H,0 wash T,

Figure 9. A Kinetic assay for NLS reporter import in wild type cells.
The import of GFP (pAC1069), SV40T3 (pAC1067), SV40 (pAC1065), and BPSV40 (pAC1056)

reporters were analyzed using a kinetic import assay [214]. (A) Import kinetics were measured
by counting the percentage of cells showing nuclear accumulation of the NLS reporters every 2.5
min over a 10 min time period. T; denotes the initial import time point which was taken before
cells were resuspended in prewarmed glucose-containing media. (B) Images of yeast expressing
the BPSV40-GFP-GFP reporter at different points in the assay. Panel A shows cells before
treatment. Panel B shows cells resuspended in media containing azide and 2-deoxy-glucose.
Panel C shows cells washed with H,0. Panel D shows the initial time point for cells resuspended

in synthetic media (T;). Panel E shows cells incubated for 2.5 min in synthetic media at 30°C.
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Addition of an NES to increase the dynamic range of the analysis
A limitation of this study is the dynamic range of Ry/c values available using GFP as a

cargo. Due to the inherent nuclear targeting of GFP, the range is limited to values greater
than 1.4. In an attempt to increase the dynamic range of the measurements, a nuclear
export signal (NES) was added to the C-terminus of a single GFP reporter (sequence:
AAALALKLAGLNI) [50]. The goal was to cause the cytoplasmic accumulation of
reporters carrying weaker NLSs, but still allow the nuclear accumulation of stronger
NLSs. Surprisingly, we found the NES, at least in this context, to be a much stronger
targeting signal than the import signal imparted by most of the NLSs used in this study.
An SV40-GFP-NES reporter showed an exclusively cytoplasmic steady-state localization
(data not shown). This suggests that this particular NES dominates the trafficking of the
NLS/NES combination. Strikingly, when the stronger BPSV40 NLS was paired with the
NES, the reporter appeared to accumulate at the nuclear rim as shown in Figure 10. To
ensure that accumulation at the nuclear rim is due to NES-dependent export, the
BPSV40-GFP-NES reporter was expressed in the yeast strain crm1-3, which contains a
mutation in the yeast NES export receptor, Crm1p/Xpolp [136]. In this mutant, the
BPSV40-GFP-NES reporter accumulates within the nucleus (Figure 10) consistent with
the hypothesis that nuclear rim localization is a direct effect of rapid export after import.
This observation suggests that the residence time of the BPSV40-GFP-NES reporter in
the nuclear pore complex is large relative to the time the reporter remains in either the

nucleus or the cytoplasm. One interpretation of this observation is
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Figure 10. Effect of an NES on reporter localization.
Images of yeast expressing the BPSV40-GFP-NES reporter taken with a standard fluorescence

microscope. The top panels show GFP fluorescence. The bottom panels show the corresponding
DIC images. The left panels show the reporter expressed in wild type yeast cells. The right panels

show the reporter expressed in crm -3 mutant cells [201].
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that the initial steps of import and export are relatively fast compared to the rate of either

translocation through the pore or release from the pore.

Upper limit to functional NLS affinity
In our original hypothesis, we proposed that for an NLS to be functional in vivo, it must

have an adequate affinity for the import receptors in the cytoplasm to allow capture, but it
must also have a weak enough affinity for the receptors in the nucleus to allow efficient
release of the cargo. This admittedly simplistic model for protein import predicts that
there is an upper limit to the affinity of a functional NLS for the import receptors.
Surprisingly, we did not see evidence for such an upper limit in our imaging studies
above. There is a saturation behavior observed for the high affinity bipartite NLSs in that
the relative localization of these NLSs are apparently insensitive to changes in the NLS
affinity, but these high affinity NLSs efficiently localize their cargoes to the nucleus.
From our simple model of protein import, which assumes that no other factors are

involved in the release of cargo except importin o, importin 3, and Ran-GTP, we would
expect that high affinity NLS-cargoes would remain bound to importin o even after the
dissociation of importin 3 from the trimeric import complex. Importin a cannot interact
with its export factor, Cselp, when an NLS is bound [104, 105, 121]. Thus, we would
expect the high affinity NLS-cargo/importin a complexes to accumulate in the nucleus
and deplete cytoplasmic importin o to the detriment of cellular growth.

Because no obvious growth defects were observed in our imaging studies with the
bipartite NLSs, we further examined the toxicity, or lack thereof, of high affinity NLSs
by expressing the NLS-GFP-GFP cargoes at a higher level and directly analyzing cell

growth. Using a galactose inducible expression vector, we tested the effects of
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overexpressing both the SV40-GFP-GFP and the BPSV40-GFP-GFP reporters on growth
of wildtype yeast cells. As controls, we also tested the empty vector and a known
dominant negative variant of the protein NTF2 [215]. As shown in Figure 11 (top panel),
the overexpression of either NLS-cargo had no apparent effect on cell growth. This
result is somewhat surprising given that the BPSV40 NLS is predicted to have nanomolar
affinity for importin a in the nucleus [43]. Similar results were obtained when we
expressed the NLS reporters from a very strong GPDI promoter on a multicopy plasmid
(data not shown). This analysis suggests that the affinity, or lack thereof, of the NLS for
importin o in the nucleus is not the limiting factor in the release of cargoes in the
nucleus.

In fact, several factors contribute to the release of the NLS cargo from the
importin oo within the nucleus [118, 121]. These factors include the nucleoporin, Nup2
[121], the export receptor for importin o, Cselp [105], and the auto-inhibitory domain of
the importin receptor itself [118]. To determine whether any of these factors are critical
for release of the NLS cargo within the nucleus, we examined overexpression of the nM
binding cargo in cells that express a variant of yeast importin o, encoded by the SRP/
gene [215], that has compromised auto-inhibitory function. This variant, which is
encoded by srpl-55, has an alanine substitution in the NLS-like sequence of the IBB
domain reducing its ability to compete with NLS binding through an intra-molecular
interaction with the NLS-binding site [136]. This yeast mutant thus harbors a defect in
the ability of importin a to release the NLS cargo in the nucleus. When the NLS-GFP-
GFP reporters were overexpressed in the s7p/-55 mutant, a mild growth defect was

observed with BPSV40-GFP-GFP expression where no defect was observed with SV40-
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Figure 11. Overexpression of NLS cargo.
Wild type (WT) yeast cells or cells that express an auto-inhibitory mutant form of the NLS

receptor importin a (srpl-55) as the only copy of the NLS receptor [217] were transformed with
the following galactose-inducible plasmids expressing: vector (pAC1350); a control protein that
inhibits cell growth when it is overexpressed (pAC253); an SV40-NLS reporter (pAC1352); or a
BPSV40-NLS reporter (pAC1353). Cells were grown to saturation in glucose media (no

expression) and then serially diluted and spotted on glucose (left) or galactose (right) plates.
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GFP-GFP expression. This finding suggests that when the NLS releasing mechanism of
the protein import machinery is perturbed, cells become sensitive to high affinity NLS-

cargoes.

2.4 Discussion

Intuitively, one would expect the function of a nuclear localization signal (NLS)
to be related to its affinity for the NLS receptor. Jans et al. have hypothesized that the
import rate of an NLS-bearing cargo is linearly related to 1/Kp based on measurements of
a small range of Kp, values [208-210]. This hypothesis is consistent with a model where
a number of NLS cargoes compete for limited number of import receptors resulting in a
relative rate of import that is proportional to the relative concentrations of NLS-
cargo/receptor complexes. In this study, we have investigated a much larger dynamic
range of NLS affinities compared to that examined by Jans ef a/. We find that the initial
rate at which a cargo is imported, is monotonically correlated with the binding affinity of
the NLS for the import receptor complex. However, the analytical relationship between
these parameters is not yet completely clear. A clearer picture of the analytical form of
the relationship between affinity and import rate would provide a powerful means by
which various models [207] for the complicated process of nuclear import could be tested
at an experimental and quantitative level. Along with the work of Jans ef al., this report
provides another early step in the quantitative description of NLS-mediated
nucleocytoplasmic transport.

The relationship between initial import rate and the cytoplasmic affinity for
import transporters can be described as having three regimes. NLSs with affinities

weaker than 10”M yield initial import rate values indistinguishable from GFP-GFP
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alone. NLSs with affinities between 10"M and 10”M vyield initial import rate values that
generally increase with increasing affinity. NLSs with affinities greater than 10°M yield
broad initial import rate distributions that are invariant with the NLS affinity. From this
data, one can hypothesize that the initial import rate of an NLS is a continuous function
of its affinity for the import receptors, but at high affinities, the initial import rate is
limited by some mechanism (assuming that the export rate constant for the NLS-GFP-
GFP is identical to that of GFP-GFP alone). Thus, on average, the highest rate constant
for NLS-mediated import appears to be about four times larger than the rate constant for
the SV40 NLS. This may be an indication that the saturation phenomenon observed for
strong NLSs may be due to a unique aspect of the fact that they are bipartite NLSs rather
than just a function of their high affinity for the import receptors.

With our increased understanding of the interactions that govern the nuclear
transport process, particularly the importin o/importin 3-mediated import of cargoes
containing a classical NLS, it has become possible to model the overall process. In
recent years, two laboratories have established such models [85, 206, 207]. Largely these
studies indicate that the level of nuclear Ran governs the import process. Recent work
also indicates that the cellular level of the import receptor, importin a., is an important
determinant of nuclear import [207]. Implicit within these results is the suggestion that it
is not actually the amount of importin a that governs the import of a particular cargo but
rather the amount of cargo bound to the import receptor that governs import rates. If
more receptor is available, then more cargo will be bound. Alternatively, if the affinity of
the receptor/cargo interaction is increased, this should also lead to enhanced nuclear

import. The results presented here provide the experimental data in support for this idea.
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Ultimately, we will need a combination of modeling studies and experimental tests of
those models to fully understand the molecular mechanisms that govern the rate of
nuclear protein transport.

A somewhat surprising observation in this report is that the nuclear import
machinery of yeast is robust enough to handle NLS affinities that vary over several orders
of magnitude. Particularly noteworthy is that exceptionally high affinity NLSs appear to
be properly localized to the nucleus and released in the nucleoplasm without causing any
severe disruption to cellular growth. This finding supports the suggestion that the
processes of nuclear import could be regulated on a kinetic level rather than a
thermodynamic level. Provocative evidence for the importance of kinetic regulation has
been offered by Gilchrist et al. specifically regarding the release of NLS-cargo in the
nucleus [121]. Their work demonstrates that both the nucleoporin Nup2 and the export
receptor for importin a,, Csel, can enhance the rate of disassembly of the importin
o/NLS-cargo complex in vitro [88, 121]. Recent structural studies have revealed details
of how both Nup2 [22] and Csel [105] interact with importin a. Despite the information
that the three-dimensional structures of these complexes provide, it is still not clear how
these factors act in a coordinated manner to facilitate NLS-cargo release in vivo. Such
questions highlight the importance of future experimentation defining both the energetic
and kinetic behaviors of the nuclear trafficking machinery. These experiments will then

provide a foundation for a more advanced model describing the nuclear transport process.
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Table 1. NLS variants and their affinity for AIBB-importin o

NLS Variant Name  NLS sequence” Kp AIBB Importin a
nM
BPSV40 KR-Xs- PKKKRKV (0.03)
BPSV40A5 KR-Xs- PKKKAKV (0.2)
BPSV40A6 KR-Xs- PKKKRAV 09=+1
BPSV40A4 KR-Xs- PKKARKV 1+1
Myc PAAKRVKLD 6£3
Sv40 PKKKRKV 9+4
MycA9 PAAKRVKLA 13.5+8
BPSV40T3 KR-Xs- PKTKRKV 1356
SV40A2 PAKKRKV 165+1
MycA6 PAAKRAKLD 25+ 11
SV40AS PKKKAKV 38+2
SV40A1 AKKKRKV 36 £2
SV40A7 PKKKRKA 53+4
MycAS8 PAAKRVKAD 85+7
MycAl AAAKRVKLD 120 £+ 14
SV40A4 SPKKARKV 335+7
SV40A6 PKKKRAVE 310 £ 100
MycA7 PAAKRVALD 650 £ 70
SV40R3 PKRKRKV 850 + 200
MycAS PAAKAVKLDE 1400 + 850
BP-GFP KR ~2000 £ 1000
SV40T3 PKTKRKV ~3000 = 1414
SV40A3 SPKAKRKV ~3000 £ 1400
MycA4 PAAARVKLDE ~15000 £ 7000

* Bold and underlined font represents amino acid changes in each variant NLS

® Calculated values inferred from binding affinity for full-length importin a.

The Kp values for full length importin o can be approximated from these numbers as
follows: Kp (full-length importin a) ~ 120 Kp (AIBB Importin o).
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Strain/plasmid  Description

References

ACY192
(wild-type)
ACY817

(Nup49-GFP)

ACY339
(crml-3)
ACY642
(srpl-55)
pRS425
pAC253
pAC958
pAC963
pAC1056
pAC1057
pAC1058
pAC1059
pAC1060
pAC1061
pAC1063
pAC1065
pAC1066
pAC1067
pAC1069
pAC1350
pAC1352
pAC1353
pAC2046
pAC2047
pAC2048
pAC2049
pAC2050
pAC2051

MATa ura3-52 leu2 Al trpl
MATa ura3-52 leu2 Al trpl nup49-GFP::TRPI

MATa ura3-52 his34200 leu2 Al trpl ade2 ade3

MATa ura3-52 his3A200 leu2 Al trpl srpl55::LEU2

2u, LEU2, AMP"
ntf2N77Y, GALI-10, 2 u, URA3, AMP®

CSEI, 2 w, LEU2, AMP®
SRPI-c-myc (3X), CEN, TRPI, AMP"
BPSV40-NLS-GFP-GFP, CEN, URA3, AMP®
BPSV40A5-NLS-GFP-GFP, CEN, URA3, AMP®
BPSV40A6-NLS-GFP-GFP, CEN, URA3, AMP"
BPSV40T3-NLS-GFP-GFP, CEN, URA3, AMP®
MYC-NLS-GFP-GFP, CEN, URA3, AMP"
MYCAI-NLS-GFP-GFP, CEN, URA3, AMP"
MYCAG6-NLS-GFP-GFP, CEN, URA3, AMP®
SV40-NLS-GFP-GFP, CEN, URA3, AMP"
SV40A45-NLS-GFP-GFP, CEN, URA3, AMP"
SV40T3-NLS-GFP-GFP, CEN, URA3, AMP®
GFP-GFP, CEN, URA3, AMP"

pGALI-GFP, CEN, URA3, AMP"
pGALI-SV40-NLS-GFP, CEN, URA3, AMP®
pGALI-BP-SV40-NLS-GFP, CEN, URA3, AMP"
BPMYC-NLS-GFP-GFP, CEN, URA3, AMP"®
SV40A42-NLS-GFP-GFP, CEN, URA3, AMP"
SV40A47-NLS-GFP-GFP, CEN, URA3, AMP"
BPSV40-NLS-GFP, CEN, URA3, AMP"
SV40-NLS-GFP, CEN, URA3, AMP®
BPSV40-NLS-GFP-NES, CEN, URA3, AMP"

[187, 197, 199]

[187]
[187]
[197]

[47]
[41, 44]
This Study
[97, 98, 218]
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
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Abstract

There is significant evidence linking nucleocytoplasmic transport to cell cycle control.
The budding yeast, Saccharomyces cerevisiae, serves as an ideal model system to study
transport events critical to cell cycle progression because the nuclear envelope remains
intact throughout the cell cycle. Previous studies linked the classical nuclear localization
signal (cNLS) receptor, importin o/Srp1, to the Go/M transition of the cell cycle. Here,
we utilize two engineered mutants of importin o/Srp1 with specific molecular defects to
explore how protein import impacts cell cycle progression. One mutant, Srp1-E402Q), is
defective in binding to cNLS cargoes that contain two clusters of basic residues termed a
bipartite cNLS. The other mutant, Srp1-55, has defects in release of cNLS cargoes into
the nucleus. Consistent with distinct in vivo functional consequences for each of the Srp1
mutants analyzed, we find that overexpression of different nuclear transport factors can
suppress the temperature sensitive growth defects of each mutant. Studies aimed at
understanding how each of these mutants impacts cell cycle progression reveal a
profound defect at the G; to S phase transition in both the srp/-E402Q and srpl-55
mutants as well as a modest G/S defect in the temperature sensitive srp/-3/ mutant,
which was previously implicated in Go/M. We take advantage of the characterized
defects in the srp/-E402Q and srp-55 mutants to predict candidate cargo proteins likely
to be impacted in these mutants and provide evidence that three of these cargoes, Cdc45,
Yox1, and Mcm10, are not efficiently localized to the nucleus in importin oo mutants.
These results reveal that the classical nuclear protein import pathway makes important

contributions to the G,/S cell cycle transition.
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3.1 Introduction

The compartmentalized transport of macromolecules including proteins and RNAs into
and out of the nucleus is a highly regulated process essential for all eukaryotic cells.
Bidirectional movement of these macromolecules controls cell growth through
coordinating nuclear and cytoplasmic aspects of gene expression [118, 119]. The
orchestration of the cell cycle is one of the most complex processes cells must undergo
requiring coordination of numerous cytoplasmic and nuclear events. Many previous
studies have uncovered links between cell cycle control and nuclear transport [93, 94, 96]
but how these two cellular processes control and influence one another is not yet
understood in detail.

The nuclear envelope provides a physical mechanism for regulation of numerous
events that contribute to cell cycle transitions. In higher eukaryotic cells the nuclear
envelope breaks down during mitosis, allowing for redistribution of macromolecules
between the nucleus and the cytoplasm [104, 120]. Despite this transient disappearance
of the barrier separating the nucleus and the cytoplasm, there are numerous protein
transport events that occur during stages of the cell cycle where the nuclear envelope
remains intact.

Many of the cargo proteins that contribute to control of the cell cycle are likely to
be targeted to the nucleus through a classical nuclear localization signal (¢cNLS) [105].
Significant evidence has accumulated to support the idea that rates of import into the
nucleus are largely determined by interaction between the NLS cargo and the NLS
receptor [219] making recognition of the NLS cargo by the NLS receptor essentially the

rate-limiting step in the process of nuclear protein import.
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Therefore, the goal of this study is to understand how specific engineered amino
acid changes that cause defects in importin oo cNLS cargo binding and release into the
nucleus affect cell cycle progression. Results of this analysis reveal an important role for
the classical nuclear import pathway in G;/S transition of the cell cycle, suggesting key
cargoes containing bipartite cNLS motifs need to be imported to the nucleus to allow

cells to properly enter S phase and replicate DNA.

3.2 Materials and Methods

Yeast strains and plasmids
All chemicals were obtained from Sigma or USBiological unless otherwise noted. All

DNA manipulations were performed by standard protocols [220], and all media were
prepared by standard procedures [221]. All yeast strains and plasmids used in this study
are listed in Table 3 and 4.

To generate mutants of importin o that could be directly compared to one another,
each mutant was integrated into the same strain background as the previously generated
allele srp1-55 (ACY641) [136]. The E402Q importin o mutant replaced the wild type
copy of importin a.. To integrate E402Q importin o, the E402Q mutation was subcloned
into the open reading frame of the LEU? integrating plasmid, pRS406 [217], to create
srpl-E402Q (pAC1999). E402Q importin a was then integrated at the endogenous SRP/
locus by linearization of the srp/-E402Q (pAC1999) plasmid and transformed into the
S288C wild type diploid cells (ACY247). Transformants that grew on plates lacking
leucine were selected for further analysis. The presence of the E402Q importin a
mutation was confirmed by PCR and sequencing. The heterozygous diploid was then

sporulated and tetrads were dissected to generate the haploid, srp/-E4020Q (ACY 1560).
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This integration strategy is designed to make E402Q importin a the only copy of
importin o expressed in the haploid strain.

Although the srp1-31 (ACY639) mutant already existed in an S288C background,
the mutant was further backcrossed to an S288C wild type strain (PSY580) [136]. The
heterozygous diploid strain was sporulated and tetrads dissected to generate srp-31
haploids (ACY 1561 and ACY 1562).

To generate cells where microtubules could be visualized directly with GFP,
TUBI-GFP (pAC1344) was integrated at the URA3 locus as described previously [222].
The Cdc45, Mem10 and Yox1 proteins were visualized by monitoring the localization of
previously described integrated C-terminal GFP fusion proteins: Cdc45-GFP
(YLR103C), Mcm10-GFP (YIL150C), or Yox1-GFP (YMLO027W) [223]. Each of these
strains was crossed to either the srp/-31 (ACY1561) or srpl-55 (ACY642) mutant. The
resulting diploid strains were sporulated and tetrads dissected to generate srp/ mutant
strains expressing Cdc45-GFP, Yox1-GFP, or Mcm10-GFP (Table 3).

[49].

In vivo functional analysis

The function of importin o variants in vivo was assessed by examining the growth of the

integrated alleles, srpl-31, srpl-55, and srpl-E402Q. As a control, each mutant was
covered with a wild type SRPI URA3 plasmid (pAC876) to ensure conditional
phenotypes were complemented prior to the growth assays. Single colonies were grown
to saturation in liquid culture, serially diluted (1:10), and spotted on minimal medium

plates as a control or on fluoroorotic acid (5-FOA) plates. The drug 5-FOA eliminates
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the URA3 plasmid-encoded wild type SRPI (pAC876) to reveal the phenotype of the

mutants [224]. Plates were incubated at the indicated temperatures for 3-7 days.

Immunoblot analysis
Immunoblot analysis was performed using standard methods [225]. Cultures were grown

to log phase in yeast extract peptone dextrose (YEPD) media at 25°C and then shifted to
the indicated temperature. Cells were then harvested by centrifugation and washed twice
in water and once in PBSMT (100 mM KH,POy, pH 7.0, 15 mM (NH4),SO4, 75 mM
KOH, 5 mM MgCl,, 0.5% Triton X-100). Cells were subsequently lysed in PBSMT with
protease inhibitors (0.5 mM phenylmethylsulfonyl fluoride, 3 pg/ml each of aprotinin,
leupeptin, chymostatin, and pepstatin) by glass bead lysis. Equal amounts of total protein
were resolved by SDS-PAGE and immunoblotted with polyclonal anti-importin o
antibody (1:5000 dilution) raised against recombinant GST-importin o followed by anti-
rabbit secondary antibody (1:5000 dilution).

NLS-GEP import assay
The NLS-GFP import assay was performed as described previously [214]. Briefly, cells

were grown to early mid-log phase in synthetic media containing 2% glucose (w/v) at
25°C, pelleted, resuspended in 1 ml glucose-free synthetic media containing 10 mM
sodium azide, 10 mM 2-deoxy-D-glucose and incubated at 25°C for 45 min. Cells were
then pelleted, washed with 1 ml of ice-cold ddH,0, repelleted, and resuspended in 50 ul
of glucose-containing synthetic media pre-equilibrated to 25°C (permissive), 37 °C (srpI-
31, srpl-E402Q), or 18 °C (srpl-55). For scoring, 2-ul samples were removed every 2.5
min from the pre-equilibrated media, and images were collected through a GFP-

optimized filter (Chroma Technology) using an Olympus BX60 epifluorescence
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microscope. Cells were scored as “nuclear” if the nucleus was both brighter than the
surrounding cytoplasm and a nuclear-cytoplasmic boundary was visible. At least 100
cells were counted at each time point. Images of cells in sodium azide and 2-deoxy-D-
glucose were also collected and analyzed to ensure the complete redistribution of nuclear
proteins at time T.

Microscopy

Direct fluorescence microscopy was performed to localize GFP fusion proteins in live
cells. For all experiments, cultures were also labeled with Hoescht dye (1 pg/ml) to
visualize DNA and confirm the location of the nucleus. The localization of GFP fusion
proteins was monitored by directly viewing the GFP signal in living cells through a GFP-
optimized filter (Chroma Technology) using an Olympus BX60 epifluorescence
microscope equipped with a Photometrics Quantix digital camera. For localization of
candidate cargoes, cells expressing Cdc45-GFP, Mcm10-GFP, or Yox1-GFP were grown
to log phase at the permissive temperature and then shifted to the nonpermissive
temperature for 3 hours.

High copy suppressor analysis
For high-copy suppressor analysis, high copy plasmids (2u 7RPI) encoding the nuclear

transport factors, importin f (pAC592), Csel (pAC1303), and Nup2 (pAC1385) were
transformed into srpl-55 (ACY641), srpl-E402Q (ACY1560), and srpl-31 (ACY1561)
cells covered by an SRP/ URA3 maintenance plasmid (pAC876). Genetic suppression
was assessed by growing single colonies in liquid culture to saturation, serially diluting
(1:10), and spotting on minimal medium plates as a control or on 5-FOA plates. Plates

were incubated at the indicated temperatures for 3-6 days.
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Cell cycle arrest and release
For cell cycle studies, cultures were synchronized by treatment with alpha factor or

hydroxyurea. For arrest with alpha factor, cells were grown to early mid-log phase
(ODg00 0.25-0.35) in YEPD media at 25°C. Cell cycle arrest was accomplished by
pelleting the cells, washing with YEPD (pH 3.9), and resuspending in fresh YEPD (pH
3.9) containing a 1:500 dilution of 5 mg/ml of alpha factor (Sigma) followed by a 90 min
incubation at 25°C. Additional alpha factor (1:1000 dilution) was added every 30 min.
Cells were released from alpha factor arrest by pelleting the cells, washing twice with
YEPD and resuspending in fresh YEPD for release at the indicated temperatures for an
additional 3 hrs [226].

For hydroxyurea arrest, cells were arrested with alpha factor as described above.
Then cells were pelleted, washed twice with YEPD and resuspended in YEPD containing
200 mM hydroxyurea. Cultures were incubated for an additional 2 hrs at 25°C. Cells
were then pelleted, washed twice with YEPD and resuspended in fresh YEPD for release
at the indicated temperatures for an additional 3 hrs [226].

Flow cytometry analysis
Cells were prepared for flow cytometry analysis by staining with propidium iodide [227].

Briefly, asynchronous or synchronous cultures were ethanol fixed overnight at 4°C,
washed, and resuspended in 50 mM sodium citrate. Cells were then treated with 0.1
mg/ml RNase A for 2 hrs at 37°C and 10 mg/ml of Proteinase K for 1 hr at 50°C. Cells
were stained with 8 pg/ml of propidium iodide. Each sample was analyzed with a
FACSVantage SE (Becton Dickinson, Franklin Lakes, NJ). Data was analyzed using

FloJo 7.2.2 software.
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Plasmid loss
Plasmid loss was determined in wild type or mutant cells containing plasmids with an

early (ARS305), middle (ARSI), or late (ARS1412) firing autonomously replicating
sequence (ARS) [228]. Cells were grown to log phase after which at least 200 cells were
plated on nonselective YEPD plates. Colonies that grew on YEPD plates were then
replica plated to ura” selective plates to determine plasmid loss. The percentage of
plasmid loss was calculated as [ 100-(the ratio of colonies on the ura” selective
plate/colonies on the YEPD plate) X 100]. The experiment was performed in triplicate.

Statistical analysis
Statistical methods were employed to determine if a significant difference was observed

in the plasmid loss percentage of the srp/ mutant cells as compared to wild type cells.
Data was analyzed using a one-way analysis of variance (ANOVA) for origin of
replication followed by a Dunnett’s multiple comparison test using Graph Pad Prism 3.0.
The significance level (alpha) was set at 0.05 for all statistical tests. If the calculated p
value was less than alpha, then the difference in plasmid loss was reported as being

statistically significant.

3.3 Results

In order to examine links between the classical nuclear protein import pathway
and cell cycle progression, we exploited two mutants of importin o with specific
molecular defects (Figure 12A). The srpl-E402Q mutant alters a critical glutamic acid
residue in the minor pocket of the cNLS cargo binding domain to glutamine [93, 96].

This conservative amino acid substitution at position 402 creates the conditional allele of
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importin o, srpl-E402Q, that causes a decrease in bipartite cNLS cargo binding in vitro
and impacts the steady-state localization of a bipartite NLS cargo in vivo [135].

As a complement to the analysis of the NLS-cargo binding pocket, a variant of
importin o that affects cargo delivery was also employed. A conserved NLS-like
sequence within the N-terminal IBB domain of importin o, 54KRR56, is essential for the
auto-inhibitory function of importin o [118]. An arginine to alanine substitution at
position 55 within this auto inhibitory sequence (KRR->KAR) creates a conditional allele
of importin a, srpl-535, that specifically affects cargo delivery/release into the nucleus
[136].

Functional analysis of srpl mutants
To compare the consequences of defects in cargo binding and cargo release in vivo, we

generated alleles of the srpl-55 and srpl-E402Q importin oo mutants that could be
directly compared to one another (See Materials and Methods). As a control, we also
generated the previously characterized, srp/-31 mutant [180], in the same genetic
background. As an initial characterization and comparison of these mutants, we analyzed
their growth at various temperatures. To ensure that equal numbers of cells were grown
and spotted, the srpl-31, srpl-55, and srp1-E402Q mutants were transformed with a wild
type SRPI plasmid. To assay growth, ten-fold serial dilutions of the samples were
spotted on control plates where wild type SRP! is maintained or 5-FOA plates where the
plasmid encoding wild type SRPI is lost. In comparison to wild type cells, srpl-55
mutant cells show a growth defect at 18°C as previously reported [136]. In contrast,

srpl-31 and srpl-E402Q mutants show growth defects at 37°C (Figure 12B).
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Figure 12. Functional analysis of importin o mutants in vivo.
(A) A Schematic diagram of importin o is shown with the three major domains indicated. The

position of the auto-inhibitory NLS-like sequence ("*KRR’®) is also indicated. The approximate
location as well as the amino acid change for each of the srp/ mutant alleles employed in the
study is shown. (B) Growth of each srpl mutant was assessed at 18°C, 25°C, and 37°C. Each
mutant was covered with a wild type SRPI URA3 plasmid (pAC876) and analyzed by serial
dilution and spotting on control plates (where the wild type SRPI plasmid is maintained) or 5-
FOA plates (where the wild type SRPI plasmid is lost). Plates were incubated at the indicated
temperatures for 3-7 days. (C) Kinetic assay for monopartite SV40-GFP NLS and (D) bipartite

BPSV40T3-GFP NLS import reporters. The initial import rates for the cNLS import cargoes and
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reporter were analyzed using a kinetic import assay as described in Materials and Methods.
Cultures were grown to early-mid log phase at 25°C and then shifted to the nonpermissive
temperature (37°C for srpl-31 and srp1-E402Q cells and 18°C for srpi1-55 cells). Initial import
kinetics was measured by determining the percentage of cells showing nuclear accumulation of
the cNLS reporter at a given time. For scoring, 2 ul samples were removed every 2.5 min. Cells
were scored as “nuclear” if the nucleus was both brighter than the surrounding cytoplasm and a
nuclear-cytoplasmic boundary was visible. At least 100 cells were counted at each time point.
Results are plotted as the percentage of cells showing nuclear cNLS reporter signal versus time

for WT (¢), srpl-31(m), srpl-55 (), and srpl-E402Q (*) cells.
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Immunoblot analysis indicates no significant change in the level of any of the Srpl
mutant proteins at the nonpermissive temperatures as compared to wild type importin o,
indicating that the growth defects observed are not due simply to loss of the essential
importin o protein (data not shown).

NLS-GFEP import assay
Prior studies examined the cargo binding properties of the srp/-55 and srpl-E402Q

variants in vitro as well as their impact on the steady-state localization of ctNLS cargo in
vivo [135, 136]. To further characterize the impact of each of these alleles as well as the
srpl-31 mutant on nuclear protein import, we used a semi-quantitative kinetic NLS-GFP
import assay that assesses the initial rate of NLS cargo import [214]. For this assay,
import of both a monopartite SV40 and a bipartite BPSV40T3 NLS cargo was examined.
The SV40 and BPSV40T3 cargoes were selected for the NLS-GFP import assay because
they both bind to importin a with a similar affinity (Kp~10 nM) and importantly the
bipartite cargo is engineered such that productive binding to importin a absolutely
depends on the basic cluster of amino acids that binds to the minor NLS binding pocket
[43]. Experiments were carried out at the nonpermissive temperatures in live cells as
described in Materials and Methods. In comparison to wild type cells, the srp/-31 and
srpl-55 mutants showed a decrease in the initial rate of nuclear import of the monopartite
cNLS cargo SV40-GFP (Figure 12C). As expected there was no observed change in the
initial import rate of the monopartite cargo in srp/-E402Q cells (Figure 12C) because the
E402Q amino acid substitution decreases bipartite cargo binding without impairing
binding to monopartite cNLS cargo [135]. However, all three mutants, srp1-31, srpl-55,

and srp1-E402Q show a decrease in the initial rate of nuclear import of the bipartite
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cNLS cargo BPSV40T3-GFP (Figure 12D). These results confirm that cells expressing

each variant of importin o have defects in cNLS protein import.

Importin ¢ variants differ in their in vivo molecular defects

Although all of the importin oo mutant cells showed defects in the kinetic NLS import
assay, we hypothesized that the different engineered amino acid changes in each importin
o variant should impair nuclear import through distinct mechanisms. In order to address
this hypothesis, we tested whether each of the importin oo mutants could be suppressed by
overexpression of several nuclear transport factors with the assumption that suppression
by specific factors could provide information about what interactions are compromised in
vivo. For this analysis, we examined overexpression of importin 3, Csel, and the nuclear
pore protein, Nup2. Importin B interacts with the IBB domain of importin a to target the
import complex to the nuclear pore [116, 117]. Csel is the export receptor for recycling
importin o to the cytoplasm [103, 104] and both Csel and Nup?2 facilitate cargo delivery
in the nucleus [22, 98, 105]. As controls, each srp/ mutant was also transformed with
vector alone or with a wild type importin o plasmid. In order to ensure equal growth and
spotting, each mutant was transformed with wild type SRPI on a URA3 plasmid. Cultures
were grown to saturation, serially diluted, and then spotted on either control plates where
the SRPI maintenance plasmid is retained or plates containing 5-FOA where the
maintenance plasmid is lost but the overexpression plasmids are retained (Figure 13).
The 5-FOA plates were incubated at the nonpermissive temperature as previously
determined (See Figure 12B) for each mutant. Interestingly, we find that the

temperature-sensitive growth defect of srpl-31 cells is suppressed by overexpression of
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Figure 13. High copy suppressor analysis.
High copy plasmids encoding the nuclear transport factors, importin  (pAC592), Csel
(pAC1303), and Nup2 (pAC1385), were transformed into srpl-55, srpl-E402Q, and srpl-31
cells which also contained a wild type SRPI URA3 plasmid (pAC876). As a control, each
mutant was also transformed with vector alone (pRS424) or wild type SRPI plasmid (pAC1354).
Genetic suppression was assessed by spotting saturated cultures on control plates (where the wild
type SRPI plasmid is retained) or on 5-FOA plates (where the wild type SRPI plasmid is lost).
Plates were incubated at the indicated temperatures for 3-6 days. Suppression was scored as

enhanced growth at the nonpermissive temperature as compared to the vector control.
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importin B (Figure 13). As previously observed [136], the cold-sensitive growth defect
of srp1-55 mutant cells is suppressed by overexpression of the nuclear export factor,
Csel (Figure 13). In contrast, the temperature-sensitive growth defect of srpl-E402Q
cells is not suppressed by any of the nuclear transport factors (Figure 13). Taken
together, these results suggest that the in vivo defects that underlie diminished protein

import in each of these mutants are likely to be distinct from one another.

Mutants of importin « affect cell cycle progression
In order to probe the link between importin o and cell cycle events, we exploited these

srpl mutants that impact the classical nuclear protein import pathway through distinct
mechanisms. As a first step to determine whether all defects in importin a impair Go/M
of the cell cycle as previously described for the srp/-31 mutant [180], each importin o
mutant was spotted on plates containing either hydroxyurea, which inhibits DNA
replication [229], or benomyl, which blocks mitosis prior to the onset of anaphase [230].
Consistent with previous reports, the s7p/-3/ mutant shows sensitivity to growth on
benomyl suggesting a defect in G2/M of the cell cycle (Figure 14A) [180]. In contrast,
the srpl-55 and srpl-E402Q mutant cells show no obvious sensitivity to benomyl.
Surprisingly, in comparison to wild type cells, srpl-31, srpl-55 and srpl-E402 mutants
all show sensitivity to hydroxyurea suggesting a defect in processes critical to the G,/S
cell cycle transition including DNA replication, DNA repair and/or checkpoint function
(Figure 14A).

To begin to assess how the cell cycle is affected in each of the srp/ mutants, the
DNA content of each mutant was measured in an asynchronous cell population using

flow cytometry (Figure 14B). Samples were analyzed at 30 minute intervals over 6 hours
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Figure 14. Analysis of cell cycle defects in srp1 mutants.
(A) Analysis of cell growth on hydroxyurea and benomyl plates. In order to determine whether

any of the srp/ mutant alleles show hypersensitivity to growth on plates containing hydroxyurea
or benomyl, cultures were grown to saturation at the permissive temperature, then serially diluted
and spotted on control YEPD plates, YEPD containing 100 mM hydroxyurea or YEPD plates
containing 10 mg/ml benomyl. Plates were incubated at the permissive temperature for 3-7 days.
(B) Analysis of cell cycle progression in unsynchronized cells. Wild type (SRPI) and mutant
(srpl-31, srpl-55, and srpl-E402Q) cells were grown to early mid-log phase at the permissive
temperature and then shifted to the nonpermissive temperature (37°C for srpi-31 and srpl-E402Q
cells; 18°C for srpl-55 cells). Samples were collected every 30 min for 6 hours for flow
cytometry to analyze DNA content. The positions of unreplicated DNA (1N) and replicated

DNA (2N) are indicated below the graphs.
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at both the permissive and nonpermissive temperatures. The cells are scored as having
IN (Gy) or 2N (G2/M) DNA content. All importin oo mutants show a distribution of 1N
and 2N DNA content that is indistinguishable from wild type (SRPI) cells at the
permissive temperature (data not shown). In wild type (SRPI) cells the distribution of
IN and 2N DNA content is unchanged relative to the permissive temperature. Consistent
with previous results [180], s¥p/-31 mutant cells show some accumulation of cells in the
G»/M phase of the cell cycle as compared to G;. Like the srpl-31 cells, srpl-55 cells
show some increase in cells with 2N DNA content as compared to wild type cells (SRP1),
which is consistent with previous analysis of an asynchronous population of these cells
[136]. In contrast to the srp/-31 and srpl-55 mutants, srpl-E402Q mutant cells show an
increase in the population of cells with IN DNA content as compared to wild type

(SRP1I) cells. While these results are consistent with impaired cell cycle transitions due
to compromised classical nuclear protein import, defects at multiple points in the cell
cycle are not readily uncovered by analysis of asynchronous cultures.

Both sensitivity to hydroxyurea and analysis of DNA content for the srp/-E4020
mutant suggest a role for importin a in the G;/S cell cycle transition. To assess the DNA
content of synchronized cultures, cells were arrested in late G; phase of the cell cycle
with the mating type pheromone, alpha factor [231, 232], and then analyzed by flow
cytometry over time following release from alpha factor. Samples were analyzed at 30
minute intervals over 3 hours at both the permissive and nonpermissive temperatures. All
importin oo mutants show wild type progression at the permissive temperature (data not
shown). As expected, wild type cells progress through the cell cycle over the time course

of the experiment at all temperatures. As previously reported, srp/-31 mutant cells
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Figure 15. Analysis of cell cycle progression in cells synchronized in G, phase of the cell
cycle.
(A) Wild type (SRP1) and mutant (srpl-31, srpl-55, srpl-E402Q) cells were grown to early mid-

log phase at the permissive temperature and then arrested at late G, phase with alpha factor.
Samples were then released to the nonpermissive temperature (37°C for srpl-31 and srpl-E4020Q
cells; 18°C for srpl-55 cells). Samples were collected every 30 min for 3 hours for flow
cytometry to analyze DNA content. The positions of unreplicated DNA (1N) and replicated
DNA (2N) are indicated below the graphs. (B) Spindle morphology. Wild type (SRPI) and
mutant (srpl-31, srpl-55, srpl-E402Q) cells expressing Tubl-GFP to visualize microtubules
were treated as described above for (A). Spindles were visualized by examining integrated Tubl-
GFP signal by direct fluorescence microscopy. Results are plotted as the percentage of spindles
in the total cell population scored as single asters (no spindles ¢ ), short spindles (spindle not
extending to the duplicated nucleus of the daughter cell ®) or anaphase spindles (spindle

extending to the duplicated nucleus ®) versus time.
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display a defect in progression through G,/M (Figure 15A) [180]. The srpl-31 mutant
also shows a slight defect in the G,/S phase transition which is consistent with growth
sensitivity to hydroxyurea. Interestingly, both srp/-55 and srpl-E402Q mutant cells
show a profound defect in the G,/S transition (Figure 15A). These results link importin o
and hence the classical nuclear import pathway to the G;/S transition of the cell cycle as
well as the previously reported G,/M transition.

Using the synchronization method employed for flow cytometry, the spindle
morphology of each mutant following the shift to the nonpermissive temperature was
assessed over time (Figure 15B). The percentage of spindle formation was defined as:
containing single asters (no spindles); short spindles (spindle not extending to the
duplicated nucleus of the daughter cell); or anaphase spindles (spindle extending to the
duplicated nucleus) [233]. In comparison to wild type cells, s¥rp1-31 cells show an
increased number of short spindles and a decrease in the relative number of anaphase
spindles after three hours at the nonpermissive temperature (Figure 15B). In contrast,
srpl-55 and srpl-E402Q mutant cells show a constant level of single asters over time
which correlates with a defect in the G;/S phase transition where spindle formation has
not yet begun (Figure 15B).

Since a profound delay at the G,/S transition was observed in s7p/-55 and srp1-
E402Q mutant cells, we wanted to determine whether these cells were defective not only
in transition but also in progression through S phase. To examine progression through S
phase, the mutant cells were arrested in G; using alpha factor at the permissive
temperature and then released into media containing hydroxyurea to synchronize cells in

early S phase. After two hours, cells were released at either the permissive or the



79

A SRP1 srp1-31 srp1-55 srp1-E402Q
180
150

120/\/\
ol M\ A

LIVAVANEE VoA N (V) A
30 /\/\ /\ s R

Time
(min) "4N 2N 1N 2N 1N 2N 1N 2N
srp1-55 srp1-E402Q
B 180
150

120] N\ %y,
~nIN _

30
Time
(min) "IN 2N 1N 2N
C Fres SRrRP1 GEa srp1-31

- o o -
o 30 B0 90 120 150 180 0 90 120 150 180
Time (min) Time (min)

srp1-55 srp1-E402Q

s —
150 180 0 30 60 80 120 150 180

60 80 120
Time (min) Time (min)

——#——=ingle asters
————short spindles
—® — anaphase spindles

Figure 16. Analysis of cells synchronized in S phase of the cell cycle.
(A) Wild type (SRP1) and mutant (srpl-31, srpl-55, srpl-E402Q) cells were grown to early mid-

log phase at the permissive temperature and then arrested at late G, phase with alpha factor.
Samples were then released into hydroxyurea at the permissive temperature and incubated for two
hours. Finally, these cells synchronized in early S phase were released to the nonpermissive
temperature (37°C for srpl-31 and srpl-E402Q cells; 18°C for srpl-55 cells). Samples were
collected every 30 min for 3 hours for analysis by flow cytometry to analyze DNA content. The

positions of unreplicated DNA (1N) and replicated DNA (2N) are indicated below the graphs.
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(B) Mutant (srpi-31 and srpl-E402Q) cells were grown to early mid-log phase at the permissive
temperature and then arrested at late G; phase with alpha factor. Samples were then released to
the permissive temperature to determine if the cells are released from alpha factor arrest.

Samples were collected every 30 min for 3 hours for flow cytometry to analyze DNA content.
The positions of unreplicated DNA (1N) and replicated DNA (2N) are indicated below the
graphs. (C) Spindle morphology. Wild type (SRP1I) and mutant (srpl-31, srpl-55, srpl-E4020)
cells expressing Tubl-GFP to visualize microtubules were treated as described above for (A).
Spindles were visualized by examining integrated 7ubl-GFP signal by direct fluorescence
microscopy. Results are plotted as the percentage of spindles in the total cell population scored
as single asters (no spindles ¢), short spindles (spindle not extending to the duplicated nucleus of
the daughter cell W) or anaphase spindles (spindle extending to the duplicated nucleus ®) versus

time.
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nonpermissive temperature. Samples were then analyzed by flow cytometry. At the
permissive temperature, wild type and all mutant cells progress through the cell cycle in a
comparable manner (data not shown). However, when mutants are released to the
nonpermissive temperature, both srp/-55 and srp1-E402Q cells progress slowly through
S phase in comparison to wild type cells (Figure 16A). This experiment also provides
further evidence that srp/-31 cells have defects in S phase progression as well as Go/M as
they also progress through S phase more slowly than wild type cells (Figure 16A). To
ensure that svpl-55 and srp1-E402Q cells were both able to release from alpha factor
arrest, the DNA content of these mutant cells was also monitored at the permissive
temperature (Figure 16B). Flow cytometry analysis shows that both srp/-55 and srp1-
E402Q cells can release from alpha factor arrest and enter the cell cycle at the permissive
temperature providing evidence that these cells when first synchronized with alpha factor
and then released into media containing hydroxyurea should be synchronized in early S
phase. We also employed spindle morphology analysis for each mutant as independent
confirmation of the cell cycle delays observed in the srp-31, srpl-55, and srpl-E402Q
cells (Figure 16C). As observed for the alpha factor arrest, both srp/-55 and srpI-E402Q
cells show nearly 100% of cells with single asters throughout the time course of the
experiment. This spindle morphology is consistent with the failure to enter the cell cycle
over the time course of the experiment. As suggested by the flow cytometry data, the
srpl-31 cells show a delay in spindle formation relative to wild type (SRPI) cells, but
spindles do form and elongate in this mutant by about 90 minutes (compare to ~30

minutes for wild type (SRP1) cells).
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Results indicate that all of the importin o mutants examined show defects in the
G/S transition and in S phase progression. As an initial approach to understand how srp/
mutants might affect DNA replication, we utilized a plasmid loss assay [228, 234]. This
assay monitors loss of plasmids containing an autonomously replicating sequence (ARS),
which function as replication origins in S. cerevisiae [234]. Although defects in many
cell cycle pathways can contribute to chromosome loss, mutants with general DNA
replication defects exhibit loss regardless of the origin of replication used in the plasmid,
whereas mutants specific for replication initiation often exhibit differential loss,
dependent on the nature of the replication origin [235-237].

Therefore, we compared the rate of loss of plasmids containing an ARS that fires
early in S phase (4RS305), in the middle of S phase (ARS/) or late in S phase (4RS1412)
[228]. All results are compared to wild type (SRPI) cells (Figure 17). In comparison to
wild type (SRP1) cells, both the srpl-31 and srpl-E402Q mutant cells exhibit plasmid
loss of the early firing origin of replication, ARS305. As described in Materials and
Methods, statistical analysis reveals a significant increase in plasmid loss in the srpl-31
mutant as compared to the wild type (SRPI) cells (" p<0.01) (Figure 17A). We also
observed increased plasmid loss in srp/ mutant cells with ARS1, which fires in the
middle of S phase. Statistical analysis shows a significant increase in plasmid loss in
both the srp1-31 (" p<0.01) and the srpl-55 (* p<0.01) mutant cells (Figure 17B).
Finally, the srpI-31 and srpl-E402Q mutants show an increase in plasmid loss for the
late firing origin of replication, ARS1412. Statistical analysis reveals a significant
increase in plasmid loss for both srpI-31 (p<0.01) and srpI-E4020 ('p<0.05) mutant

cells as compared to wild type (SRPI) cells (Figure 17C). In order to rule out changes
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Figure 17. Analysis of plasmid loss.

To determine if s7p! mutant cells have defects in DNA replication, a plasmid loss assay was
performed. Plasmid loss was determined in cells containing plasmids with early (4RS305),
middle (4RS1), or late (ARS1412) firing autonomously replicating sequences (ARS) as described
in Materials and Methods. Results are plotted as the mean percentage of plasmid loss for (A)
ARS305 (early), (B) ARSI (middle), or (C) ARS1412 (late) firing ARS sequences for each srpl
mutant (srpl-31, srp-55, and srpl-E402Q) as well as wild type (SRP1) control cells.

Experiments were performed in triplicate. Standard deviations in the data are indicated by the
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error bars. A one-way ANOVA followed by a Dunnett’s multiple comparison test using an alpha
value of 0.05 was used to determine the significance of the results. Significant differences
between samples corresponding to the following p-values (* = p<0.05, ** = p<0.01) are indicated

by the lines above the bars.
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within the wild type control, plasmid loss for early, middle, and late firing replication
origins was compared in wild type cells. This comparative analysis shows no significant
difference in plasmid loss between the early, middle and late replication origins in the
wild type cells (p=0.8417) (data not shown). Interestingly, the s7p-31 mutant shows a
significant increase in plasmid loss at the early, middle, and late firing origins of
replication suggesting a general chromosome loss phenotype. The plasmid loss defect in
the srpl-55 mutant suggests a specific defect in the middle firing origin of replication,
ARSI. In contrast, the srpl-E402Q mutant shows a specific defect in the late firing origin
of replication, ARS1412. Together, these results indicate that these srp/ alleles have
distinct effects on chromosome loss, which may result from differential import of key cell
cycle proteins.

Bipartite cNLS candidates involved in Gi/S of the cell cycle
While it is likely that numerous import cargoes are impacted in the srp/ mutant cells, we

wanted to determine whether there were key candidates that would be most likely to be
affected. In order to identify candidate cargoes whose import could be impaired in the
srpl-55 and srpl-E402Q cells, a bioinformatic approach was taken to identify proteins
containing a putative bipartite cNLS that are involved in G,/S of the cell cycle and are
localized to the nucleus (Figure 18A). To identify the entire complement of candidate
bipartite cNLS cargoes, the PSORT II algorithm for predicting bipartite cNLS motifs
[238] was used to query the S. cerevisiae GenBank™ [239]. Out of 5850 proteins, 968
contain a predicted bipartite cNLS. We then used the PSORTII algorithm to query the
pool of 1515 nuclear or nucleolar proteins as defined by localization of GFP fusion

proteins [223]. Of these 1515 nuclear/nucleolar proteins, 391 contain a predicted
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Figure 18. Candidate bipartite proteins implicated in G,/S of the cell cycle are not
efficiently targeted to the nucleus in importin o mutants.

(A) The PSORT II algorithm for bipartite cNLSs was used to query three sets of data: the 5850
proteins in the S. cerevisiae GenBank™ (Bipartite) [239], the 1515 proteins localized to either the
nucleus or the nucleolus in the global yeast GFP-fusion library (Nuclear) [223], and 93 proteins
implicated in G,/S of the cell cycle based on the Gene Ontology definition (G,/S)
(http://www.geneontology.org/). The overlap between these three data sets identifies 15 proteins
that contain a predicted bipartite cNLS, localize to the nucleus, and are already implicated in

G1/S of the cell cycle. Data from this analysis is presented as a Venn diagram. (B-D) Wild type
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(SRPI) and srpl mutant (srpl-31, srpl-55) cells expressing Mcm10-GFP (B), Yox1-GFP (C), or
Cdc45-GFP (D) were analyzed by direct fluorescence microscopy. Cultures were grown to log
phase at the permissive temperature then shifted to the nonpermissive temperature (37°C for srpl-
31 cells; 18°C for srpl-55 cells) for three hours. Wild type cells (SRPI) were analyzed following
shifts to both 37°C and 18°C and identical results were obtained with each of the GFP fusion
proteins. Results are shown for the wild type cells shifted to 37°C. Corresponding DIC and

Hoechst DNA staining images are shown.
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bipartite cNLS [223]. As a preliminary approach to identify a subset of these proteins
linked to the G1/S cell cycle transition, we searched for genes containing the terms Gy, S,

or G1/S in their Gene Ontology definition (http://db.yeastgenome.org/cgi-bin/GOY/).

Through this initial approach, we identified 93 proteins implicated in G,/S of the cell
cycle. The overlap between these three data sets identifies 15 proteins that contain a
predicted bipartite cNLS, localize to the nucleus, and are already implicated in the G,/S
transition (Figure 18A). These 15 candidate proteins that could be affected in cells that
are defective in nuclear import of cargoes containing bipartite cNLS are listed in Table 5.
As an initial test of whether the nuclear import of any of these candidate cargoes
is impaired in the importin alpha mutants, we selected three candidates that had
previously been visualized as nuclear GFP fusion proteins, Cdc45, Mcm10 and Yox1
[223]. Cdc4S5 is involved in DNA replication and remains nuclear throughout S.
cerevisiae cell cycle [240, 241]. Cdc45 interacts with the minichromosome maintenance
(MCM) proteins which regulate DNA replication [240]. Mcml10 is a constitutively
nuclear chromatin-associated protein that plays a role in DNA replication initiation by
recruiting both the Mcm2-7 complex and DNA polymerase o to DNA replication origins
[242-244]. Yox]1 is a homeodomain transcriptional repressor that regulates the
expression of genes that are critical for the G,/S transition [245, 246]. We examined the
localization of Mcm10-GFP, Yox1-GFP, and Cdc45-GFP in wild type (SRP1), srpl-31,
and srpl-55 cells (Figure 18B-D). At the permissive temperature, Mcm10-GFP, Yox1-
GFP, and Cdc45-GFP are localized to the nucleus in all cells examined (data not shown).
Following a shift to the nonpermissive temperature, both srp/-31 and srp1-55 cells show

a decrease in nuclear localization of Mcm10-GFP (Figure 18B) and Yox1-GFP (Figure
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18C) in comparison to wild type (SRPI) cells. Interestingly, Cdc45-GFP remains nuclear
localized in srp1-55 cells but is mislocalized to the cytoplasm in srpl-31 cells (Figure

18D).

3.4 Discussion

Results of this study define an important role for the NLS receptor, importin o, in
DNA replication. Specifically, we report that two mutants of importin o cause a
profound delay in the G//S cell cycle transition. Although previous studies described
defects in G»/M associated with other importin oo mutants, s¥p/-31 [180] and srpl-55
[136], this is the first report demonstrating that mutations in the NLS receptor and hence
defects in the classical protein import pathway impair the G,/S transition.

Our study also reveals that the srp/-31 mutant shows a delay in both the G,/M
and G/S cell cycle transitions, although the G/S delay for the srp-31 cells is not as
profound as observed for srpl-55 and srp1-E402Q cells. The G»/M cell cycle defect
observed for the srp/-31 mutant is consistent with previous work [180] and also with the
hypersensitivity to both benomyl and hydroxyurea. Genetic analysis indicated that the
temperature-sensitive growth defect of srp/-31 is suppressed by the overexpression of the
nuclear import receptor, importin B. This finding suggests that the amino acid change in
the srpl-31 variant protein could impair importin § binding. As interaction between
importin a and [ is critical to target cargoes to the nuclear pore for import [247],
decreased interaction with importin § could lead to profound defects in nuclear import of
critical cargoes required for cell cycle transitions.

This study is distinct from the previous analysis of the s7p/-31 allele because the

importin o variants employed here have well-characterized molecular defects. The Srpl-
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E402Q mutant protein is impaired in binding to cargoes that contain a bipartite cNLS
[135]. The Srp1-55 protein shows defects in cargo delivery into the nucleus [136]. We
find that cells that express each of these importin a variants as the sole cellular copy of
importin o both have defects in the G;/S cell cycle transition. The finding that importin
o variants with defects in cargo binding and cargo delivery cause similar cell cycle
defects may be surprising; however, the most logical interpretation of this result may be
that both variants are defective in the effective nuclear import of cargo proteins that
contain a classical bipartite NLS. This conclusion is fairly obvious for the srpl-E402Q
protein which has an amino acid substitution in a key residue of the minor NLS binding
pocket that makes contact only with cargoes that contain a bipartite cNLS and, in fact,
only shows defects in the import of bipartite cNLS cargoes [93, 135]. In the case of the
srpl-55 protein, the auto-inhibitory and hence the inherent cargo release mechanism is
impaired [136]. However, in cells, there are additional factors that facilitate cargo release
including the export receptor, Csel, and the nuclear pore protein, Nup2 [104, 121, 131].
Indeed, overexpression of Csel suppresses the growth defect of the srp/-55 mutant.
Possibly, cargoes that bind tightly to the NLS receptor may be most impacted in vivo
when the cargo delivery function inherent to importin a is impaired. These tight binding
cargoes are most likely to be those cargoes that contain a bipartite cNLS as bipartite
cargoes typically bind with a stronger affinity to the NLS receptor than monopartite
cargoes [43]. Thus, srpl-55 and srpl-E402Q cells may both, logically, be most impaired
in nuclear delivery of bipartite cNLS cargo proteins.

Although srpl-55 and srp1-E402Q mutant cells show similar defects in the cell

cycle, the plasmid loss assay provides further insight into the molecular defect. The
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plasmid loss assay indicates that a defect in cNLS cargo binding (srpl-E402Q) affects
DNA replication late in S phase. Similarly, the plasmid loss assay suggests that a defect
in cNLS cargo release (srpl-55) also affects DNA replication but in the middle of S
phase. Furthermore, like srpl-31 cells, our results suggest that srp/-55 cells are impaired
in both the G/S and G,/M cell cycle transitions. Interestingly, these results suggest that
different defects in the NLS receptor importin o are likely to affect the import of distinct
complements of nuclear import cargoes including some that may be uniformly affected
and some that may be distinct for each mutant. Presumably what cargoes are affected in
each mutant depends on both cargo recognition in the cytoplasm and release into the
nucleus. Other factors that effect recognition and release could also influence the
phenotype of these mutants.

The use of variants of importin a with specific molecular defects allowed us to
identify a number of candidate proteins that may be impacted in these mutants. For three
of these candidate proteins, Mcm10, Yox1, and Cdc45 we show that nuclear localization
is differentially impaired in the importin o mutants. While Mcm10 and Yox1 are
mislocalized in each importin o mutant examined, Cdc45 is mislocalized to the
cytoplasm only in srp/-31 cells. Overall, these results show that different defects in
importin o affect distinct cargoes. In the future, genetic approaches that exploit the
conditional growth phenotypes of these s¥p/ mutants may be useful in identifying
additional cargo proteins impacted in these mutants including some that may be specific
for each mutant.

Collectively, our data demonstrate a molecular role for the nuclear localization

signal receptor, importin o, during the G,/S stage of the cell cycle. This finding adds to
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our previous understanding of the link between nuclear transport and cell cycle
progression as previously only defects in the G,/M transition had been linked to mutants
in the nuclear import receptor. Future studies will be aimed at identifying key cargoes

that must enter the nucleus to mediate these critical cell cycle transitions.
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Table 3. S. cerevisiae strains used in this study

94

Name Strains Genotype References
Wild type pSY580 Mata ura3-52 leu2 Al trpl [203]
(ACY192)
Wild type ACY247  Mata/a ura3-52 leu2 Al/leu2 Al his3A200/ [248]
his34200 ade2/ADE?2 ade3/ADE3 lys2/LYS2
trpl/TRPI
srpl-55 ACY641  Mata ura3-52 his3A200 leu2 Al trpl ade2 srpl- [136]
55::LEU2
srpl-55 ACY642  Matw ura3-52 his34200 leu2 Al trpl srpl- [136]
55::LEU2
srpl-E402Q  ACY1560  Mata ura3-52 his3A200 leu2 Al trpl ade?2 lys2 This study
srpl-E402Q::LEU?2
srpl-31 ACY1561  Mataura3-52 leu2 Al trpl his3A200 lys2 This study
srpl-31 ACY1562 Mata ura3-52 leu2 Al trpl This study
Cdc45-GFP  YLRI103C  Mata his3A1 leu2A0 metl1 SA0 ura3A0 [223]
(ACY'1886)
srpl-31- ACY1889  Mata leu2A0 met15A0 ura3A0 trpl This study
Cdc45-GFP
srpl-55- ACY1890  Mata metl5SA0 ura3A0 This study
Cdc45-GFP
Mcm10- YIL150C  Mata his3A1 leu2A0 met1 SAQ ura3A0 [223]
GFP (ACY'1887)
srpl-31- ACY1891  Mata leu2A0 met1SA0 ura3A0 This study
Meml0-
GFP
srpl-55- ACY1892  Mata metl1 SA0 ura3A0 This study
Meml0-
GFP
YoxI1-GFP YMLO27W  Mata his3AI leu2A0 met15SA0 ura3A0 [223]
(ACY'1888)
srpl-31- ACY 1893  Mata leu2A0 metl5SA0 ura3A0 This study
Yox1-GFP
srpl-55- ACY1894  Mata metl1 SA0 ura3A0 This study

YoxI-GFP




Table 4. List of plasmids

Plasmid Description References
pRS406  LEU?2, integration, AMP" [249]
pRS424 24 TRPI, AMP" [217]
pAC592  RSL2, 2u, TRPI, AMP® [136]
pAC876  SRPI, CEN, URA3, AMP® [118]
pAC1059 pMET25-BPSV40T3-NLS-GFP-GFP, CEN, URA3, AMP" [250]
pAC1065 pMET25-SV40-NLS-GFP-GFP, CEN, URA3, AMP" [250]
pAC1303  CSEI, 2u, TRPI, AMP® [136]
pAC1344 TUBI-GFP, integration, URA3, AMP® [251]
pAC1354 SRPI, CEN, TRP1, AMP® [136]
pAC1385  NUP2, 2u, TRPI, AMP® [136]
pAC1999  E4020Q-SRPI, LEU?2, integrating, AMP" This study
p305.2 ARS305 CEN5 URA3 [228]
pARS1 ARSI CEN5 URA3 [228]
pl2 ARS1412 CEN5 URA3 [228]

95
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Table 5. List of bipartite cNLS candidates involved in G,/S

Protein

Function

Bck2
Cdc40
Cdc45
Mcml0
Rsc3
Swi5
Tos4
Tye7
Pogl
Tafl
Tafl3
Tafl4
Yap5
Yhpl
Yoxl1

Molecular function unknown

RNA splicing factor activity

DNA Replication

DNA Replication and chromatin binding
DNA binding

DNA replication and transcriptional activator activity
Transcription factor activity
Transcription factor activity

RNA POL II transcription factor activity
RNA POL II transcription factor activity
RNA POL II transcription factor activity
RNA POL II transcription factor activity
RNA POL II transcription factor activity
DNA binding

DNA binding
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CHAPTER 4. GENERAL DISCUSSION

The studies described in this dissertation examine the quantitative mechanism of
classical nuclear import and then extend our analysis of protein import to address how
this mechanism regulates a fundamental process in biology, the cell cycle. Importantly,
these studies reveal the nuclear import pathway is required for efficient progression

through the G,/S cell cycle transition.

4.1 cNLS Cargo Binding Affinity for Importin o Dictates Nuclear Import

The complex process of nuclear protein import consists of a number of potential
rate-limiting steps. These steps include: (1) receptor-cargo assembly in the cytoplasm,
(2) translocation through the nuclear pore complex, (3) delivery of cargo into the nucleus,
and (4) recycling of import receptors back to the cytoplasm (Figure 3).

The goal of Chapter 2 was to determine how the binding affinity of a cNLS cargo
for importin a in the cytoplasm dictates the rate of import of the cNLS cargo into the
nucleus. This study used variants of the cNLS cargoes, SV40 and Myc, to examine a
broad range of in vitro binding affinities of the cNLS cargoes for importin o (Table 1).
The in vitro binding affinity of the SV40 and Myc variant cargoes for importin o was
correlated with in vivo nuclear localization data to determine a relationship between the
cNLS cargo affinity for importin o and the initial rate of nuclear accumulation.

Other approaches to examine a correlation between cNLS cargo binding affinity
for importin o and the initial rate of nuclear accumulation have been undertaken [207,
209, 210]. Jans et al. utilized an in vitro permeabilized cell assay and microinjection of

exogenous cargo proteins into cells to examine import of proteins into the nucleus [209,
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210]. Jans’ studies examined cargoes with a narrow range of binding affinities for
importin o [209, 210], which only gives information about a subset of cargoes.
Consistent with our conclusions, they found that nuclear transport is dependent on the
binding affinity between importin a and its cargo [209, 210], but these results were
obtained with an artificial system.

Riddick et al. performed a computer modeling study to examine import rates
using a similar microinjection assay [207]. Through examination of cNLS cargo
localization at steady-state and measurement of the rate of nuclear accumulation, Riddick
et al. concluded that the cellular levels of importin a dictate the rate of nuclear import
[207]. Specifically, increased levels of importin 3, reduced nuclear accumulation of a
cargo, while increased levels of importin o enhanced nuclear accumulation [207]. The
weakness of this study lies in the fact that they only examined one type of cNLS cargo.

The same group also wanted to compare the efficiency of importin a.-mediated
nuclear import in comparison to direct nuclear import with only importin 3 [252].
Riddick et al. hypothesized, the use of adapters such as importin o increases the initial
rate of nuclear import because export of importin o is coupled to GTP hydrolysis [252].
Using the same computer modeling system, Riddick ef al. determined that the initial rate
of cargo nuclear accumulation by directly binding importin [ is actually faster than
importin o.-mediated import. This initial rate of import is increased with importin 3-
mediated transport, because importin 3 has a higher rate of passage through the NPC and
a faster cycling time than importin o [252]. They suggested that cargoes use importin o

for nuclear import because the importin o system is more efficient [252].
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Jans and Riddick were correct in their interpretations, but our in vivo studies
demonstrate for the first time in living cells, formation of the nuclear import complex
dictates the rate of import of a cNLS cargo into the nucleus. Therefore, a rate-limiting
step in classical nuclear import is assembly of the nuclear import complex in the
cytoplasm. The probability of formation of the import complex is increased by an
increase in importin o levels and an increase in the affinity of the cNLS cargo for
importin o.

Validity of a Predicted ¢cNLS cargo

Studies in Chapter 2 create a quantitative model to assess whether cNLS cargo
affinity for importin a dictates nuclear import. One prediction from our quantitative
studies is both lower and upper limits exist for the binding affinities of functional cNLS
cargoes for importin a.. For a cNLS cargo to fall between the upper and lower limit
boundaries, a cNLS cargo must possess a high enough affinity for importin o, for the
cargo to be recognized by the receptor in the cytoplasm, yet a weak enough affinity for
importin a, for the cargo to be efficiently released into the nucleus. We show there is a
linear relationship between cNLS cargo binding affinity for importin o and the initial rate
of nuclear accumulation of ¢cNLS cargo (Figure 9). cNLS cargoes with affinities between
10"M and 10™M, yield initial import rates that generally increase with increasing binding
affinity (Figure 19). One implication of this finding is when the affinity between the
cNLS cargo and importin o is very high, more cNLS cargoes accumulates in the nucleus.
On the contrary, a low affinity between the ctNLS cargo and importin o, leads to less
nuclear accumulation of the cNLS cargo. Therefore we wanted to determine which

affinity is too low to yield efficient nuclear import.
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A Lower Limit for cNLS Cargo Binding Affinity for Importin o
In our studies, we find there is a lower limit for cNLS cargo binding affinity for

importin .. A subset of cNLS SV40 and Myc variants that have a very low binding
affinity for importin a do not show accumulation in the nucleus. Based on this
localization study, our data suggest the lower limit to confer nuclear import of a cNLS
cargo is a binding affinity of ~10”M or lower (Figure 19). Therefore, if the interaction
between a cargo and importin o is too weak, then the cargo will not efficiently interact
with importin o in the cytoplasm to allow localization to the nucleus. These studies
demonstrate predicted cNLS cargoes with very low affinities for importin o do not
contain a functional cNLS. In summary, classical nuclear import is directly related to the
interaction between the cNLS cargo and importin o, which ultimately leads to the

assembly of the cNLS cargo/importin o/} import complex.

Is There an Upper Limit for ¢cNLS Cargo Binding Affinity for Importin o.?
Since a lower limit for cNLS cargo binding affinity for importin o exists, we

predicted an upper limit must also exist. Although there are cNLS cargoes that bind
importin o very tightly in the cytoplasm, this high affinity interaction between the cargo
and importin oo must be disrupted to allow release of the cargo into the nucleus [136]. If
the cargo is not efficiently released into the nucleus, then a defect in dissociation of the

cargo from importin a could deplete the pool of free importin o available to mediate
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Figure 19. An in vitro Energy Scale for Nuclear Localization.

The relative binding affinities for various NLS variant sequences in complex with importin o are
shown on a logarithmic scale. The scale represents the binding affinity of NLS cargo variants for
importin o in the cytoplasm (as approximated using AIBB importin o). NLS cargoes with
affinities between 10”"M and 10°M yield initial import rate values that generally increase with
increasing binding affinity. A lower limit for NLS cargo binding affinity for importin o is below
107 M. Our studies revealed no detectable upper limit for NLS cargo binding affinity for

importin o in vivo [43].
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nuclear import. As discussed in the Introduction, importin a is essential [112, 113];
therefore the removal of importin o would lead to cell death.

Experiments in Chapter 2 show in contrast to a lower limit for binding affinity, no
upper limit for cNLS cargo binding affinity for importin o in vivo was defined. Contrary
to our prediction that very strong binding cargoes would cause cells to die, we show
overexpression of these strong binding cargoes is not toxic to wild type cells (Figure 11),
implying strong binding cargoes are able to dissociate from importin o in the nucleus. In
contrast, overexpression of high affinity cargoes in cells that show a defect in cargo
release (srpl-55), causes a mild growth defect indicating the sensitivity of defects in
cargo release with high affinity cargoes (Figure 11).

A limitation of this study is the cellular levels of the cNLS cargoes have not been
quantified. Since more cNLS cargoes exist in the cell than importin o, the import
function of importin o must be fast enough to accommodate import of many different
cargoes with a wide range of affinities for importin a.. Therefore, quantification of the
cargo levels would help determine the amount of cNLS cargoes required to deplete the
cell of importin a and identify an upper limit to ¢cNLS cargo binding affinity for importin
o.. Another approach to define an upper limit is to identify proteins that are sensitive to
defects in cargo release (srpl-55).

One explanation for the efficient release of very strong binding ¢cNLS cargoes
from importin a lies in the characterization of additional factors involved in release of the
cargoes into the nucleus. As discussed in the Introduction, biochemical and structural
analyses have determined the auto-inhibition motif of importin a plays a role in

regulating the release of ctNLS cargo into the nucleus [118, 119, 136]. In-vitro binding
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studies suggest that the auto-inhibition motif of importin a alone may not be sufficient to
compete with a strong binding ¢cNLS cargo. Other factors that help facilitate release of
cNLS cargo into the nucleus in vivo are the nuclear pore protein, Nup2, and the importin
o export receptor, Csel [103, 104, 129, 131]. As described in the Introduction, Nup2
competes with cNLS cargo for binding to the cNLS cargo binding pocket of importin o
[22, 23] and Csel is responsible for recycling cargo-free importin o back to the
cytoplasm [103-105].

Taken together, cooperation of the auto-inhibition motif of importin o, Nup2, and
Csel, facilitates efficient release of strong binding cNLS cargoes into the nucleus and
these factors participate in exporting cargo-free importin a back to the cytoplasm for
another round of nuclear import. Although no upper limit for cNLS cargo binding
affinity for importin a in vivo was defined, these studies suggest the classical nuclear
transport machinery is robust enough to allow productive import of tightly bound cNLS
cargoes. Since these studies, did not examine all possible cNLS sequences, a cNLS cargo
showing an upper limit for affinity for importin o may exist and could cause a defect in
cargo release into the nucleus.
A New Quantitative Model for Classical Nuclear Transport

Our studies provide significant insight into a quantitative model for classical
nuclear transport that incorporates the thermodynamics and kinetics of ¢ctNLS cargo
recognition by importin a and the import of the cNLS cargo to the nucleus. For
thermodynamics, the nuclear import variables utilized are the binding affinity of the
cargo for importin o and the cellular levels of the nuclear transport machinery. The

kinetic experiments examine the initial rate of nuclear accumulation. Our quantitative
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model changes the simple dynamics of cNLS cargo binding and release [247].
Previously, nuclear import was predicted to be dependent on thermodynamics [43, 85,
206, 207, 209, 210, 252]. In contrast to previous studies, our results suggest that both
thermodynamics and kinetics play a role in formation of the nuclear import complex
through the interaction of the cNLS cargo and importin a.. The cNLS cargo:importin o
interaction is the rate-limiting step in nuclear import.

Korr
cNLS cargo + Importin o KS c¢NLS cargoelmportin o
ON

The rate-limiting step is affected by both the amount of importin o and the binding
affinity of the cNLS cargo for importin a.. Consistent with our work, a study published
after our analysis of importin o examined how the binding affinity of non-classical NLS
cargoes for the importin 3 import receptor, Kap123, correlates with nuclear import [137].
These authors also found that the amount of the Kap123 receptor changes the rate of
import of its NLS cargoes [137]. In conclusion, assembly of the import complex in the
cytoplasm dictates transport of classical and non-classical cargoes into the nucleus.

A caveat of the cNLS cargo:importin a interaction rate-limiting step is the
assumption that the rate-limiting step only affects cNLS cargo binding in the cytoplasm.
The rate-limiting step can also affect cNLS cargo release into the nucleus. As mentioned
above, our studies suggest a cargo with a low affinity for importin o has a slow initial
rate of nuclear accumulation (Kon) because it takes a longer time for the ¢cNLS cargo to
bind importin a in the cytoplasm. Our experiments which employ AIBB importin o
show increased binding affinity of ctNLS for importin a in the cytoplasm. The K4 we
measure is a combination of Koneytoplasm and Korreytoplasm. Our experiments do not

distinguish between faster binding and slower release for high affinity cargoes. But the



105

experiments do show an increase in the steady-state levels of the import complex yields
faster import. Further binding analysis would need to be performed to examine the

affects of cNLS cargo release into the nucleus and initial rates of nuclear accumulation.

Examination of Targeting Sequences not Imported into the Nucleus via the Classical
Nuclear Transport Machinery

The quantitative approach of examining binding affinities can be applied to other
targeting signal-receptor pairs that do not use the classical nuclear transport pathway for
entry into the nucleus. The challenge is very few targeting signals that mediate transport
receptor binding have been identified as of yet. For example, this model could examine
nuclear/cytoplasmic accumulation of putative non-classical NLS or NES, cNES and PY-
NLS sequences, and their binding affinity for the export receptor, Crm1, or importin 3
superfamily receptors [48-51]. In addition, experiments could examine proteins that
contain more than one predicted signal sequence. The study of proteins containing
multiple signal sequences is important because experiments in Chapter 2 examined
subcellular localization of both NLS and NES sequences fused to the same GFP reporter.
These localization studies demonstrated the binding affinity of the NLS or NES for its
receptor dictates where the cargo will accumulate (Figure 10). Therefore, if the binding
affinity of the NES for the NES receptor is higher than the affinity between the NLS and
its receptor, then the cargo will accumulate in the cytoplasm. Use of a quantitative model
to test the function of predicted import and export signal sequences, could establish a
foundation to discover associations between the functional subellular location of a

particular cargo and the binding affinity of a cargo for its import or export receptor.
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4.2 Classical Nuclear Transport Regulates Cell Cycle Transitions

Because our study revealed the rate-limiting step of classical nuclear import is
cNLS cargo interaction with importin o, we wanted to examine this interaction in a
fundamental biological process. We chose to investigate the cell cycle because links
between classical nuclear transport and the cell cycle have been reported [179-181, 253-
256]. Therefore, the goal of Chapter 3 was to examine the interplay between nuclear
transport and cell cycle control by specifically determining how modifications in the
nuclear import machinery affect the nuclear import of critical cNLS cargoes involved in
regulating cell cycle progression.
Importin o mutants with Defects in Cargo Binding and Cargo Release

Studies in Chapter 3 identified specific molecular functions of nuclear import
implicated in controlling the transport of critical proteins that regulate cell cycle
transitions. Previous studies have shown that the importin oo mutant, srp/-31, is defective
in the transition through the G,/M stage of the cell cycle [180]. Although srpl-31 cells
showed a defect in progression through mitosis, the specific molecular impact the S>P
amino acid substitution within the Srp1-31 mutant protein has on importin o function is
not known. Therefore, a molecular role importin o plays in cell cycle progression is not
defined with the Srp1-31 mutant. Importantly, our study demonstrates for the first time,
engineered mutants in importin a affect cNLS cargo binding in the cytoplasm or cNLS
cargo release into the nucleus affect efficient transition through the G,/S stage of the cell
cycle.

Since SRP! is an essential gene and import of cNLS cargo into the nucleus is

critical for cell function [112, 180], a major challenge was to identify conditional mutants
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of importin a that impair but do not eliminate SRP/ function. One mutant we exploited
is Srp1-E402Q, which has an amino acid substitution in the minor binding pocket of
importin a.. Therefore, this amino acid substitution decreases the binding affinity of
importin o for bipartite cNLS cargoes [135] (Figure 12A). Bipartite cNLS cargoes must
bind both the major and minor binding pocket of importin a for efficient nuclear import
to occur [44]. Chapter 3 revealed the decrease in the bipartite cNLS cargo affinity for
importin o decreases the initial rate of nuclear accumulation of a bipartite cNLS cargo
(Figure 8).

We also exploited a second conditional mutant of SRP1, srpl-55. An amino acid
substitution at position 55 within the auto-inhibition sequence (KRR->KAR) of importin
o, creates this conditional allele that leads to inefficient cNLS cargo release into the
nucleus. The impact the Srp1-55 mutant has on cNLS cargo release has previously been
tested in binding studies with a monopartite cNLS cargo. These studies revealed that the
Srp1-55 mutant causes a defect in monopartite cNLS cargo release [136].

The two importin o mutants, Srp1-E402Q and Srp1-55, and the previously
characterized Srp1-31 mutant were employed to determine how defects in the nuclear
import process affect transition through the cell cycle. A series of studies examined cell
growth, DNA content and spindle morphology at different stages of the cell cycle to
determine how a defect in cNLS cargo binding (srpl-E402Q) or cNLS cargo release
(srpl-55) affects cell cycle progression. These studies revealed for the first time that
mutants of importin o affect transition through the G;/S stage of the cell cycle.

To begin to identify the specific regions of S phase impacted by the importin o

mutants, we utilized different origins that initiate DNA replication at different stages
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within S phase. We determined the function of srp/-31 is required throughout S phase,
while cargo release (srp/-55) plays a role in progression through the middle of S phase
and cargo binding (srpl-E402Q) is involved in late S phase progression. This study
suggests that the individual importin oo mutants cause differential defects on distinct
cargoes that are involved in S phase progression. The finding that multiple stages of S
phase are affected in these importin o mutants suggests cargo binding and cargo release
in the nuclear import process are critical for the function of a subset of cNLS cargoes
involved in different stages of S phase progression. Future studies could examine the
subcellular localization and interaction of cNLS cargoes involved in initiating early, mid,
or late S phase.

Although there are proteins involved in initiating DNA replication at all origins of
replication, there are key proteins that are involved in replication timing. For example,
the protein Ku is involved in the regulation of replication timing specifically at telomeric
regions of DNA [257]. Replication of telomere regions occurs late in S phase [258, 259].
Interestingly, the Ku70 subunit of Ku contains a bipartite cNLS [260]. As srpl-E402Q
mutant cells cause a defect in DNA replication late in S phase, srpl-E402Q could affect
cargo binding of Ku70. Further binding studies using wild type importin o and the Srp1-
E402Q mutant with Ku70 would need to be performed to test this hypothesis.

The timing of DNA replication is more complex than the use of distinct proteins
to initiate replication at different origins. Replication timing is speculated to also be
dependent on developmental stage, chromatin structure, and/or changes in gene

expression [261-263]. Therefore proteins functioning in development, DNA structure
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and transcription may be key cargoes affected by defects in ctNLS cargo binding and

cargo release.

Identification of Candidate Bipartite cNLS Cargoes involved in Cell Cycle
Progression

The most critical question raised by the cell cycle studies presented here is how to
identify the cNLS cargoes that must be imported into the nucleus for efficient progression
through the G,/S stage of the cell cycle. The importin oo mutants employed in this study
most likely have defects in import of ctNLS cargoes containing a bipartite cNLS.

Because bipartite cargoes have two binding sites, they typically have stronger binding
affinities for importin o in the cytoplasm than monopartite cargoes. The srpl-E4020Q
mutant impacts bipartite cNLS cargo binding and the srp/-55 mutant impacts bipartite
cNLS cargo release. Since the bipartite cNLS cargoes bind importin oo more tightly than
monopartite cNLS cargoes, we hypothesize it is more difficult for strong binding bipartite
cNLS cargoes to release from importin o once inside the nucleus. Although an upper
limit to cNLS cargo release was not discovered in our studies, there could be ¢cNLS
cargoes with a sufficiently strong binding affinity for importin o that could have
difficulty releasing from importin o in the nucleus.

In Chapter 3, we identified 15 candidate bipartite cargoes previously implicated in
the G; and/or S phase(s) of the cell cycle (Figure 18A, Table 5). Nuclear import of these
bipartite cNLS cargoes may be required for the G,/S transition of the cell cycle. The
most logical candidates to start examining were Mcm10, Yox1, and Cdc45 because they

are directly implicated in S phase/DNA replication [240-243, 264-266].



110

We utilized the importin oo mutants to examine the subcellular localization of the
GFP-tagged bipartite candidates, Mcm10, Yox1, and Cdc45 in srpl-31 and srpl-55
mutant cells. Mcm10 and Yox1 are mislocalized to the cytoplasm in srp/-31 and srp1-55
mutant cells; however the import of Cdc45 to the nucleus is only defective in srpl-31
mutant cells suggesting a defect in cargo release does not affect Cdc45 nuclear import.
Importantly, these studies confirm our hypothesis that import of key cargoes is affected in
mutants of importin o.. These localization studies imply each individual cargo is affected
differently depending on the molecular defect in nuclear import.

A Role for Importin o at the G;/S and G,/M Stages of the Cell Cycle

Prior to these studies, importin o had been implicated in the G,/M stage of the
cell cycle (see Figure 6) based on defects in the srp/-31 and srpl-55 mutants [136, 180].
These studies suggested cNLS cargoes that play a role in the G,/M stage of the cell cycle
depend on the function of importin o for import into the nucleus. Although our studies
focused on the defect in the G,/S transition, this finding does not eliminate possible
involvement of the nuclear import machinery in regulating other phases of the cell cycle.
Additional studies would need to be performed to examine a possible role of importin o
in regulating these stages. For example, a genome-wide overexpression suppression
study in each importin oo mutant would be useful to identify candidate cNLS cargoes that
are dependent on interactions with importin o for entry into the nucleus. An
overexpression suppression screen would be useful because prior analysis showed a
genetic interaction between srp/-55 and CSE] and also srpl-31 and importin 3 (RSL2)
(Figure 13) [136]. Although the previous overexpression suppression analysis did not

examine genetic interactions between importin o and candidate cargoes, this study found
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other components of the nuclear transport machinary. Candidates identified in the
suppressor screen could be classified as (1) cNLS cargoes whose nuclear import is
affected by defects in cargo binding and/or cargo release, (2) whether the cNLS cargo is
involved in the cell cycle and if it is, (3) which stage of the cell cycle requires the
function of that cNLS cargo. We can predict cargoes affected by molecular defects in
nuclear import may be involved in multiple stages of the cell cycle and some cargoes will
be affected by the same molecular defect. We can also expect to identify proteins that
function at different cell cycle checkpoints.

Bipartite cNLS cargoes with a low affinity for importin o would be most affected
by a defect in cargo binding (srp/-E402Q) in the cytoplasm. Bipartite cNLS cargoes
with a high affinity for importin o would be most affected by a defect in cargo release
(srp1-55) into the nucleus. A series of four binding studies would need to be performed
to determine if the cargo contains a functional cNLS [47]. First, mutational analysis of
the predicted cNLS sequence should cause a defect in nuclear import. Second, fusion of
the predicted cNLS sequence to an unrelated protein localizes the fusion protein into the
nucleus. Third, binding assays should show a direct interaction of the predicted cNLS
cargo with importin a.. Fourth, the srp/-E402Q and/or srpl-55 mutants should disrupt
import of the predicted cNLS cargo into the nucleus [47].

Specifically, cNLS cargoes involved in the G; and/or S phases could be
checkpoint proteins or components of the DNA replication machinery [157, 158]. These
proteins should be localized to the nucleus. Defects in cNLS cargo binding (srp1-
E4020Q) or cargo release (srpl-55) could potentially lead to a defect in the import of these

key checkpoint or DNA replication machinery proteins. Mislocalization of the
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checkpoint proteins could lead to improper progression through the restriction point, the
G1/S DNA damage checkpoint, and/or the S phase DNA damage checkpoint. As a result
of mislocalization of the checkpoint proteins, cells may contain duplicated DNA with
mutations that will eventually lead to cell death or uncontrolled cell growth. Likewise,
the mislocalization of DNA replication machinery could result in lack of chromosome
duplication or a defect in replication timing. Therefore the nuclear import of key cNLS

cargoes is required for efficient cell cycle progression.

Limitations of using S. cerevisiae as model system to study nuclear transport and the
cell cycle

Although using yeast S. cerevisiae as a model to study cellular processes is very
simple and the proteins are conserved with higher eukaryotes as was discussed in the
Introduction, the yeast model has some limitations. In contrast to yeast, the nuclear
envelope breaks down at late mitosis in higher eukaryotes such that the nuclear import
machinery is not required at late mitosis. Therefore prior studies showing mutants of
importin o in S. cerevisiae cause a defect in the G,/M stage of the cell cycle [136, 180]
may translate to higher eukaryotes.

In addition, there are fewer proteins in yeast in comparison to higher eukaryotes.
For instance, there is only one S. cerevisiae CDK protein, Cdc28, which is required for
cell cycle checkpoint activity while there are a total of four human CDKs, CDK1, CDK2,
CDK4, and CDK6 [164, 165]. As mentioned in the Introduction, S. cerevisiae contains
only one importin o protein while humans contain six isoforms of importin o. The
identification of four CDK proteins and six isoforms of importin o in humans suggest the
classical nuclear import process is more complex than the nuclear import model in yeast.

This complexity in humans provides further evidence for a highly coordinated system
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where cNLS cargoes can be imported into the nucleus by different importin o isoforms.
Interaction of the importin a isoforms with their cNLS cargoes, possibly depends on the
cargoes binding affinity for a specific isoform, the function of the cargo, and the tissue
specific expression of the isoform and/or cargo. Previous studies have begun to examine
the preference of cNLS cargoes for specific isoforms of importin o in humans [267].

4.3 GENERAL CONCLUSIONS

Overall, this dissertation demonstrates how the classical nuclear import machinery
makes critical contributions to the cell cycle. First, we showed the rate-limiting step of
nuclear import is formation of the nuclear import complex through interaction of the
cNLS cargo with importin o in the cytoplasm. Second, we provided evidence that the
rate-limiting step in nuclear import also dictates the progression of the cell cycle. Our
studies show, for the first time, classical nuclear import regulates progression through the
G\/S stage of the cell cycle.

As mentioned in the Introduction, many different factors play a role in
progression through the eukaryotic cell cycle (Figure 6). The cyclins and cyclin-
dependent kinases (CDKs) function in regulating processes that occur in each part of the
cell cycle. The different checkpoints located throughout the cell cycle function in making
sure each process occurs efficiently before the next steps can transpire. This dissertation
shows that the nuclear import receptor, importin o is also required for efficient
progression through the G,/S transition of the cell cycle (Figure 20). Specifically,
importin o imports key ¢cNLS cargoes into the nucleus during the G; and/or S phase(s) of
the cell cycle. These cargoes are directly or indirectly involved in the G,/S transition.

Although our studies show importin a plays a role in the cell cycle by importing cNLS
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cargoes involved in cell cycle progression, importin o could also have an independent
role in cell cycle progression.

Our newly proposed mechanism of cell cycle regulation suggests a subset of
critical proteins that play key roles in cell cycle control, must be transported into the
nucleus at a specific point in the cell cycle by the classical nuclear transport machinery.
This dissertation presents supporting evidence for the involvement of cNLS cargoes in
the G,/S stage of the cell cycle where a defect in cargo binding or cargo release leads to
profound delays in the cell cycle. These subtle mutations in importin o impact cell cycle

progression and could possibly contribute to human disease such as cancer.
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Figure 20. A Role for Importin a in Regulating Transition through G,/S stage of the Cell
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Schematic of a cell during different phases of the cell cycle. Inside the circle is the nucleus and
outside the circle is the cytoplasm. The outer rim of the circle represents the nuclear envelope.
The arrows represent flow of proteins into the nucleus during nuclear import. ¢cNLS cargo
recognition by importin o can be added to the knowledge of mechanisms (checkpoints,

cyclin/CDK interaction, etc.) that regulate progression through the cell cycle.
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