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Abstract 

Background:  Swi6 acts as a transcription factor in budding yeast, functioning in two different heterodimeric com-
plexes, SBF and MBF, that activate the expression of distinct but overlapping sets of genes. Swi6 undergoes regulated 
changes in nucleocytoplasmic localization throughout the cell cycle that correlate with changes in gene expression. 
This study investigates how nucleocytoplasmic transport by multiple transport factors may influence specific Swi6 
activities.

Results:  Here we show that the exportin Crm1 is important for Swi6 nuclear export and activity. Loss of a putative 
Crm1 NES or inhibition of Crm1 activity results in changes in nucleocytoplasmic Swi6 localization. Alteration of the 
Crm1 NES in Swi6 results in decreased MBF-mediated gene expression, but does not affect SBF reporter expression, 
suggesting that export of Swi6 by Crm1 regulates a subset of Swi6 transcription activation activity. Finally, alteration of 
the putative Crm1 NES in Swi6 results in cells that are larger than wild type, and this increase in cell size is exacerbated 
by deletion of Msn5.

Conclusions:  These data provide evidence that Swi6 has at least two different exportins, Crm1 and Msn5, each of 
which interacts with a distinct nuclear export signal. We identify a putative nuclear export signal for Crm1 within Swi6, 
and observe that export by Crm1 or Msn5 independently influences Swi6-regulated expression of a different subset 
of Swi6-controlled genes. These findings provide new insights into the complex regulation of Swi6 transcription acti-
vation activity and the role of nucleocytoplasmic shuttling in regulated gene expression.
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Background
Cell cycle progression is a highly regulated process in all 
cells. In eukaryotes, cells become committed to progres-
sion through the cell cycle during the late G1 phase at 
a point termed the restriction point, also referred to as 
START in yeast [1, 2]. In Saccharomyces cerevisiae, pro-
gression through START correlates with specific cellular 

characteristics such as appropriate cell size and rate of 
protein synthesis, as well as the transcription of a certain 
subset of genes, including about 200 of which undergo a 
peak in expression at this point [3–7]. These genes func-
tion in a variety of roles, including mating type switching, 
DNA replication, budding, cell wall synthesis, and spindle 
pole body duplication (see [8–10]). All of these molecular 
events are critical to proper progression through the cell 
cycle and depend on specific transcriptional activation at 
a precise stage of the cycle [8, 11]. This activation is initi-
ated by the Cln3/Cdc28 cyclin/cyclin-dependent kinase 
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(Cdk) complex, which stimulate an intricately timed 
sequence of protein modifications and gene expression 
changes that commit the cell to START [12, 13].

Of the hundreds of yeast genes that undergo changes 
in expression during the G1-S transition, the vast major-
ity fall at least partially under the regulation of two heter-
odimeric transcription factors, MBF and SBF [14]. MBF 
(MluI cell-cycle box binding factor) and SBF (Swi4/6 
cell-cycle box binding factor) are both composed of Swi6 
plus one other protein, Mbp1 and Swi4, respectively ([15, 
16], reviewed in [17]). In their respective complexes with 
Swi6, Swi4 and Mbp1 function as the sequence-specific 
DNA binding component, while Swi6 itself functions as 
the transcription activating component [16, 18, 19]. SBF 
and MBF regulate the expression of distinct but overlap-
ping sets of genes with MBF primarily controlling genes 
involved in DNA replication and repair while SBF upreg-
ulates genes involved in cell growth, cell wall organiza-
tion, and the timing of progression through START ([14, 
20]; reviewed in [21]).

In eukaryotic cells, progression through the cell cycle 
is dependent on the precise temporal control of distinct 
transcriptional programs. One mechanism that contrib-
utes to this control is the regulated nucleocytoplasmic 
localization of specific proteins. Proteins entering the 
nucleus either contain a nuclear localization signal (NLS) 
within their polypeptide sequence or associate with an 
NLS-containing protein (reviewed in [22, 23]). The NLS 
is then recognized by an importin member of the Ran-
binding karyopherin protein family of nuclear transport 
factors (NTFs), which chaperones the NLS-containing 
proteins through the nuclear pore complexes (NPCs) 
that perforate the nuclear envelope [24, 25]. Once in the 
nucleus, the importin releases its cargo protein so that 
the cargo is free to perform its intranuclear function 
[26, 27]. Many proteins imported into the nucleus also 
undergo nuclear export [28–30], resulting in the regu-
lated nucleocytoplasmic shuttling of these polypeptides. 
Actively exported proteins contain a nuclear export sig-
nal (NES) that is recognized by an exportin member of 
the karyopherin NTF family, which associates with the 
NES and transports the cargo protein out of the nucleus 
through the NPCs [31, 32]. Importantly, there are multi-
ple types of karyopherin proteins (14 in yeast; approxi-
mately 20 in mammals [33];) and different karyopherins 
function as importins or exportins for specific subsets 
of proteins based on the NLSs and NESs present within 
those proteins, thus allowing for regulation of nucleo-
cytoplasmic localization of specific proteins or protein 
families.

The activity of many transcription factors is regulated 
in part by control of their intracellular localization. In 
mammalian cells, the transcriptional activation activity 

of NFκB is largely determined by the cytosolic regulator 
IκB which, when present, binds NFκB in a manner that 
blocks its NLS and thus prevents it from entering the 
nucleus and activating transcription. Upon degradation 
of IκB after signal-activated phosphorylation, the NFκB 
NLS is exposed, associates with its importin protein, 
and rapidly enters the nucleus [34]. This nuclear entry 
results in activation of transcription of NFκB respon-
sive genes [35]. Nucleocytoplasmic localization regu-
lates a variety of other important transcription factors, 
including SMAD, β-catenin, p53, and STAT proteins 
[36–39].

The yeast Swi6 transcription factor undergoes dynamic 
changes in intracellular localization, as it is primarily 
nuclear under some conditions and cytoplasmic under 
others [40–42]. Two different importins, the Kap60/
Kap95 (Importin-α/β) heterodimer and the monomeric 
Kap120 β-importin, bind to distinct NLS sequences 
within Swi6 to mediate its nuclear import under differ-
ent conditions [40, 43]. Swi6 rapidly accumulates in the 
nucleus in late mitosis and remains primarily nuclear 
until the end of G1, at which time it becomes cytosolic 
[41]. The import during G1 occurs via the Kap60/Kap95 
importin-α/β complex and is inhibited by Clb6/Cdc28-
mediated phosphorylation of Ser160 adjacent to the clas-
sical NLS (cNLS) recognized by Kap60/Kap95 [43, 44]. 
Swi6 nuclear import also rapidly occurs in response to 
cell wall stress, in this case being mediated by Kap120 
and negatively regulated by Mpk1-mediated phosphoryl-
ation of Ser238 adjacent to the Kap120-recognized NLS 
[40]. In both cases, phosphorylation correlates with a 
rapid loss of nuclear Swi6 and changes in Swi6-mediated 
gene expression [40, 41, 43, 44].

Regulation of Swi6 nuclear export also appears to be 
important for determining its transcriptional activity. A 
deletion of Msn5, a yeast karyopherin with exportin func-
tion, results in Swi6 primarily localized to the nucleus 
throughout the entire cell cycle, and leads to decreased 
expression of SBF-responsive but not MBF-responsive 
genes [45]. Interestingly, depletion of Msn5 during one 
round of the cell cycle results in a lack of Swi6 binding to 
an SBF-responsive promoter in the following G1-S phase, 
suggesting that the nuclear export of Swi6 is necessary 
for proper SBF function in the succeeding cell cycle [45]. 
Thus, regulation of both nuclear import and export is 
critical for proper Swi6-mediated gene expression.

Here we provide evidence for the function of an addi-
tional exportin, Crm1/Xpo1, in regulating the intracellu-
lar localization of Swi6 in Saccharomyces cerevisiae in a 
cell cycle dependent pattern and identify a putative Crm1 
nuclear export signal (NES) within Swi6. We also provide 
evidence that both Msn5 and Crm1/Xpo1 are critical 
for normal Swi6 function, and that regulated export by 
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each differentially impacts Swi6 transcription activation 
activity.

Results
Swi6‑GFP undergoes nucleocytoplasmic shuttling
Swi6 protein is localized primarily in the nucleus dur-
ing G1 and S-phase of the cell cycle, when it functions 
as an active transcription factor [14, 41]. However, this 
nuclear accumulation decreases during G2 and M-phase 
and the protein becomes largely cytoplasmic [41]. While 
these observations suggest that Swi6 protein shuttles in 
and out of the nucleus in a cell cycle-dependent man-
ner, such changes in localization could also be observed 
due to changes in nuclear import rates combined with 
localized Swi6 protein degradation. In order to confirm 
that Swi6-GFP shuttles in and out of the nucleus, we per-
formed a heterokaryon shuttling assay [46]. Galactose-
dependent expression of Swi6-GFP was induced in a 
haploid yeast strain until Swi6-GFP was observed in the 
nucleus, and then repressed by incubating in glucose. 
The cells were then mated with a yeast strain containing 
a kar1–1 allele that prevents karyogamy after zygote for-
mation [47]. The resulting heterokaryon has Swi6-GFP 
in one nucleus and lacks fluorescence in the other at the 
time of cell fusion. Because new Swi6-GFP expression is 
repressed, the only way for the kar1–1 mutant nucleus 
to accumulate significant fluorescence is via Swi6-GFP 
protein export or diffusion from the wild-type nucleus 

and re-import into the kar1–1 nucleus. Thus, if only one 
nucleus exhibits fluorescence, Swi6-GFP does not shut-
tle. In contrast, if GFP is present in both nuclei, Swi6 is 
capable of nucleocytoplasmic shuttling. We observe that 
in every heterokaryon generated (n = 20), Swi6-GFP is 
found in both nuclei (Fig. 1). As controls for this assay, we 
observe that the shuttling tRNA export factor Cca1-GFP 
[46] is present in both nuclei in heterokaryons, while the 
non-shuttling histone H2B protein [49] is retained only 
within one nucleus. While previous experiments showing 
changes in intracellular Swi6 localization had suggested 
that the protein underwent bidirectional nucleocyto-
plasmic transport [41, 45], our data indicate conclusively 
that Swi6-GFP truly is a “shuttling” protein that under-
goes both nuclear import and export under steady-state 
conditions.

Swi6 residues 250–258 are important for optimal nuclear 
export
While the redistribution of Swi6 between the nucleus 
and cytosol has been identified previously as necessary 
for changes in Swi6 activity throughout the cell cycle 
and multiple NLSs and importins have been identified 
that contribute to nuclear import [40, 41, 43, 45], the 
region(s) of Swi6 necessary for nuclear export remain 
unknown. To identify sequences important for Swi6 
export, we generated Swi6 truncation mutants fused with 
GFP, expressed each in wild type yeast, and performed 

Fig. 1  Swi6 shuttles between the nucleus and cytoplasm in S. cerevisiae. To test for nucleocytoplasmic shuttling, chimeric Swi6-GFP, Cca1-GFP, 
or histone H2B-GFP proteins were expressed under control of a GAL1 promoter. Cells were incubated in the presence of galactose to induce 
expression, then incubated with glucose for 1 h to repress expression. Cells were then mated with kar1–1 mutant cells (MS739, [48]) to form 
heterokaryons and GFP localization observed using fluorescence microscopy (left panels). Nuclear location was determined by DAPI (middle 
column). Cells expressing Swi6-GFP (top row), the shuttling protein Cca1-GFP (middle row), and non-shuttling histone-H2B-GFP (bottom row) are 
depicted, with representative zygotes highlighted by a dashed outline. Bar, 5 μm
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fluorescence microscopy on synchronously growing pop-
ulations of cells (Fig. 2). Based on cell and nuclear mor-
phology (Fig. 2B), cells expressing all three Swi6 mutants 
are in S-phase by 80 min after release from α-factor and 
have entered late mitosis, with large buds and migrat-
ing nuclei, by 120 min after release. Both full-length 
(Swi61–803 [41]) and truncated (Swi61–273-GFP; Fig.  2B, 
C) exhibit reduced nuclear localization shortly after 
release from α-factor, with nearly completely cytoplas-
mic fluorescence 80 min after release, and return to the 
nucleus by 120 min. In contrast, the more severely trun-
cated version (Swi61–181-GFP) is retained in the nucleus 
throughout the cell cycle (Fig. 2B, C). Thus, the region of 
Swi6 between amino acids 181 and 273 is important for 
changes in nuclear Swi6 concentration during G1/S.

Proteins that are exported from the nucleus by expor-
tin Crm1/Xpo1 typically contain a leucine-rich nuclear 
export signal (NES) or associate with another NES-con-
taining polypeptide [25, 28, 30, 51]. Close inspection of 
the amino acid sequence found between Swi6 residues 
181 and 273 revealed a leucine-rich region from amino 
acids 250–258 that aligns closely with NES sequences 
from other Crm1 export cargoes (Fig.  2D). In addition, 
the leucine-rich region spanning amino acids 250–258 is 
highly conserved across hemiascomycetes, with relatively 
rare amino acid changes within the putative NES relative 
to areas flanking the leucine-rich sequence (Fig. 2E).

To determine if this putative Crm1 NES is neces-
sary for normal Swi6 localization throughout the cell 
cycle, we mutagenized Swi61–273 –GFP so that leucines 
at amino acids 250, 254, 257, and 258 were all altered 
to alanines (Swi61–273ΔNES-GFP). Cells expressing 
Swi61–273-GFP, Swi61–181-GFP, and Swi61–273ΔNES–
GFP were then treated with α-factor and localization 
observed for synchronous populations of cells. Similar 
to the Swi61–181-GFP truncation, Swi61–273ΔNES–GFP 
remained predominantly nuclear as cells progressed from 

G1 into S-phase, although some cytoplasmic redistri-
bution was observed (Fig.  2B). To further analyze these 
changes, we used our GFP-tagged proteins to exam-
ine the percentage of cells expressing primarily nuclear 
fluorescence [52–54] at 20-min intervals after release 
from α-factor (Fig. 2C). Sixty min after α-factor release, 
fewer than 10% of cells expressing Swi61–273-GFP exhib-
ited nuclear fluorescence, compared to over 45% of cells 
expressing Swi61–181-GFP, confirming the increase in 
nuclear retention of Swi6 lacking residues 181–273. 
Interestingly, cells expressing the Swi61–273ΔNES-GFP 
exhibited an intermediate level of Swi6 export, with 26% 
of cells exhibiting primarily nuclear fluorescence 60 min 
after α-factor release. These data suggest that the leu-
cine residues found within the predicted NES sequence 
in Swi6 are important but not essential for Swi6 nuclear 
export.

Crm1 is an exportin for Swi6
The exportin Crm1/XpoI associates directly with leu-
cine-rich NES sequences on cargo proteins in the pres-
ence of Ran-GTP in order to facilitate the translocation 
of cargoes out of the nucleus [31, 51]. If the leucine-rich 
domain found within Swi6 functions as an NES for Crm1, 
the Swi6 and Crm1 proteins should physically associ-
ate in the presence of Ran-GTP. To determine if there 
is a physical interaction between Crm1 and Swi6, we 
tested for protein-protein interactions in  vivo using the 
yeast two-hybrid system [55], which provides endog-
enous nuclear Ran-GTP to allow assembly of heterotri-
meric NES/exportin/Ran complexes [31, 51]. Two-hybrid 
plasmids were generated that express full-length Swi6 
in-frame with a GAL4 transcription activation domain 
(Swi6-AD) and full-length Crm1 in-frame with a GAL4 
DNA binding domain (Crm1-BD). These plasmids were 
then introduced into cells either in combination or with 
an empty vector control containing only a GAL4 DNA 

(See figure on next page.)
Fig. 2  Swi6 contains a leucine-rich domain that is necessary for efficient nuclear export. (A) Cartoon diagram depicting truncation mutants lacking 
amino acids 274–803 (Swi61–273-GFP) and 182–803 (Swi61–181-GFP) from the carboxy-terminus of Swi6 fused with GFP. Sites of NLSs interacting 
with Kap95 [43, 44, 50] and with Kap120 [40] are shown, along with the location of the Crm1-NES investigated in this study. The NES sequence in 
Swi6 recognized by Msn5 has not been determined and thus is not depicted here. (B) Swi6 nuclear export decreases upon deletion of amino acids 
182–274 or mutagenesis of leucines to alanines within the NES-like sequence at amino acids 250–258. Cells expressing Swi61–273-GFP (left), Swi61–

181-GFP (middle), or Swi61–273ΔNES-GFP (right) were arrested with α-factor, then released from arrest to observe Swi6 localization in synchronous 
cell populations. Cells expressing the Swi6-GFP fusions were observed by direct fluorescence (GFP) and phase-contrast (Phase) microscopy at 
the timepoints indicated after release from arrest. Bar, 5 μm. (C) Nuclear export of Swi61–273ΔNES-GFP is intermediate between Swi61–273-GFP and 
Swi61–181-GFP. A plasmid encoding Swi6 amino acids 1–273 fused with GFP was subjected to site directed mutagenesis so that codons 250, 254, 
257, and 258 encode alanines rather than leucines, generating Swi61–273ΔNES-GFP. Plasmids expressing Swi61–273ΔNES-GFP, Swi61–273-GFP, and 
Swi61–181-GFP were expressed in synchronized cells and the percent of cells with nuclear GFP fluorescence was determined for each Swi6 fusion at 
20-min intervals after release from α-factor. Cells were synchronized as in (B) and observed by direct fluorescence (GFP) and phase-contrast (phase) 
microscopy at the time intervals indicated after release from α-factor arrest. Error bars depict s.e.m. from at least three experiments. (D) Alignment 
of Swi6 amino acids 250–258 with leucine-rich nuclear export signals (NESs) from other shuttling proteins. Leucine residues are underlined. (E) 
Alignment of Saccharomyces cerevisiae Swi6 leucine-rich sequence and flanking residues with homologous regions from fungi Saccharomyces 
paradoxus, Saccharomyces pastorianus, Zygosaccharomyces bailii, Candida glabrata, and Kluyveromyces lactis. Leucine-rich Crm1-NES-like sequences 
aligning with amino acids 250–258 from S. cerevisiae are highlighted in yellow. Amino acids that differ from S. cerevisiae Swi6 are red
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Fig. 2  (See legend on previous page.)
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binding domain (pOBD-2) or transcription activation 
domain (pOAD; [56]). Cells were then assayed for Crm1-
Swi6 interactions using two different reporter genes 
(Fig.  3). We first used an ADE2 two-hybrid reporter, 
which allows cells to grow on media lacking adenine if 
Swi6-AD and Crm1-BD interact in  vivo. Cells express-
ing both Swi6-AD and Crm1-BD activated the ADE2 
reporter and exhibited robust growth on the –Ade selec-
tive media. In contrast, cells expressing any combination 
of either Swi6-AD or Crm1-BD with an empty vector did 

not grow on –Ade media. These data provide evidence 
that Swi6 and Crm1 physically interact in vivo, although 
they do not indicate whether the interaction is direct or 
indirect. Interestingly, the co-expression of Swi6-AD and 
Crm1-BD reduced cell growth on non-selective media 
(Fig.  3A, left plate), while independent expression of 
either allowed for robust growth, providing additional 
genetic evidence for an interaction between the chimeric 
Swi6 and Crm1 proteins.

Fig. 3  Swi6 associates with Crm1 and requires Crm1 activity for efficient nuclear export. Plasmids containing Swi6 fused to a transcription 
activation domain (Swi6AD) and Crm1 fused to the LexA DNA-binding domain (Crm1BD) were co-transformed into two-hybrid reporter yeast strains 
together or in combination with two-hybrid vectors lacking the fusion (pAD or pOBD-2). (A) Transformed cells containing only empty vectors 
(pAD + pOBD-2), Swi6AD and empty vector (pSwi6AD + pOBD-2), Swi6AD and Crm1BD (pSwi6AD + pCrm1BD), or empty vector plus Crm1BD (pAD + 
pCrm1BD) were plated on media to select for transformation with both plasmids (−Leu –Trp) and media to select for a two-hybrid interaction by 
complementation of an ADE2 mutation (−Leu –Trp –Ade). Serial dilutions were plated on selective media and photographed after 72 h at 30 °C. (B) 
Two-hybrid reporter yeast cells were transformed as above, grown in liquid media to select for both plasmids, lysed, and assayed for β-galactosidase 
activity as a marker for two-hybrid interaction. Data depict averages of three or more assays. Error bars represent s.e.m. (C) Yeast cells containing 
a mutation in Crm1 (Crm1LMB, [57]) that makes the protein susceptible to inhibition by leptomycin-B (LMB) were transformed with a plasmid 
expressing Swi61–273-GFP. Overnight cultures in log-phase growth were arrested in G1 using α-factor and treated with LMB for 1 h (+LMB) or left in 
media lacking drug (−LMB). Cells were then rinsed with +LMB or –LMB media lacking α-factor and observed by fluorescence microscopy. Cells in 
the absence (−LMB) or presence (+LMB) of leptomycin-B were photographed in α-factor (0 min) and 20 min, 70 min, and 120 min after release from 
cell cycle arrest. Bar, 5 μm. (D) Cells were treated as in (C) and the percent of cells with Swi61–273-GFP nuclear fluorescence was determined at 20 min 
intervals after α-factor release. Values shown are averages of two separate experiments
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To confirm this two-hybrid interaction between Swi6 
and Crm1, we performed a quantitative assay for expres-
sion of an interaction-dependent LacZ reporter. Using 
the same combinations of two-hybrid plasmids described 
above, we lysed cells and assayed for LacZ expression 
using a colorimetric assay for β-galactosidase activity 
(Fig.  3B). Yeast cells containing both the Crm1-BD and 
Swi6-AD plasmids had a significantly higher expression 
of the LacZ reporter than cells containing the Crm1-BD 
and empty vector control (Tukey multiple comparison 
of means, p = 0.005). Crm1-BD/Swi6-AD co-expression 
also resulted in more than two times the β-galactosidase 
activity of cells expressing just Swi6-AD or empty vec-
tor, although variation between samples limited statisti-
cal significance (p = 0.1 and p = 0.07, respectively). These 
data provide further evidence that Swi6 and Crm1 physi-
cally associate, consistent with a role for Crm1 in Swi6 
nuclear export.

To test if the exportin Crm1 is essential for Swi6 
nuclear export, we introduced Swi61–273-GFP into yeast 
cells expressing a leptomycin B (LMB)-sensitive form of 
Crm1 (Crm1LMB; [57]) as their only source of Crm1 pro-
tein. LMB associates directly with Crm1LMB, blocking 
Crm1 interaction with NESs and thus inhibiting nuclear 
export of proteins containing a Crm1 NES, but not affect-
ing the nucleocytoplasmic shuttling of proteins transiting 
the NPC independently of Crm1 [57, 58]. Crm1LMB cells 
were treated with α-factor, incubated with LMB, then 
released from cell cycle arrest. Swi61–273-GFP localiza-
tion was observed over time by fluorescence microscopy 
(Fig.  3C, D). While Swi61–273-GFP, like full-length Swi6 
[41], is normally nuclear during G1 and S-phases and 
cytoplasmic during G2 and M, Crm1LMB cells treated 
with LMB retained Swi61–273-GFP in the nucleus after 
release from treatment with α-factor. Thus, Crm1 activ-
ity is necessary for nucleocytoplasmic changes in Swi6 
localization. These data, along with evidence from Quer-
alt and Igual [45], provide evidence that Swi6 has two 
exportins, Crm1 and Msn5, that influence its coordi-
nated, cell cycle-dependent export from the nucleus.

Swi6 export by Crm1 is important for MBF activity
To determine if Swi6 export by each of the two exportins, 
Msn5 and Crm1, functions in distinct Swi6 activities, we 
investigated SBF and MBF activation in the absence of 
Crm1-mediated export. Nuclear export of Swi6 by Msn5 
has been shown to be important for SBF activity [45]. 
Thus, we first sought to determine if Crm1-mediated 
export of Swi6 was also necessary for SBF activation. If 
Swi6 export by Crm1 is critical for SBF activity, then Swi6 
harboring a Crm1-specific NES mutation should reduce 
expression of SBF targets. To determine if alteration 
of the Swi6 Crm1-NES sequence affects transcription 

activation by SBF, we altered a plasmid expressing wild 
type SWI6 so that each leucine in the NES between res-
idues 250 and 258 was converted to an alanine, making 
full-length Swi6ΔNES. We then expressed full length 
Swi6 and Swi6ΔNES in cells lacking endogenous SWI6 
and containing a chimeric reporter construct with an 
SBF-responsive promoter element upstream of a LacZ 
reporter [4]. Activation of gene expression for the SBF-
LacZ reporter was subsequently assayed by measur-
ing β-galactosidase activity in each strain (Fig.  4A). We 
observe that SBF activity is not significantly different 
between cells expressing SWI6 and swi6ΔNES (p = 0.95), 
while a complete deletion of SWI6 (swi6Δ) results in a 
statistically significant (p < 0.005) 10-fold reduction of 
SBF reporter activity.

Given that Swi6 participates in both SBF and MBF 
activity, we sought to determine whether the ΔNES 
mutation also affects trans-activation by MBF. To this 
end, we expressed SWI6 and swi6ΔNES in cells contain-
ing an MBF-LacZ reporter and β-galactosidase activity 
was measured for each (Fig.  4B). MBF activity under-
goes a decrease (2.5-fold) in cells expressing swi6ΔNES 
as their only source of Swi6 when compared to Swi6-
expressing cells. However, MBF reporter activity remains 
higher in the presence of swi6ΔNES than in swi6Δ cells 
lacking Swi6 protein. While a pairwise comparison of 
the difference between MBF reporter expression in the 
swi6ΔNES strain and that in either SWI6 or swi6Δ cells 
is not statistically significant to a p-value of less than 
0.05, analysis by ANOVA indicates statistically signifi-
cant overall variation in MBF expression among the three 
strains (p < 0.01). This trend suggests that the elimination 
of the Crm1-dependent NES from Swi6 reduces but does 
not eliminate the ability of Swi6 to contribute to MBF 
activity. These data suggest that Crm1-mediated export 
of Swi6 is important for the transcription activation 
function of MBF, but not of SBF, providing evidence that 
export mediated by Crm1 and Msn5 are each important 
for unique aspects of Swi6 function.

Decreased Swi6 export results in increased cell size
Yeast cells lacking Swi6 exhibit an increased cell size phe-
notype [7]. To test whether the Crm1 NES is necessary for 
Swi6 function in regulating yeast cell size, we expressed 
the swi6ΔNES mutant in cells lacking endogenous SWI6 
and measured asynchronous cultures of log-phase 
cells for average cell diameter (Fig.  5). As controls, we 
expressed wild-type SWI6 or transformed cells with an 
empty plasmid control vector. Expressing wild-type SWI6 
in swi6Δ deleted cells produced nearly normal-sized cells 
(7.69 μm average diameter; SE = 0.22 μm) compared to 
wild-type (7.03 μm; SE = 0.07 μm). swi6Δ cells harbor-
ing an empty vector, however, were significantly larger 
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(11.82 μm; SE = 0.68 μm; p < 0.00001). Cells expressing 
swi6ΔNES as their only source of Swi6 protein displayed 
an intermediate average diameter (8.47 μm; SE = 0.08 μm) 
that is significantly larger than wild-type cells (average 
1.44 μm larger; p < 0.01), but is significantly smaller than 
cells lacking SWI6 (average 3.35 μm smaller; p < 0.00005). 
Thus, the loss of a Crm1-NES in Swi6 (swi6ΔNES) results 
in increased cell size but not to the extent observed in a 
swi6Δ mutant.

One explanation for the partial cell size pheno-
type observed in the swi6ΔNES mutant is that some 
Swi6ΔNES protein may be exported by Msn5/Kap142, 
which functions as an exportin for Swi6 [45]. Thus, we 
investigated whether a deletion of MSN5 exacerbated 
the swi6ΔNES cell size phenotype. To this end, we gen-
erated msn5Δ yeast expressing swi6ΔNES in the absence 
of endogenous SWI6. Notably, while a swi6Δ msn5Δ 
double mutant is synthetically lethal [45], such a double 
mutant expressing swi6ΔNES is viable, indicating that 
Swi6 lacking this NES sequence is competent to perform 
its essential activity. With respect to average cell diameter 
(Fig. 5B), a swi6Δ strain (11.35 μm; SE = 1.08 μm) is sig-
nificantly larger than any other strain examined (Tukey 
multiple comparison of means; p < 0.0002), confirm-
ing previous observations that a complete loss of Swi6 

function increases cell size [7]. Interestingly, a swi6Δ 
msn5Δ strain expressing swi6ΔNES as its sole source of 
Swi6 is significantly larger (9.13 μm; SE = 0.18 μm) than 
either the msn5Δ (7.76 μm; SE = 0.034 μm; p < 0.0002) or 
swi6ΔNES (7.69 μm; SE = 0.092 μm; p < 0.006) mutant 
alone. That cells with deletions of both the SWI6 NES 
and MSN5 are significantly larger than wild type cells or 
either single mutant suggests that Msn5 is involved in 
mediating some Swi6 function independently of the Swi6 
leucine-rich NES. In addition, msn5Δ swi6ΔNES double 
mutant cells are still significantly smaller than swi6 null 
cells (p < 0.0002), indicating that Swi6 retains some activ-
ity that affects cell size in the absence of Msn5 or Crm1 
export.

Discussion
In this study, we analyzed the nuclear export of the 
Swi6 transcription factor in yeast and characterized 
how alterations in export affect phenotypes associ-
ated with Swi6 function. We observe that Swi6 shuttles 
between the nucleus and cytoplasm and that the expor-
tin Crm1 bind to a leucine-rich NES-like sequence in 
Swi6 with similarity to canonical Crm1 NESs. Removal 
of the NES-like sequence from Swi6 alters the cell cycle 
dependent relocalization of Swi6 from the nucleus to 

Fig. 4  Alteration of the leucine-rich NES in Swi6 reduces MBF-mediated expression, but not SBF-mediated expression. Yeast containing a swi6Δ 
deletion were transformed with empty vector (swi6Δ), a centromeric plasmid expressing wild-type SWI6 (SWI6), or a centromeric plasmid expressing 
full-length SWI6 with each of the leucines in the leucine-rich NES converted to an alanine (swi6ΔNES). Each strain was also transformed with a 
reporter plasmid containing either an SBF-response element (A) or MBF-response element (B) upstream of the LacZ gene. Cells were grown to log 
phase, lysed, and extracts analyzed for β-galactosidase activity. Bars represent average of at least three assays for each strain. Error bars show s.e.m. 
for each. ** = significant difference between indicated paired samples using Student’s t-test (p < 0.005). * = significant difference among the three 
samples using ANOVA (p < 0.01)
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cytoplasm, as does inhibition of Crm1 function using 
leptomycin B. Deletion of the putative Swi6 NES results 
in a reduction of MBF reporter activity, but not SBF 
activity, and results in cells that are significantly larger 
than wild type but not as large as those with a complete 
swi6Δ deletion. Taken together with the work of Quer-
alt and Igual [45], our studies suggest that Swi6 has at 
least two exportins, Msn5 and Crm1, that each asso-
ciates with a distinct NES sequence, and that nuclear 
export by each impacts different aspects of Swi6 
function.

Swi6 functions as a transcription factor and requires 
both nuclear import and export for its activity [40, 43, 45, 
50]. Here we provide evidence that individual Swi6 poly-
peptides are re-imported into the nucleus after export, 
suggesting that nucleocytoplasmic shuttling is a compo-
nent of Swi6 function. Our heterokaryon-based shuttling 
data does not discern whether the nuclear export that 
occurs during this shuttling process is simply the result of 
passive diffusion from the nucleus or is actively mediated 
by exportin proteins. However, at 90 kDa, Swi6 is above 
the 40-60 kDa size threshold of the selectivity barrier for 
rapid, passive diffusion through NPCs [59–61]. Thus, 

both the rapid rate at which nuclear accumulation in the 
second nucleus occurs and the additional evidence for a 
role for exportins in Swi6 function ([45], this study) sug-
gest that nuclear export of Swi6 is active, regulated, and 
an important process for its activity.

The work of Queralt and Igual [45] linked the expor-
tin Msn5 to Swi6 function. We have provided evidence 
that a second exportin, Crm1, is also important not only 
for Swi6 nuclear export, but also for its activity. Our 
data indicate that Swi6 and Crm1 interact in  vivo and 
that this interaction takes place via a leucine-rich region 
within Swi6 with considerable similarity to canoni-
cal NESs recognized by Crm1. This observation is sup-
ported by high-throughput affinity data identifying Swi6 
as being among those proteins interacting with Crm1 in a 
RanGTP-dependent manner [28]. Many nucleocytoplas-
mic transport cargoes associate with more than one kar-
yopherin, including with different exportins functioning 
to translocate cargoes in the same direction across the 
NPC [28, 29]. How might having more than one exportin 
mediating nuclear export be beneficial to a shuttling pro-
tein? The ability of a protein to be exported by multiple 
exportins may increase the steady-state rate of nuclear 

Fig. 5  Swi6 nuclear export mutations result in increased cell size. (A) Cells lacking the Swi6 leucine-rich NES are larger than wild-type cells, but 
smaller than those completely lacking SWI6. Yeast cells containing genomic wild-type SWI6 (SWI6; wide hashed bars) or a genomic deletion of 
SWI6 (swi6Δ; narrow hashed bars) were transformed with empty plasmid (vector), plasmid expressing wild-type SWI6 (SWI6), or plasmid containing 
SWI6 with a mutation that changes L - > A at amino acids 250, 254, 257, and 258 (swi6ΔNES). Bars represent the average cell diameter in μm. Error 
bars represent s.e.m. Asterisks indicate significant differences (* p < 0.01). (B) Cells lacking both MSN5 and the Swi6 NES are larger than either single 
mutant. Wild-type, swi6Δ, msn5Δ, and swi6Δ msn5Δ cells lacking a Swi6 plasmid (gray; swi6Δ msn5Δ not reported due to synthetic lethality), or 
containing a plasmid expressing SWI6 (diagonally hashed) or swi6ΔNES (blue) were measured to determine average cell diameter. Bar heights 
represent average cell diameter in each sample. Error bars indicate s.e.m. for each. Asterisks indicate significant differences between two samples 
(p < 0.01). # indicates significant difference of sample from all others as examined using the Tukey multiple comparison of means (p < 0.0002)
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export, or may enhance the ability to conditionally regu-
late transport, either by regulating which exportin is pre-
sent or which NES sequences are available to be bound to 
facilitate transport. Alternatively, one or more exportins 
could be functioning largely to remove non-nuclear pro-
teins from the nucleus to prevent aberrant nuclear func-
tion, as proposed for Crm1 [28]. In the case of Swi6, it 
appears that two different exportins, Msn5 and Crm1, 
associate with distinct NES sequences within the protein 
([28, 45], this study) but the function of these distinct 
interactions is unclear.

Swi6 is transported into the nucleus by more than 
one karyopherin, being imported both by importin α-β 
(Kap60/Srp1-Kap95) and by Kap120, each of which rec-
ognizes a distinct NLS sequence [40, 43, 50] and each of 
which appears to mediate nuclear import in response to 
a different stimulus [40, 43, 44]. Similarly, the import of 
STAT proteins in multicellular eukaryotes occurs via two 
different importins, each of which associates with a dis-
tinct NLS [38]. It is noteworthy that the type of karyo-
pherin responsible for import determines which genes 
the STAT transcription factor will activate [38], suggest-
ing that importins can function in the regulation of inter-
action with downstream targets after translocation across 
the NPC.

Here we provide evidence that the nuclear export 
mediated by Crm1 and Msn5 may have distinct roles in 
Swi6 function. While a yeast mutant lacking Msn5 has 
a significantly reduced level of SBF-mediated, but not 
MBF-mediated, reporter gene expression [45], yeast 
expressing Swi6 lacking the putative Crm1 NES as their 
only source of Swi6 exhibit significantly reduced expres-
sion of an MBF reporter, but no reduction of an SBF 
reporter (Fig. 4). It is interesting that a loss of a functional 
NES resulting in nuclear retention of a transcription fac-
tor could result in decreased expression of a gene acti-
vated by that transcription factor. However, the export 
of Swi6 by Msn5 is required to activate Swi6 SBF activity 
[45], providing a model for Crm1 function in Swi6 MBF 
activation. Our data suggest that Crm1-mediated export 
of Swi6 may be important for the transcription activation 
function of MBF, but not of SBF, providing evidence that 
Crm1 and Msn5 are each important for a different aspect 
of Swi6 function. Alternatively, this mutation could alter 
the ability of Swi6 to associate with Mbp1. Analysis of 
changes in expression levels of endogenous Swi6 targets 
in cells with an altered Swi6 putative NES and investiga-
tion of Mbp1 interactions with Swi6 mutants will allow 
further characterization of the effects of Swi6 shuttling 
on regulated gene expression.

The observed changes in cell size provide further evi-
dence that both Msn5 and Crm1 are important, but not 
essential, for Swi6 function. A deletion of SWI6 results 

in a nearly 50% increase in average cell diameter in 
yeast ([7, 45]; Fig.  5A, B). We observe here that reduc-
ing Crm1-mediated Swi6 export through mutagenesis of 
the leucine-rich NES-like region of Swi6 also results in 
a significant increase in cell size over wild-type, but not 
nearly the increase observed in swi6Δ cells. While cells 
deleted for MSN5 may trend toward being slightly larger 
than wild type, we do not observe a statistically signifi-
cant difference. However, the combination of a swi6ΔNES 
mutation and msn5Δ deletion results in cells larger than 
either single mutant alone (Fig. 5B). This synthetic phe-
notype upon reduction of both Msn5- and Crm1-medi-
ated export of Swi6 provides further evidence that both 
exportins have some role in cell size regulation in yeast 
and, at least in the case of Crm1, that Swi6 is involved in 
mediating this role. The differences in size observed for 
msn5Δ, swi6Δ, swi6ΔNES, and combinations of these also 
provide further evidence that Msn5 and Crm1 provide 
distinct roles in mediating Swi6 function.

Interestingly, msn5Δ swi6ΔNES cells are viable, unlike 
msn5Δ swi6Δ cells, and have an average diameter smaller 
than swi6Δ alone, indicating that Swi6 retains some func-
tion, even when both Msn5 and Crm1 transport are 
reduced. There are several possible explanations for this 
retention of Swi6 function in the msn5Δ swi6ΔNES dou-
ble mutant. One possibility is that nuclear export may not 
be necessary for all functions of Swi6, even though Msn5- 
and Crm1-mediated export are each important for some 
independent transcriptional activities ([45]; Fig. 4). Alter-
natively, there may be some residual Swi6 export occur-
ring in the msn5Δ swi6ΔNES double mutant, either via 
Crm1, some other exportin, or passive diffusion through 
the NPC. Our data indicate that removing the putative 
Crm1-NES does not eliminate Swi6 export completely 
(Fig.  3C), suggesting that either Crm1 or some other 
exportin remains able to transport Swi6ΔNES efficiently 
enough to retain the activity necessary for viability in 
the absence of Msn5. An interesting question is whether 
or not there is something functionally distinct about 
the Swi6 protein exported by Msn5 and that exported 
by Crm1, and whether this difference is mediated via a 
physical alteration, either through a post-translational 
modification, dimerization (or multimerization) with 
another polypeptide, or some other form of chemical or 
physical regulation of Swi6. The nuclear import of Swi6 
is highly regulated, with post-translational modifications 
in response to specific stimuli determining which karyo-
pherin mediates import and which genes are transcrip-
tionally activated, leaving open the question of whether 
Swi6 export is similarly regulated by phosphorylation, 
multimerization, or other post-translational influences. It 
also remains possible that Swi6 export is not required for 
all Swi6 activity and that some transcription activation 
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or other activity that impacts cell size remains functional 
even in the absence of Msn5 and Crm1-mediated Swi6 
export.

The intracellular localization of Swi6 is important for 
regulating its activity as a transcription factor and our 
data use Swi6 as a model protein to provide strong evi-
dence that transcription factor regulation by transloca-
tion across the nuclear envelope is considerably more 
complex than simple compartmentalization of the acti-
vating protein in the nucleus or cytoplasm. These data 
provide a foundation for further investigation of the 
relationship between nucleocytoplasmic transport and 
the role of targeting motifs within protein in influencing 
protein modification and activity. This study also brings 
the number of karyopherins identified as being involved 
in regulating Swi6 function to four (Kap-α/β and Kap120 
importins; Msn5 and Crm1 exportins) and highlights the 
importance of regulated nucleocytoplasmic transport 
on transcription factor function. The data reported here 
provide evidence that Msn5 and Crm1 are both impor-
tant for Swi6 function and, interestingly, that each is 
important for activating different Swi6 targets. Future 
studies should provide insight into the complex inter-
play between nuclear import/export mechanisms, how 
the interaction between transport substrates and each of 
their importins and exportins is initiated and regulated, 
and how this interaction ultimately affects the activity 
of proteins that undergo nucleocytoplasmic shuttling, 
including Swi6 and other transcription factors.

Conclusions
Swi6 undergoes nucleocytoplasmic shuttling, with 
nuclear export mediated by at least two different 
exportins, Crm1/Xpo1 and Msn5. We identify a puta-
tive nuclear export signal for Crm1 within Swi6 that 

is necessary for efficient nuclear export in a cell cycle-
dependent pattern. We also observe that a loss of Swi6 
export by Crm1 reduces MBF-mediated, but not SBF-
mediated gene expression. This study brings the number 
of karyopherins involved in regulating Swi6 function to 
four (Kap-α/β and Kap120 importins; Msn5 and Crm1 
exportins) and highlights the importance of regulated 
nucleocytoplasmic transport on transcription factor 
function. Taken with the observation by Queralt and 
Igual (2003) that Msn5-mediated Swi6 export is required 
for SBF, but not MBF, transcriptional activity, the data 
reported here provide new insights into the complex 
regulation of Swi6 transcription activation activity and 
the role of nucleocytoplasmic shuttling in regulated gene 
expression.

Materials and methods
Strains, plasmids, and growth conditions
Yeast strains used in this study are listed in Table 1. Yeast 
strains were cultured at 30 °C unless otherwise stated. 
Yeast cell culture and media preparation were performed 
essentially as in Sherman et  al. [63]. Yeast transforma-
tions were performed as described [64]. Plasmids used 
in this study are listed in Table 2. E. coli cells were cul-
tured at 37 °C and plasmid isolation was carried out 
using a Qiagen Plasmid Mini Kit (Qiagen, Germantown, 
MD) according to manufacturer instructions. pKBB353 
(pSwi61–181-GFP) was generated by PCR amplification of 
the SWI6 promoter and first 543 nucleotides of the SWI6 
coding region using upstream primer 5′-TAC​CGG​GCC​
CCC​CCT​CGA​GGT​CGA​CGG​TAT​CGA​TAA​GCT​TGA​
TAT​CGA​ATT​CTT​GCA​GGT​CAC​TGT​CTT​CTG​CTT​
CAC​TC-3′ and downstream primer 5′- CTA​ATT​CAA​
CAA​GAA​TTG​GGA​CAA​CTC​CAG​TGA​AGA​GTT​CTT​
CTC​CTT​TGC​TAT​TCG​GAG​TGG​AGT​CAC​TCT​CAGC 

Table 1  Yeast strains used in this study

Strain name Genotype Source

BY4741 MATa his3 leu2 ura3 met15 OpenBiosystems

BY4742 MATα his3 leu2 ura3 lys2 OpenBiosystems

KBY893 MATa msn5Δ his3 leu2 ura3 met15 OpenBiosystems

KBY1364 MATα msn5Δ his3 leu2 ura3 lys2 OpenBiosystems

KBY1448 MATa swi6Δ his3 leu2 ura3 met15 OpenBiosystems

KBY1544 MATa swi6Δ his3 leu2 ura3 met15 + pRS315 This study

KBY1546 MATa swi6Δ his3 leu2 ura3 met15 + pAC1571 This study

KBY1548 MATa swi6Δ his3 leu2 ura3 met15 + pKBB441 This study

MS739 MATα kar1–1 ade2 ura3 leu2 [48]

PJ69-4α MATα trp1–901 leu2–3112 ura3–52 his3–200
gal4 gal80 LYS2::GAL1-HIS3 GAL2-ADE2 met2::GAL7-lacZ

[62]

PJ69-4a MATa trp1–901 leu2–3112 ura3–52 his3–200
gal4 gal80 LYS2::GAL1-HIS3 GAL2-ADE2 met2::GAL7-lacZ

[62]
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− 3′, followed by homologous recombination into SpeI 
digested pLDB350. pKBB354 (Swi61–273-GFP) was gen-
erated in the same way using PCR primers 5′- TAC​CGG​
GCC​CCC​CCT​CGA​GGT​CGA​CGG​TAT​CGA​TAA​GCT​
TGA​TAT​CGA​ATT​CTT​GCA​GGT​CAC​TGT​CTT​CTG​
CTT​CAC​TC − 3′ and 5′-CTA​ATT​CAA​CAA​GAA​TTG​
GGA​CAA​CTC​CAG​TGA​AGA​GTT​CTT​CTC​CTT​TGC​
TGC​TGT​CAT​TAT​TAA​GGG​ATG​TAGGC-3′ to amplify 
the promoter and first 819 nucleotides of SWI6. Plasmids 
pKBB354, pAC1202, and pAC1571 all were mutagenized 
to change codons encoding leucines to those for alanines 
at residues 250, 254, 257, and 258 using Quik-Change 
Site Directed Mutagenesis (Agilent Technologies, Santa 
Clara, CA) and primer 5′-GTT​GTA​AAT​GAT​AAT​GAA​
CAG​AAG​ATG​AAA​GCA​GAG​GCA​TTC​GCA​CAA​CGG​
GCG​GCA​TTT​CCA​GAA​ATT​CAA​GAA​ATG​CCT​ACA​
TCCC-3′, resulting in Swi6ΔNES plasmids pKBB416, 
pKBB418, and pKBB441, respectively. Full-length SWI6 
was cloned into pLDB235 behind the GAL1 promoter by 
PCR amplification of SWI6 from genomic DNA using oli-
gonucleotides 5′-ATT​GTT​AAT​ATA​CCT​CTA​TAC​TTT​
AAC​GTC​AAG​GAG​AAA​AAA​CTA​TAA​TGG​CGT​TGG​
AAG​AAG​TGG​TACG-3′ and 5′-GGT​ATC​GAT​AAG​CTT​
GAT​ATC​GAA​TTC​CTG​CAG​CCC​GGG​GGA​TCC​ACT​
AGT​TCT​TTA​GCA​GCC​GGA​TCC​TTT​G-3′, followed 
by homologous recombination to make pKBB484. Two 
hybrid plasmid pKBB486 (Crm1-BD) was constructed 
by PCR amplification of full-length CRM1 using oligo-
nucleotides 5′-TGA​AGA​TAC​CCC​ACC​AAA​CCC​AAA​

AAA​AGA​GAT​CGA​ATT​CCA​GCT​GAC​CAC​CAT​GGA​
AGG​AAT​TTT​GGA​TTT​TTC​TAA​CG-3′ and 5′-TTT​
TCA​GTA​TCT​ACG​ATT​CAT​AGA​TCT​CTG​CAG​GTC​
GAC​GGA​TCC​CCG​GGA​ATT​GCC​ATG​TAA​TCA​TCA​
AGT​TCG​GAA​GG-3′, transformation into yeast with lin-
earized pOBD-2, and homologous recombination. Plas-
mid pKBB491 (Swi6-AD) was generated in the same way 
using pOAD and the PCR product resulting from amplifi-
cation of SWI6 using primers 5′-GAT​GAT​GAA​GAT​ACC​
CCA​CCA​AAC​CCA​AAA​AAA​GAG​ATC​GAA​TTC​CAG​
CTG​ACC​ACC​ATG​GCG​TTG​GAA​GAA​GTG​GTA​CG-3′ 
and 5′-GGG​TTT​TTC​AGT​ATC​TAC​GAT​TCA​TAG​ATC​
TCT​GCA​GGT​CGA​CGG​ATC​CCC​GGG​AAT​TGC​CAT​
GCC​CTC​ATG​AAG​CAT​GC-3′. All plasmids were sub-
jected to DNA sequencing to confirm correct nucleotide 
sequence in all inserts.

Fluorescence microscopy
Fluorescence microscopy was used to visualize live cells 
containing each Swi6-GFP fusion. Cells were grown over-
night at 30 °C or 25 °C in SD-Ura media. Two hours prior 
to microscopy, cells were diluted 20-fold. Cells were also 
examined after synchronization by α-factor treatment 
as described [67]. To release cells from arrest, α-factor 
was rinsed away twice with SD –Ura media, cells were 
incubated in selective media, and observation of nuclear 
versus cytoplasmic Swi6-GFP localization was recorded 
from more than 100 cells per timepoint. Nuclear fluo-
rescence was defined as having fluorescence of greater 
intensity within the nucleus and a clearly defined tran-
sition between nucleus and cytoplasm. All cells without 
clearly defined nuclear fluorescence were scored as “cyto-
plasmic.” All assays were done in triplicate or greater. 
Photomicrographs were taken using Nikon E400 micro-
scopes with SPOT RTKE cameras and SPOT Advanced 
software (Diagnostic Instruments, Sterling Heights, MI).

Heterokaryon assay
BY4741 wild type yeast containing either pKBB484 
(GAL1::SWI6-GFP), pGAL::CCA1-GFP, or pGAL::H2B-
GFP [46, 49] were grown overnight in SD –Ura media, 
then rinsed and resuspended in selective media with 2% 
raffinose for 3 h at 30 °C. After culture in raffinose, cells 
were washed twice with selective media containing 2% 
galactose and incubated 2 h at 30 °C in SD –Ura with 2% 
galactose. Cells were then washed twice with SD-Ura 
with 2% glucose and incubated 2 h at 30 °C. Heterokaryon 
formation and shuttling assays were performed essen-
tially as described in Feng and Hopper [46]. Briefly, kar-
yogamy mutant strain MS739 (kar1–1) and BY4741 cells 
containing pKBB484, pGAL::Cca1-GFP, or pGAL::H2B-
GFP were vacuum filtered together onto a nitrocellulose 
filter and incubated on solid YPD media for 2 h to allow 

Table 2  Plasmids used in this study

Plasmid number Genotype Source

pRS315 CEN LEU2 [65]

pKBB353 CEN URA3 SWI61–181-GFP This study

pKBB354 CEN URA3 SWI61–273-GFP This study

pKBB416 CEN URA3 SWI61–273ΔNES-GFP This study

pKBB484 CEN URA3 GAL1::SWI6-GFP This study

pGAL::CCA1-GFP CEN URA3 GAL1::CCA1-GFP [46]

pGAL::H2B-GFP CEN URA3 GAL1::H2B-GFP [46]

pAC1202 CEN TRP1 SWI6-GFP [43]

pAC1571 CEN LEU2 SWI6-GFP [43]

pKBB418 CEN TRP1 SWI6ΔNES-GFP This study

pKBB441 CEN LEU2 SWI6ΔNES-GFP This study

pOBD-2 CEN TRP1 GAL4-BD [56]

pOAD CEN LEU2 GAL4-AD [56]

pKBB486 CEN TRP1 CRM1-BD This study

pKBB491 CEN LEU2 SWI6-AD This study

pBA251 CEN URA3 4X SCB::LacZ [4]

pBA487 CEN URA3 4X MCB::LacZ [4]

pLDB235 CEN URA3 GAL1 L. Davis

pLDB350 CEN URA3 GFP [66]
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zygote formation. Cells were then scraped off of the fil-
ter, fixed in 70% ethanol, and DAPI stained for analysis by 
direct fluorescence microscopy and photomicroscopy as 
described above.

Two‑hybrid analysis
The yeast two hybrid system [55] was used to test for 
protein-protein interactions. Yeast strains PJ69-4a and 
PJ69-4α were respectively transformed with plasmids 
pOAD and pOBD-2; KBB491 (Swi6AD) and pOBD-2; 
KBB491 (Swi6AD) and KBB486 (Crm1BD); and pOAD 
& KBB486 (Crm1BD). The haploid transformants were 
mated and the resulting diploids were plated in 10-fold 
serial dilutions onto SD -Leu-Trp and SD -Leu-Trp-Ade 
plates and grown at 30 °C. Cells were visually assayed 
for growth and photographed after 48 and 72 h. Strains 
containing the same plasmid combinations were also 
assayed for β-galactosidase activity by cell lysis and col-
orimetric CPRG assay as described [52]. Miller units of 
β-galactosidase activity were calculated using the method 
of [68]. Statistical comparison of overall variation was 
performed by analysis of variance. Comparisons between 
conditions were performed by Tukey multiple compari-
sons of means at a 95% family-wise confidence level.

SBF‑ and MBF‑activity assays
Cells were assayed for SBF or MBF activity using the 
pBA251 (4X SCB::LacZ) and pBA482 (4X MCB::LacZ) 
plasmids [4]. Briefly, yeast strains deleted for SWI6 
(swi6Δ) were co-transformed with either SWI6 
(pAC1571), swi6ΔNES (pKBB441), or empty vector 
(pRS315) plasmids in combination with pBA251 or 
pBA482. Transformants were isolated on SD –Leu –
Ura selective media, cultured in liquid media, lysed, 
and assayed for β-galactosidase activity. Miller units of 
β-galactosidase activity were calculated as per [68]. Sta-
tistical comparisons between strains within each group 
were performed using Tukey multiple comparisons of 
means at a 95% confidence level.

Cell size analysis
To generate viable swi6Δ msn5Δ strains containing swi6 
mutations, we mated isogenic BY4741 and BY4742 yeast 
lacking SWI6 and MSN5, respectively, and transformed 
the resulting diploid cells with empty vector or a plas-
mid expressing SWI6 or swi6ΔNES. We then sporulated 
the transformed diploid cells and performed tetrad dis-
sections on selective media to generate wild type, swi6Δ, 
msn5Δ, and swi6Δ msn5Δ cells containing each plasmid. 
Yeast strains were grown to A600 = 0.2–0.6 in 10 ml of 
selective media at 25 °C, and 50 μl samples were diluted 
in 150 ml 1 M NaCl and vortexed. Cell size was measured 

using an Elzone II Particle Size Analyzer (Micromeritics, 
Norcross, GA) as per manufacturer’s instructions. Three 
independent cultures of each yeast strain were meas-
ured and all cultures were analyzed in triplicate. Pairwise 
comparison of every combination of strains was made 
by Tukey multiple comparison of means at a 95% family-
wise confidence level. Raw particle size data was analyzed 
using Microsoft Excel and SigmaPlot software.
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