Copyright © 2009 by the Genetics Society of America
DOI: 10.1534/genetics.108.097303

The Classical Nuclear Localization Signal Receptor, Importin-a, Is

Required for Efficient Transition Through the G,/S Stage of
the Cell Cycle in Saccharomyces cerevisiae

Kanika F. Pulliam, Milo B. Fasken, Laura M. McLane, John V. Pulliam and Anita H. Corbett'

Department of Biochemistry, 'mory University School of Medicine, Atlanta, Georgia 30322

Manuscript received October 9, 2008
Accepted for publication October 31, 2008

ABSTRACT

There is significant evidence linking nucleocytoplasmic transport to cell cycle control. The budding yeast,
Saccharomyces cerevisiae, serves as an ideal model system for studying 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-a./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 affects cell cycle progression. One mutant, Srpl-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 ctNLS cargoes into the nucleus. Consistent with distinct in vivo functional consequences
for each of the Srpl 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 affects cell cycle progression reveal a profound defect at the G, to S phase transition in both
srpl-E402Q and srp1-55 mutants as well as a modest G; /S defect in the temperature-sensitive srp1-31 mutant,
which was previously implicated in Go/M. We take advantage of the characterized defects in the srpI-E4020Q
and srpl-55 mutants to predict candidate cargo proteins likely to be affected in these mutants and provide
evidence that three of these cargoes, Cdc45, Yox1, and Mcm10, are not efficiently localized to the nucleus in
importin-o mutants. These results reveal that the classical nuclear protein import pathway makes important

contributions to the G, /S cell cycle transition.

HE compartmentalized transport of macromole-
cules, 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 coordi-
nating nuclear and cytoplasmic aspects of gene expres-
sion (MoLL et al. 1991; BEG et al. 1992; SIDOROVA et al.
1995; BRISCOE et al. 1996). The orchestration of the cell
cycle is one of the most complex processes that cells must
undergo, requiring coordination of numerous cytoplas-
mic and nuclear events. Many previous studies have
uncovered links between cell cycle control and nuclear
transport (MoLL et al. 1991; PINEs and HUNTER 1991;
LoEB et al. 1995; DAVID-PFEUTY et al. 1996), 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 nu-
cleus and the cytoplasm (BURKE and ELLENBERG 2002;
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HETZER et al. 2005). Despite this transient disappear-
ance of the barrier separating the nucleus and the
cytoplasm, there are numerous protein transport events
that occur during stages of the cell cycle in which the
nuclear envelope remains intact. For example, critical
regulators such as cyclin A, cyclin Bl, and the tumor
suppressor pb3 are transported in and out of the nucleus
during phases of the cell cycle in which the nuclear en-
velope isintact (PINES and HUNTER 1991; DAVID-PFEUTY
et al. 1996; MIDDELER et al. 1997). Cyclin A is transported
into the nucleus during S phase (PINeEs and HUNTER
1991) and cyclin Bl is transported to the nucleus at the
beginning of mitosis before the nuclear envelope breaks
down (PINEs and HUNTER 1991). p53 enters the nucleus
atthe early mid-G,; phase of the cell cycle (DAVID-PFEUTY
et al. 1996). These cases are examples where regulated
transportinto the nucleus adds an extra level of control
over the activity of these critical regulatory proteins.
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)
(LANGE et al. 2007). The classical NLS consists of a se-
quence of basic amino acids in a single cluster (mono-
partite) or two clusters separated by a nonconserved
amino acid linker (bipartite) (KALDERON et al. 1984;
RoBBINS et al. 1991). cNLS cargo recognition and
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transport is mediated by a soluble heterodimeric pro-
tein receptor composed of an adapter, importin/
karyopherin-a, which recognizes the ¢cNLS cargo in the
cytoplasm and a carrier, importin/karyopherin-3, which
targets the complex to the nuclear pore complex (NPC)
for transport (GORLICH et al. 1995; BayLiss et al. 2000;
Liu and StewarT 2005). Significant evidence has ac-
cumulated to support the idea that rates of import into
the nucleus are largely determined by interaction
between the NLS cargo and the NLS receptor (HoDEL
et al. 2006; TIMNEY et al. 2006; RibDICK and MACARA
2007), making recognition of the NLS cargo by the NLS
receptor essentially the rate-limiting step in the process
of nuclear protein import.

Numerous studies have provided a detailed molecu-
lar understanding of how the import receptor, importin-
a, recognizes cNLS-containing cargoes (CONTI et al.
1998; KosE 1999). Importin-o consists of three func-
tional domains (see Figure 1A). The N-terminal region
contains an importin- binding (IBB) domain that
interacts with importin-3 (GORLICH et al. 1996; WEIS
et al. 1996). The IBB domain also contains an internal
NLS-like sequence or auto-inhibitory motif that regu-
lates ¢tNLS cargo binding and facilitates ¢cNLS cargo
release in the nucleus (KOBE 1999; HARREMAN et al.
2003b). The central region of importin-a, which con-
tains 10 armadillo repeat motifs (ARM), constitutes the
NLS binding pocket (ConTI et al. 1998; CoNnTI and
Kurivan 2000; FONTES et al. 2000). A portion of the
N-terminal IBB domain in cooperation with the C-
terminal domain of importin-a contains a binding site
for the export receptor, Csel/CAS (Hoop and SILVER
1998; SOLSBACHER et al. 1998; SCHROEDER et al. 1999),
which is required for recycling importin-a back to the
cytoplasm after the cNLS cargo is released in the nu-
cleus (GILCHRIST et al. 2002; GILCHRIST and REXACH
2003; MATSUURA and STEWART 2004).

The classical import pathway consists of four key steps
(STEwWART 2007). First, the trimeric import complex
consisting of importin-B, importin-o, and the NLS-
containing cargo is assembled in the cytoplasm where
the cargo is recognized by importin-a. Second, the im-
port complex is targeted to the nuclear pore by importin-3
and the trimeric complex is translocated through the
NPC (Bavuriss et al. 2000; Liu and STEwWART 2005).
Third, the complex is disassembled in the nucleus fol-
lowing binding of the small GTPase Ran in its GTP-bound
form to importin-B, which triggers the release of the
cNLS cargo and delivery into the nucleus (VETTER et al.
1999; LEE ef al. 2005). Finally, the import receptors are
recycled to the cytoplasm for another round of protein
import with importin-a exported to the cytoplasm by
Csel/CAS in complex with RanGTP (MATSUURA and
STEWART 2004).

There is a long history suggesting that nuclear trans-
port factors play key roles in regulating the cell cycle.
Many of the original hints come from defects in cell

cycle progression associated with mutations in nuclear
transport factors (NISHITANTI ef al. 1991; SAZER and NURSE
1994; LoEB et al. 1995; Gruss et al. 2001; NACHURY eét al.
2001). For example, the first evidence for involvement
of Ran in the cell cycle was the observation that cultured
cells containing a conditional allele of RCC1, the Ran
guanine nucleotide exchange factor (RanGEF), pre-
maturely entered mitosis in the presence of unrepli-
cated DNA (NISHITANI et al. 1991). Furthermore, in a
conditional allele of RanGEF in fission yeast cells, the
mutant cells progress through one round of DNA rep-
lication and mitosis before arresting at the mitosis-
interphase transition of the cell cycle due to the failure
of chromatin decondensation (SAZER and NURSE 1994).
Subsequent studies have revealed that RanGTP regu-
lates the activity of several mitotic proteins primarily by
modulating interactions with import factors (SAZEr and
Dasso 2000; Gruss et al. 2001; NACHURY et al. 2001;
WIESE et al. 2001; Du et al. 2002).

Importin-a orthologs in the budding yeast, Saccharo-
myces cerevisiae, and the fission yeast, Schizosaccharomyces
pombe, have also been linked to the cell cycle (YANO et al.
1994; LoEB et al. 1995; UMEDA et al. 2005). Interestingly,
a conditional allele of S. cerevisiae importin-o (Srpl),
srpl-31, has been reported to arrest at the Go/M stage of
the cell cycle (LOEB et al. 1995). This mutant also shows
defects in nuclear protein import (LOEB et al. 1995),
suggesting that the cell cycle delay could be due to
the inability to import a nuclear protein required to
traverse the Go/M transition. However, since this mu-
tant of importin-a was identified in a genetic screen, the
molecular defects that lead to either the cell cycle delay
or the impaired nuclear import are not clear (YANO et al.
1994; LoEB et al. 1995). The amino acid substitution in
the srp1-31 protein variant is a serine-to-phenylalanine
change at position 116. This change lies within the first
of the ARM domains that compose the cNLS binding
pocket (see Figure 1A); however, serine 116 is located
outside the cNLS binding pocket, making it unclear how
this amino acid change affects the function of importin-o.

Therefore, the goal of this study is to understand
how specific engineered amino acid changes that cause
defects in importin-a ¢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 the G;/S transition of the
cell cycle, suggesting that key cargoes containing bi-
partite cNLS motifs need to be imported to the nucleus
to allow cells to properly enter S phase and replicate

DNA.

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
(SaMBROOK and RusskLL 2001), and all media were prepared
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Name Strains Genotype References
Wild type pSY580 (ACY192) MATa wra3-52 leu2A1 trpl WINSTON et al. (1995)
Wild type ACY247 MATa/o ura3-52 leu2A1/leu2A 1 his3A200/his3A200  JONES et al. (2000)
ade2/ADE2 ade3/ADE3 lys2/LYS2 trpl/TRPI
srpl-55 ACY641 MATa wra3-52 his3A200 leu2A1 trpl ade2 HARREMAN et al. (2003a)
srpl-55::LEU2
srpl-55 ACY642 MATo ura3-52 his3A200 leu2A1 trpl srpl-55::LEU2 ~ HARREMAN et al. (2003a)
srp1-E402Q ACY1560 MATa wra3-52 his3A200 leu2A1 trpl ade2 lys2 This study
srpl-E402Q:: LEU2
srpl-31 ACY1561 MATo ura3-52 leu2A 1 trpl his3A200 lys2 This study
srpl-31 ACY1562 MATa wra3-52 leu2A1 trpl This study
Cdc45-GIP YLR103C (ACY1886) MATa his3A 1 leu2A0 met15A0 ura3A0 Hun et al. (2003)
srpl-31-Cdc45-GIP ACY1889 MATa leu2A0 met15A0 ura3A0 trpl This study
srpl1-55-Cdc45-GFP ACY1890 MATa met15A0 ura3A0 This study
Mem10-GFP YIL150C (ACY1887) MATa his3A1 leu2A0 met15A0 ura3A0 Hun et al. (2003)
srpl-31-Mem10-GFP ACY1891 MATa leu2A0 met15A0 ura3A0 This study
srpl-55-Mem10-GFP ACY1892 MATa met15A0 ura3A0 This study
YoxI-GFP YMLO27W (ACY1888) MATa his3A1 leu2A0 met15A0 ura3A0 HuH et al. (2003)
srpl-31-Yox1-GFP ACY1893 MATa leu2A0 met15A0 ura3A0 This study
srpl-55-Yox1-GIP ACY1894 MATa met15A0 ura3A0 This study

by standard procedures (ADAMS et al. 1997). All yeast strains
and plasmids used in this study are listed in Tables 1 and 2.
To generate mutants of importin-a 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) (HARREMAN et al. 2003a). The E402Q importin-a
mutant replaced the wild-type copy of importin-a. To integrate
E402Q importin-a, the E402Q) mutation was subcloned into
the open reading frame of the LEUZ2integrating plasmid, pRS406
(S1korskIand HIETER 1989), to create srpI-E402Q (pAC1999).
E402Q importin-a was then integrated at the endogenous SRPI
locus by linearization of the srpI-E402Q (pAC1999) plasmid and
transformation 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-o
mutation was confirmed by PCR and sequencing. The hetero-
zygous diploid was then sporulated and tetrads were dissected to

generate the haploid srpI-E402Q (ACY1560). This integration
strategy is designed to make E402Q importin-a the only copy of
importin-a expressed in the haploid strain.

Although the srpI-31 (ACY639) mutant already existed in an
S288C background, the mutant was further backcrossed to an
S288C wild-type strain (PSY580) (HARREMAN et al. 2003a). The
heterozygous diploid strain was sporulated and tetrads were
dissected to generate srpl-31 haploids (ACY1561 and ACY1562).

To generate cells in which microtubules could be visualized
directly with GFP, TUBI-GFP (pAC1344) was integrated at the
URA3 locus as described previously (STRAIGHT and MURRAY
1997). The Cdc45, Mcm10, and Yox1 proteins were visualized
by monitoring the localization of the previously described in-
tegrated C-terminal GFP fusion proteins: Cdc45-GFP (YLR103C),
Mcm10-GFP (YIL150C), or Yox1-GFP (YMLO027W) (HUH et al.
2003). Each of these strains was crossed to either the srpl-31
(ACY1561) or the srpl-55 (ACY642) mutant. The resulting

TABLE 2

Plasmids used in this study

Plasmid Description References
PRS406 LEU2, integration, AMP® KAHANA et al. (1995)
pRS424 2w, TRPI, AMP" SikorskI and HIETER (1989)
PAC592 RSL2, 2., TRPI, AMP" HARREMAN et al. (2003a)
pAC876 SRP1, CEN, URA3, AMP* HARREMAN et al. (2003Db)
pAC1059 PpMET25-BPSV40T3-NLS-GFP-GI'P, CEN, URA3, AMP* HoDEL et al. (2006)
pAC1065 PpMET25-SV40-NLS-GFP-GFF, CEN, URA3, AMP* HopEL et al. (2006)
pAC1303 CSEl, 2., TRP1, AMP® HARREMAN et al. (2003a)
pAC1344 TUBI-GFP, integration, URA3, AMP" STRAIGHT and MURRAY (1997)
pAC1354 SRPI, CEN, TRPI, AMP" HARREMAN et al. (2003a)
pAC1385 NUP2, 2w, TRP1, AMP® HARREMAN et al. (2003a)
PAC1999 E402Q-SRP1, LEU2, integrating, AMP® This study

p305.2 ARS305 CEN5 URA3 FRIEDMAN et al. (1996)
PARSI1 ARS1 CEN5 URA3 FRIEDMAN et al. (1996)

pl2 ARS1412 CEN5 URA3

FrRIEDMAN et al. (1996)
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diploid strains were sporulated and tetrads were dissected to
generate srpl mutant strains expressing Cdc45-GFP, Yox1-GFP,
or Mcm10-GFP (Table 1).

In vivo functional analysis: The function of importin-a
variants in vivo was assessed by examining the growth of the
integrated alleles srpI-31, srp1-55, and srp1-E402Q. As a control,
each mutant was covered with a wild-type SRP1 URA3 plasmid
(pAC876) to ensure that conditional phenotypes were com-
plemented 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
the URA3 plasmid-encoded wild-type SRPI (pAC876) to reveal
the phenotype of the mutants (BOEKE et al. 1987). Plates were
incubated at the indicated temperatures for 3-7 days.

Immunoblot analysis: Immunoblot analysis was performed
using standard methods (TOWBIN et al. 1979). Cultures were
grown to log phase in yeast extract peptone dextrose (YEPD)
media at 25° and then shifted to the indicated temperature.
Cells were then harvested by centrifugation and washed twice
in water and once in PBSMT [100 mMm KHoPO4, pH 7.0, 15 mm
(NH4) 2SOy, 75 mm KOH, 5 mM MgCly, 0.5% Triton X-100].
Cells were subsequently lysed in PBSMT with protease inhib-
itors (0.5 mM phenylmethylsulfonyl fluoride, 3 pwg/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-
a antibody (1:5000 dilution) raised against recombinant GST-
importin-a followed by anti-rabbit secondary antibody (1:5000
dilution).

NLS-GFP import assay: The NLS-GFP import assay was
performed as described previously (SHULGA et al. 1996; HODEL
et al. 2006). Cells were resuspended in glucose-containing
synthetic media pre-equilibrated to 25° (permissive), 37° (srpl-31,
srpl-E4020Q), or 18° (srpl-55). For scoring, 2-ul samples were
removed every 2.5 min and images were collected through a
GFP-optimized filter (Chroma Technology) using an Olympus
BX60 epifluorescence microscope. Cells were scored as
“nuclear” if both the nucleus was brighter than the surround-
ing cytoplasm and a nuclear-cytoplasmic boundary was visible.
At least 100 cells were counted at each time point.

Microscopy: Direct fluorescence microscopy was performed
to localize GFP fusion proteins in live cells. For all experi-
ments, cultures were also labeled with Hoechst dye (1 wg/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 epifluor-
escence 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 hr.

High-copy suppressor analysis: For high-copy suppressor
analysis, high-copy plasmids (2 TRPI) encoding the nuclear
transport factors importin-§ (pAC592), Csel (pAC1303), and
Nup2 (pAC1385) were transformed into srpl-55 (ACY641),
srpl-E402Q (ACY1560), and srpl-31 (ACY1561) cells covered
by an SRPI 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.

Cell cycle arrest and release: For cell cycle studies, cultures
were synchronized by treatment with a-factor or hydroxyurea.
For arrest with a-factor, cells were grown to early mid-log phase
(ODgpp 0.25-0.35) in YEPD media at 25°. 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 a-factor (Sigma) followed by a
90-min incubation at 25°. Additional a-factor (1:1000 dilution)
was added every 30 min. Cells were released from a-factor arrest
by pelleting the cells, washing twice with YEPD, and resuspend-
ing in fresh YEPD for release at the indicated temperatures for
an additional 3 hr (SWAMINATHAN et al. 2007).

For hydroxyurea arrest, cells were arrested with a-factor as
described above. Then cells were pelleted, washed twice with
YEPD, and resuspended in YEPD containing 200 mm hydroxy-
urea. Cultures were incubated for an additional 2 hr at 25°. Cells
were then pelleted, washed twice with YEPD, and resuspended
in fresh YEPD for release at the indicated temperatures for an
additional 3 hr (SWAMINATHAN eéf al. 2007).

Flow cytometry analysis: Cells were prepared for flow cytom-
etry analysis by staining with propidium iodide (SAzer and
SHERWOOD 1990). Briefly, asynchronous or synchronous cultures
were ethanol fixed overnight at 4°, washed, and resuspended
in 50 mM sodium citrate. Cells were then treated with 0.1 mg/
ml RNase A for 2 hr at 37° and 10 mg/ml of Proteinase K for 1
hrat 50°. Cells were stained with 8 pg/ml of propidium iodide.
Each sample was analyzed with a FACSVantage SE (Becton
Dickinson, Franklin Lakes, NJ). Data were analyzed using
FloJo 7.2.2 software.

Plasmid loss: Plasmid loss was determined in wild type or
mutant cells containing plasmids with an early (ARS305)-, middle
(ARSI)-, or late (ARSI412)-firing autonomously replicating
sequence (ARS) (FRIEDMAN et al. 1996). 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 per-
centage of plasmid loss in the srpI mutant cells as compared to
wild-type cells. Data were 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 (o) was set at 0.05 for all statistical
tests. If the calculated Pvalue was <a, then the difference in
plasmid loss was reported as being statistically significant.

RESULTS

To examine links between the classical nuclear protein
import pathway and cell cycle progression, we exploited
two mutants of importin-a with specific molecular
defects. The srp1-E4020Q mutant alters a critical glutamic
acid residue in the minor pocket of the cNLS cargo-
binding domain to glutamine (CONTI et al. 1998; FONTES
et al. 2000). This conservative amino acid substitution at
position 402 creates the conditional allele of importin-a,
srpI-E4020, which causes a decrease in bipartite cNLS
cargo binding in vitro and affects the steady-state local-
ization of a bipartite NLS cargo in vivo (LEUNG et al.
2003).

As a complement to the analysis of the NLS cargo-
binding pocket, a variant of importin-a that affects cargo
delivery was also employed. A conserved NLS-like se-
quence within the N-terminal IBB domain of importin-,
KRR, is essential for the auto-inhibitory function of
importin-a (HARREMAN et al. 2003b). An arginine-to-alanine
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F1Gure 1.—Functional analysis of im-
portin-oa mutants in vivo. (A) Schematic
of importin-a with the three major do-
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cated. The position of the auto-inhibi-
tory NLS-like sequence (**KRR™) is
also indicated. The approximate loca-
tion as well as the amino acid change
for each of the srpl mutant alleles em-
ployed in the study is shown. (B)
Growth of each srpl mutant was as-
sessed at 18°, 25°, and 37°. Each mutant
was covered with a wild-type SRPI URA3
plasmid (pAC876) and analyzed by se-
rial dilution and spotting on control
plates (where the wild-type SRPI plas-
mid is maintained) or on 5-FOA plates
(where the wild-type SRPI plasmid is
lost). Plates were incubated at the indi-
cated temperatures for 3-7 days. (C)
Kinetic nuclear import assay for mono-
partite SV40-GFP NLS and (D) bipartite
BPSV40T3-GFP NLS import reporters.
The initial import rates for the cNLS im-
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8 10 12 14  port reporters were analyzed using a
kinetic import assay as described in

MATERIALS AND METHODS (SHULGA et al.

1996). Cultures were grown to early mid-log phase at 25° and then shifted to the nonpermissive temperature (37° for srpl-31
and srpI-E402Q cells and 18° for srp1-55 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-pl samples were removed every 2.5 min. Cells were
scored as “nuclear” if both the nucleus was 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 vs. time for wild type (WT) (#), srpIl-31(W), srpI-55 (A), and srpI-E402Q (X) cells.

substitution at position 55 within this auto-inhibitory
sequence (KRR — KAR) creates a conditional allele of
importin-o, srpl-55, which specifically affects cargo de-
livery/release into the nucleus (HARREMAN et al. 2003a).

Functional analysis of srpl mutants: To compare the
consequences of defects in cargo binding and cargo
release in vivo, we generated alleles of the srpIl-55 and
srpl-E402Q importin-o. mutants that could be directly
compared to one another (see MATERIALS AND METHODS).
As a control, we also generated the previously charac-
terized srpl-31 mutant (LOEB et al. 1995) 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, srp1-55, and
srpl-E4020Q mutants were transformed with a wild-type
SRP1 plasmid. To assay growth, 10-fold serial dilutions of
the samples were spotted on control plates where wild-
type SRPI is maintained or on 5-FOA plates where the
plasmid encoding wild-type SRPI is lost. In comparison
to wild-type cells, srpI-55 mutant cells show a growth
defect at 18° as previously reported (HARREMAN et al.
2003a). In contrast, srpI-31 and srpl-E402Q mutants show
growth defects at 37° (Figure 1B). Immunoblot analysis
indicates no significant change in the level of any of the
Srpl mutant proteins at the nonpermissive tempera-

tures as compared to wild-type importin-a, indicating
that the growth defects observed are not due simply to
loss of the essential importin-a protein (data not shown).

NLS-GFP import assay: Prior studies examined the
cargo-binding properties of the srpI-55 and srpI-E4020Q
variants in vitroas well as their impact on the steady-state
localization of cNLS cargo in vivo (HARREMAN et al. 2003a;
LEUNG et al. 2003). To further characterize the impact
of each of these alleles as well as the srpI-31 mutant
on nuclear protein import, we used a semiquantitative
kinetic NLS—GFP import assay that assesses the initial
rate of NLS cargo import (SHULGA et al. 1996). 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 im-
portassay because both bind to importin-a with a similar
affinity (~10 nM) and, importantly, the bipartite cargo is
engineered such that productive binding to importin-o
absolutely depends on the basic cluster of amino acids
that binds to the minor NLS binding pocket (HoDEL
et al. 2001). Experiments were carried out at the non-
permissive temperatures in live cells as described in
MATERIALS AND METHODS. In comparison to wild-type
cells, the srpI-31 and srp1-55 mutants showed a decrease
in the initial rate of nuclear import of the monopartite
cNLS cargo SV40-GFP (Figure 1C). As expected, there
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was no observed change in the initial import rate of
the monopartite cargo in srpl-E402Q cells (Figure 1C)
because the E402Q amino acid substitution decreases
bipartite cargo binding without impairing binding to
monopartite cNLS cargo (LEUNG et al. 2003). However,
all three mutants, srp1-31, srp1-55, and srp1-E402Q, show
a decrease in the initial rate of nuclear import of the
bipartite cNLS cargo BPSV40T3-GFP (Figure 1D). These
results confirm that cells expressing each variant of
importin-a have defects in cNLS protein import.
Importin-a variants differ in their in vivo molecular
defects: Although all of the importin-a mutant cells
showed defects in the kinetic NLS import assay, we hy-
pothesized that the different engineered amino acid
changes in each importin-o variant should impair nu-
clear import through distinct mechanisms. To address
this hypothesis, we tested whether each of the importin-
o mutants could be suppressed by overexpression of
several nuclear transport factors with the assumption
that suppression by specific factors could provide in-
formation about what interactions are compromised
in vivo. For this analysis, we examined overexpression of
importin-B, Csel, and the nuclear pore protein, Nup2.
Importin-B interacts with the IBB domain of importin-o
to target the import complex to the nuclear pore (GORLICH
et al. 1996; WEIS et al. 1996). Csel is the export receptor
for recycling importin-a to the cytoplasm (Hoop and
SILVER 1998; SOLSBACHER e¢f al. 1998) and both Csel and
Nup?2 facilitate cargo delivery in the nucleus (MATSUURA
et al. 2003; MATSUURA and STEWART 2004; Liu and
STEWART 2005). As controls, each srp] mutant was also
transformed with a vector alone or with a wild-type
importin-a plasmid. To ensure equal growth and spot-
ting, each mutant was transformed with wild-type SRPI
on a URA3 plasmid. Cultures were grown to saturation,
serially diluted, and then spotted either on control
plates where the SRPI maintenance plasmid is retained

ecton F1GUre 2.—High-copy suppressor analysis. High-
Importin o~ COPY plasmids encoding the nuclear transport fac-
tors, importin8 (pAC592), Csel (pAC1303), and

Importin g~ Nup2 (pAC1385), were transformed into snpI1-55,
srp1-E402Q, and srpl1-31 cells, which also contained

Cse1 awild-type SRPI URA3 plasmid (pAC876). As a con-
trol, each mutant was also transformed with vector

Nup2 alone (pRS424) or with wild-type SRPI plasmid
(pAC1354). Genetic suppression was assessed by se-

vector rially diluting and spotting on control plates (where
the wild-type SRPI plasmid is retained) or on 5-FOA

Importin o plates (where the wild-type SRPI plasmid is lost).
) Plates were incubated at the indicated temperatures
Importin B for 3-6 days. Suppression was scored as enhanced

Csel growth at the nonpermissive temperature as com-
pared to the vector control.

Nup2

or on plates containing 5-FOA where the maintenance
plasmid is lost but the overexpression plasmids are
retained (Figure 2). The 5-FOA plates were incubated
at the nonpermissive temperature as previously deter-
mined (see Figure 1B) for each mutant. Interestingly,
we find that the temperature-sensitive growth defect of
srp1-31 cells is suppressed by overexpression of impor-
tin-B (Figure 2). As previously observed (HARREMAN
et al. 2003a), the cold-sensitive growth defect of srpl-55
mutant cells is suppressed by overexpression of the
nuclear export factor, Csel (Figure 2). In contrast, the
temperature-sensitive growth defect of srpI-E402Q cells
is not suppressed by any of the nuclear transport factors
(Figure 2). 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-a affect cell cycle progression:
To probe the link between importin-a and cell cycle
events, we exploited these srpl mutants that affect the
classical nuclear protein import pathway through dis-
tinct mechanisms. As a first step to determining whether
all defects in importin-a impair Go/M of the cell cycle as
previously described for the srpI-31 mutant (LOEB et al.
1995), each importin-o mutant was spotted on plates
containing either hydroxyurea, which inhibits DNA
replication (MrTcHIsoN and CREANOR 1971), or beno-
myl, which blocks mitosis prior to the onset of anaphase
(Lrand MurrAy 1991). Consistent with previous reports,
the srpI-31 mutant shows sensitivity to growth on beno-
myl, suggesting a defectin Go/M of the cell cycle (Figure
3A) (LoEB et al. 1995). In contrast, the srpl-55 and
srpI-E4020 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 sensi-
tivity to hydroxyurea, suggesting a defect in processes
critical to the G;/S cell cycle transition, including DNA
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FIGURE 3.—Analysis of cell cycle de-
fects in srpI mutants. (A) Analysis of cell
growth on hydroxyurea and benomyl
plates. To determine whether any of
the srpl mutant alleles show hyper-
sensitivity to growth on plates containing
hydroxyurea or benomyl, cultures were
grown to saturation at the permissive
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temperature and 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, srp1-55, and srpl-
E402Q) cells were grown to early mid-
log phase at the permissive temperature
and then shifted to the nonpermissive
temperature (37° for srpl-31 and srpl-
E402Q cells and 18° for srpl-55 cells).
Samples were collected every 30 min
for 6 hr for flow cytometry to analyze
DNA content. The positions of unrepli-
cated DNA (IN) and replicated DNA

A

1N 2N 1N 2N 1N 2N

replication, DNA repair, and/or checkpoint function
(Figure 3A).

To begin to assess how the cell cycle is affected in each
of the srpl mutants, the DNA content of each mutant
was measured in an asynchronous cell population using
flow cytometry (Figure 3B). Samples were analyzed at
30-min intervals over 6 hr at both permissive and non-
permissive temperatures. The cells are scored as having
IN (G;) or 2N (Gg/M) DNA content. All importin-o
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 1N and 2N DNA
content is unchanged relative to the permissive temper-
ature. Consistent with previous results (LOEB et al. 1995),
srpl-31 mutant cells show some accumulation of cells
in the Go/M phase of the cell cycle as compared to the
G phase. As with srpI-31 cells, srpI-55 cells show some
increase in cells with 2N DNA content as compared to
wild-type cells (SRPI), which is consistent with previous
analysis of an asynchronous population of these cells
(HARREMAN et al. 2003a). In contrast to the srpI-31 and
srpl-55 mutants, srpl-E402Q mutant cells show an in-
crease in the population of cells with 1N DNA content as
compared to wild-type (SRPI) 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 un-
covered by analysis of asynchronous cultures.

Both sensitivity to hydroxyurea and analysis of DNA
content for the srpl-E402Q mutant suggest a role for
importin-a in the G; /S cell cycle transition. To assess the

N 2N (2N) are indicated below the graphs.

DNA content of synchronized cultures, cells were ar-
rested in late G; phase of the cell cycle with the mating-
type pheromone, a-factor (SIEDE et al. 1989; SIEDE and
FrRIEDBERG 1990), and then analyzed by flow cytometry
over time following release from a-factor. Samples were
analyzed at 30-min intervals over 3 hr at both permissive
and nonpermissive temperatures. Allimportin-o 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 ex-
periment at all temperatures. As previously reported,
srpl-31 mutant cells display a defect in progression
through Go/M (Figure 4A) (LOEB et al. 1995). 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 srp1-55 and srp1-E4020
mutant cells show a profound defect in the G;/S tran-
sition (Figure 4A). These results link importin-a and
hence the classical nuclear import pathway to the G;/S
transition of the cell cycle as well as the previously
reported Go/M transition.

Using the synchronization method employed for flow
cytometry, the spindle morphology of each mutant fol-
lowing the shift to the nonpermissive temperature was
assessed over time (Figure 4B). The percentage of spindle
formation was defined as containing the following: single
asters (no spindles), short spindles (spindle not extend-
ing to the duplicated nucleus of the daughter cell), or
anaphase spindles (spindle extending to the duplicated
nucleus) (Gon and SURANA 1999). In comparison to
wild-type cells, srpI-31 cells show an increased number
of short spindles and a decrease in the relative number
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FIGURE 4.—Analysis of cell cycle pro-
gression in cells synchronized in G,
phase of the cell cycle. (A) Wild-type
(SRPI) and mutant (srpl-31, srpl-55,
and srp1-E402Q) cellswere grown to early
mid-log phase at the permissive temper-
ature and then arrested at late G; phase
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of anaphase spindles after 3 hr at the nonpermissive
temperature (Figure 4B). In contrast, srpI-55 and srpl-
E4020Q 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 4B).

Since a profound delay at the G;/S transition was
observed in srpl-55 and srpl-E402(Q 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 a-factor at the
permissive temperature and then released into media
containing hydroxyurea to synchronize cells in early
S phase. After 2 hr, cells were released at either the
permissive or the 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

Time (min)

srp1-E402Q

were collected every 30 min for 3 hr for
flow cytometry to analyze DNA content.
The positions of unreplicated DNA
(IN) and replicated DNA (2N) are indi-
cated below the graphs. (B) Spindle mor-
phology. Wild-type (SRPI) and mutant
(srp1-31, srpl-55, and srpIl-E4020Q) cells
expressing Tub1-GFP to visualize micro-
tubules were treated as described above
in A. Spindles were visualized by examin-
ing integrated Tub1-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 ana-
phase spindles (spindle extending to
the duplicated nucleus, @) vs. time.
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120 150 180
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the nonpermissive temperature, both srpl-55 and srpl-
E402Q cells progress slowly through S phase in compar-
ison to wild-type cells (Figure 5A). This experiment also
provides further evidence that s1pI-31 cells have defects
in S phase progression as well as in Go/M as they also
progress through S phase more slowly than wild-type
cells (Figure 5A). To ensure that both srpI-55 and srpl-
L4020 cells were able to release from a-factor arrest, the
DNA content of these mutant cells was also monitored at
the permissive temperature (Figure 5B). Flow cytometry
analysis shows that both srpl-55 and srpI-E402Q cells
can release from a-factor arrest and enter the cell cycle
at the permissive temperature, providing evidence that
these cells, when first synchronized with a-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 inde-
pendent confirmation of the cell cycle delays observed
in the smpl-31, srpl-55, and srpl-E402Q cells (Figure
5C). As observed for the a-factor arrest, both srpI-55and
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FIGURE 5.—Analysis of cells synchronized
in S phase of the cell cycle. (A) Wild-type
(SRPI) and mutant (srpl-31, srpl-55, and
srpl-E402Q) cells were grown to early mid-
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and incubated for 2 hr. Finally, the cells syn-
chronized in early S phase were released
to the nonpermissive temperature (37° for
srpl-31 and srpl-E402Q cells and 18° for
srpl-55 cells). Samples were collected every
30 min for 3 hr for analysis by flow cytometry
to analyze DNA content. The positions of
unreplicated DNA (IN) and replicated
DNA (2N) are indicated below the graphs.
(B) Mutant (srpl-31 and srpI-E4020Q) cells
were grown to earlymid-log phase at the per-
missive temperature and then arrested at
late G; phase with a-factor. Samples were
then released to the permissive temperature
to determine if the cells are released from a-
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srp1-E402Q cells showed 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 experi-
ment. As suggested by the flow cytometry data, the srpI1-31
cells show a delay in spindle formation relative to wild-
type (SRPI) cells, but spindles do begin to form and
elongate in this mutant after ~90 min [compare to ~30
min for wild-type (SRPI) cells].

Results indicate that all of the importin-« mutants
examined show defects in the G;/S transition and in

Time (min)

S phase progression. As an initial approach to un-
derstanding how srpI mutants might affect DNA repli-
cation, we utilized a plasmid loss assay (FRIEDMAN et al.
1996; DOHRMANN and ScLAFANI 2006). This assay mon-
itors loss of plasmids containing an ARS, which function
as replication origins in S. cerevisiae (DOHRMANN and
ScLAFANT 2006). Although defects in many cell cycle
pathways can contribute to chromosome loss, mutants
with general DNA replication defects exhibit loss re-
gardless of the origin of replication used in the plasmid,
whereas mutants specific for replication initiation often
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exhibit differential loss dependent on the nature of
the replication origin (MAINE et al. 1984; HARTWELL and
SMITH 1985; PALMER ef al. 1990).

Therefore, we compared the rate of loss of plasmids
containing an ARS that fires early in S phase (ARS305),
in the middle of S phase (ARSI), or late in S phase
(ARS1412) (FRIEDMAN et al. 1996). All results are com-
pared to wild-type (SRPI) cells (Figure 6). In comparison
to wild-type (SRPI) cells, both the srp1-31 and srpl-E4020
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 srpI-31 mutant as com-
pared to the wild-type (SRPI) cells (**P < 0.01) (Figure
6A). We also observed increased plasmid loss in srpl
mutant cells with ARSI, 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 6B). Finally,
the srpl-31 and srpl-E402Q mutants show an increase
in plasmid loss for the late-firing origin of replication,
ARSI412. Statistical analysis reveals a significant in-
crease in plasmid loss for both srpl-31 (**P < 0.01)
and srpl-E402Q (*P < 0.05) mutant cells as compared to
wild-type (SRPI) cells (Figure 6C). To rule out changes
within the wild-type control, plasmid loss for early,
middle-, and late-firing replication origins was com-
pared 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 srp-31 mutant shows a significant increase in plasmid
loss at the early, middle-, and late-firing origins of repli-
cation, suggesting a general chromosome loss phenotype.
The plasmid loss defect in the srpI-55 mutant suggests
a specific defect in the middle-firing origin of replica-
tion, ARSI. In contrast, the srpI-E4020Q mutant shows a
specific defect in the late-firing origin of replication,
ARSI1412. Together, these results indicate that these
srpl alleles have distinct effects on chromosome loss,
which may result from differential import of key cell
cycle proteins.

Bipartite cNLS candidates involved in G{/S of the
cell cycle: While it is likely that numerous import
cargoes are affected in the srpI mutant cells, we wanted
to determine whether there were key candidates most
likely to be affected. To identify candidate cargoes whose
import could be impaired in the srp1-55 and srpI-E4020
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 7A). To identify the entire comple-
ment of candidate bipartite cNLS cargoes, the PSORT II
algorithm for predicting bipartite cNLS motifs (NAKAI
and HorToN 1999) was used to query the S. cerevisiae
GenBank (BENsoN et al. 2006). Of 5850 proteins, 968
contain a predicted bipartite cNLS. We then used the
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F1GURE 6.—Analysis of plasmid loss. To determine if srpI mu-
tant cells have defectsin DNA replication, a plasmid loss assay was
performed. Plasmid loss was determined in cells containing plas-
mids with early (ARS305)-, middle (ARSI)-, or late (ARS1412)-
firing ARSs 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-
FE402Q) aswell as for wild-type (SRPI) control cells. Experiments
were performed in triplicate. Standard deviations in the data are
indicated by the error bars. A one-way ANOVA followed bya Dun-
nett’s multiple comparison test using an a-value of 0.05 was used
to determine the significance of the results. Significant differen-
ces between samples corresponding to the P-values of *P < 0.05
and **P < (.01 are indicated by the lines above the bars.

PSORTII algorithm to query the pool of 1515 nuclear
or nucleolar proteins as defined by localization of GFP
fusion proteins (HuH et al. 2003). Of these 1515 nuclear/
nucleolar proteins, 391 contain a predicted bipartite
cNLS (Hun et al. 2003). As a preliminary approach to
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identifying a subset of these proteins linked to the G;/S
cell cycle transition, we searched for genes containing
the terms G, S, or G;/S in their Gene Ontology defini-
tion (http://www.geneontology.org/). 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 7A). 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 3.

As an initial test of whether the nuclear import of any
of these candidate cargoes is impaired in the importin-o
mutants, we selected three candidates that had pre-
viously been visualized as nuclear GFP fusion proteins:
Cdc45, Mcm10, and Yox1 (HUH ef al. 2003). Cdc4b is in-
volved in DNA replication and remains nuclear through-
outthe S. cerevisiaecell cycle (MOIR et al. 1982; HopwoobD
and DaLTON 1996). Cdc45 interacts with the minichro-
mosome maintenance proteins, which regulate DNA
replication (Hopwoop and DaLToN 1996). Mcm10 is
a constitutively nuclear chromatin-associated protein
that plays a role in DNA replication initiation by re-
cruiting both the Mcm2-7 complex and DNA polymer-
ase-a to DNA replication origins (BuricH and LEr 2003;
Rickk and BieLINskY 2004; ZHU et al. 2007). Yox1 is a
homeodomain transcriptional repressor that regulates
the expression of genes that are critical for the G;/S
transition (PrRaMILA et al. 2002; BRAUN and BREEDEN

DIC

Hoechst F1GURE 7.—Candidate bipartite proteins impli-

cated 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 . cerevisiae GenBank (bipartite) (BENSON et al.
2006), the 1515 proteins localized to either the nu-
cleus or the nucleolus in the global yeast GFP-fusion
library (nuclear) (HuH et al. 2003), 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 G,/S of the cell cycle.
Data from this analysis are presented as a Venn
diagram. (B-D) Wild-type (SRPI) and srpl mutant
(smpl1-31, srp1-55) 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
and then shifted to the nonpermissive temperature
(37°for srp1-31 cellsand 18° for srp1-55cells) for 3 hr.
Wild-type cells (SRPI) were analyzed following shifts
to both 37° and 18° and identical results were ob-
tained with each of the GFP fusion proteins. Results
are shown for the wild-type cells shifted to 37°. Cor-
responding DIC and Hoechst DNA-staining images
are shown.

2007). We examined the localization of Mcm10-GFP,
Yox1-GFP, and Cdc45-GFP in wild-type (SRPI), srpl-31,
and srpl-55 cells (Figure 7, B-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 tem-
perature, both srpl-31 and srp1-55 cells show a decrease
in nuclear localization of Mcm10-GFP (Figure 7B) and
Yox1-GFP (Figure 7C) in comparison to wild-type (SRPI)
cells. Interestingly, Cdc45-GFP remains nuclearly local-
ized in srp1-55 cells but is mislocalized to the cytoplasm
in srpl-31 cells (Figure 7D).

DISCUSSION

Results of this study define an important role for the
NLS receptor, importin-a, in DNA replication. Specifi-
cally, 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 Go/M
associated with other importin-a mutants, srp1-31 (LOEB
et al. 1995) and srpI-55 (HARREMAN et al. 2003a), 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 s7pI-31 mutant shows a
delay in both the Go/M and G;/S cell cycle transitions,
although the G,/S delay for the srpI-31 cells is not as
profound as observed for srpl-55 and srpI1-E402Q cells.
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TABLE 3

Bipartite cNLS candidates involved in G,/S

Protein Function

Bck2 Molecular function unknown

Cdc40 RNA splicing factor activity

Cdc45 DNA replication

Mcml10 DNA replication and chromatin binding

Rsc3 DNA binding

Swib DNA replication and transcriptional
activator activity

Tos4 Transcription factor activity

Tye7 Transcription factor activity

Pogl RNA POL II transcription factor activity

Tafl RNA POL II transcription factor activity

Taf13 RNA POL II transcription factor activity

Taf14 RNA POL II transcription factor activity

Yapb RNA POL II transcription factor activity

Yhpl DNA binding

Yox1 DNA binding

The Gyo/M cell cycle defect observed for the srpl-31
mutant is consistent with previous work (LOEB el al.
1995) and also with hypersensitivity to benomyl. Genetic
analysis indicated that the temperature-sensitive growth
defect of srpl-31 is suppressed by the overexpression of
the nuclear import receptor, importin-f. This finding
suggests that the amino acid change in the srpl-31
variant protein could impair importin-B binding. As
interaction between importin-o and - is critical to
targeting cargoes to the nuclear pore for import
(STEwART 2007), decreased interaction with importin-
B 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
srp1-31 allele because the importin-a variants employed
here have well-characterized molecular defects. The
Srp1-E402Q mutant protein is impaired in binding to
cargoes that contain a bipartite cNLS (LEUNG et al. 2003).
The Srp1-55 protein shows defects in cargo delivery into
the nucleus (HARREMAN et al. 2003a). We find that cells
that express each of these importin-a variants as the sole
cellular copy of importin-o 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 srpI-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, shows only defects in the import of bipartite cNLS
cargoes (CONTI et al. 1998; LEUNG et al. 2003). In the case
of the srpI-55 protein, the auto-inhibitory, and hence
the inherent cargo release mechanism, is impaired

(HARREMAN et al. 2003a). However, in cells, there are
additional factors that facilitate cargo release, including
the export receptor, Csel, and the nuclear pore protein,
Nup2 (SOLSBACHER et al. 1998, 2000; GILCHRIST ¢t al.
2002). Indeed, overexpression of Csel suppresses the
growth defect of the srp1-55 mutant. Possibly, cargoes that
bind tightly to the NLS receptor may be most affected
in vivo when the cargo delivery function inherent to
importin-a is impaired. These tight-binding cargoes are
most likely to be the cargoes that contain a bipartite cNLS
as bipartite cargoes typically bind with a stronger affinity
to the NLS receptor than monopartite cargoes (HODEL
et al. 2001). Thus, both srp1-55 and srp1-E402Q) cells may,
logically, be mostimpaired in nuclear delivery of bipartite
cNLS cargo proteins.

Although srp1-55 and srpl-E402Q mutant cells show
similar defects in the cell cycle, the plasmid loss assay
provides further insight into the molecular defect. The
plasmid loss assay indicates that a defect in ¢cNLS cargo
binding (s1pI-E4020Q) affects DNA replication late in S
phase. Similarly, the plasmid loss assay suggests that a
defect in cNLS cargo release (srpI-55) also affects DNA
replication but in the middle of S phase. Furthermore,
as with srpI-31 cells, our results suggest that srp1-55 cells
are impaired in both the G;/S and the Go/M cell cycle
transitions. Interestingly, these results suggest that differ-
ent defects in the NLS receptor importin-a 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, which 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 phe-
notype of these mutants.

The use of variants of importin-a with specific molec-
ular defects allowed us to identify a number of candi-
date proteins that may be affected in these mutants. For
three of these candidate proteins, Mcm10, Yoxl, and
Cdc45, we show that nuclear localization is differentially
impaired in the importin-a mutants. While Mcm10
and Yox1 are mislocalized in each importin-a mutant
examined, Cdc45 is mislocalized to the cytoplasm only
in srp1-31 cells. Overall, these results show that different
defects in importin-a affect distinct cargoes. In the
future, genetic approaches that exploit the conditional
growth phenotypes of these srpI mutants may be useful
in identifying additional cargo proteins affected 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 our previous understanding of the link between nu-
clear transport and cell cycle progression as previously
only defects in the Go/M transition had been linked to
mutants in the nuclear import receptor. Future studies
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will be aimed at identifying key cargoes that must enter
the nucleus to mediate these critical cell cycle transitions.
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