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ABSTRACT
The study reported in this thesis was designed to elucidate the molecular mechanism linking

assembly of a cellular structure to passage into mitosis in budding yeast (Saccharomyces cerevisiae).
Six protein kinases known to be associated with and/or contribute to assembly of septin filaments at the
bud neck were tested in vitro for direct phosphorylation of Swel (Weel homolog), a key regulator for
the timely mitotic entry in budding yeast. They were Cdc5, Cla4, Elm1, Gin4, Hsll, and Kcc4. The
phosphorylating enzymes were expressed in and purified from Sf9 cells, and incubated with
catalytically inactive Swel(K473A) in the presence of [y-*PJATP. Among them, only Cdc5 and Cla4
strongly phosphorylated Swel(K473A).

Swel was found to be stable in moderately phosphorylated isoforms in conditional knockout
CDCS5 and localization of Cdc5 at the bud neck which was critical for an efficient down-regulation of]
Swel as observed in cdc5A cells expressing CdcSAC-Cnm67 chimera. In contrast, hypophosphorylated
species of Swel were detectable in S phase of analog-sensitive cla4 (cla4-as3) after treatment with the
cell-permeable inhibitor, INM-PP1. In addition, combination of cla4A mutant and a temperature-
sensitive cdc5-3 allele in the presence of a CDC14™8%! mytation failed to grow at 33°C and exhibited
dramatical elongated-bud morphology even at 23°C, when compared to cladA or cdc5-3 CDC14™8%%
mutants in the same conditions. Tandem mass spectrometry was used to determine the Cdc5- and Cla4-
dependent phosphorylation sites on Swel. In this analysis, 21 and 12 phosphorylation sites on Swel
were identified for Cdc5 and Cla4, respectively. Mutation of the identified phosphorylation sites from S
to A or T to A resulted in stabilization of Swel without interfering with the intracellular targeting of]
Swel at the bud neck.

These findings demonstrated that step-wise phosphorylation of Swel by two other protein kinases
at the bud neck, Cla4/PAK and Cdc5/Polo, was critical for down-regulation of Swel to facilitate mitotic
entry, and suggested that Swel phosphorylation might represent a nodal point for integrating multiple

signals that license passage into mitosis.

KEY WORDS: CDK1 REGULATION/ MITOTIC PROGRESSION/
G2/M TRANSITION/ SACCHAROMYCES CEREVISIAE
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Coupling morphogenesis to mitotic entry
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In eukaryotes, cyclin B-bound cyclin-dependent protein kinase 1
promotes mitotic entry but is held in check, in part, by Wee1
protein kinase. Timely mitotic entry in budding yeast requires
inactivation of Swe1 (Wee1 ortholog). Perturbations of the septin
collar at the bud neck lead to Swe1 stabilization, delaying the G2/M
transition. Swe1 is recruited to the neck and hyperphosphorylated
before ubiquitin-mediated degradation. Hsl1 kinase (Nim1 or-
tholog), a negative regulator of Wee1, is required for efficient
Swe1 localization at the neck but seems not to phosphorylate
Swe1. Here, we show that two other kinases targeted sequentially
to the neck, Cla4/PAK and Cdc5/Polo, are responsible for stepwise
phosphorylation and down-regulation of Swe1. This mechanism
links assembly of a cellular structure to passage into mitosis.

Cdk1 regulation | mitotic progression | G/M transition | Saccharomyces
cerevisiae

yclin-dependent protein kinases (Cdks) regulate cell cycle

progression in all eukaryotes (1). Entry into M phase is
induced by cyclin B (Clb)-bound Cdk1/Cdc2. In fission yeast and
higher eukaryotes, Cdkl is negatively regulated by phosphory-
lation at Tyr-15 by Weel (2, 3), a modification reversed by Cdc25
phosphatase (4). In budding yeast, Swel (Weel ortholog) phos-
phorylates Clb-bound Cdc28 (Cdk1l/Cdc2 homolog) on the
equivalent residue (Tyr-19) (5), a modification reversed by Mih1
(Cdc25 ortholog) (6, 7).

During a normal cell cycle, Swel accumulates in S phase,
becomes sequentially hyperphosphorylated (8, 9), generating
multiple isoforms, and undergoes ubiquitin-mediated degrada-
tion (10-12). Defects in septin filament assembly at the bud neck
(9, 13, 14) result in hypophosphorylation and stabilization of
Swel and, as a result, Swel-dependent inhibition of Clb-Cdc28.
This Swel-imposed G, delay leads to elongated cells because the
cells fail to switch from polarized to isotropic growth during
budding (15). Thus, phosphorylation and degradation of Swel
seem critical for efficient activation of Clb-Cdc28 and timely
mitotic entry.

Hsl1 (Nim1/Cdrl1 ortholog) is a primary negative regulator of
Swel (13, 16). Hsll activity and localization depend on septin
filament assembly at the neck (13, 17, 18). Hsll acts in concert
with Hsl7 (9, 19); absence of either protein dramatically reduces
Swel phosphorylation in vivo and causes cell elongation. Hsl1 is
required to tether Hsl7 at the neck (9), and both are required for
efficient recruitment of Swel to the same location (14, 19).
Contrary to the reported phosphorylation of Weel by recom-
binant Nim1/Cdr1 (20-22), Hsl1 seems unable to phosphorylate
Swel in vitro (23). This observation suggests that other neck-
associated kinase(s) may directly phosphorylate Swel.

Genetic findings implicated both Cla4 (PAK homolog) (24)
and Cdc5 (Polo homolog) (25, 26) in the G»/M transition, but in
a manner not understood. Here, we show that the septin collar
serves as an organizing platform to permit Cla4 and Cdc5 to
sequentially phosphorylate Swel and that this cumulative mul-
tikinase-dependent modification is critical for Swel degradation
and therefore for proper onset of mitosis.

4124-4129 | PNAS | March 23,2004 | vol. 101 | no.12

Materials and Methods

Strain and Plasmid Construction. Yeast strains and plasmids used in
this study are listed in Tables 1 and 2, which are published as
supporting information on the PNAS web site. Detailed infor-
mation is provided in Supporting Materials and Methods, which is
published as supporting information on the PNAS web site.

Growth Conditions and Media. Yeast cell culture and transforma-
tions were carried out by standard methods. For cell-cycle
synchronization, MATa cells were arrested with 5 pg/ml a-
mating pheromone (Sigma) for 2 h at 30°C. Hydroxyurea
(Sigma) and nocodazole (Sigma) were used at the final concen-
trations of 200 mM and 15 pg/ml, respectively.

Kinase Assays and Immunoblotting. Kinase assays were carried out
as described (27). For immunoblotting analyses, total cellular
proteins were separated by SDS/PAGE as indicated and trans-
ferred to poly(vinylidene difluoride) membrane (Millipore).
Proteins that interact with anti-Swel (a gift of Doug Kellogg,
University of California, Santa Barbara), anti-Myc (Santa Cruz
Biotechnology), and anti-Hsl7 antibodies (9) were detected by
using the enhanced chemiluminescence (ECL) detection system
(Pierce). To detect the phosphorylated, slow migrating, Swel
isoforms, it was necessary to use 8% SDS/PAGE (no SDS in the
separation gel).

Cell Staining and Immunofluorescence Microscopy. Indirect immu-
nofluorescence was performed as described (27). Briefly, cells
were fixed with 3.7% formaldehyde, and microtubules were
visualized by using YOL1 /34 rat anti-tubulin antibody (Accurate
Chemical, Westbury, NY) and goat anti-rat CY3 antibody
(Jackson ImmunoResearch).

Results and Discussion

Cdc5 and Cla4 Phosphorylate Swe1 in Vitro. We tested six protein
kinases known to associate with (and/or to contribute to assem-
bly of) septin filaments at the bud neck (Cdc5, Cla4, Elm1, Gin4,
Hsll, and Kcc4) for direct phosphorylation of Swel. The en-
zymes were expressed and purified from Sf9 cells, incubated with
catalytically inactive GST-Swel(K473A) (23) and [y-32P]ATP.
None phosphorylated GST alone (data not shown), and GST-
Swel(K473A) was not phosphorylated in the absence of added
kinase (Fig. 1, lane 17). Hsll, Gin4, and Kcc4 (the three
Niml-related kinases in S. cerevisiae) and Elm1 catalyzed no
more than trace incorporation into GST-Swe1(K473A) (data not
shown), although all these preparations were active (as judged by
their autophosphorylation). In contrast, Cdc5 and Cla4 exhibited
robust phosphorylation of GST-Swel(K473A) (Fig. 1, lanes 9
and 11). Catalytically inactive Cdc5(N209A) (28) (Fig. 1, lane 2)

Abbreviation: Clb, cyclin B.
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Cancer Research, National Cancer Institute, National Institutes of Health, 9000 Rockville
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Fig. 1. Cdc5 and Cla4 phosphorylate Swe1 in an additive manner. Recom-
binant HA-Cdc5-Flag, HA-Cdc5(N209A)-Flag, HA-Cla4-Flag, and HA-
Cla4(K594A)-Flag were immunoprecipitated from Sf9 cells by using an anti-
Flag antibody cross-linked to agarose beads (Sigma). The reactions were
carried out with or without kinase-inactive GST-Swe1(K473A) in the presence
of 5 uM ATP (10 uCi of [y-32P]ATP; 1 Ci = 37 GBq) for 30 min at 30°C, separated
in 10% SDS/PAGE, stained with Coomassie blue (Lower), and then subjected
to autoradiography (Upper). Asterisks indicate a contaminating protein that
copurified with Cdc5 and Cla4.

did not phosphorylate GST-Swel(K473A) (Fig. 1, lane 10).
Similarly, catalytically defective (but not completely inactive)
Cla4(K594A) (24) (Fig. 1, lane 4) displayed significantly reduced
incorporation into GST-Swel(K473A) (Fig. 1, lane 12). CdcS
and Cla4 cross-phosphorylated each other weakly (Fig. 1, lanes
5-8), but Cdc5 and Cla4 did not seem to phosphorylate GST-
Swel(K473A) synergistically (Fig. 14, lanes 13-16).

Cdc5 Is Required for Swe1 Phosphorylation in Vive. If CdcS-mediated
phosphorylation contributes to Swel down-regulation, then ab-
sence of CdcS5 should prevent efficient Swel degradation. To test
this prediction, and because CDCS5 is an essential gene, a cdc5SA
strain expressing a weakly functional allele, cde5-1, under control
of the GALI promoter was used; these cells are viable on
galactose-containing medium but are inviable when shifted to
glucose medium, which represses the GALI promoter. To com-
pare Cdc5-deficient to Cdc5-containing cells, the strain was
transformed with either an empty centromeric (CEN) vector or
the same vector expressing wild-type CDC5 from its native
promoter (pCDC5). To synchronize cells in Gy, cultures were
treated with a-factor mating pheromone and at the same time
were shifted to glucose medium to prevent expression of the
Cdc5-1 mutant protein. After 2 h, cells were washed and released
into glucose medium containing nocodazole (to permit passage
into, but not beyond, M phase). Samples were taken at various
times after release from the a-factor block and Swel was
examined by immunoblotting of cell extracts. When Cdc5 was
supplied from pCDC5, Swel accumulated during the first 30 min
after release and was only moderately phosphorylated; by 60 min
after release, however, Swel was almost completely absent and
the most hyperphosphorylated species (the most slowly migrat-
ing bands) were barely detectable (Fig. 24 Top, left side). In
contrast, in the Cdc5-deficient cells, Swel persisted for at least
180 min and the moderately phosphorylated species (as opposed
to the most hyperphosphorylated isoforms) accumulated (Fig.
2A Top, right side). Stabilization of Swel and reduction in the
most hyperphosphorylated species were not due to any delay in
cell cycle progression because the CdcS-deficient cells proceeded
through the cell cycle at a rate indistinguishable from cells
expressing Cdc5 (Fig. 6, which is published as supporting infor-
mation on the PNAS web site).

Because Hsl1 is critical for phosphorylation and localization of
Hsl7 to the bud neck (9, 18, 23) and both proteins are necessary
for efficient neck recruitment, phosphorylation, and degradation
of Swel, perturbation of the activity or localization of Hsll or
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Fig. 2. Requirement of Cdc5 and Cla4 for proper phosphorylation and degra-

dation of Swe1. (A) Strain KLY4864 (cdc5A HSL1-Mycyz + YCplac33-GALT-cdc5-1)
transformed with either a centromeric CDC5 (pCDC5) (KLY4900) or a control
vector (KLY4899) was arrested in Gy by a-factor treatment immediately after
transferring to yeast extract/peptone (YEP)-glucose medium, then released into
nocodazole-containing medium. Total cellular proteins were prepared at the
indicated times and separated by 8% SDS/PAGE (without SDS in the separation
gel to detect the phosphorylated Swe1 isoforms). Immunoblotting analyses were
carried out by using antibodies against Swe1, c-Myc epitope (for Hsl1-Mycs3), and
Hsl7. P-Hsl7, phosphorylated Hsl7. Asterisks in A, B, D, and E are the same
nonspecific protein cross-reacting with anti-Swe1 antibody. (B) Strain KLY4497
(cdc5A HSL1-Myci3 + YCplac33-GALT-PLKT) transformed with either a centro-
meric pCDC5 (KLY4532) or a centromeric pCDC5AC-CNM67 (KLY4533) were
cultured overnight in YEP-glucose medium, arrested with a-factor, and then
released into YEP-glucose medium containing nocodazole. Samples were ana-
lyzed as in A. (C) To determine the timing of Cdc5 localization to the bud-neck,
asynchronously growing KLY4816 cells, which express EGFP-CDC5 under endog-
enous CDC5 promoter control, were cultured overnight, fixed, and subjected to
immunostaining with anti-tubulin antibody. Arrows indicate the bud-neck local-
ized Cdc5. (Scale bar, 5 um.) (D) Strains KLY4071 (CLA4) and KLY4536 (c/la4A) were
grown either asynchronously or arrested with hydroxyurea (HU) or nocodazole
for 4 h before the preparation of total cellular lysates. (E) Strains KLY4913 (clad4A
+ pCLA4) and KLY4914 (cla4A + pcla4-as3) were arrested with either hydroxyu-
rea or nocodazole for 2 h before the addition of either 25 uM of 1-NM-PP1 or
control- DMSO into the medium, Cells were cultured for additional 2 h before
harvesting the samples.

PNAS | March 23,2004 | vol. 101 | no.12 | 4125
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Hsl7 in the absence of Cdc5 might account for the observed Swel
stabilization. However, depletion of Cdc5 did not alter Hsll
activity (Fig. 24 Middle), Hsl7 phosphorylation (Fig. 24 Bot-
tom), or targeting of GFP-Hsl7 to the neck (Fig. 7, which is
published as supporting information on the PNAS web site).

Swet1 Is Stabilized When Cdc5 Is Not Located at the Bud Neck. Cdc5
localizes to spindle pole bodies (SPBs) and then to the neck (27,
29). If Cdc5 at the neck is crucial for Swel down-regulation,
preventing Cdc5 localization to that site should stabilize Swel.
Hence, a catalytically active (but localization-defective) CdcS
truncation, Cdc5AC, which cannot by itself complement the
inviability of cdc5A cells (data not shown), was fused to Cnm67,
a component of the outer plaque of the SPB (30). This fusion,
expressed from the native CDCS5 promoter, was introduced into
a cdc5A strain in which viability was maintained by GAL1-driven
expression of a mammalian Polo kinase (PLKI1) cDNA. The
Cdc5AC-Cnm67 chimera complemented the inviability of cde5SA
cells on glucose medium and localized to the SPB but not the bud
neck (J.-E.P. and K.S.L., unpublished data). However, the
resulting cells displayed an elongated bud morphology, like that
of other mutants defective in Swel down-regulation (9, 16). To
examine Swel stability, cdc5A cells carrying pCDC5 or express-
ing CDC5AC-CNM67 from the same vector were synchronized
in G; with a-factor and released into nocodazole-containing
medium, as before. In cells with wild-type Cdc5, Swel was
progressively phosphorylated and then disappeared (Fig. 2B, left
side). In contrast, in cells containing just Cdc5SAC-Cnm67, Swel
was markedly stabilized, and isoforms phosphorylated at an
intermediate level (as opposed to the most hyperphosphorylated
species) accumulated (Fig. 2B, right side). These differences
were not attributable to any difference in the rate of cell cycle
progression (Fig. 8, which is published as supporting information
on the PNAS web site) or to any perturbation in GFP-Hsl7
localization to the neck (data not shown). Thus, only Cdc5
molecules at the neck contribute to efficient Swel down-
regulation.

This observation also predicts that Cdc5 should normally
localize to the neck before onset of the G,/M transition.
Therefore, timing of localization of GFP-Cdc5 expressed at its
endogenous level, which is fully functional, was examined.
Structure of the spindle was monitored as an internal marker for
cell cycle position (Fig. 2C). Cdc5 localization to the bud neck
was detectable by the time cells formed a short spindle, and this
Cdc5 population remained at the neck until spindles were fully
elongated (Fig. 2C). Cdc5 is thus present at the neck by G, phase
and available early enough to contribute to Swel modification
before the onset of M phase.

Clad Is Required for Phosphorylation of Swe1 in Vivo. In cells lacking
Cdc5 or in which Cdc5 cannot be localized to the neck, the most
hyperphosphorylated Swel forms are eliminated and Swel is
greatly stabilized. However, Swel is phosphorylated to an in-
termediate level. Hence, some other kinase(s) is responsible for
the early phase of Swel phosphorylation. Cla4 is important for
septin collar assembly (31) and associates tightly with septins
(32). Because Cla4 was the only other neck-associated kinase
able to phosphorylate Swel in vitro, its contribution to Swel
phosphorylation and down-regulation in vivo was tested.

In asynchronous cultures, cla4A cells lack the most hyperphos-
phorylated Swel species seen in parental CLA4* cells (Fig. 2D
Top, Asyn., left bracket). Moreover, in S phase-arrested (hy-
droxyurea treated) cells, Swel accumulated predominantly in
hypophosphorylated form in the cla4A mutant, whereas in
control CLA4* cells the bulk of Swel was absent (Fig. 2D). Even
in M phase-arrested (nocodazole treated) cells, a small amount
of Swel was still detectable in cla4A cells that was not seen in
CLA4™" cells. Because cells lacking Cla4 are defective in septin

4126 | www.pnas.org/cgi/doi/10.1073/pnas.0400641101

filament assembly (31, 32), as indicated by diminished Hsll
autophosphorylation (Fig. 2D Middle) and reduced Hsl7 phos-
phorylation (Fig. 2D Bottom), the stabilization and decrease in
phosphorylation of Swel in Cla4-deficient cells might arise
indirectly.

To confirm that Cla4 directly contributes to Swel phosphor-
ylation and down-regulation, we used an analog-sensitive cla4-
as3 allele (33) that is inhibitable by the cell-permeable com-
pound INM-PP1 (4-amino-1-tert-butyl-3-(1-naphthylmethyl)
pyrazolo[3,4-d]pyrimidine) (34). A CLA4* strain or an other-
wise isogenic cla4-as3 mutant were grown to mid-exponential
phase, arrested in either S phase (with hydroxyurea) or M phase
(with nocodazole), and treated for 2 h with solvent only (DMSO)
as a control or 25 uM 1NM-PP1 to acutely inhibit Cla4 function.
As observed in S phase-arrested cla4A cells, Swel was present
almost exclusively in hypophosphorylated form when S phase-
arrested cla4-as3 cells were treated with the analog, but not when
treated with solvent alone (Fig. 2E Upper). The analog had no
effect on Swel phosphorylation in CLA4™" cells. As expected if
septin filament assembly was not perturbed under these condi-
tions, Hsl7 was phosphorylated normally (Fig. 2E Lower) and
GFP-Hsl7 localized efficiently to the neck (Fig. 9, which is
published as supporting information on the PNAS web site) in
both cla4-as3 and CLA4 cells with or without the analog. Thus,
Cla4 activity does contribute directly to Swel modification in
vivo, consistent with its ability to phosphorylate Swel in vitro
(Fig. 14). However, as seen in cla4A cells (Fig. 2D), inactivation
of Cla4 failed to cause Swel accumulation in nocodazole-
arrested cells (Fig. 2E). Taken together, these observations
suggest that Cla4 contributes to Swel phosphorylation in S
phase, but Cdc5-dependent phosphorylation is able to mediate
Swel down-regulation by the onset of M phase.

Kinase Collaboration in Swe1 Inactivation. Prior genetic results
indicated that Hsll and Cdc5 act in parallel and upstream of
Swel to promote entry into mitosis (26). As an independent
means to assess whether Cla4 contributes in a physiologically
relevant way to Swel down-regulation along with Hsl1 and Cdc5,
we constructed double mutants. We combined a cla4A mutation
with either an Asl/A mutation or the temperature-sensitive
cdc5-3 allele. For the latter, we included the CDCI147AB6-!
mutation (35), which compensates for the mitotic exit defect, but
not the G,/M delay, of cdc5-3 mutant cells (26). When compared
to either cla4A or hsl1A single mutants, a cla4A hsl1A double
mutant exhibited a more pronounced growth defect (Fig. 34); in
other strain backgrounds, cla4A hsl1A cells are inviable (36).
More strikingly, the growth defect of cdc5-3 CDC14™4801 cells,
which are already somewhat defective in Swel down-regulation
at semirestrictive temperature (33°C) (26), was strongly exacer-
bated by absence of Cla4 (Fig. 34). As expected if the primary
problem in these strains is lack of efficient down-regulation of
Swel, introduction of a swelA mutation ameliorated the growth
and morphology defects of the cla4A hslIA double mutant and
the cdc5-3 CDC1474B%1 clg4A cells (Fig. 3 B-D). Conversely,
reintroduction of SWEI on a CEN plasmid reimposed obvious
growth defects (Fig. 3 B and C) and marked morphology defects
(Fig. 10, which is published as supporting information on the
PNAS web site) in both AslIA cla4A swelA cells and cdc5-3
CDCI14™861 clg4A swelA cells. This genetic synergy supports
the view that Cdc5, Cla4, and Hsll all contribute to Swel
down-regulation.

Biochemical criteria also support the conclusion that Cdc5 and
Cla4 collaborate (albeit at different stages of the cell cycle) to
regulate Swel modification and stability in vivo. In S phase-
arrested cla4A cells, Swel accumulated in hypophosphorylated
form regardless of whether Cdc5 was present or not (Fig. 3E Left,
lanes 3 and 4), presumably because Cdc5 does not translocate to
the neck -until early’ G, (Fig. '2C). When Cla4 is present,

Sakchaisri et al.
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Fig.3. Cdc5, Cla4, and Hsl1 function in pathways distinct from one another. (A)
Strains KLY1546 (wild type), KLY4651 (cdc5-3 CDC14TABE-T), KLY2869 (hs/1A),
KLY4649 (cla4A), KLY4653 (cdc5-3 CDC14T4B6-1 claq4A), and KLY5098 (hs/1A cladA)
were cultured overnight. These cultures were serially diluted, spotted on YEP-
glucose, and incubated at the indicated temperature. (B and C) Strain KLY5097
(hslTA cla4A swelA) (B) or strain KLY4756 (cdc5-3 CDC14TAB6T cladA swelA) (C)
was transformed with either a centromeric SWET (pSWET) or control vector. The
resulting transformants were cultured overnight, serially diluted, and spotted on
synthetic minimal plate (SDM) lacking histidine (B) or uracil (C) to select for the
presence of the introduced plasmid. (D) To examine the morphologies of the
strains used in A-C, cells cultured overnight at 23°Cwere fixed and then examined
by differential interference contrast (DIC) microscopy. The synthetically elon-
gated bud morphologies were manifest among cdc5-3 CDC14™861, cla4A, and
hslTA mutants even at 23°C. (Scale bar, 5 um.) (E) To examine whether Cdc5 and
Cla4 cooperate to regulate the Swe1 stability, c/la4A was introduced into strains
KLY4714 (cdc5A + pGALT-cdc5-1 + YCplac22) and KLY4715 (cdc5A + pGALT-
cdc5-1 + YCplac22-CDC5), generating KLY4811 and KLY4813, respectively. All
four strains were cultured overnight in YEP-galactose medium, shifted to YEP-
glucose medium containing either HU or nocodazole, and cultured for an addi-
tional 4 h. Longer exposure time was required to detect Swe1 from nocodazole-
arrested samples (Right). Asterisks, a cross-reacting protein with the anti-Swe1
antibody.
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moderately phosphorylated forms of Swel are observed and
appear to be stable (Fig. 3E Left, lanes 1 and 2), presumably
because of lack of subsequent modification by CdcS. Thus, Cla4
contributes to the early phase of Swel phosphorylation in a
Cdc5-independent manner. In M phase-arrested cells, after CdcS
has relocated to the neck, Swel is barely detectable when both
Cdc5 and Cla4 are present (Fig. 3E Right, lane 1), whereas when
only Cdc5 is absent, the moderately phosphorylated Swel species
that largely depend on Cla4 for their formation accumulate (Fig.
3E Right, lane 2). In the absence of Cla4, the hypophosphory-
lated form of Swel accumulates whether or not Cdc5 is present;
however, presence of CdcS seems to be able to drive further
phosphorylation and degradation of some of the Swel (Fig. 3E
Right, compare lanes 3 and 4). Taken together, our observations
suggest Cla4 functions early and Cdc5 functions later during cell
cycle progression, and that their combined activities are neces-
sary for proper phosphorylation and efficient degradation of
Swel. Swel is still phosphorylated significantly in the absence of
both Cla4 and Cdc5 (Fig. 3E, lane 4), suggesting that an
additional kinase(s), e.g., Clb-Cdc28 (see below), also contrib-
utes to Swel phosphorylation.

Absence of Cdc5 or Clad Phosphorylation Sites Stabilizes Swe1. To
confirm the physiological significance of Cdc5- and Cla4-
dependent phosphorylation of Swel, we phosphorylated GST-
Swel(K473A) with each enzyme in vitro with excess ATP, and
the sites phosphorylated were mapped within tryptic peptides by
using mass spectrometry. Sites not definitively determined were
predicted by using NETPHOS 2.0 (37) and the known consensus
phosphoacceptor motifs for Polo D/E-X-S/T-®-X-(D/E) (38)
and for yeast PAKs (R-X-S/T-X-®; see refs. 32 and 39), where
X is any residue and ® is a hydrophobic residue. Seventeen
definitive and four potential sites for Cdc5, and seven definitive
and five potential sites for Cla4, were identified in Swel (Tables
3 and 4, which are published as supporting information on the
PNAS web site). Eight tryptic peptides contain apparent “com-
mon’” sites for both enzymes. The number of Swel isoforms seen
in immunoblots of yeast extracts in this study and in prior work
(8, 9) verity that Swel is phosphorylated at many sites. To date,
only three sites have been determined in Swel recovered from
yeast cells; but reassuringly, these are identical to in vitro sites we
mapped (see legend of Table 3). Site-directed mutagenesis was
used to introduce mutations (S to A or T to A) at individual sites
in a functional (c-Myc)z-tagged Swel (12). The resulting con-
structs were integrated at the URA3 locus in a strain carrying an
mihIA mutation, which potentiates Swel-dependent inhibition
of Clb-Cdc28 (19). Aside from one mutation (S118A) that
unexpectedly destabilized Swel for unknown reasons (data not
shown), no single point mutation detectably affected Swel
stability (as judged by immunoblotting with anti-Myc mAb) or
caused elongated cell morphology diagnostic of a G,/M delay
(data not shown). Therefore, we generated Swel derivatives with
mutations in (7) all 20 of the apparent Cdc5 phosphorylation sites
(except S118), designated Swel(20A); (ii) all 12 of the apparent
Cla4 sites, dubbed Swel(12A); (iif) the “common” sites (namely,
S111A, S288A, S379A, S395A, S438A, T629A, S682A, and
T688A), termed Swel(c8A); (iv) the 24 combined CdcS and Cla4
sites, designated Swel(24A); (v) just the 11 most N-terminal sites
(S36A, T66A, S102A, S111A, T131A, S136A, S156A, S169A,
S185A, S223A, and S225A), called Swel(11A); (vi) just the 8
internal sites (S254A, T280A, S288A, S312A, S379A, S395A,
S438A, and T501A), termed Swel(8A); and (vii) just the 5 most
C-terminal sites (S610A, T629A, T676A, S682A, and T688A),
designated Swel(5A). These multiply mutated constructs were
integrated in epitope-tagged form at the URA3J locus in the
mihIA strain and examined, as above. Compared to parental
cells expressing endogenous SWEI, cells expressing the addi-
tional -Swel-Myc,,> copy ' displayed ‘only 'a‘slight ' increase in
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Fig. 4. Mutations in the Cdc5- and Cla4-dependent phosphorylation sites
onto Swe1 induce elongated bud morphology as a result of Swe1 stabilization
at the bud-neck. (A) An mih1A strain (M-600) was integrated with control
vector or various forms of SWET-Myc;, at the URA3 locus. The resulting strains
(KLY4802-KLY4810) were cultured overnight, fixed, and subjected to DIC
microscopy (A) to measure the cell size (Fig. 11). (Scale bar, 5 um.) (B) To
determine the steady-state level of various Swe 1-Mycs; proteins, total cellular
lysates were prepared from the asynchronously growing strains used in A.
Samples were separated in 10% SDS/PAGE and then subjected to immuno-
blotting with anti-Swe1 antibody. Asterisk indicates a nonspecific band. (C) To
examine the localization of various Swe1 proteins, the wild-type and mutant
forms of SWET in the strains used in A were C-terminally tagged with three
copies of GFP by replacing the Myc;, epitope. The resulting strains were then
cultured at 23°C, arrested with hydroxyurea for 3 h to enrich the Swe1 protein,
and subjected to confocal microscopy. (Scale bar, 5 um.)

average cell length (only mother cells were measured, to avoid
the inherently greater heterogeneity of buds) (Figs. 44 and 11,
which is published as supporting information on the PNAS web
site). Indeed, Swel-Myc;, appears to be as unstable as endog-
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Fig.5. Modelillustrating the Swe1 phosphorylation and degradation events
during the cell cycle (see text for details).

enous Swel, based on their steady-state level of expression in the
same cell (Fig. 4B, lanes 1 and 2). In contrast, Swel(20A) and
Swel(12A) caused pronounced cell elongation (Figs. 44 and 11).
The greatest increase in cell elongation was observed in cells
expressing Swel(24A), in which all of the Cdc5 and Cla4
phosphorylation sites were mutated (Figs. 44 and 11), further
supporting the conclusion that CdcS and Cla4 act in concert to
promote Swel down-regulation. All of the remaining mutants
[Swel(c8A), Swel(11A), Swel(8A), and Swel(5A)] caused sim-
ilar degrees of cell elongation (Figs. 44 and 11). Thus, no one
region within Swel seems uniquely responsible, when phosphor-
ylated, for conferring instability (although absence of the C-
terminal phosphorylation sites had a somewhat more pro-
nounced effect).

In keeping with their phenotype, all of the multiple phosphor-
ylation site mutants were more stable than Swel-Myci, or
endogenous Swel present in the same cell, as judged by immu-
noblotting of asynchronous cultures (Fig. 4B, lanes 3-9). Because
all of these Swel derivatives caused cell cycle delay and cell
elongation, they must all be catalytically active. Moreover, their
observed accumulation cannot be due to some indirect effect
because endogenous Swel in the same cells did not accumulate
(Fig. 4B). Furthermore, GFP-tagged versions of these variants
are recruited to the bud neck. Only when highly overexpressed
from a multicopy vector to overcome its instability could wild-
type Swel-GFP be detected at the neck in some (47%) cells (n =
87); when expressed at a near endogenous level from a low-
copy-number (CEN) plasmid, Swel-GFP was undetectable at
the neck (Fig. 4C). In contrast, when expressed from the same
CEN plasmid, three different multiple phosphorylation site
mutants, Swel(20A)-GFP, Swel(12A)-GFP, and Swel(24A)-
GFP, all displayed accumulation at the neck in >60% of the cells
(n > 120 for all three mutants) (Fig. 4C). Thus, absence of Cdc5
and Cla4 phosphorylation does not perturb intracellular target-
ing but greatly stabilizes Swel in vivo.

A Novel Mechanism Integrates Multiple Signals to License Passage
into Mitosis. Our data demonstrate that septin collar formation
establishes a platform that allows for cumulative phosphoryla-
tion of Swel by multiple kinases (Fig. 5). Sequential multistep
phosphorylation by Cla4 and Cdc5 makes Swel susceptible to
subsequent degradation. Clad4-mediated Swel modification oc-
curs in S phase, whereas Cdc5-mediated phosphorylation hap-
pens before entry into mitosis. Consistent with this view, Cla4
binds tightly to and phosphorylates septins and promotes septin
filament assembly (32). Also compatible with this proposed
order, as documented here, Cdc5 translocates to the neck before
the onset of M phase, and this localization is-critical for Swel

Sakchaisri et al.
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phosphorylation and down-regulation. It has been demonstrated
amply that tethering of Swel to septin filaments at the neck
requires Hsll and Hsl7 (9, 14, 19), and there is some evidence
that Hsl1 and Hsl7 also are required for efficient recruitment of
Cdc5 to this location (C. F. Hardy, personal communication).
Thus, cumulative phosphorylation of Swel at the neck could
represents a means to integrate, in one protein, stepwise signals
that indicate completion of prior cell cycle events before entry
into mitosis is allowed.

Presence of Cla4 at the neck may serve as a signal that proper
morphogenesis is underway and initiates Swel modification.
Subsequent recruitment of Cdc5 to the neck after short spindles
have formed may serve as a signal that septin filament assembly
has been completed and further promotes Swel phosphoryla-
tion. Finally, given that Clb-Cdc28 also associates with and
phosphorylates Swel (refs. 10 and 12; D. Kellogg, personal
communication), accumulation of Clb-Cdc28 complexes may
serve as a signal that adequate supplies of the enzyme are present
to efficiently promote mitosis and, hence, Clb-Cdc28-mediated
phosphorylation of Swel could act, in a positive feedback
mechanism, as the final step of Swel inactivation (Fig. 5). Once
unleashed from negative regulation by Swel, Clb-Cdc28 can
induce mitotic entry unimpeded.

Our findings show that phosphorylation at multiple sites
scattered throughout the protein are necessary to dictate effi-
cient Swel degradation. This cumulative phosphorylation by the
Cla4, Cdc5, and Clb-Cdc28 kinases must establish landmarks in
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the protein or induce a conformational change (or both) that
makes Swel susceptible to subsequent ubiquitination. There is
evidence that the APC may be a ubiquitin ligase (E3) that
contributes to Swel ubiquitination (ref. 40; C. F. Hardy, personal
communication), but there is also evidence that a SCF-like E3
is involved in Weel destruction (ref. 41; T. Hunter, personal
communication). Cumulative multisite phosphorylation by a
single kinase is responsible for efficient degradation of the Cdk
inhibitor, Sicl (42). However, action of multiple kinases on a
single protein to promote its degradation has not been seen
previously.

In summary, because septin filament assembly requires Cla4,
and septin filament assembly is required for localization and
function of Hsl1 and Hsl7, which are, in turn, required to ensure
proximity between Cdc5 and Swel, the phosphorylation of Swel
by neck-localized kinases links morphogenetic events with
proper spatial and temporal control of mitotic entry.
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CHAPTER 1
INTRODUCTION

Cell cycle progression in Saccharomyces cerevisiae is controlled primarily by the
function of Cdc28 (Cdk1/Cdc2 homolog), a conserved family of serine/threonine-
directed protein kinases as shown in Fig.1 (1, 2). This enzyme forms active complex
by associating with distinct cyclins at specific stages of the budding yeast cell cycle.
Cyclins are thought to contain regions that target Cdc28 to specific substrates.
Activation of Cdc28 by G; cyclins (CInl, CIn2, and CIn3) promotes G4/S transition by
triggering passage through START when cells in G; have grown sufficiently and
subsequent CIb5- and Clb6-associated Cdc28 promote DNA replication during S
phase (3). Entry into mitosis is induced by the activation of Cdc28 with four B-type
cyclins (Clbl, Clb2, Clb3, and Clb4) (3-4). Swel (Weel homolog) negatively
regulates Clb-bound Cdc28 by phosphorylation at a conserved residue, Y19, on its
ATP-binding site (5), and perhaps by direct binding (6). Modification at Y19 is
reversed by Mih1 (Cdc25 homolog) phosphatase (7, 8).

During an unperturbed cell cycle, Swel is first synthesized during G; phase and
localizes predominantly in the nucleus. Swel accumulates in S phase after bud
emergence and is targeted to the mother-bud neck in a septin-dependent manner (9).
Swel becomes sequentially hyperphosphorylated (10-12), generating multiple
isoforms, and then undergoes ubiquitin-mediated degradation (13-15). This pattern is
due to combined regulation of SWEL1 transcription and Swel degradation, with
degradation playing a dominant role (8, 13).

However, if cells are exposed to insults or mutations that depolarize actin and
delay budding, Swel is stabilized and accumulates (16). In addition to disruption of
actin organization, defects in septin filament assembly at the bud neck result in G,/M
delay and stabilization of Swel in hypophosphorylated form (12, 17). Because this G/M
delay is eliminated by the absence of Swel (17) or by substitution of normal Cdc28 by
a Cdc28(Y19F) variant (11), the sole cause of the G,/M delay appears to be the
inhibition of Cdc28-Clb complex by Swel dependent phosphorylation at Y19. In addition,
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Fig. 1. Diagram illustrating the S. cerevisiae cell cycle.

S. cerevisiae cells replicate by budding. The daughter cells are born initially smaller than the
mother cells and require longer time in G, before they reach a critical size to enter the S phase.
Passage through START requires activity of Cdc28 with one of the G; cyclins (CInl, CIn2,
and CIn3). During S phase, CIb5 and Clb6 promote DNA duplication, and Clb3 and Clb4
induce the formation of mitotic spindles at late S phase. Activation of Cdc28 by associating
with Clb1 or CIb2 triggers the entry into M phase.

(Adapted from Mann C. Contrdle et programmation genétique du cycle de division cellulaire.

Available at: http://www-dsv.cea.fr/sbgm_groupes_fr/ cycle_cellulaire_fr.htm)
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this Swel-imposed G,/M delay leads to markedly elongated cells due to the inability
of cells to switch from polarized to isotropic growth during budding (19-21). Thus,
timely phosphorylation and subsequent degradation of Swel seem to be critical for
efficient activation of Clb-Cdc28 complexes and proper timing of mitotic entry.

The signaling mechanisms that regulate Swel are particularly interesting because
Weel-related kinases function in a highly conserved mechanism that controls the
timing of entry into mitosis. The primary negative regulators of Swel are Hsl1 and
Hsl7 (Fig. 2) (22). Hsll is a protein kinase, whose catalytic domain is homologous to
that of Schizosaccharomyces pombe Nim1/Cdrl (23). Hsl7 contains a central region
similar to the catalytic domains of known S-adenosylmethionine-dependent protein-
arginine methyltransferases (24, 25). Hsll activity and its localization depend on
septin filament assembly at the bud neck (17, 26, 27). Hsl1 acts in concert with Hsl7
and the absence of either protein dramatically reduces Swel phosphorylation in vivo
and causes cell elongation (9, 11). Septins can be coimmunoprecipitated by Hsl1, but
not by Hsl7 (11, 17). Localization of Hsl7 to the bud neck is dependent upon Hsl1,
whereas Hsl1 localizes to the neck even in the absence of Hsl7 (9, 11, 17), suggesting
that Hsl1 associates directly with the septin filaments and acts as a tether to localize
Hsl7 at the neck. Hsl7 is phosphorylated by Hsl1 in immune-complex kinase assays
and can be physically associated in vitro with either Hsl1 or Swel (28). Both Hsl1
and Hsl7 are required for efficient recruitment of Swel to the neck (9, 15). Thus,
targeting of Swel for modification and its subsequent ubiquitin-mediated degradation
require Hsll and Hsl7. However, contrary to the reported phosphorylation of S.
pombe Weel by recombinant Nim1/Cdrl (23, 29, 30), Hsll seems to be unable to
phosphorylate Swel in vitro (28). This observation suggests that other neck-
associated kinase(s) is most likely responsible for direct phosphorylation of Swel.

In budding yeast, it appears that an intricate signaling network is required for
regulation of Swel. Experiments have shown, in addition to Hsl1, that the other
kinases (Cdc5, Cla4, Gin4, Kcc4, and EIm1) contribute to Swel regulatory pathway
(9, 10, 31-34). Inactivation of this signaling network causes cells to undergo
continuous polar growth during a prolonged G,/M delay, producing highly elongated
cells that are abnormally large. The G,/M delay and cell elongation caused by
inactivation of the network are reversed by deletion of the SWE1 gene. Furthermore,
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Fig. 2. Model illustrating signaling pathways leading to the regulation of Swel.

Progression into M phase is triggered by cyclinB-Cdc28 complex. Its activity is negatively
regulated by phosphorylation at a conserved Y residue and a modification is removed by Mihl
phosphatase. Timely mitotic entry in budding yeast requires inactivation of Swel. Hsll is a
primary negative regulator of Swel. The activity and localization of Hsl1 depend on septin
filaments at the bud neck. Hsl1 acts in concert with Hsl7 and is required for tethering Hsl7 at
the bud neck. Both Hsl1 and Hsl7 are required for efficient recruitment of Swel to the same
location and absence of either protein causes G,/M delay with cell elongation and dramatically

reduces down-regulation of Swel.
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inactivation of the network leads to a failure to fully hyperphosphorylate Swel (10,
11, 17). However, it is unclear how the kinase(s) in the signaling network regulate
Swel because none of them has been found to phosphorylate Swel directly. In
addition, the physiological signals that regulate the network are poorly understood.
Genetic findings imply that both Cla4 (p21l-activated kinase (PAK) homolog)
(34) and Cdc5 (Polo homolog) (32, 33) participate in the G,/M transition, but in a
manner not understood. This study has demonstrated that the septin collar serves as an
organizing platform to permit Cla4 and Cdc5 to sequentially phosphorylate Swel and
that this cumulative multikinase-dependent modification is critical for Swel

degradation and hence for proper onset of mitosis.
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CHAPTER 2
OBJECTIVES

It has been proposed from several lines of evidence that the budding yeast Swel,
the negative regulator of Clb-Cdc28, is controlled by an intricate signaling network.
Swel has been shown to accumulate at the mother-bud neck during S phase in a
septin-dependent manner, and become hyperphosphorylated (9-12). It is subsequently
targeted for ubiquitin-dependent degradation. However, the signaling network that
regulates Swel is not clearly understood.

The objectives of this research were to study the Swel regulatory pathway in
budding yeast as follows:

1) to identify the candidate kinase(s) responsible for direct phosphorylation
of Swel from the kinases known to be associated with and/or contribute to the
assembly of septin filaments at the bud neck (Cdc5, Cla4, EIm1, Gin4, Hsl1, and
Kccd);

2) to determine the physiological role of the candidate kinase(s) onto Swel
stabilization in vivo by genetic and biochemical analyses; and

3) to confirm the physiological significance of Swel phosphorylation which
was catalyzed by the candidate kinase(s) by site-directed mutagenesis of the
predetermined phosphorylation sites.

These data would provide information to assist understanding of how budding

yeast regulates Swel and in turn controls the timing of entry into mitosis.
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CHAPTER 3
LITERATURE REVIEW

1. The Cell Cycle

Most eukaryotic cells reproduce by dividing into two with an ordered series of
events, during which their chromosomes are duplicated and one copy of each
duplicated chromosome segregates to each of two daughter cells, to ensure that
progeny cells contain intact genomes after completion of each cycle of cell division.
The cell cycle is a collection of highly ordered processes resulting in the duplication of
the cell and can be divided into two basic parts: interphase and mitosis (35, 36).
Interphase is the stage that both cell growth and DNA replication occur in an orderly
manner. During interphase, the chromosomes are decondensed and distributed
throughout the nucleus. Mitosis is the most dramatic stage of the cell cycle even
approximately 95% of the cell cycle is spent in interphase. This stage corresponds to

the segregation of duplicated chromosomes and ends up with cell separation.

1.1 Phases of the Cell Cycle

The division cycle of most eukaryotic cells is divided into four major phases: Gj,
S, Gy, and M (Fig. 3) (35, 36). During G; phase (gap 1), which is the interval between
mitosis and initiation of DNA replication, the cell is metabolically active and
continuously grows while synthesizing the messenger RNAs (mRNAs) and proteins
needed for S phase (synthesis) in which DNA duplication takes place. After
completion of DNA synthesis in S phase, cell progresses through G, phase (gap 2).
During G; phase, cell growth continues and proteins are synthesized in preparation for

mitotic phase (M phase) which is followed by cytokinesis.
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Fig. 3. Model illustrating the phases of the eukaryotic cell cycle.

The division of cell cycle of most eukaryotic cells is set into four discrete phases: M,
Gy, S, and G, phase. G1 is the period between birth of a cell following mitosis and the
initiation of DNA synthesis, which marks the beginning of the S phase. At the end of
the S phase, cells enter G, containing twice the number of chromosomes as G; cells.
The end of G, phase is marked by the onset of mitosis, during which numerous events
leading to cell division occur. The Gy, S, and G, phases are collectively referred to as
interphase, the period between one mitosis and the next. Most nonproliferating cells
in vertebrates leave the cell cycle in Gy, entering the Gy state. Although chromosomes
condense only during mitosis, they are shown in condensed form to emphasize the
number of chromosomes at different cell-cycle stages. The nuclear envelope is not
depicted.

(From Lodish H, Berk A. Zipursky SL, Matsudaira P, Baltimore D, Darnell JE.
Molecular Cell Biology. 4th ed. 1999. p. 495-536)
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M phase is the most dramatic period of the cell cycle, involving a major
reorganization of all cell components. During mitosis, the chromosomes condense, the
nuclear envelope of most eukaryotic cells breaks down, the cytoskeleton reorganizes
to form the mitotic spindle, and the chromosomes move to opposite pole. Mitosis is
conventionally divided into four stages: prophase, metaphase, anaphase, and telophase
(Fig. 4) (35, 36). During prophase, newly replicated chromosomes condense and sister
chromatids held together at the centromere. The duplicated centrosomes separate and
move to opposite sides of the nucleus and then serve as the poles for the mitotic
spindle. After completion of prophase, the cell enters a transition period between
prophase and metaphase called prometaphase. In prometaphase, breakdown of the
nuclear envelope allows the mitotic spindle emanating from opposite poles of the
centrosomes access to the condensed chromosomes. Some spindle microtubules
attach to chromosomes at the kinetochores which are oriented on the opposite sides of
the condensed sister chromatids. The chromosomes shuffle back and forth until they
eventually align on the metaphase plate in the center of the spindle holding by tension
between opposing poles of spindle. At this stage, the cell has reached metaphase.
Most cells remain only briefly at metaphase before proceeding to anaphase. The
transition from metaphase to anaphase is triggered by breakage of the link between
sister chromatids. Paired sister chromatids then separate and move to opposite poles
of microtubule as kinetochore microtubules shorten. Mitosis ends with telophase,
during which chromosomes reach poles and decondense, nuclei re-form, and
contractile ring assemble. Cytokinesis usually begins during late anaphase and is
almost complete by the end of telophase. It is mediated by a contractile ring of actin
and myosin II resulting in the formation of two interphase daughter cells.

In multicellular organisms, postmitotic cells can enter a quiescent stage of the cell
cycle called Gy (Fig. 3) (35, 36). Gy cells are metabolically active although they can
remain for long periods of time without proliferating further. However, Gy cells can
reenter into the cell cycle if they are triggered by the appropriate growth factors or

other extracellular signals.
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Fig. 4. Model illustrating stages of mitosis in eukaryotic cell.

During prophase, the chromosomes condense and centrosomes move to opposite sides of the
nucleus, initiating formation of the mitotic spindle. Breakdown of the nuclear envelope then
allows spindle microtubules to attach to the kinetochores of chromosomes. During
prometaphase, the chromosomes shuffle back and forth between the centrosomes and the
center of the cell, eventually aligning in the center of the spindle (metaphase). At anaphase,
the sister chromatids separate and move to opposite poles of the spindle. Mitosis then ends
with re-formation of nuclear envelopes and chromosome decondensation during telophase,
and cytokinesis yields two interphase dauthter cells. Note that each daughter cell receives one

centrosome, which duplicates prior to the next mitosis.

(Adapted from Lodish H, Berk A. Zipursky SL, Matsudaira P, Baltimore D, Darnell JE.
Molecular Cell Biology. 4th ed. 1999. p. 495-536 and Cooper GM, Hausman RE. The
cell: a molecular approach. 3rd ed. 2004. p. 591-629)
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1.2 Control of the Cell Cycle

Cell division is primarily controlled by regulating and coordinating the timing of
events in the cell cycle. The fidelity of these processes is to ensure that the progeny
cells contain intact genomes. In eukaryotic cells, cell cycle progression is controlled
by a series of protein kinases. The major regulators of these events are heterodimeric
protein kinases called cyclin-dependent kinase (Cdk) holoenzymes that contain a
catalytic subunit, Cdk, and a number of regulatory subunits, cyclins originally defined
as proteins whose levels oscillate during the cell cycle (2, 37). In mammalian cells, 5
different Cdk subunits (Cdc2/Cdkl, Cdk2, Cdk3, Cdk4, Cdk5, and Cdk6) and 10
distinct cyclin subtypes (Al, A2, A3, B1, B2, D2, D3, El, E2, and F) contribute
directly to the progression of cell division cycle (2). These kinases regulate various
cellular processes involving DNA replication and mitosis by controlling the activities
of numerous proteins, activating some and inhibiting others to coordinate their
activities in order.

The cyclin-Cdk complexes can be classified into three classes to control passage
through the cell cycle: Gj, S-phase, and mitotic Cdk complexes (Fig. 5) (35). During
G phase, G; Cdk complexes activate transcription factors that induce expression of
proteins required for DNA synthesis and genes encoding S-phase Cdk complexes.
The activity of S-phase Cdk complexes is initially inhibited by a specific inhibitor
(35). Thus, to trigger the G;/S transition in late G1 phase, G; Cdk complexes induce
the degradation of S-phase inhibitor resulting in the activation of S-phase Cdk
complexes (Fig. 5). The activated S-phase Cdk complexes then regulate the pre-
replication complex (pre-RC) by phosphorylating at its regulatory sites (2, 35). The
pre-RC is composed of a group of proteins that is required for initiation of DNA
replication at a replication origin. Activation of the pre-RC by the S-phase Cdk
complexes not only initiates DNA replication but also prevents reformation of a new
pre-RC. This event ensures that each chromosome is replicated only once per cell
cycle and chromosome number is maintained in the progeny.

Mitotic Cdk complexes are synthesized during the S phase and G, and then
activated after completion of DNA synthesis (35). Their activity contributes to

induction of chromosome condensation, breakdown of the nuclear envelope,
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Fig. 5. Current model for regulation of the eukaryotic cell cycle.

Passage through the cell cycle is controlled by G, S-phase, and mitotic cyclin-
dependent kinase (Cdk) complexes. These are composed of a regulatory cyclin
subunit and a catalytic Cdk subunit. Protein complexes in the Cdc34-SCF pathway
and anaphase-promoting complex (APC) pathway polyubiquitinate specific substrates
(including the S-phase inhibitor, anaphase inhibitor, and mitotic cyclins) marking
these substrates for degradation by proteasomes. These pathways thus drive the cell
cycle in one direction because of the irreversibility of protein degradation. Proteolysis
of anaphase inhibitors inactivates the protein complexes that connect sister chromatids
at metaphase (not shown), thereby initiating anaphase.

(From Lodish H, Berk A. Zipursky SL, Matsudaira P, Baltimore D, Darnell JE.
Molecular Cell Biology. 4th ed. 1999. p. 495-536)
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assembly of the mitotic spindle apparatus, and alignment of condensed chromosomes
at the metaphase plate (35, 36). The mitotic Cdk complexes also activate the anaphase
promoting complex (APC) after kinetochore microtubules attach to all sister
chromatids (35, 36). The APC is a high molecular mass complex and APC-mediated
ubiquitination marks target proteins for degradation by proteasome, a multiprotein
cylindrical structure containing a number of proteases (38). APC-mediated
polyubiquitination of anaphase inhibitor, a protein complex that connect sister
chromatids at metaphase, results in recognition by proteasome. Degradation of the
anaphase inhibitor allows segregation of paired sister chromatids to opposite poles of
spindle leading to passage through metaphase/anaphase transition (Fig. 5). In late
anaphase, the APC also mediates proteolytic degradation of the mitotic cyclins
resulting in decrease in mitotic Cdk activity (Fig. 5). Subsequently, during telophase,
the separated chromosomes decondense and the nuclear envelope re-forms around
daughter-cell nuclei. Finally, the cytoplasm is divided at cytokinesis, yielding two
daughter cells.

Since the late 1980s, it has become clear that the molecular processes regulating
the main events in the cell cycle (chromosome replication and cell division) are
fundamentally similar in all eukaryotic cells (35). The yeast Saccharomyces
cerevisiae and Schizosaccharomyces pombe are two of the simplest and most powerful

model systems for studying eukaryotic cell cycle control.

2. S. cerevisiae Cell Cycle

2.1 Morphogenesis and Budding Yeast Cell Cycle

Cell cycle progression of S. cerevisiae temporally correlates with the change in
cell shape involving a number of dramatic rearrangements of the cytoskeleton and
secretory apparatus of the cell during the cell cycle. The state of a budding yeast cell
in the cell division cycle can be estimated by monitoring its morphogenesis as shown
in Fig. 6 (39). Bud emergence occurs during late G; phase of the cell cycle after
passage through START which is a regulatory point controlled by the availability of
nutrients, mating factor, and cell size (35, 36). If yeast cells (G| phase) are shifted
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Fig. 6. Diagram illustrating the polarity in budding yeast.

Cell polarity in budding yeast is established by the localized plasma membrane
recruitment of the Rho GTPase Cdc42 (gray) and proteins related to its function.
These proteins orient the actin cytoskeleton, which consists of actin cables and cortical
patches. In turn, the actin cytoskeleton guides secretory vesicles to the cell surface,
where they accumulate (also gray) and fuse, thus polarizing growth (arrows). (a) The
cell cycle begins in G; with establishment of a nascent bud site. (b) Clustering of
Cdc42 directs early bud growth toward the tip. (c) Redistribution of Cdc42 over the
bud surface during G/M redirects bud growth isotropically, and results in an
ellipsoidal shaped bud. (d) With the completion of bud growth, cables and patches
disorganize, and a cytokinetic ring forms, then contracts and disassembles after
mitosis. (e) Cdc42 reorients actin and growth between the two new cells to generate
new cell walls. The mother resumes budding immediately.

(From Pruyne D, Bretscher A. Polarization of cell growth in yeast I. Establishment and

maintenance of polarity states. J Cell Sci. 2000 Feb;113 ( Pt 3):365-75)
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from a rich medium to a medium shortage of nutrients before they reach a critical size,
they remain in G, phase and grow slowly until they reach a critical size to enter into S
phase. However, once G cells pass the START, the cells are committed to enter the S
phase and proceed through the rest of the cell cycle, even in the low nutrient medium.
After bud emerges, bud continues to grow until it separates from the mother cell,
firstly toward the tip of the bud called apical growth (Fig. 6) (39, 40). During Go/M
transition, there is a switch in the pattern of the bud growth owing to rearrangement in
cytoskeletal structure (39, 40). Thus, the growth of the bud occurs throughout the
entire surface of the bud namely isotropic growth (Fig. 6) (39, 40). The daughter cell
formed from the bud is initially smaller than the mother cell at the end of mitosis and
therefore requires longer time to grow during G; phase before it reaches the critical
size to pass the START and undergoes a new round of the division cycle.

In contrast to higher eukaryotes, budding yeast cells undergo a closed mitosis in
which the nuclear envelope does not break down during M phase. Hence, the mitotic
spindle forms within the nuclear envelope because the spindle pole body (SPB), a
budding yeast microtubule-organizing center (functional counterparts of the
centrosome), remains embedded in the nuclear envelope throughout the cell cycle and
organizes cytoplasmic or astral microtubules from the cytosolic face of the SPB (the
outer plaque), as well as intranuclear microtubules from the nuclear face (inner
plaque) (41). The SPB duplication initiates as cells initiate bud emergence after
proceeding through START and completes in early S phase (41), as shown in Fig. 7.
Duplicated SPBs remain side-by-side connected by a bridge. The bridge is then
cleaved as the SPBs separate to generate a short intranuclear spindle. Following SPB
separation, spindle assembles and becomes positioned to the bud neck orienting along
the mother-bud axis. This microtubule-based program is to ensure that the SPBs
translocate to the daughter bud during spindle elongation as cell proceeds into
anaphase. Once chromosome segregation is completed, the spindle disassembly and

cytokinesis ensue.

2.2 Regulation of Budding Yeast Cell Cycle
In budding yeast, cell-cycle progression is mediated by a single Cdk called Cdc28
(Cdc2/Cdk1 homolog) and different stage-specific cyclins (3, 35). Binding of different
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Fig. 7. Diagram illustrating the spindle pathway in S. cerevisiae.

(a) Landmark events of the spindle pathway. (b) Live images of cells expressing a

GFP-a-tubulin fusion (GFP-Tubl), corresponding to the stages depicted in (a).

Unbudded G;-phase cells contain a single spindle pole body (SPB). Duplication is
primed by formation of a satellite in late G; (not shown). SPB duplication is
completed in early S phase, and SPBs remain side-by-side during DNA replication.
Following SPB separation and spindle assembly, the nucleus positions at the bud neck,
with the spindle oriented along the mother-daughter axis. As cells proceed into
anaphase of mitosis, the spindle elongates. Once chromosome segregation is
completed, the spindle disassembles and the cells complete cytokinesis.

(From Segal M, Bloom K. Control of spindle polarity and orientation in

Saccharomyces cerevisiae. Trends Cell Biol. 2001 Apr;11(4):160-6)
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cyclins can promote phosphorylation of distinct sets of substrates leading to the onset
of different cell cycle events. On the basis of timing of expression, these cyclins can
be divided into three groups: three G; cyclins (Clnl, Cln2, and Cln3), two S-phase B-
type cyclins (CIb5 and Clb6), and four mitotic B-type cyclins (Clbl, Clb2, CIb3, and
Clb4).

2.2.1 Control of Progression through START and Entry into S Phase

CIn3 concentration does not vary significantly throughout the cell cycle, but the
activity of Cdc28-Cln3 is controlled by cell size (35). When cells reach a critical size,
Cdc28-CIn3 activates two related transcription factors SBF and MBF in late G; (3).
This induces expression of the CLN1 and CLN2 genes as well as other genes required
for DNA replication. Cdc28-Clnl and Cdc28-Cln2 inactivate the yeast APC in late G,
(35). APC is activated during anaphase of the previous mitosis resulting in
polyubiquitination and proteasome degradation of yeast B-type cyclins. Hence,
inactivated APC by Cdc28-Clnl and Cdc28-Cln2 turns off proteolysis of B-type
cyclins. They also trigger the proteolysis of a Cdc28-Clb-specific inhibitor (Sicl)
(Fig. 8), turn off the ability of haploid cells to respond to mating pheromones, and
initiate the polarization of the cytoskeleton needed for bud formation (apical growth)
(3). In addition to Cdc28-G; cyclin complexs, bud formation also requires the
activation of Rho-family GTPase, Cdc42, catalyzed by the guanine nucleotide
exchange factor, Cdc24 (40).

The CLB5 and CLB6 genes are regulated by MBF and also transcribed in late G;
(35). Once they form heterodimer with Cdc28, they are immediately inactivated by
binding with Sicl. Upon the ubiquitin-mediated degradation of Sicl by SCF““***,
Cdc28-CIb5 and Cdc28-Clb6 are activated. The activated Cdc28-CIb5S and Cdc28-
Clb6 trigger initiation of DNA replication from pre-RC resulting in entry into the S
phase (3). Pre-RCs assemble at origins during G; phase and the presence of Cdc28-
Clb activities prevents assembly of new pre-RC. This ensures that DNA replication
occurs only once at each origin. In addition, the heterodimeric protein kinase, Cdc7-
Dbf4, is also required to trigger initiation of DNA replication (35). Later in S phase,
Clb3 and Clb4 are expressed and form complex with Cdc28. These complexes
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Fig. 8. Model for regulation of cell cycle in budding yeast.

Cell cycle progression in budding yeast is controlled primarily by Cdc28 and different
cyclins: G; cyclins, CIlnl-Cln3; S-phase cyclins, Clb5 and Clb6; M-phase cyclins,
CIb1-Clb4. Proteolysis directed by two ubiquitinating-protein complexes, Cdc34-SCF
and APC, which ubiquitinatinate specific substrates (including S-phase inhibitor Sicl,
anaphase inhibitor Pdsl, and mitotic B-type cyclins) targeting them for proteasome
degradation, controls three major transitions in the cell cycle: onset of the S phase,
beginning of anaphase, and exit from mitosis. See text for detail.

(Adapted from http://biochemie.web.med.uni-muenchen.de/YTFD/Cellcycle.htm.
Accessed 10 Jul 2004)
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together with Cdc28-CIb5 and Cdc28-Clb6 activate replication origins throughout the
rest of the S phase (35).

2.2.2 Control of Entry into Mitosis and Exit from Mitosis

The Cdc28-CIb3 and Cdc28-Clb4 complexes also trigger the formation of mitotic
spindle at the beginning of mitosis (3). The two more B-type cyclins, Clbl and CIb2,
are expressed in G, phase as cells complete chromosome duplication (35). The
Cdc28-CIbl and Cdc28-CIb2 function as mitotic Cdks that are require to trigger the
isotropic growth of the bud during G, phase, chromosome segregation and nuclear
division (3).

The metaphase/anaphase transition and the exit from mitosis are regulated by
ubiquitin-mediated proteolysis (Fig. 8) (2, 38, 43). A major step in this destruction is
catalyzed by a multimeric ubiquitin ligase (E3) known as APC or cyclosome. The
first transition, metaphase to anaphase, is identified as sister-chromatid separation.
The APC®? regulates the initiation of anaphase by targeting the destruction of the
securin protein, Pdsl, leading to chromosome segregation (44), and induction of the
mitotic exit network (Fig. 9) by activation of phosphatase Cdc14 (45). This network is
activated by the Ras-like GTPase Teml after the dividing nucleus moves into the
daughter cell (46). Teml then triggers a protein kinase cascade comprising Cdcl5,
Dbf2/20 and Mobl, a regulatory subunit for Dbf2. Activation of Teml may be
achieved by inactivation of GTPase-activating protein (GAP) Bub2/Bfal through
Cdc5-dependent phosphorylation of Bfal, and by activation of guanine nucleotide
exchange factor (GEF) Ltel (47).

During anaphase, Cdc14 is suddenly released and spreads throughout the cell to
dephosphorylate Cdh1, Swi5, and Sicl (48). Exit from mitosis is defined by the loss
of mitotic Cdk activity. Dephosphorylation of Cdhl activates the APC resulting in
targeting the B-type cyclins for destruction when cells exit from mitosis. In addition,
dephosphorylation of the transcription factor Swi5 activates this transcription factor
and facilitates transcription of SIC1 gene encoding the Cdc28-Clb inhibitor. The
combined effect is to destroy B-type cyclins and stabilize the Sicl. These mechanisms
are to ensure that Cdc28-Clb kinase activity is eliminated in order to promote exit

from mitosis. Moreover, the resulting inactivation of Cdc28-Clb activities allows
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Fig. 9. Diagram illustrating the mitotic exit network (MEN).

The GTPase Teml cycles between GDP- and GTP-bound states, regulated by the
guanine nucleotide exchange factor (GEF) Ltel and the two-component GTPase-
activating protein (GAP) Bub2/Bfal. The GTP-Teml binds to the protein kinase
Cdcl5, which phosphorylates and activates the protein kinase Dbf2. Mobl binds
tightly to Dbf2 and is required for its activity. In a poorly understood manner,
Dbf2/Mobl releases the phosphatase Cdcl4 from the nucleolus and contributes to
cytokinesis. Cdc14 dephosphorylates Cdhl, leading to activation of APC“™, which
triggers cyclin degradation and exit from mitosis. Cdc14 also dephosphorylates other
substrates that result in cyclin/Cdk inhibition.

(From Lew DJ, Burke DJ. The spindle assembly and spindle position checkpoints.
Annu Rev Genet. 2003;37:251-82)
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reassembly of the new pre-RCs at the origins.

3. Regulation of Cdk Activity

3.1 Cdk Activation by Cyclin Binding and Phosphorylation

The Cdk is catalytically inactive in its monomeric form but is activated upon
binding with the requisite cyclin subunit (Fig. 10). This activation is due to
conformational changes in the Cdk protein by aligning the catalytic residues to their
respective positions using human Cdk2 as a model for other Cdks (50). In addition, a
flexible region of inactive Cdk called T-loop is pulled away from the substrate binding
site allowing access of protein substrates to the substrate binding cleft (2, 35). In
contrast, cyclins function is primarily controlled by changes in cyclin levels, which
fluctuate during the cell cycle. Therefore, the timing of a specific Cdk activation is
controlled by the timing of expression of a particular cyclin.

Even though the effect of cyclin binding is dramatic, complete Cdk activation
requires phosphorylation at a conserved threonine residue (T169 in S. cerevisiae
Cdc28, T161 in Cdc2/Cdkl), located at the top of the T-loop (Fig. 10) (2, 35, 51).
Phosphorylation of this residue by Cdk-activating kinase (CAK) induces the additional
conformational changes that further alter the substrate binding site, greatly increasing
the affinity for protein substrates. In addition, Cksl, the budding-yeast homolog of
Schzosaccharomyces pombe p13°*“!, is also required for proper budding-yeast Cdc28
function (51).

3.2 Cdk Inhibition by Phosphorylation and Inhibitory Subunits

The Cdk activity is subjected to negative regulation by phosphorylation at two
other residues within catalytic cleft near amino terminus (T18 and Y19 in S.
cerevisiae, T14 and Y15 in Cdc2/Cdk1) or binding of Cdk inhibitors (CKIs) (Fig. 10)
(37). In vertebrates, both phosphorylation sites are needed for maximal Cdk inhibition
but, in budding yeast, tyrosine phosphorylation alone seems sufficient to inhibit Cdc28
function. These residues hang from the glycine-rich loop that forms the roof of ATP

phosphate-binding site in the Cdk2 crystal structure (50, 52). The mechanism by
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Fig. 10. Model illustrating the mechanisms of Cdk regulation.

The activity of Cdk is regulated by four molecular mechanisms. Cdk activation
requires cyclin binding (1) and phosphorylation by the Cdk-activating kinase (CAK) at
a conserved threonine residue (2). The active Cdk-cyclin complex can be inhibited by
phosphorylation of a conserved threonine-tyrosine (3) pair or binding to Cdk-
inhibitory (CKI) subunits (4).

(From Cooper GM, Hausman RE. The cell: a molecular approach. 3rd ed. 2004. p.
591-629)
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which phosphorylation at these sites inhibits Cdk activity has not yet been established.
It is likely that phosphorylation of these sites alters the orientation of key catalytic
residues or the phosphates of ATP but it is also possible that interactions between Cdk
and its protein substrates or other interacting factors are affected. Inhibitory
phosphorylation of these residues contributes to the timing of mitotic entry (53). Prior
to mitosis, Cdk-Clb complexes are thus maintained in an inactive state due to the
inhibitory phosphorylation. At the end of G, phase, abrupt dephosphorylation triggers
mitotic Cdk activation and mitosis.

These phosphorylations are controlled by dual-specific kinases and phosphatase
proteins (Fig. 2) which, in turn, are regulated through a complex mechanism that is not
clearly understood. The major enzyme responsible for these inhibitory
phophorylations is Weel-family kinase (Weel in S. pombe and vertebrates, Swel in S.
cerevisiae), whose activity is antagonized by phosphatase of the Cdc25 family (Mihl
in S. cerevisiae, Cdc25 in S. pombe and vertebrate) (37, 53). Weel-related kinases
from budding yeast, fission yeast, and Xenopus undergo extensive
hyperphosphorylation during mitosis, and phosphorylated form of Weel reduces its
kinase activity (54), although the kinases responsible for this phosphorylation event
are still unclear and may vary in different organisms. However, in fission yeast, the
protein kinase Niml negatively regulates Weel by phosphorylating its C-terminal
catalytic domain (29, 30, 55). Cdc25 is also phosphorylated in its N-terminal half and
phosphorylated form of Cdc25 enhances its activity (56). During mitosis, the kinases
responsible for this phosphorylation are activated and the corresponding phosphatase
is inhibited. Interestingly, part of mitotic phosphorylation on Weel-related kinase and
Cdc25 is catalyzed by mitotic Cdk providing the potential for positive-feedback
system that could in theory induce the abrupt mitotic dephosphorylation of Cdk1-Clb
(1). Additional kinase, such as Polo-like kinase, also contributes to mitotic
phosphorylation of Cdc25 and probably Weel-related kinase (53).

In addition, Cdk activity is also regulated by a diverse family of cyclin-dependent
kinase inhibitors (CKIs) that bind and inactivate Cdk-cyclin complexes. In
mammalian cells, CKIs can be divided into two classes, class I: p21 (Cipl/
Waf1/Cap20/Sdil), p27 (Kipl), and p57 (Kip2); and class II: pl6 (INK4a), pl5
(INK4b), p18 (INK4c), and p19 (INK4d) (57). The class I CKIs are related proteins
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with a preference for Cdk2-cyclin and Cdk4-cyclin complexes, whereas the second
class CKlIs are specific for Cdk4-cyclin and Cdk6-cyclin complexes (57). In budding
yeast, two major CKlIs, Farl and Sicl, inhibit Cdc28-Cln and Cdc28-Clb complexes,
respectively (57). Most CKlIs apparently recognize cyclin-Cdk complexes rather than
Cdk monomers, except the INK4 family of proteins. In addition to inhibiting the
activity of preassembled Cdk4-cyclin and Cdké-cyclin, INK4 can also bind to Cdk4

and Cdko6 and prevent their association with cyclins (57).

4. Polo-Like Kinases (PIks)

The polo-like kinase, an evolutionary conserved serine/threonine protein kinase,
is emerging as an important regulator of cell cycle progression. The founding member
of the Plk family, Polo from Drosophila melanogaster, was identified in the couse of
studies on mutants displaying late larval or early pupal lethality (58). Members of the
polo subfamily of protein kinases have been identified in various eukaryotic
organisms.  Whereas the genome of D. melanogaster, S. cerevisiae, and
Shizosacchaomyces pombe have only one Plk (Polo, Cdc5, and Plol, respectively),

vertebrate species have several Plk family members (Table 1) (59).

4.1 Structure, Regulation, and Substrates of Plks

All Plks share a closely related catalytic domain at the amino terminus and a
regulatory domain containing two characteristic sequence motifs, known as polo
boxes, at the carboxyl terminus (59). The sequences between the catalytic domain and
the polo box are poorly conserved and variable in length. They also share conserved
threonine (T201 in X. laevis Plx1; T210 in Homo sapiens Plkl) within kinase
subdomain VIII, termed T-loop or activation segment, which probably serves as an
essential and/or activating phosphorylation site, and the D-box motif that is required
for degradation by the APCE™M! (59, 60).

In addition to unique feature of polo-box motif, the function of this domain
remains elusive. A growing body of evidence suggests that polo box can regulate Plk
activity by forming a part of autoregulatory domain that interacts with the catalytic
domain (Fig. 11) (59). Polo box may function in targeting Plks to subcellular

compartments or to mediate interactions with other proteins (61, 62). Recently, polo box
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Organism Name of kinase*  Main proposed function**
Mammals Plk1 Many roles during mitosis and
cytokinesis
PIk2 (Snk) DNA-damage response, regulation of

PIk3 (Fnk, Prk)

Sak (Plk4)
Xenopus laevis PIx1

Plx2

PIx3
Drosophila melanogaster Polo
Caenohabditis elegans Plcl, Plc2, Plc3
Schizosaccharomyces pombe Plol
Saccharomyces cerevisiae Cdc5

synaptic plasticity, G;/S function
DNA-damage response, regulation of
synaptic plasticity, G,/M function
Mitotic exit

Involved in mitotic entry and mitotic
exit

ND

ND

Regulation of mitosis and cytokinesis
Required for nuclear-envelope
breakdown

Regulation of mitosis and cytokinesis
Regulation of meiosis, mitosis and

mitotic exit

* This list is not meant to be exhaustive but shows only the Polo-like kinase (Plk)

members of the most frequently studied organisms.

**These proposed functions are based on the current literature and other roles are not

excluded. ND denotes undetermined specific function.
(From Barr FA, Sillje HH, and Nigg EA. Polo-like kinases and the orchestration of
cell division. Nature Rev Mol Cell Biol. 2004:5;429-440)
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Fig. 11. Current model for Plk activation and polo-box-domain-mediated targeting.

An emerging model holds that the polo-box domain (PBD) binds to target proteins
after their phosphorylation by a priming kinase. Phosphopeptide/ligand binding to the
PBD also results in increased Plk activity, due to a relief of autoinhitition by the PBD
on the Plk kinase domain. Furthermore, Plk activity is stimulated by T-loop
phosphorylation carried out by upstream activating kinase.

(From Barr FA, Sillje HH, and Nigg EA. Polo-like kinases and the orchestration of
cell division. Nature Rev Mol Cell Biol. 2004:5;429-440)
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has been identified as a phosphopeptide-binding motif (Fig. 11), suggesting the
mechanism by which Plks can dock via their polo-box domain to specific
phosphorylated targets (63, 64). Moreover, polo box may determine subcellular
localization of Plks to places which their phosphorylated docking partners are
associated with.

It has been shown that localization of Plks is varied during the cell cycle in a
polo-box-dependent manner (60, 62). In mammalian cells, Plkl localizes to
centrosomes during G, phase, then to kinetochores and spindle poles at prometaphase
and metaphase, and finally, to the central spindle in anaphase-telophase (59), whereas
budding yeast Cdc5 localizes to the spindle pole bodies and then to the bud neck (62,
65).

As cell progresses through the cell cycle, in addition to changes in localization,
Plks also undergo major changes in their abundance and activity. The abundance of
Plks involves mechanisms that operate at the levels of both transcription and protein
turnover (59). Many proteins that are important for cell division are controlled by two
fundamental mechanisms, phosphorylation and ubiquitin-dependent proteolysis (66,
67). In mammalian cells, Plk1 is upregulated abruptly at the onset of mitosis, with
kinetics similar to the activation of Cdc2-Cyclin B1, and this activation results from
cell cycle-dependent phosphorylation (60). Phosphorylation of Plks at the conserved
threonine residue within the T-loop in the catalytic domain causes Plk activation (59).
Whether phosphorylation of this threonine results from autophosphoryltion or is
brought about by upstream kinases is not yet known. Studies in X. laevis show that
two other kinases, Plkk1l (Plk kinase-1) and PKA (protein kinase A), are able to
phosphorylate Plx1 in vitro (68, 69). However, it is not yet clear whether these
kinases can activate Plks under physiological conditions. After exit from mitosis, Plks
are proteolytically degraded through the ubiquitin-proteaosome pathway (59). This

destruction involves the APC®™!

and destruction motif (D-box).

4.2 The Mitotic Roles of Plks

The M phase of the cell cycle is a highly regulated process that requires a series
of coordinated biochemical and cellular events to ensure the faithful partitioning of

genetic and cytoplasmic components. It is apparent from genetic and biochemical
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Fig. 12. Schematic diagram illustrating the mitotic roles of Polo-like kinases.

Polo-like kinases (Plks) are conserved family of enzymes that play a variety of roles in

the passage of cells through M phase: entry into mitosis, centrosome maturation and

separation, the metaphase-anaphase transition, mitotic exit, and cytokinesis.

for detail.
(From Barr FA, Sillje HH, and Nigg EA. Polo-like kinases and the orchestration of
cell division. Nature Rev Mol Cell Biol. 2004:5;429-440)

See text
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analyses that Plks are increasingly recognized as key regulators for diverse cellular
events at various stages of M phase (Fig. 12) (59, 70).

Several lines of evidence indicate that Plks form part of the regulatory circuit that
controls entry into mitosis involving the activation of Cdkl1-Clb complex (59, 71).
Cdk1-Clb, a master regulator of M phase in all eukaryotes (4), is abruptly activated at
the G»/M transition by function of phosphatase Cdc25 which removes the inhibitory
phosphates, added by Weel family kinase, from the ATP-binding site of Cdkl. Plk
can phosphorylate and thereby regulate both Cdc25 (72) and Mytl (73), one of the
members of Weel family kinase.

Plks have a role in centrosome maturation and separation. In human cell, Plk1
appears to be involved in the recruitment of y-tubulin during centrosome maturation, a
process by which centrosomes increase their microtubule-nucleation activity, as
required for spindle formation (74). Furthermore, Plks seem to affect several proteins
involved in microtubule nucleation and dynamics. These proteins include the
microtubule-severing protein ketanin, the microtubule-stabilizing protein TCTP, and
the microtubule-destabilizing protein stathmin/Op18, as well as the D. melanogaster
microtubule-associated protein Asp (59). Loss of Plk function fails to form a mitotic
bipolar spindle leading to the formation of monopolar spindles, which are nucleated by
centrosomes that are duplicated but not separated (70).

In addition to participating in the mitotic entry, Plks appear to play an essential
role at the metaphase-anaphase transition and mitotic exit. Plks can activate certain
functions of the E3 ubiquitin ligase APC that controls the passage through mitosis (65,
75). The APC regulates both anaphase onset and mitotic exit by catalyzing the
degradation of securin, an anaphase inhibitor or inhibitor of sister chromatid
separation (such as Pdsl in budding yeast and cut2 in fission yeast), and mitotic B-
type cyclins, respectively (76). The degradation of securin releases a protease,
separase, which destroys sister-chromatid cohesion by cleaving proteins known as
cohesins, whereas the degradation of B-type cyclins results in the inactivation of
Cdkl.

In budding yeast, Cdc5 has an important role in signaling pathways that control
the exit from mitosis, termed mitotic exit network (MEN) (Fig. 9), leading to the
activation of Cdc14 phosphatase (45). This network consists of a small GTPase Tem1
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that controls a downstream protein-kinase cascade (46). The activity of Teml seems
to be regulated by the putative GEF, Ltel, and the GAP complex, Bub2/Bfal. The
role of Cdc5 in this pathway seems to be complex and has not fully been elucidated
yet. Cdc5 appears to activate Tem1 by phosphorylating and inactivating Bfal/Bub2
GAP activity, and probably by activation of Ltel (77). In addition, the activity of
Cdc14 is controlled by its inhibitor, a nucleolar protein Netl. Netl directly binds
Cdc14 and has been proposed to function by occluding the active site of Cdc14 (48).
CdcS can trigger the release of Cdcl4 from the nucleolus by phosphorylating Netl
resulting in disassociation of the Cdc14/Netl complex (78). Once Cdcl14 is released
from the nucleolus in late anaphase, it diminishes the mitotic Cdk activity, which is a
prerequisite for mitotic exit (45).

Plks also have important roles in cytokinesis and septum-inducing network (SIN)
(79-84). Overexpression of budding yeast Cdc5, fission yeast Plol, or human Plk1
leads to the formation of multiple septa (80, 83, 85), whereas overexpression of the
non-catalytic C-terminal domain of Cdc5 (cdc5AN) or the absence of Plol kinase
activity leads to a severe cytokinesis defect and impaired formation of a division
septum, respectively (79, 83). In addition, Drosophila Polo is required for spindle
midzone and cleavage furrow formation (81) and it co-localizes with kinesin-related
motor proteins, Pavarotti, at the spindle midzone and the midbody in late M phase
(86). Pavarotti has a role in establishing the structure of the telophase spindle and
providing a framework for the assembly of the contractile ring. Furthermore, human
kinesin-like proteins, MKLP1 and MKLP2, also co-localize with and appear to be
phosphorylated by Plk1 (87, 88). However, the molecular mechanism by which Plks
regulate cytokinesis is still unclear and remains elusive. The SIN has a Cdc16/Byr4
GAP and a Spgl GTP-binding protein, which signals septum formation through the
kinase Cdc7 (48). Plk regulates this pathway and, once activated, the pathway feeds
back and inhibits Plk (71).

5. p21-Activated Kinases (PAKS)
The p2l-activated kinases (PAKs), an evolutionarily conserved family of
serine/threonine protein kinases, are becoming increasingly important for a variety of

cellular functions in eukaryotes. PAKs serve as important regulators of cytoskeletal
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dynamics and cell motility, cell growth, death and survival signaling, and cell-cycle
progression (89). Members of this family have been identified in various eukaryotic
organisms including S. cerevisiae Ste20, Cla4, and Skm1, mammalian PAK1 through
PAK®6, Drosophila PAK, C. elegans PAK, and Xenopus PAK (90).

5.1 Structure and Regulation of PAKS

This family is defined by sequence similarity in the kinase domains at the C-
terminal and by the regulatory domain that includes a p21 GTPase binding motif at the
N-terminal (89-91). The N-terminal region of Cla4 and Skml additionally contain
pleckstrin homology (PH) domain. The C-terminal kinase domain represents the
region of highest homology among PAKSs, whereas the N-terminal region represents
the region of least homology. Differences in the N-terminal region are thought to
contribute to activation of distinct signaling pathways by recruitment of specific
downstream effectors. The p21-binding domain is composed of approximately ninety
amino acids. The amino acid residues minimally required for binding of Cdc42 and
Rac are the underlying motif ISxPxxxFxHxxHVG, termed CRIB (Cdc42/Rac
interactive binding), where x is any amino acid (90).

It has been demonstrated that PAK1 exists as a homodimer in solution and in
cells with the protein in a trans-inhibited conformation where the N-terminal
regulatory domain of one PAK1 molecule binds and inhibits the C-terminal catalytic
domain of the other (92). The crystal structure of a complex formed by the N-terminal
autoregulatory fragment and the C-terminal kinase domain of mammalian PAK1 has
revealed that binding of the active GTPase (GTP-bound form) triggers a series of
conformational changes involving disruption of dimerization (by destabilizing the
folded structure of the inhibitory switch domain) and rearrangement of the kinase
active site into a catalytically competent state (89). It has been argued that the binding
of the active GTPase (GTP-bound form) does more than just relieve inhibitory
constraints imposed on the catalytic domain by the inhibitory switch and may also act
by an allosteric mechanism to promote autophosphorylation events necessary for full
kinase activation (93, 94). Binding of Rac and/or Cdc42 to PAK inhibits their
intrinsic- and GTPase-activating protein (GAP)-stimulated GTP hydrolysis.
Autophosphorylated kinase has a decreased affinity for Cdc42 or Rac, freeing the
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GTPase for further stimulatory activities or down regulation by GTPase-activating
proteins (91).

In addition to activation by forming a complex with active GTPase, PAKs can be
activated in a GTPase-independent activation mechanism e.g. stimulation by limited
protease digestion, by membrane recruitment with SH3-containing adapter proteins
(binding to PXXP motif), or by sphingosine and sphingosine-derived lipids (89, 95).
Moreover, a number of kinases have been reported to phosphorylate PAK and regulate
its function, by both direct effects on the kinase activity and through regulation of the
binding of various PAK-interacting proteins, e.g., Akt, Cdc2-Clb, Cdk5, and PDKI1
(89, 95). The modulation of the PAK activity and/or molecular partners resulting from
phosphorylation of various sites by other serine/threonine and tyrosine kinases may
provide important mechanisms for cells to respond appropriately to different external
stimuli. Thus, the importance of phosphorylation in the PAK activation suggests that
dephosphorylation reactions will be equally important in shutting off the PAK activity.
However, the role of phosphatases in the context of the PAK signaling remains unclear

(89).

5.2 Biological Roles of PAKs

It has become increasingly evident that the PAK family of kinases plays
significant roles in modulating a range of biological activities (Fig. 13). Two
important endpoints of the PAK signaling are nuclear events that influence gene
expression, and cytoskeletal events that impact upon cellular dynamics. These
pleiotropic actions are reflected in the plethora of interacting proteins and
phosphorylation substrates as well as in the many stimuli that regulate the PAK
activity. PAKs play multiple and critical physiological roles in controlling
cytoskeletal organization and regulation including cell motility, neurogenesis, and
angiogenesis (89, 95). PAKs regulate cytoskeletal reorganization by specific
interactions and by phosphorylation of several proteins involved in microtubule,
intermediate filament, and microfilament organization. However, the mechanism by
which PAK regulates cytoskeletal reorganization appears to be complex and remains

elusive.
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Fig. 13. Model illustrating the function and regulation of the p21-activated kinases.

The p21-activated kinases (PAKSs) are activated by a variety of signals including Rho
family GTPase, second messengers such as lipids and PI3K, membrane localization,
and focal adhesion localization. Activation of PAKs is known to participate in a
number of signaling cascades. The PAK signaling feeds into MAPK pathway
(p38MAPK, JNK, p42/44MAPK), NF-kB and such signaling has been shown to
require PAK-mediated function such as cell survival and gene regulation. PAKSs
regulate cytoskeletal reorganization by specific interactions and by phosphorylation of
several proteins involved in microtubule, intermediate filament, and microfilament
organization. PAKs are also involved in mitosis, cytokinesis, and centrosomal
organization via its effects on microtubules, histones, and actin-myosin signaling.
(Adapted from Kumar R, Vadlamudi RK. Emerging functions of p21-activated kinases
in human cancer cells. J Cell Physiol. 2002 Nov;193(2):133-44)
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In addition to cytoskeletal changes, PAKs also stimulate a number of signaling
pathways including mitogen activated protein kinase (MAPK), Jun N-terminal kinase
(JNK), and nuclear factor kappa B (NF-«B) (95). In budding yeast, Ste20 functions in
pheromone response pathway, and two other signal transduction pathways, the haploid
invasive growth pathway and the osmosensing high-osmolarity glycerol (HOG)
pathway (96-99).

In human leukocyte, PAKs appear to enhance NADPH oxidase activity required
for killing the engulfed bacteria by regulating NADPH availability through the
phosphorylation of phosphoglycerate mutase-B (PGAM-B) (89). Phosphorylation of
this enzyme by the PAK inhibits its activity resulting in switching off the glycolytic
pathway and enhanced generation of NADPH via the hexose monophosphate shunt.

PAKs affect the cell survival pathway by directly phosphorylating and
inactivating the pro-apoptotic functions of Bad (89, 95). Unphosphorylated Bad
interacts with the Bcl-2 or Bcl-xL and inhibits their antiapoptotic activities.
Phosphorylation of Bad by the PAK allows Bcl-2 or Bel-xL dissociation from Bad to
exert their antiapoptotic actions. However, it has been demonstrated that different
PAK members can promote both apoptotic and antiapoptotic events due to the
activation of different PAK isoforms (89). PAKSs also control the cell cycle
progression at various stages. PAKs have a role in centrosomal organization, mitosis,
and cytokinesis by phosphorylating a number of substrates including microtubules,
histones, and actin-myosin (95). In addition to regulation of mitosis and cytokinesis,
budding yeast Cla4 also plays a role in budding process, septin function, and
regulation of polarized growth for proper controlling the budding yeast cell cycle (89-
103).
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CHAPTER 4
MATERIALS AND METHODS

1. Materials

1.1 Drugs and Chemicals

Chemicals and reagents used in these studies were analytical and biotechnolo-
gical grade. Glycerol, pluronic® F-68, ethidium bromide, phenol, absolute ethanol,
agarose, phosphate-buffered saline (PBS), and G418 sulfate were purchased from
Invitrogen™ Life Tecnologies (Calsbad, CA). X-gal (5-bromo-4-chloro-3-indolyl-B,
D-galactopyranoside), gentamicin sulfate, carbenicillin, bovine serum albumin (BSA),
isopropyl-p-D-thiogalactopyranoside (IPTG), and [y-32P]ATP were obtained from ICN
Bimedical, Inc. (Irvine, CA). Galactose, raffinose, hydroxyurea, nocodazole, a-factor,
dimethyl sulfoxide (DMSO), sodium hydroxide (NaOH), ethylene bis(oxy-
ethylenenitrilo) tetraacetic acid (EGTA), ethylene diamine tetraacetic acid (EDTA),
Tris (hydroxymethyl)-aminomethane (ultra pure), sorbitol, p-mercaptoethanol,
bromophenol blue, xylene cyanol FF, magnesium chloride (MgCl,), manganese
chloride (MnCl,), 3[N-Morpholino]-propanesulfonic acid (MOPS), lithium acetate
(LiAc), potassium hydroxide (KOH), coomassie brilliant blue, dithiothreitol (DTT),
polyethylene glycol (PEG), reduced glutathione (GSH), ethylene glycol,
iodoacetamide, Nonidet P-40, Tween 20, sodium pyrophosphate, sodium fluoride, [3-
glycero-phosphate, sodium othovanadate, PNPP (p-Nitrophenyl phosphate), N, N-
dimethylformamide and butanol were purchased from Sigma (St. Louis, MO).
Sodium chloride (NaCl), potassium acetate (KOAc), acetonitrile, isoamyl alcohol,
chloroform, acetic acid, and formic acid were bought from J.T. Baker (Phillipsburg,
NJ). Ammonium persulfate and TEMED (N,N,N’,N'-tetramethylethylene diamine)
were purchased from Bio-Rad Laboratories (Hercules, CA). Hygromycin and
COMPLETE protease inhibitor cocktail tablet were obtained from Roche Applied
Science (Indianapolis, IN). Sodium acetate (NaOAc) and 20% sodium dodecyl sulfate
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(SDS) were supplied by Quality Biological (Gaithersburg, MD). Glycine and
methanol were bought from American Bioanalytical (Natick, MA) and Fisher
(Fairlawn, NJ), respectively. Protogel (30% (w/v) acrylamide and 0.8% (w/v) Bis-
acrylamide) was provided by National Diagnostics (Atlanta, GA). 1-NM-PP1 (4-
amino-1-zert-butyl-3-(1-napthylmethyl) pyrazolo(3,4-d)pyrimidine) was obtained as a
gift from KM. Shokat (Univ. of California, San Francisco, CA).

1.2 Enzymes

Lysozyme, RNAase A, and DNase I were purchased from Sigma. PLATINUM®
Pfx Polymerase used for polymerase chain reaction (PCR) was supplied by
Invitrogen'™ Life Technologies. Restriction endonucleases, Calf Intestinal Alkaline
Phosphatase (CIP), T4 DNA Polymerase were obtained from New England Biolabs,
Inc (Beverly, MA). Trypsin was obtained from Promega (Madison, WI). Zymolyase
20T was purchased from ICN Biomedicals, Inc.

1.3 Culture Media

Fetal bovine serum (FBS) and Grace's insect medium (supplemented) were
obtained from Invitrogen™ Life Technologies. Insect-XPRESS, protein free insect
cell growth media was supplied by Cambrex Bio Science Walkersville, Inc.
(Walkersville, MD). Bacto-tryptone, yeast extract, Bacto-agar, yeast nitrogen base
without amino acid, and Bacto-peptone were provided by Difco Laboratories (Detroit,

MI). Synthetic minimal media was purchased from Q-biogene, Inc. (Calsbad, CA).

1.4 Kit Materials

GENECLEAN" 1I Kit was supplied by Q-biogene, Inc. Wizard® Plus SV
Minipreps and QIAquick PCR Purification Kit were provided by Promega and
QIAGEN (Valencia, CA), respectively. DNA Ligation Kit Ver. 2.1 was bought from
Takara Bio Inc. (Otsu, Shiga, Japan).

1.5 Antibodies
ANTI-FLAG"® M2 Agarose and anti-Flag antibody were obtained from Sigma.
Anti-Myc antibody was bought from Santa Cruz Biotechnology, Inc. (Santa Cruz,
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CA). Anti-GFP antibody was purchased from Clontech (Palo Alto, CA). Anti-Swel
antibody and anti-Hsl7 antibody were obtained as a gift from D. Kellogg (Univ. of
California, Santa Barbara, CA) and J. Thorner (Univ. of California, Berkeley, CA),
respectively. Anti-mouse IgG and anti-rabbit IgG, HRP-linked (Fab'), fragment were
purchased from Amersham Biosciences (Piscataway, NJ). YOL1/34 rat anti-tubulin
antibody and goat anti-rat CY3 antibody were supplied by Accurate Chemcial and
Scientific Corp. (Westbury, NY) and Jackson Immuno Research Laboratories, Inc.
(West Grove, PA), respectively.

1.6 Others

DNA molecular weight marker (1 kb Plus DNA Ladder), oligonucleotides, and
dNTP were supplied by Invitrogen™" Life Technologies. ~Skim milk was provided by
Difco Laboratories. DTCS Quick Start Master Mix for DNA sequencing was obtained
from Becman Coulter, Inc. (Fullerton, CA). Prestained SDS Molecular Weight
Marker was purchased from Sigma. Slide-A-Lyzer and Super-Signal West Pico
Chemiluminescent were supplied from Pierce (Rockford, IL). Poly(vinylidene
difluoride) [PVDF] membrane was purchased from Millipore (Bedford, MA). 3 MM
Chromatography paper was obtained from Whatman (Maidstone, Kent, UK).

2. Microorganisms, Plasmids, and Cell Line

2.1 Escherichia coli
The E. coli strains used in this study are in Table 2. JM109 cells were routinely

used for cloning application. Recombinant proteins were expressed in BL21 cells.

2.1.1 JM109
JM109 cells are endonuclease (endA) deficient, greatly improving the quality of
miniprep DNA, and are recombination (recA) deficient, improving insert stability.
The hsdR mutation prevents the cleavage of cloned by the EcoK endonuclease system.
JM109 cells contain the lacl’ZAM15 gene on F' episome, allowing the blue-white

screening for recombinant plasmids.
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Table 2. The two strains of Escherichia coli used in this study.

Strain Genotype Source
IM109 E14 (McrA ) recAl endAl gyrA96 thi-1 hsdR17 Stratagene
(rg mx ") supE44 relAl A(lac-proAB) [F' traD36
proAB lacl!ZAM15]
BL21 F dem ompT hsdS (rg mp ) gal Stratagene

Stratagene, La Jolla, CA
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2.1.2 BL21
BL21 is an E. coli B strain. This strain is general protein expression strain that
lacks both the /on protease and the ompT outer membrane protease, which can degrade
protein during purifications. BL21 cells are designed for high-level protein expression

using T7 RNA polymerase-based expression system.

2.2 Saccharomyces cerevisiae
The S. cerevisiae strains utilized in this study are summarized in Table 3.

Otherwise indicated, strains with W303-1A genetic background were used generally.

2.3 Plasmids
All plasmids used in this study are listed in Table 4.

2.4 Sf9 Cell Line
Sf9 cell line is derived from the pupal ovarian tissue of the fall army worm,
Spodoptera frugiperda. Cells are spherical with some granular appearance and regular

1n size.

3. Culture Media and Maintenance Conditions

3.1 E. coli

E. coli host strains was maintained on Luria Bertani (LB) agar (1.0% tryptone,
0.5% yeast extract, 1.0% NaCl, pH 7.0, and 1.5% agar) (108), whereas the
recombinant strains were maintained on LB agar supplemented with 50 pg/ml
carbenicillin. They were incubated at 37°C overnight and kept at 4°C for routine use.
For long term preservation, cells were cultured on LB agar at 37°C and then

transferred to a vial containing 1 ml of 15% (v/v) glycerol in LB, mixed and kept at

-80°C.
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Table 3. The 52 main strains of Saccharomyces cerevisiae used in this study.

Strain Genotype Source
KLY1546  MATa his3-11,15 leu2-3,112 trpl-1 ura3-1 Lab stock
KLY2869 KLY 1546 hslIA::URA3 Reference 32
KLY4071 KLY 1546 HSL1-Myc,3::HIS3 This study
KLY4438 KLY 1546 cdc5SA::HphMX4 + YCplac33-GAL-HA-

EGFP;>-cdce5-1 This study
KLY4497 KLY 1546 cde5SA::HphMX4 HSL1-Mycs3:: HIS3MX6

+ YCplac33-GAL- HA-EGFP>-PLK1 This study
KLY4532 KLY4497 + YCplacl11-CDC5 This study
KLY4533 KLY4497 + pRS315-CDC5AC-CNM67 This study
KLY4536 KLY4071 cla4A::LEU2 This study
KLY4649 KLY 1546 cla4A::LEU2 This study
KLY4651 KLY1546 cdc5A::KanMX6 TRPI::cdc5-3

HIS3::cdel14™55! This study
KLY4653 KLY 1546 cdcSA::KanMX6 TRPI::cdc5-3

HIS3::cde14™55 cladA::LEU2 This study
KLY4714 KLY4438 + YCplac22 This study
KLY4715 KLY4438 + YCplac22-CDC5 This study
KLY4756 KLY4653 swel A::HphMX4 This study
KLY4757 KLY4756 + pRS316 This study
KLY4758 KLY4756 + pRS316-SWE1 This study
M600° MATa/a mihIA::LEU2/mihA::LEU2 adel/adel his2/his2

trpl-1°/trp1-1° ura3Ans/ura3Ans Reference 9
KLY4802 M600 URA3/ura3Ans This study
KLY4803 M600 URA3::SWEI1-Myc/ura3Ans This study
KLY4804 M600 URA3::swel-Myc;; (204)/ura3Ans This study
KLY4805 M600 URA3::swel-MYC5(124)/ura3Ans This study
KLY4806 M600 URA3::swel-Myc;; (c8A)/ura3Ans This study




Fac. of Grad. Studies, Mahidol Univ. Ph.D.(Pharmacology) / 41

Table 3. The 52 main strains of Saccharomyces cerevisiae used in this study (Cont).

Strain Genotype Source
KLY4807 M600 URA3::swel-Myc;y(24A)/ura3Ans This study
KLY4808 M600 URA3::swel-Mycys (114)/ura3Ans This study
KLY4809 M600 URA3::swel-Mycy> (84)/ura3Ans This study
KLY4810 M600 URA3::swel-Myc;; (5A)/ura3Ans This study
KLY4811 KLY4714 cla4A::LEU2 This study
KLY4813 KLY4715 cla4A::LEU2 This study
KLY4816 KLY 1546 cdc5A::HphMX4 bfalA::HISS5

+ YCplacl11-EGFP-CDC5 This study
KLY4864 KLY4438 HSL1-Myc,3::HIS3MX6 This study
KLY4899 KLY4864 + YCplacl11 This study
KLY4900 KLY4864 + YCplacl11-CDCS5 This study
KLY4903 KLY4649 URA3::YFP-CDC10 This study
KLY4913 KLY4903 + YEplac24-CLA4 This study
KLY4914 KLY4903 + YEplac24-cla4-as3 This study

KLY5004 KLY4649 + YEplac24-CLA4 + pRS316-EGFP-HSL7 This study
KLY5006 KLY4649 + YEplac24-cla4-as3 + pRS316-EGFP-HSL7  This study

JC66 MATa leu trp ura Lab stock®
KLY5035 JC66 + YCplac22 This study
KLY5036 JC66 + YCplac22-GALI-EGFP; cdc5ADB This study
KLY5037 JC66 + YCplac22-GALI-EGFP; cdc5SADB/FAA This study
KLY5097 KLY 1546 hslIA::URA3 cla4A::LEU2 swel A::HphMX4 This study
KLY5098 KLY 1546 hslIA::URA3 cla4A::LEU2 This study
KLY5126 M600 URA3::swel-EGFP;3 (204)::KanMX6/ura3Ans This study
KLY5128 M600 URA3::swel-EGFP3(24A4)::KanMX6/ura3Ans This study
KLY5200 M600 URA3::swel-EGFP3(124)::KanMX6/ura3Ans This study
KLY5202 M600 URA3::swel-EGFPs::KanMX6/ura3An This study

KLY5261 M600 URA3/ura3Ans + YEpT-SWE1-EGFP This study
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Table 3. The 52 main strains of Saccharomyces cerevisiae used in this study (Cont).

Strain Genotype Source

KLY5222 KLY5097 + pRS313 This study
KLY5223 KLY5097 + pRS313-SWE1 This study
KLY5247 KLY4438 + YCplacl11 + YCpT-EGFP-HSL7 This study

KLY5248  KLY4438 + YCplac111-CDC5 + YCpT-EGFP-HSL7 ~ This study

"KLY1546 is in W303-1A genetic background.

"M600 is in BF264-15Du genetic background.

JC66 is in SEY 6210 genetic background (a gift from J. Chant, Harvard Univ.,
Cambridge, MA).

Lab stock: "KLY 1546 and “JC66 are in Kyung S. Lee's lab (LM/CCR/NCI, NIH,
Bethesda, MD).
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Table 4. The 36 main plasmids used in this study.

Name Description Source
pRS306 URA3 Reference 104
pRS315 CEN LEU2 Reference 104
pRS316 CEN URA3 Reference 104
YCplac22 CEN TRPI Reference 105
YCplacl1l CEN LEU2 Reference 105
YCplacl12 2w, TRP1 Reference 105
pIM1102 pRS306-SWEI-MYC), Reference 15
pMIS47 Y Cplac22-EGFP-HSL7 Reference 11
pMJSI121* pGEX-3X-SWE1(K4734) Thornor J
pMJS207* YEpT-SWEI-EGFP Thornor J
pKK625 Y Cplac22-CDC5 Reference 106
pKL1763 pRS306-YFP-CDCI0 Reference 79
pKL2043 pBlueBacHis2B-HA3-CLA4-FLAG This study
pKL2199 pBlueBacHis2B-HA3-CDC5-FLAG This study
pKL2200 pBlueBacHis2B-HA3-cdc5(N209A4)-FLAG This study
pKL2241 pBlueBacHis2B-HA3-cla4(K594A4)-FLAG This study
pKL2430 pRS315-YFP-CDC5AC-CNM67 This study
pKL2453 pRS315-CDC5AC-CNM67 This study
pKL2697 pRS313-SWE] This study
pKL2698 pRS316-SWEI This study
pKL2699 pUC118-swelA::HphMX4 This study
pKL2739 pRS306-SWE1(204) —-MYC This study
pKL2740 pRS306-SWE1(204) -MYC; This study
pKL2741 pRS306-SWE1(204) -MYC/; This study
pKL2742 pRS306-SWE1(204) -MYC/, This study
pKL2743 pRS306-SWE1(204) -MYC/, This study




Krisada Sakchaisri Materials and Methods / 44

Table 4. The 36 main plasmids used in this study (cont).

Name Description Source
pKL2744 pRS306-SWE1(204) —-MYC ) This study
pKL2745 pRS306-SWE1(204) -MYC); This study
pKL2789 pRS316-EGFP-HSL7 This study
pSK615 YCplacl11-CDC5 Reference 65
pSKS831 YCplac22-GALI-HA-EGFP cdc5SADB Reference 79
pSK835 YCplac22-GALI-HA-EGFP cdc5ADB/FAA Reference 79
pSK1359 YCplac33-GALI-HA-EGFP;-cdc5-1 This study
pSK1362 YCplac33-GALI-HA-EGFP; -PLK1 This study
YEplac24-CLA4 Reference 107
YEplac24-cla4-as3 Reference 107

*Strains pMJS121 and pMJS207 were obtained from J. Thornor. Univ. of California,
Berkeley, CA.
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3.2 S. cerevisiae

All strains were grown in standard culture medium (109). Yeast cells were
cultured in yeast extract-peptone (YEP: 1% yeast extract, 2% Bacto peptone)
supplemented with 2% glucose, 2% galactose, or 2% raffinose as required. Synthetic
minimal medium, also known as synthetic dextrose medium (SDM), supplemented
with the proper nutrients and YEP supplemented with 2% glucose or 2% galactose
containing G418 (200 pg/ml) or hygromycin (400 pg/ml) were used as appropriate to
select for plasmid maintenance. Except as noted, all strains were incubated at 30°C
and kept at 23°C for routine use. For cell-cycle synchronization, growth of MATa cells was
arrested with 5 pg/ml of a-mating pheromone for 2 hours at 30°C. Hydroxyurea and
nocodazole were used at the final concentrations of 200 mM and 15 pg/ml,
respectively.

For long term preservation, they were grown on agar plate at 30°C. Cells were
transferred to vial containing 1 ml of 15% (v/v) glycerol in YEP-glucose or —galactose,

as required, mixed, and kept at -80°C.

3.3 Sf9 Cells

S19 cells were grown in Grace's insect medium with 10% FBS and 10 mg/ml
gentamycin at 27°C. For suspension culture in spinner flask with a vertical impeller,
0.1% Pluronic® F-68 was added into the media to decrease membrane shearing in
suspension culture. Regular subculturing required the removal of cell suspension and
the addition of medium sufficient to dilute the cell density to 1 x 10° cells/ml. The
addition of medium was sufficient to replenish cell nutrients.

For long term preservation, cells were collected by centrifugation at 500 x g for
10 minutes, resuspended in the freezing medium (60% Insect-XPRESS medium, 30%
FBS, and 10% DMSO) at density of 1 x 10’ cells/ml. The cell suspension was
transferred to sterile cryovials. The vials were placed at -20°C for 1 hour, transferred

to -80°C for 24 hours, and then stored in liquid nitrogen.
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4. Preparation of DNA

4.1 Small-Scale Extraction of Plasmid DNA by Alkaline Lysis Method

The modified alkaline lysis method as described previously (110) was used for
small-scale extraction plasmid from E. coli in this study. The bacterial culture was
grown overnight in 2 ml LB broth with 50 pg/ml carbenicillin at 37°C with shaking.
Cells were harvested in 1.5 ml microcentrifuge tube by centrifugation at 10,000 x g for
30 seconds and then resuspended in 135 pl of GTE solution (50 mM glucose, 25 mM
Tris-HCl, pH 8.0, and 10 mM EDTA). Subsequently, 270 pl of freshly prepared lysis
solution (0.2 N NaOH and 1% SDS) was added into the mixture. The microcentrifuge
tube was then gently inverted and kept on ice for 5 minutes. The lysate was
subsequently neutralized by adding 200 pl of 3 M sodium acetate, pH 4.8, mixed, and
incubated on ice for 10 minutes. A supernatant was collected by centrifugation at
13,000 x g for 10 minutes. Proteins were removed from the supernatant by extraction
once with equal volume of phenol: chloroform: isoamyl alcohol (1:1:24). An aqueous
phase was transferred to a new tube. Plasmid DNA and residual low molecular weight
RNA were recovered from the supernatant by adding 2 volumes of absolute ethanol.
The content was mixed and placed at -20°C for 10 minutes. Pellets were obtained by
centrifugation at 13,000 x g for 5 minutes, washed with 500 pl of 70% ethanol, and

vacuum-dried. DNA pellets were dissolved in 50 pl of distilled water.

4.2 Purification of Plasmid DNA by Wizard® Plus SV Minipreps
For sequencing analysis, purification of plasmid DNA was performed using the
Wizard® Plus SV Minipreps DNA purification system following manufacuturer’s

instruction (Promega) (Fig.14).

4.2.1 Production of Clear Lysate
A single, well-isolated colony from an LB agar plate (containing 50 pg/ml
carbenicillin) was inoculated in 2 ml of LB broth (containing the same antibiotic).
After being incubated overnight at 37°C in a shaking incubator, cells were harvested in

1.5 ml microcentrifuge tube by centrifugation at 10,000 x g for 30 seconds and cell
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pellet was then resuspended in 250 pl of Cell Resuspension Solution by vortexing.
After adding 250 pl of Cell Lysis Buffer and mixing by inverting the tube 4 times, the
mixture was incubated at room temperature for 5 minutes. Subsequently, 10 pl of
Alkaline Protease Solution was added to inactivate endonuclease and other proteins
released during the lysis of bacterial cells. The content was mixed by inverting the
tube 4 times and then incubated for 5 minutes at room temperature. The bacterial cell
lysate was neutralized by adding 350 ul of Wizard® Plus SV Neutralization Solution
and immediately mixed by inverting the tube 4 times. The bacterial cell lysate was

collected by centrifugation at 13,000 x g for 10 minutes at room temperature.

4.2.2 Plasmid DNA lIsolation and Purification

The clear lysate from 5.2.1 was transferred to the prepared spin column, which
was inserted into a 2 ml collection tube, by decanting without disturbing or
transferring any of the white precipitate with the supernatant. The spin column was
centrifuged at 13,000 x g for 1 minute at room temperature. The column was washed
twice by Column Wash Solution, previously diluted with 95% ethanol. First, the
column was washed with 750 pl of diluted Column Wash Solution and then
centrifuged at 13,000 x g for 1 minute at room temperature. The second wash was
performed by adding 250 ml of diluted Column Wash Solution to the column and
spinning at 13,000 x g for 2 minutes at room temperature. The spin column was then
transferred to a new, sterile 1.5 ml microcentrifuge tube and plasmid DNA was eluted
by adding 100 ul of Nuclease-Free Water to the spin column. To collect the plasmid
DNA, the column was centrifuged at 13,000 x g for 1 minute at room temperature and

the purified plasmid DNA was stored at -20°C.

4.3 Minipreparation of Yeast Chromosomal DNA
Yeast chromosomal DNA minipreparation was done using the method described

previously by Rose et.al. (111) as follows:
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Overnight Culture

Step 1. Centrifuge to harvest E. coli.

Step 2. Resuspend pellet with Resuspension

Solution, lyse with Lysis Buffer, and then

neutralize with Neutralization Solution.
%

Step 3. Centrifuge to obtain clear lysate.

Step 4. Transfer clear lysate to spin column.

S
1! Step 5. Wash twice with Column Wash Solution.
[

Step 6. Elute plasmid DNA and store at -20°C.

Fig. 14. Flow diagram of plasmid DNA isolation and purification using Wizard®™ Plus
SV Minipreps DNA purification system.
(Adapted from Promega’s manual for Wizard® Plus SV minipreps DNA purification

system)
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4.3.1 Preparation of Yeast Cell Lysate

Yeast cells were grown in 5 ml of YEP supplemented 2% glucose or 2%
galactose, as required, at 30°C overnight with vigorous shaking. Cells were harvested
by centrifugation at 1,100 x g for 5 minutes, washed once with 1 ml of 50 mM EDTA,
pH 7.5, and resuspended in 500 pl of resuspension solution (1 M sorbitol and 0.1 M
EDTA, pH 7.5). After being transferred to a microcentrifuge tube, the mixture was
then incubated with 20 ul of Zymolyase solution (2.5 mg/ml Zymolyase 60,000 and 5
pl/ml B-mercaptoethanol in resuspension solution) at 37°C for 30 minutes to make a
spheroplast. ~After completed incubation, the spheroplast was collected by brief
centrifugation and then resuspended gently in 500 pl of 50 mM Tris-HCIL, pH 7.4, and
20 mM EDTA. The mixture was incubated at 65°C for 30 minutes after adding 50 pl
of 10% SDS to the suspension to lyse the spheroplast. Then, 200 ul of 5 M potassium
acetate was added and the tube was placed on ice for 60 minutes. The lysate was

obtained by centrifugation at 13,000 x g for 5 minutes.

4.3.2 Yeast Chromosomal DNA Isolation and Purification

The yeast cell lysate from 5.3.1 was transferred to a new, sterile microcentrifuge
tube by decanting without disturbing the precipitate. Chromosomal DNA and residual
low molecular weight RNA were recovered from the supernatant by adding 1 volume
of isopropanol. The content was mixed and allowed to stand at room temperature for
5 minutes. The nucleotide mixture was collected by briefly centrifugation, washed
with cold 70% ethanol, air-dried, and dissolved in 300 ul of TE solution (10 mM Tris-
HCI, pH 7.4, and 1 mM EDTA). To remove RNA, the nucleotide mixture was
incubated with 3 pl of 10 mg/ml RNase A at 37°C for 30 minutes. Then, 30 ul of 3 M
sodium acetate was added to the mixture. The chromosomal DNA was collected by
mixing with 1 volume of isopropanol at room temperature for 5 minutes. The
chromosomal DNA was precipitated by briefly centrifugation, washed once with cold
70% ethanol, air-dried, and resuspended in 100 pl of TE solution. The purified

chromosomal DNA was stored at -20°C.
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5. DNA Manipulation

5.1 Restriction Enzyme Digestion

Restriction enzyme digestion of plasmids was performed according to the
manufacturer’s recommendations (New England Biolabs, Inc). These enzymes
recognize specific base sequences on double stranded DNA. Some cleave both strands
exactly at the axis symmetry, generating fragments of DNA that carry blunt ends.
Others cleave each strand at similar location on opposite sides of the axis of
symmetry, creating fragments of DNA that carry protruding single-stranded termini
(cohesive or sticky ends). The enzymes exhibit a maximum efficacy at a suitable
digestion condition, such as, pH, salt, and temperature. In principle, an appropriate
amount of the enzyme is used to achieve complete digestion. Generally, 1-2 units of
the restriction enzyme were used for digesting 0.2-1 pg of DNA at the appropriate
temperature for the required period of time (2-3 hours) in a total volume of 20 ul. The
reaction was terminated either by heat inactivation of the enzyme at 65°C for 10
minutes or phenol-chloroform extraction of the enzyme, depending on the nature of
the restriction enzyme. When performing DNA digestion with 2 enzymes differing in
buffer condition, phenol-chloroform extraction and ethanol precipitation were used to
remove the first enzyme and precipitate the digested DNA, respectively. For cloning,
the DNA fragments obtained from the reaction were recovered using agarose gel
purification with GENECLEAN® II Kit.

The restriction enzymes used in this study including their recognition sequences

and their optimal conditions are shown in Tables 5 and 6.

5.2 Agarose Gel Electrophoresis

Agarose gel electrophoresis was performed by standard method (112). It was
used for restriction analysis and isolation of DNA fragments. The condition usually
used in this study was 1.0% agarose gel in TAE buffer (40 mM Tris, 40 mM acetic
acid, and 25 mM EDTA, pH 8.0) containing ethidium bromide for detecting small
quantities of DNA in agarose gels (113). DNAs were mixed in a ratio of 3:1 with gel
loading buffer type III (0.25% bromophenol blue, 0.25% xylene cyanol FF, and 30%

glycerol) and separated using agarose gel electrophoresis (Harvard Biolabs) at 100 volts



Fac. of Grad. Studies, Mahidol Univ.

Ph.D.(Pharmacology) / 51

Table 5. The 19 major restriction enzymes used in this study with their recognition

sequences and optimal conditions.

Enzyme Buffer* Optimal Recognition Sequence
Temperature (°C)
BamHI U** + BSA*** 37 5'-G|GATCC-3'
BssHII 3 50 5-G|CGCGC-3'
Clal 4+ BSA 37 5'-AT|CGAT-3'
EcoRI U 37 5'-GJAATTC-3’
EcoRV 3 +BSA 37 5'-GAT|ATC-3'
HindIl1 2 37 5'-A|AGCTT-3'
Hpal 4 37 5-GTT|AAC-3'
Kpnl 1 +BSA 37 5'-GGTAC|C-3’
Mscl 4 7 5'-TGG|CCA-3'
Nsil 3 "l 5'-ATGCA|T-3'
PpuMl 4 37 5-RG|GWCCY-3"**#*
Pstl 3+ BSA 3 5'-CTGCA|G-3'
Sacl 1 +BSA By 5'-GAGCT|C-3'
Sall 3+ BSA 37 5'-G|TCGAC-3'
Smal 4 25 5'-CCC|GGG-3'
Sphl 2 37 5-GCATG|C-3'
Stul 2 37 5'-AGG|CTT-3'
Xbal 2 +BSA 37 5-T|CTAGA-3'
Xhol 2 +BSA 37 5'-C|TCGAG-3'

* Buffer 1-4 are standard NEBuffer provided by the company.

**  Buffer U is a buffer supplied with its own unique reaction buffer that is different

from the four standard NEBuffer.

**% BSA (bovine serum albumin) supplied with a separate vial (10 mg/ml).

To obtain 100% activity, BSA should be added to the reaction mix to a final

concentration of 100 pg/ml.

***%* The abbreviations shown are: R, Aor G; W, AorT; Y, Cor T.
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Table 6. NEBuffer compositions

Buffer

Compositions

NEBuffer 1

NEBuffer 2

NEBuffer 3

NEBuffer 4

NEBuffer BamHI

NEBuffer EcoRI

BSA storage buffer

10 mM Bis Tris Propane-HCI, 10 mM MgCl,, 1 mM
dithiothreitol (pH 7.0 at 25°C)

50 mM NaCl, 10 mM Tris-HCI, 10 mM MgCl,, 1 mM
dithiothreitol (pH 7.9 at 25°C)

100 mM NaCl, 50 mM Tris-HCI, 10 mM MgCl,, 1 mM
dithiothreitol (pH 7.9 at 25°C)

50 mM potassium acetate, 20 mM Tris-acetate, 10 mM
magnesium acetate, 1 mM dithiothreitol (pH 7.9 at 25°C)

150 mM NaCl, 10 mM Tris-HCI, 10 mM MgCl,, 1| mM
dithiothreitol (pH 7.9 at 25°C)

50 mM NaCl, 100 mM Tris-HCIL, 10 mM MgCl,, 0.025%
Triton X-100 (pH 7.5 at 25°C)

20 mM KPOy, 50 mM NaCl, 0.1 mM EDTA, 5% glycerol
(pH 7.0 at 25°C)
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for 30 minutes or until loading dye reached about 1 ¢cm from the bottom of the gel.
The DNAs were visualized and photographed by Eagle Eye® II Still Video System
(Stratagene). A size of DNA fragments was estimated by standard marker, 1 Kb Plus
DNA Ladder.

5.3 Purification of DNA Fragment from Agarose Gel by GENECLEAN® 11
Kit

After gel eletrophoresis, the DNA fragments were purified from agarose gel by
using GENECLEAN® II Kit following the manufacturer’s instruction (Q-biogene,
Inc.). The desired DNA band was excised under long-wave length UV light,
transferred to a microcentrifuge tube, and weighed. Subsequently, 3 volumes of 6 M
sodium iodide were added and the tube was incubated at 55°C for 5 minutes. When
the agarose gel completely dissolved, the solution was mixed with an appropriate
amount of GLASSMILK®, a specially prepared aqueous suspension of proprietary
silica matrix, and incubated at room temperature for 5 minutes. The silica matrix with
the bound DNA was collected by centrifugation, briefly, and then washed 3 times with
500 ul of prepared NEW Wash (15 mM NaCl, 1 mM EDTA, 10 mM Tris-HCI, pH
7.8, and 66% ethanol). The DNA fragments were eluted from the matrix by adding a
volume of TE solution or distilled water equal to the amount of GLASSMILK" and
incubating at 55°C for 5 minutes. A supernatant containing the eluted DNA fragment
was obtained by centrifugation at 13,000 x g for 30 seconds and then transferred to a

new, sterile microcentrifuge tube.

5.4 Dephosphorylation of Plasmid DNA

To remove the 5'-phosphate group from both ends of the linearized plasmid
DNA, dephosphorylation of DNA was performed with modification of a standard
method described by Sambrook et.al. (108). During ligation in vitro, DNA ligase will
catalyze the formation of a phosphodiester bond between adjacent nucleotides only if
one nucleotide carries a 5'-phosphate residue and the other carries a 3'-hydroxyl
terminus. Dephosphorylation of plasmid DNA was required in order to minimize self-

ligation and circulalization of plasmid DNA when it was digested with restriction
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enzymes by using calf intestinal alkaline phosphatase (CIP). The completely digested
plasmid DNA suspended in NEBuffer 3 in a concentration of 0.5 pg/10 pul was
incubated with CIP (0.5 unit/pg vector DNA) at 37°C for 60 minutes. CIP is also
active in NEBuffer 2 and 4 as well as the NEBuffers for EcoRI and BamHI.
Dephosphorylated plasmid DNA was recovered by agarose gel purification using
GENECLEAN® II Kit. After purification, the linearized plamid DNA without 5'-
phosphate group from both ends was ready to use for DNA ligation.

5.5 Fill-in Reaction of Restricted DNA Termini

Protruding ends of digested DNA fragments were filled by using T4 DNA
Polymerase T4 DNA Polymerase. This enzyme has a 3"—5" exonuclease activity but
does not have a 5°—>3" exonuclease function. In order to make blunting ends, 3"
overhang removal and 3° recessed end fill-in were performed according to the
manufacturer's recommendation. Digested DNA was dissolved in any restriction
enzyme reaction NEBuffer supplemented with 100 uM dNTPs (dATP, dCTP, dGTP,
and dTTP). After adding 1 unit T4 DNA Polymerase per microgram DNA, the
mixture was incubated forl5 minutes at room temperature. The reaction was
terminated by adding EDTA to a final concentration of 10 mM and heating to 75°C for
20 minutes. The blunted-end DNA was purified using GENECLEAN® 1I Kit after
separating by agarose gel electrophoresis and ready for DNA ligation. For plasmid
DNA, dephosphorylation of plasmid DNA was required before purification from

agarose gel.

5.6 Ligation of DNA

After purification from agarose gel, the DNA fragments were inserted into
dephosphorylated vector using DNA Ligation Kit Ver. 2.1. Typically, the digested
vector was mixed with DNA fragment in a molar ratio of 1:3. The ligation reaction
was performed by adding an equal volume of Enzyme Solution to the mixture and

incubating at room temperature for 30-60 minutes.
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5.7 DNA Amplification by Polymerase Chain Reaction (PCR)

5.7.1 PCR Reactions and Conditions
The standard procedure for PCR reaction (108) was performed in a sterile 0.2-
ml, thin-wall tube using PLATINUM® Pfx Polymerase. Reaction was carried out in
automated thermal cycler, ABI GeneAmp PCR System 9700 (PE Applied Biosystems;
Corona, CA) according to condition shown in Tables 7 and 8. The obtained PCR
product was analyzed in 1.0% agarose gel electrophoresis and the DNA fragments

were purified using QIAquick PCR Purification Kit.

5.7.2 Purification of DNA Fragments from PCR by QIAquick PCR
Purification Kit
The DNA fragments obtained from PCR reaction ranging from 100 bp to 10 kb
were purified from primers, nucleotides, polymerase, and salts using QIAquick PCR
Purification Kit, following the manufacturer’s instruction (QIAGEN). Briefly, 5
volumes of Buffer PB were mixed with 1 volume of PCR sample. The mixture was
applied onto a QIAquick Spin Column for binding of the DNA fragments onto a silica
gel membrane. After centrifugation at 13,000 x g for 1 minute, membrane-bound
DNA was washed once with 750 pl of Buffer PE, previously diluted with absolute
ethanol, by centrifugation at 13,000 x g for 1 minute. Complete removal of the
residual ethanol from Buffer PE was achieved by additional 1 minute centrifugation at
13,000 x g. The column was then transferred to a new, sterile microcentrifuge tube.
The DNA fragments were eluted by adding 30 pl of endonuclease-free water to the
center of the QIAquick membrane, standing 1 minute at room temperature, and then

spinning at 13,000 x g for 1 minute.

5.8 Site-Directed Mutagenesis by Overlap Extension

To introduce a site-specific mutation (Table 9), PCR-based mutagenesis by
overlap extension (Fig. 15) was performed as described by Ho er.al. (114). PCR
conditions are shown in Table 10. Briefly, four primers were needed to introduce a
site-directed mutagenesis. Two complementary oligonucleotides incorporating the

desired point mutations (primer FM and RM) were used and paired with appropriate
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Table 7. The components in PCR reaction as used in this study.

Components Volume
10 x Pfx Amplification Buffer 5.0 ul
10 x PCR Enhancer Solution 5.0 ul
10 mM dNTP mixture 1.5 pl
50 mM MgSOq 1.0 ul
Primer (10 uM each) 1.5l
Template DNA (100 ng) >1ul
PLATINUM® Pfx DNA Polymerase 0.5 pl

Autoclaved, distilled water To 50 pl
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Table 8. Thermal cycling conditions for DNA amplification by PCR.

Cycle Number Denaturation Annealing Polymerizaiton

First cycle 2 minutes at 94°C - -
Cycling (20 cycles) 15 seconds at 94°C 30 seconds at 55°C 1 minute per kb at 68°C

Last cycle - - 10 minutes at 68°C
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Table 9. Site-specific mutation on Swel.

No. Codon Wild type Mutation
1 36 S A
2 66 1 A
3 102 S A
4 111 S| A
5 118 S A
6 131 T A
7 136 S A
8 156 S A
9 169 S A
10 185 S A
11 223 S A
12 225 S A
13 254 S A
14 280 T A
15 288 S A
16 312 S A
17 379 S A
18 395 S A
19 438 S A
20 501 T A
21 610 S A
22 629 T A
23 676 T A
24 632 S A
25 688 T A
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Fig. 15. Site-directed mutagenesis by overlap extension.

Four primers were used to introduce site-directed mutagenesis on SWEI. Primer FM and its
complementary RM were contained desired point mutation (A). Primers F2 and R2 were the
appropriate outer primers. In separate amplifications (I and II), two fragments (RM-F2 and
FM-R2) of the target gene were amplified. PCR I utilized primer RM and F2, whereas PCR II
utilized primers FM and R2. In PCR III, in which denatured FM-R2 and RM-F2 were
annealed at the region of overlap, the full-length mutant DNA was amplified using primers F2

and R2.
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Table 10. Thermal cycling conditions for PCR-based mutagenesis.

Cycle Number

Denaturation Annealing Polymerizaiton

First round

First cycle
Cycling (20 cycles)

Last cycle

2 minutes at 94°C - -
15 seconds at 94°C 30 seconds at 55°C 1 minute per kb at 68°C

- - 10 minutes at 68°C

Second round

First cycle
Cycling (30 cycles)

Last cycle

2 minutes at 94°C = -
15 seconds at 94°C 30 seconds at 55°C 1 minute per kb at 68°C

F = 10 minutes at 68°C
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outer primers (primer F2 and R2) in a first round of PCR using PLATINUM® Pfx
Polymerase. The PCR products were purified from agarose gel using GENECLEAN®
II Kit, then combined with each other and the two outer primers (primer F2 and R2)
from the first round of PCR, and a second round of PCR was performed. The final
PCR product was cut on each end with the appropriate restriction enzymes (Hpal,
Hindlll, EcoRl, Clal, and Kpnl). This product was gel-purified and ligated into the
parent construct, pJM1102 (pRS306-SWE-Myc,,), previously digested with the same
restriction enzymes. All sequences originating in PCR were verified by automated

DNA sequencing (Beckman) over the entire amplified region and the ligation sites.

5.9 DNA Sequencing

Bidirectional sequencing of recombinant plasmid DNA was performed by the
dideoxynucleotide chain termination method of Sanger etal. (115) by using
CEQDTCS Quick Start Kit and an automated DNA sequencer, CEQ™ 2000XL
(Beckman Coulter, Inc.). The principle behind the separation mechanism for the
CEQ™ 2000XL is capillary electrophoresis. In theory, capillary electrophoresis
occurs when an electric field is applied to an electrolyte solution within a capillary,
causing ions to migrate. The movement is referred to as electrophoretic migration.
Having a negative net charge, DNA fragments are likewise affected by the applied
field, moving toward the anode (+). DNA fragments are separated as they migrate by
a size exclusion sieving effect. These dye-labeled fragments will be detected by
fluorescence and in turn be rendered into a sequence. Polyacrylamide gels are
commonly used as the electrolyte solution to provide the sieving medium for the

separation.

5.9.1 Preparation of DNA Sequencing Reaction
After introducing mutation onto SWEI, plasmid DNA bearing site-specific
mutation was purified using Wizard® Plus SV Minipreps DNA purification system.
The DNA template (100 fmol) was preheated in a sterile 0.2- ml, thin-wall tube with
water in a total volume of 6.0 ul at 96°C for 1 minute to improve both signal strength
and current stability. A sequencing reaction was prepared by adding 2 pl of primer

(1.6 pmol/ul), and 4 pl of DTCS Quick Start Master Mix (Table 11) into the thin-wall tube.
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DTCS Quick Start Master Mix

dATP, dCTP, dTTP, dITP

ddUTP, ddGTP, ddCTP, ddATP (WellRED label)
Tris-HCI, MgCl,, reaction buffer, pH 8.9

Thermo Sequence DNA Polymerase
Pyrophosphatase
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The total reaction volume was adjusted to 20 pl with water. PCR was carried out for

30 cycles followed by holding at 4°C, as shown in Table 12.

5.9.2 Ethanol Precipitation

The DNA fragments obtained from PCR were then transferred to a new, sterile
1.5 ml microcentrifuge tube containing 4 ul of stop solution (1.5 M sodium acetate
and 50 mM EDTA) and 1 ul of 20 mg/ml glycogen. After thoroughly mixing, 60 pl of
cold 95% ethanol from -20°C freezer was added into the mixture. The content was
mix thoroughly and then immediately centrifuged at 13,000 x g at 4°C for 15 minutes.
A supernatant was carefully removed with a micropipette and the pellet was rinsed
twice with 200 pl of 70% ethanol from -20°C freezer to remove the residual salts. For
each rinse, the pellet was immediately centrifuged at 13,000 x g at 4°C for 2 minutes
and the supernatant was removed carefully with the micropipette. The DNA pellet
was vacuum dried for 40 minutes, and then resuspended in 40 pl of sample loading

solution (SLS).

5.9.3 Sequencing
The resuspended sample was transferred into a single 96-well CEQ sample plate,
and overlaid with one drop of light mineral oil. The sample plate was then proceeded
to the automated CEQ™ 2000XL. The labeled DNA fragments were separated by
capillary electrophoresis and detected by laser-induced fluorescence. The obtained
data were analyzed using CEQTM 2000XL Software Version 4.3 and a representative

chromatogram was shown in Fig. 16.
6. Transformation
6.1 Transformation of E. coli
6.1.1 Preparation of Competent E. coli Cells
The competent E. coli cells were prepared by using the modified standard method

(116). A single colony of fresh E. coli was grown in 5 ml of TYM broth (2% Bacto
tryptone, 0.5% Bacto yeast extract, 0.1 M NaCl, and 0.01 M MgCl,) overnight at 37°C
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Table 12. Thermal cycling conditions for DNA sequencing.

Conditions Temperature Time

Preheat 96°C 1 minute
Cycling (30 cycles)

- Denaturation 96°C 20 seconds
- Annealing 50°C 20 seconds
- Polymerization 9980 4 minutes

Holding 4°C
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with vigorously shaking. A 1% of this culture was inoculated into fresh TYM broth
and further grown with the same condition till reaching an ODggy of 0.5. The cells
were harvested by centrifugation at 1,800 x g for 5 minutes at 4°C and subsequently
resuspended with filtered-sterile Tfb I solution (30 mM potassium acetate, S0 mM
MnCl,, 100 mM KCI, 10 mM CaCl,, and 15% glycerol), pH 5.8 (adjusted by 0.2 M
acetic acid) in a ratio of 2:5. The suspension was placed on ice for 30 minutes. The
cells were pelleted by centrifugation at 1,800 x g for 5 minutes at 4°C and then
resuspended in a ratio of 1:25 with cold, filtered-sterile Tfb II solution (10 mM MOPS,
75 mM CaCl,, 10 mM KCI, and 15% glycerol), pH 7.0 (adjusted by KOH). An
aliquot of the suspended cells in a sterile microcentrifuge tube was frozen in liquid

nitrogen and then stored in -80°C.

6.1.2 Transformation Technique

E. coli transformation was done by using the standard method (112). The frozen
competent cells were thawed on ice bath for 15-20 minutes. An aliquot about 100 pl
of the competent cells was mixed with the ligated DNA and placed on ice for 30
minutes. The mixture was then heated at 42°C for 45 seconds and immediately placed
on ice for an additional 5 minutes. The transformed cells were incubated with 500 ul
of LB broth at 37°C for 1 hour. After completed incubation, the transformed cells
were collected by briefly centrifugation and the cell pellet was then resuspended in
200 pl of LB broth. For selection of recombinant E. coli, LB agar was supplemented
with 50 pg/ml carbenicillin. When blue-white selection was required, the plate

overlaid with 100 pl of X-gal (20 mg/ml in N,N- dimethylformamide) was used.

6.2 Transformation of S. cerevisiae

6.2.1 Transformation of S. cerevisiae Using Lithium Acetate
To introduce DNA into yeast cells, transformation was carried out by
modification of the standard lithium acetate (LiAc) method (117). Yeast cells were
grown in either YEP-glucose or —galactose medium to a density of approximately
2 x 107 cells/ml by measuring their optical density at 600 nm (ODgg). An ODggo of 1
is equal to about 3 x 107 cells/ml (118). Ten ml of yeast cells were centrifuged at 7,200 x g
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for 5 minutes at room temperature and washed with sterile TE (0.01 M Tris-Cl and
0.001 M EDTA, pH 7.5). Cells were resuspended with 100 pl of 0.1 M LiAc in TE
solution. Subsequently, cells were transferred into a sterile microcentrifuge tube,
which contains single-stranded carrier DNA 50-200 ug and transforming DNA up to 1 pg,
and incubated at room temperature for 10 minutes. Then, 300 pl of sterile PEG in
LiAc-TE solution (40% PEG4000, 0.1 M LiAc, 0.01 M Tris-Cl and 0.001 M EDTA)
was added into the microcentrifuge tube and cells were incubated at 30°C for 30
minutes. Treated cells were incubated at 42°C for 15 minutes with 40 pl of DMSO.
Cells were centrifuged twice at 7,200 x g for 20 seconds to remove all the liquid,
resuspended in 200 ml of SOS solution (1M sorbitol, 0.3% yeast extract, 0.6% Bacto-
peptone, and 6.5 mM CaCl,), plated onto a selective medium, and incubated at 23°C

or 30°C as required.

6.2.2 Integrative Transformation

To introduce SWEI-Myc;; into yeast genome at the URA3 locus, integrative
transformation (Fig. 17), based on the method described by Hinnen et.al. (119), was
used. The SWEI-Myc;, was subcloned onto yeast-integrative plasmid harboring URA3
gene as a selectable marker. The plasmid was then linearlized using an appropriate
restriction endonuclease that cut within the URA3 gene. The gel-purified, linearlized
plasmid was then transformed into an M600 strain bearing wura3 mutant allele
(ura3Ans) as described in 6.2.1 with 1 to 10 pg of DNA plus carrier DNA. The
transformants were incubated at 30°C on a SDM lacking of Uracil (SDM-Ura) and
integration was confirmed using immunoblotting to detect a recombinant Swel

protein.

6.2.3 Gene Replacement Techniques
Gene replacement techniques based on the method described by Rothstein (120)
were used for one-step gene disruption (Fig. 18A) and gene replacement (Fig. 18B).
A linear DNA fragment that contains the disrupted gene or the replacement gene with
a selectable marker was transformed as described in 6.2.1 with carrier DNA. The
transformed cells were allowed to grow on selective media 23°C or 30°C as required.

The gene disruption was confirmed using PCR.
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SWE1-Myc12
Plasmid
| URA3
T Chromosomal
yeast gene
— urazans * - SWE1-Myc12 URAZ  |—

Fig. 17. Integrative transformation technique introducing SWEI-Myc,, at the URA3

locus of the yeast genome.

The plasmid harboring SWEI-Myc;, was linearized with a restriction enzyme as
indicated by dashed line at the URA3 locus. The linearized plasmid was then

transformed into M600 strain bearing ura3 mutation (*). Linearization directed the
recombination event (X) to the chromosomal homologous site. The resulting integrant

contains the SWE[-Myc,, between the intact URA3 gene and the ura3 mutant allele.
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‘ ‘ Selectable marker ‘ ‘

X X

—| Yeast gene [—

Fig. 18. Gene replacement techniques.

A fragment of DNA containing a disrupted gene by the insertion of a selectable
marker (A) or a replacement gene with a selectable marker (B) recombines into the
chromosomal at the homologous sites. Homologous recombinations (X) occured
between the free DNA ends and homologous sequences in the yeast genome result in
substituting the wild-type gene with the disrupted copy (A) or replacing one gene with
the other (B) such as replacement of Myc gene with GFP.
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7. Protein Analysis

7.1 Protein Preparation

7.1.1 Purification of Recombinant GST-Fused Protein from E. coli

Expression and purification of glutathione-S-transferase (GST)-fused protein
were modified from Smith & Johnson (121).

A bacterial expression vector was created in which Swel kinase inactive form,
Swel(K473A), was fused to GST at its N-terminus. Bacterial strain BL21 carrying
this plasmid was grown at room temperature to an optical density of 1.0, and
expression was induced for 4 hours by the addition of 0.4 mM IPTG. Cells were
harvested by centrifugation at 7,200 x g for 15 minutes at 4°C. After discarding a
supernatant, cell pellets were washed with cold PBS and frozen in liquid nitrogen as
chunks and stored at -80°C. Frozen pellet was resuspended in cold PBS containing
Complete Protease Inhibitor Cocktail, 5 mM EGTA, 10 mM MgCl,, 2 mM DTT, 50
mg/L Lysozyme, and 50 ug DNAse I, and then mixed on ice for 10 minutes. Nonidet P-
40 was added to final concentration 0.5% and sonication was performed at 30 seconds
x 4 times burst on ice. The suspension was then centrifuged at 20,000 x g 30 minutes,
4°C. A supernatant was transferred to 15-50 ml conical tube, incubated with 50%
slurry glutathione agarose at 4°C for 2 hours, and washed 5 times with cold TBSN (50
mM Tris-Cl (pH 8.0), 120 mM NaCl, 0.5% Nonidet P-40, 5 mM EGTA, and 1.5 mM
EDTA).

GST-Swel (K473A) was eluted from glutathione agarose by incubating with 200 mM
reduced glutathione (GSH) in 50 mM Tris-Cl, pH 8.0 at 4°C for lhour. Supernatant
was then dialyzed using Slide-A-Lyzer with dialysis buffer (50% ethylene glycol, 50 mM
Tris-Cl, pH 7.5, 50 mM NaCl and 1 mM DTT) at 4°C for 4 hours and the dialyzed

sample was then stored at —20°C.
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7.1.2 Purification of Recombinant Protein from Sf9 Cells

7.1.2.1 Transfection

To generate Baculovirus used for recombinant-protein expression, transfection
was performed using Bac-N-Blue™ Transfection Kit following the manufacturer’s
recommendation (Invitrogen'™ Life Technologies). Principally, digested Bac-N-
Blue™ DNA with Bsu36l resulting in removal of sequence essential for viral
propagation, ORF1629. The only way to isolate viable virus is if the essential
ORF1629 sequence is supplied by the transfer vector. Recombination between
homologous sequences in the transfer vector and the linearized DNA results in the
propagation of only recombinant virus (Fig. 19). Plasmid containing gene of interest
is co-transfected with the Bac-N-Blue™ DNA by the technique of cationic liposome
mediated transfection. In this technique, Bac-N-Blue"™ DNA and gene of transfer
vector are mixed with the cellfectin® reagent in serum-free medium (Insect-XPRESS
medium). Serum contains proteins that interfere with liposome. A positive-charged
liposome-DNA complex forms and binds to the negatively-charged plasma membrane.
The liposomes fuse with the cell membrane and the DNA is taken up by the cells.

Generally, log-phase Sf9 cells were seeded onto 25 cm” flask for 1 hour before
transfection. Transfection mixture was prepared by adding 4 pl of recombinant
plasmid (1 ug/ul of recombinant pBlueBacHis2B), 1 ml of Insect-XPRESS medium
without FBS, and 20 pl of Cellfectin® Reagent into a 1.5 ml microcentrifuge tube
containing 10 pul (0.5 pg) of the Bac-N-Blue™ DNA. After being gently mixed for 10
seconds, the transfection mixture was incubated at room temperature for 15 minutes.
While the transfection mixture was incubating, the medium was carefully removed
from the flask without disrupting the monolayer and the cells were washed once with 2 ml
of fresh Insect-XPRESS medium without FBS.

The entire transfection mix was drop wised into the flask immediately after the
medium was carefully removed from the monolayer. The flask was incubated at room
temperature for 4 hours on a side-to-side, rocking platform. Following the 4-hours
incubation period, 4 ml of Grace's Insect Medium with 10% FBS was added into the

dish. The transfected cells were incubated at 27°C and signs of viral infection, such as
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Linearlized Bac-N-BlueTM DN A

Bz 1 Bsuss 1

5° ORF 1629

ORF 1629

pBlueBacHis2B

Recombination

Recombinant virus DNA

ORF1629

Fig. 19. Diagram illustrating the generation of recombinant baculovirus bearing gene

of interest.

The gene of interest was subcloned into pBlueBacHis2B plasmid that contained

ORF1629, essential for viral propagation, and 5’ portion of /acZ gene. Recombination

occurs between the /acZ and ORF1629 sequences between pBlueBacHis2B plasmid

bearing the gene of interest and Bsu36 I-digested Bac-N-Blue™ DNA resulting in the

generation of recombinant virus DNA harboring the gene of interest.

(Adapted from Invitrogen™ manual for Bac-N-Blue™ transfection and expression

guide. A guide for Baculovirus Transfection, expression, and purification using the

Bac-N-Blue™ Baculovirus expression system)
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increase in cell size, cessation of cell growth, and cell detachment, were observed
using an inverted phase microscope at 250-400x magnification. After incubation for
5-7 days, the virus (P-1 viral stock) was harvested by centrifugation at 4000 x g for 5
minutes to remove cellular debris and prevent proteolysis. The viral stock was stored

at 4°C.

7.1.2.2 Amplification of the Recombinant Virus

To amplify the recombinant virus suitable for expression experiment, log-phase
S9 cells were seeded onto a 75 cm® flask. After adding 1 ml of the P-1 viral stock,
the flask was incubated at 27°C for 5-10 days, or until the cells are 100% lysed. The
P-2 virus was harvested by centrifugation at 4000 x g for 5 minutes and the
supernatant was transferred to a sterile 15 ml tube. Then, 1 ml of the P-2 viral stock
was used to infect the Sf9 cells at 27°C for 3 days and then immunoblotting with anti-
Flag antibody was performed to confirm the presence of an insert in a putative
recombinant virus by detecting an expression of the recombinant protein. Once the
recombinant virus had been identified, 5 ml of the P-2 viral stock was used to amplify
the virus in a 125 cm” flask at 27°C until more than 90% of the cells had lysed. Re-
amplification of the recombinant virus was required to generate a high-titer viral stock

to initiate expression studies.

7.1.2.3 Recombinant Protein Expression and Purification

Sf9 cells were cultured in Grace's medium at 27°C until reaching 1.5 x 10°
cells/ml. Cells were infected with an appropriate virus to overproduce a respective
recombinant protein for 3 days. Infected cells were then harvested by centrifugation at
5,000 x g for 2 minutes at 4°C. A supernatant was discarded and cells were washed
with cold PBS. After washing, cells were frozen in liquid nitrogen as chunks and
stored at -80°C. Frozen pellet was resuspended in cold TBSN containing protease
inhibitor cocktail, and phosphatase inhibitors (10 mM Sodium pyrophosphate, 10 mM
Sodium fluoride, 1 mM B-glycerol phosphate, and 5 mM Sodium orthovanadate), and
sonication was employed to break the Sf9 cell. A supernatant, after centrifugation at
20,000 x g for 30 minutes at 4°C, was transferred into 15 ml conical tube, incubated

with ANTI-FILAG® M2 Agarose at 4°C for 3 hours, and washed 5 times with cold
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TBSN and then twice with kinase buffer (50 mM Tris-Cl (pH 7.5), 10 mM MgCl,, 2 mM
DTT, 2 mM EGTA, 0.5 mM sodium othovanadate, and 20 mM PNPP). Bead-bound
recombinant protein was kept at —20°C after adding cold ethylene glycol to the final

concentration at 50%.

7.2 Protein Extraction from S. cerevisiae

Total lysate was prepared using the modified method for yeast protein extracts
described by Cohen-Fix et.al. (122). Yeast cells were grown as indicated conditions.
Cells (3 ml) were harvested by centrifugation at 7,200 x g for 5 minutes, resuspended
with TED buffer (40 mM Tris-Cl, 0.25 mM EDTA and 1 mM DTT, pH 7.5). The
suspension was then transferred into 5 ml borosilicate disposable tube, and centrifuged
at 7,200 x g for 5 minutes. Pellet was then frozen in dry ice. Acid-washed glass beads
and 50 pl of 2x Lamnli SDS sample buffer (0.15 M Tris, pH 6.8, 1.2% SDS, 30%
glycerol, 0.18% bromophenol blue, and 15% B-mercaptoethanol) were added into the
frozen pellet. Cells were vortexed 3 minutes at full speed, and boiled for 3 minutes.
Then, 100 ul of 2x Laemnli sample buffer was added into the borosilicate tube.
Prepared sample was boiled for another 1 minute, then transferred into
microcentrifuge tube, and centrifuged at high speed for 10 minutes. Supernatant was
then transferred into new microcentrifuge tube and 20 pl of the extract was ready to

use for SDS-PAGE.

7.3 Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-
PAGE) of Proteins

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) is a
standard method for separating proteins based primarily on their molecular weights

described by Laemnli (123).

7.3.1 Gel Preparation
The acrylamide gel was prepared using Protein Gel Caster (OWL). An 8%
resolving gel without SDS was used to detect the phosphorylated, slow migrating,
Swel isoforms. Otherwise, 10% polyacrylamide gel was applied. Glass plates were

washed with detergent, rinsed thoroughly with water, then with methanol, and wiped
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dry. Plastic spacers were placed between two edges of the plate. Two glass plates
(offset and notched glass) were inserted into gel pouch and placed in Protein Gel
Caster. The resolving gel solution was poured into the assembled glass plates up to 35
mm from a top of the notched glass. Water-saturated butanol was laid carefully across
the top of the resolving gel and the gel was stood at room temperature for 1 hour to
allow gel polymerization. The stacking gel was spread over the top of the resolving
gel until reaching the top of the glass plate after removing the water-saturated butanol
and washing with distilled water. The comb was then immediately inserted into the
top of the stacking gel. After gel polymerization, the comb was carefully removed and
the wells were rinsed several times with distilled water to remove unpolymerized gel
and gel debris.

Compositions of the resolving and stacking gel were shown in Table 13.

7.3.2 Sample Preparation and Electrophoresis

Prior to loading samples, the wells were washed with electrophoresis running
buffer (0.25 M Tris, 0.192 M glycine, and 0.1% SDS). After loading protein samples
into the wells, the electrophoresis was performed using the Emperor Penguin™ Water
Cooled, Dual Gel, Electrophoresis System P9DS (OWL) at a constant current (30 mA)
at room temperature for 150 minutes (10% acrylamide gel) or 210 minutes (8%
acrylamide gel). Then, the gel plate was removed from the tank and the top glass plate
was carefully separated from the gel with thin spatula. The gel slab was carefully
peeled off form the remaining plate and proceeded either to protein staining or
immunoblotting analysis.

The prestained SDS molecular weight markers (Table 14) were used to estimate
the protein size. The markers were prepared by mixing with 0.5 ml of 8 M urea and
0.5 ml of 2x Laemnli sample buffer, and kept an aliquot at -20°C. The aliquot was
boiled for 1-2 minutes immediately before applying the markers into polyacrylamide

gel (10 pl/well).
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Table 13. Compositions of resolving gel and stacking gel.

Components 8% Resolving gel  10% Resolving gel 5% Stacking gel

(20 ml) (20 ml) (20 ml)

Distilled water 9.6 ml 8.1 ml 5.8 ml

1.5 M Tris-HCl, pH 8.8 5.0 ml 5.0 ml -

0.5 M Tris-HCI, pH 6.8 - - 2.5 ml

20% SDS - 100 pl 50 ul

Acrylamide/Bis (Protogel) 5.3 ml 6.7 ml 1.6 ml

10% Ammonium persulfate 100 pl 100 pl 50 ul

TEMED 10 pl 10 ul 5ul
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7.4 Protein Staining

To visualize the protein bands, the electrophorosed gel was stained with
Coomassie Brilliant Blue staining solution (0.1% Coomassie blue, 40% methanol, and
10% acetic acid) for 1 hour with gently shaking. Then the gel was destained by
rinsing with water before soaking in several changes of destaining solution (40%
methanol and 10% acetic acid) with shaking for 1-3 hour of each change. The stained

gel was vacuum dried on 3MM chromatography paper.

7.5 Immunoblotting

Immunoblotting was performed to detect a protein immobilized on a matrix as
described in Towbin etal. (124) (Fig. 20). After electrophoresis, the separated
proteins were transferred to PVDF membrane using Trans-Blot Cell (Bio-Rad
Laboratories) at 80 Volts for 3 hours (10% polyacrylamide gel) or 4 hours (8%
polyacrylamide gel) in transfer buffer (25 mM Tris, 192 mM glycine, and 20%
methanol). The membrane was blocked in blocking solution [5% skim milk in TBST
(25 mM Tris, pH 7.4, 8.8 g/L NaCl, 0.2 g/L KCl, and 0.05% Tween 20)] for 60
minutes at room temperature.

After being briefly rinsed 3 times in TBST, the membrane was incubated for 2
hours with agitation at room temperature with primary antibody (1:500 dilution of
anti-Swel antibody, 1:1000 dilution of anti-Myc antibody, 1:1000 dilution of anti-Flag
antibody, 1:1000 dilution of anti-GFP antibody, or 1:1000 dilution of anti-Hsl7
antibody in TBST-5% BSA). The membrane was then washed 5 times, 5 minutes
interval with TBST. Secondary antibody (anti-rabbit immunoglobulin G conjugated to
horseradish peroxidase for anti-Swel and anti-Hsl7 antibody, and anti-mouse
immunoglobulin G conjugated to horseradish peroxidase for anti-Flag and anti-Myc
antibody) at 1:4000 dilution in TBST-5% skim milk was incubated with shaking for
40 minutes at room temperature. After incubation, the membrane was washed 5 times,
5 minutes each. Proteins that interact with primary antibody were detected by using
enhanced chemiluminescence (ECL) detection system as specified by the

manufacturer (Pierce).
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Table 14. Prestained SDS molecular weight marker.

Prestained proteins Molecular weight
a2-Macroglobulin from Human Plasma 180,000
B-Galactosidase from E. coli 116,000
Fructose-6-Phosphate Kinase from Rabbit Muscle 84,000
Pyruvate Kinase from Chicken Muscle 58,000
Fumarase from Porcine Heart 48,500
Lactic Dehydrogenase from Rabbit Muscle 36,500

Triosephosphate Isomerase from Rabbit Muscle 26,600
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Fig. 20. A flow diagram showing immunoblotting analysis.

Following electro-transfer (a), the nitrocellulose membrane is incubated with the
primary antibody (b) for several hours or overnight. Next, a second antibody
conjugated to the enzyme horseradish peroxidase, which recognizes an epitope on the
first antibody, is incubated with the membrane (c). The protein that interacts with

primary antibody is visualized by an enhanced chemiluminescent detection system (d).
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7.6 Phosphorylation-Site Determination
Mapping phosphorylation sites in protein was carried out using mass

spectrometry (MS) (125) as shown in Fig. 21.

7.6.1 In-Gel Digestion and Microcapillary LC-MS/MS Analysis

The bands of Coomassie blue stained gel, as described in 7.7, containing
phosphorylated Swel, were destained with 50% methanol and 50 mM NH4HCO;, pH
8.3. After destaining, the gel bands were treated with 10 mM DTT and 55 mM
iodoacetamide to reduce and alkylate the cysteinyl residues. The protein within gel
bands were then digested with trypsin overnight at 37 °C, and the peptides were
extracted by 70% acetonitrile and 5% formic acid with sonication

The extracted peptides were anlayzed by reversed-phase microcapillary (liquid
chromatography (LC)-tandem mass spectrometry (RP pLC-MS/MS) using an Agilent
1100 capillary LC system (Agilent Technologies) coupled online to an ion trap (IT)
mass spectrometer (LCQ DecaXP, Thermo Electron). Reversed-phase separations of
each sample were performed using 75 um i.d x 360 o.d. x 10 cm long fused silica
capillary columns (Polymicro Technologies) that were slurry packed in house with
Jupiter 5 um, 300 A pore size C-18 silica bonded stationary phase (Phenomenex,
Torrence, CA). After injecting 5 pl of sample, the column was washed for 40 minutes
with 98% solvent A (0.1% formic acid in water, v/v) and peptides were eluted using a
two-step linear gradient of 2%-45% solvent B (0.1% formic acid in 100% acetonitrile,
v/v) for 60 minutes and 45%-85% solvent B for 20 minutes at a constant flow rate of
0.5 pl/minutes.

The IT mass spectrometer was operated in a data dependent mode in which each
full MS scan was followed by three MS/MS scans where the three most abundant
peptide molecular ions were dynamically selected from the prior scan for collision-
induced dissociation (CID) using a normalized collision energy of 30%. The
temperature of the heated capillary and electrospray voltage were 180 °C and 1.5 kV,

respectively.
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Fig. 21. Flow diagram of mapping phosphorylation sites in protein by mass spec-

trometric method.

(Adapted from Aebersold R and Mann M. Mass spectrometry-based proteomics.
Nature 2003 Mar;422:198-207)
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7.6.2 ldentification of Phosphopeptides

The raw MS/MS data acquired on the LCQ ion trap mass spectrometer were
searched using SEQUEST (ThermoFinnigan, San Jose, CA) against a database
consisting of the proteins to be characterized. During the SEQUEST analysis, serine,
threonine and tyrosine were searched using a dynamic modification of
phosphorylation with addition of 80 Da. In addition, dynamic modification of cysteine
with addition of 57 Da was also set. The identified fully tryptic phosphopeptides were
further examined by manually inspecting their MS/MS spectra to confirm
identification of the correct peptide sequence and the correct site of phosphorylation.

A representative chromatogram is shown in Fig. 22.

7.7 Kinase Assay

To identify the upstream kinase(s) of Swel, the enzyme assays were carried out
as described previously (62) in kinase buffer (50 mM Tris-Cl (pH 7.5), 10 mM MgCl,,
2 mM DTT, 2 mM EGTA, 0.5 mM sodium othovanadate, and 20 mM PNPP). The
bead-bound protein kinase (Cdc5, Cla4, Elml, Hsll, Gin4, or Kcc4) was incubated
with 5 uM ATP and 15 pCi of [y-*PJATP (1Ci = 37 GBq) with or without GST-
Swel(K473A) in 20 ul total volume of reaction for 30 minutes at 30°C. The reactions
were terminated by adding 5 pl of 5x Laemmli sample buffer and boiling for 5
minutes. The mixture was then subjected to electrophoresis in 10% polyacrylamide
gel and stained with Coomassie blue.

An incorporated 32p was detected by autoradiography. Then, the protein bands
corresponding to *?P-incorporated Swel were excised from the dried gels and
incorporated **P was measured by liquid scintillation counter (Beckman LS6500). All
assays were performed in triplicate.

To determine the phosphorylation sites on Swel by Cdc5 and Cla4, the enzyme
assay was performed in kinase buffer. The bead-bound form of Cdc5 or Cla4 was
incubated with 500 uM ATP (without [y-*PJATP) and GST-Swel(K473A) in 50 pl
total volume of reaction for 45 minutes at 30°C. The reactions were terminated by
adding 10 pl of 5x Laemmli sample buffer and boiling for 5 minutes. After proteins
were separated in 10% SDS-PAGE, the acrylamide gel was stained with Coomassie
blue. The stained gel was then used in 7.6.1.
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8. Strain Constructions and Cultivations

8.1 Plasmid Constructions

To generate baculoviral constructs containing haemagglutinin (HA) and Flag
epitope, a BamHI-EcoRI fragment bearing HA3;-PLKI-Flag was first cloned into
pBlueBacHis2B vector, resulting in plasmid pKL1969. A Xhol-Stul DNA fragment
bearing either wild-type or kinase-inactive form of CDC5 was then cloned into
pKL1969 digested with Xhol and Smal, yielding pKL2199 (pBlueBacHis2B-HA;-
CDC5-FLAG) or pKL2200 (pBlueBacHis2B-HA3;-CDC5(N2094)-FLAG), respect-
tively. Plasmid pBlueBacHis2B-HA;-CLA4-FLAG (pKL2043) was constructed by
inserting a Smal-digested PCR fragment bearing CLA4 into pKL1969 digested with
Mscl and Smal. pKL2043 was then digested with PpuMI and Xhol and then ligated
with a PpuMI-Xhol fragment from pRS315-ADES-cla4(K594A) (pSL2677, a gift from
G. F. Sprague Jr., University of Oregon, OR) to generate pKL.2241.

To generate pKL2453, a BssHII-Xbal fragment containing the entire CNM67
ORF was first cloned into pRS315 bearing FLAG-YFP-CDC5AC (amino acid 1-500)
under the endogenous CDC5 promoter control. The resulting plasmid (pKL2430) was
then digested with Nsil and Smal to replace the FLAG-YFP-CDC5AC fragment with
the corresponding endogenous CDCSAC fragment.

pSK1359 and pSKI1362 were created by inserting EcoRI-Sphl fragments
containing GALI-HA-EGFP>-cdc5-1 and GALI-EGFP>-PLKI, respectively, into
Y Cplac33 digested with the corresponding enzymes.

To generate pKL2699, a Smal-EcoRV fragment bearing HphMX4 was first
obtained from pAC32 (a gift from C.B. Bennett, NIEHS, Research Triangle Park,
NC). This fragment was then inserted into pPSWEI1-10g digested with Xbal and end-
filled, resulting in the replacement of the LEU2 marker with HphMX4. pKL2697 and
pKL2698 were created by inserting a Xbal-Sall fragment derived from pJM1023 (a
gift from D. J. Lew, Duke Univ., NC) into the corresponding sites in pRS313 and
pRS316, respectively. A BamHI-Pstl fragment from pJM1023 was inserted into
pRS314 at the corresponding sites, creating pKL2519.

To generate pKL2789, a Hindlll-Sacl fragment obtained from YCpT-EGFP-
HSLI was inserted into pRS316 digested with the corresponding enzymes. Plasmids
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from pKL2739 to pKL2745 were generated by mutagenizing pJM1102 (a gift from D.

J. Lew) by PCR. All the mutants were sequenced to confirm the introduced mutations.

8.2 Construction of Yeast Strain

All deletion and epitope-tagged strains constructed in this study were confirmed
by PCR.

Complete deletions of the CDC5 (cdc5A::KanMX6 and cdc5A::HphMX4) were
generated by the one-step gene deletion method as described in 6.2.3. Strain
KLY4438 (cdcSA::HphMX4 + GALI-HA-EGFP,-cdc5-1) was generated by deleting
the CDC5 locus in the presence of cdc5-1 expression.  Strain KLY3721
(cdc5A::KanMX6 + GALI-HA-EGFP>-PLK1) and KLY4439 (cdc5A::HphMX4 +
GALI-HA-EGFP>-PLKI) were created by deleting the CDC5 ORF in the presence of
PLK1 expression.

Deletion of CLA4 (cla4A::LEU2) was achieved with a PCR fragment using
genomic DNA obtained from strain DDY2050 (a gift from D. G. Drubin, Stanford
Univ., CA) as a template. Strains KLY4649, KLY4651 and KLY4653 were derived
by crossing strain KLY3081 [MATa cde5A::KanMX6 TRP1::cdc5-3 HIS3::cdcl4™5"
! an isogenic strain of KLLY3080 (32)] with KLY4649 (MATa cla4A::LEU?2).

To generate strains KLY4913 and KLY4914, first strain KLY4903 was
constructed by integrating a PpuMI-digested pRS306-YFP-CDC10 (pKL1763) into
KLY4649. The resulting strain was then transformed with either YEplac24-CLA4 or
YEplac24-cla4-as3 rescued from DDY2063 and DDY?2056 (gifts from D. G. Drubin),
respectively.

To construct strains expressing a HSLI-Myc;; under the endogenous HSLI
promoter control, a Myc;;::HIS3MX6 fragment obtained from PCR using pFA6a-
13Myc-HIS3MX6 (127) as a template was integrated into the respective strains.

Deletion of SWEI (swelA::HphMX4 and swelA::LEU2) was generated with a 3.5
kb BamHI-HindIll fragment obtained from pKL2699 and pSWE1-10g (5).

Strains expressing wild-type and various mutant forms of SWEI-Myc,,
(KLY4803-KLY4810) were generated by integrating a Stul fragment of respective
constructs (pJM1102, pKL2739-pKL2745) into the indicated strains at the URA3 locus
as described in 6.2.2. Strain KLY5202, KLY5126, KLY5200 and KLY5128 were
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generated by replacing the Myc;, epitope sequence at the C-terminus of the SWEI
locus with 3 copies of EGFP as described in 6.2.3.

8.3 Cultivations of Transformed Yeast

8.3.1 Requirement of Cdc5 for Proper Phosphorylation and Degrada-
tion of Swel

Strain KLY4864 (cdc5SA HSLI-Myc;; + YCplac33-GALI-cdc5-1) transformed
with either a centromeric CDCS5 (pCDC35) (KLY4900) or a control vector (KLY4899)
was cultured overnight in YEP-galactose to maintain viability by expressing cdc5-1
under the GAL! control. Cell growth was synchronized in G; by a-factor treatment
for 2 hours immediately after transferring to YEP-glucose medium to shut off the
expression of cdc5-1. After synchronization, cells were washed and shifted into
nocodazole-containing medium. Then, 3 ml of treated cells was harvested just before
and every 30 minutes after release into nocodazole-containing medium.

Strain KLY4497 (cdc5A::HphMX4 HSLI-Myc;3 + YCplac33-GALI-PLKI)
transformed with either a centromeric pCDCS5 (KLY4532) or a centromeric
pCDC5SAC-CNM67 (KLY4533) was cultured on YEP-galactose medium to express
PLKI. To examine whether CdcS localization to the bud neck would lead to Swel
stabilization, cells were cultured overnight in YEP-glucose medium and cell growth
was arrested with a-factor for 2 hours. Cells were then shifted into YEP-glucose
medium containing nocodazole and harvested every 30 minutes till 180 minutes after
release from a-factor block.

Strain JC66 transformed with control vector, a centromeric GALI-HA-EGFP,-
CDCS5, or a centromeric GALI-HA-EGFPy-cdc5(W517F V5184 L5304) [for
simplicity, cdc5(FAA)] was cultured overnight in YEP-raffinose medium. Cell growth
was arrested with hydroxyurea for 4 hours and then transferred to YEP-galactose
medium containing hydroxyurea for 2 hours to induce the expression of CDC5 or

CDCS5(FAA).
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8.3.2 Requirement of Cla4 for Proper Phosphorylation and Degradation

of Swel
Strain KLY4071 (CLA4") and KLY4536 (cla4A) were cultured overnight at 23°C
in YEP-glucose. Cell growth was then arrested with the presence of either
hydroxyurea or nocodazole for 4 hours prior to the preparation of total cellular lysates.
Strain KLY4913 (cla4A + pCLA4) and strain KLY4914 (cla4A + pclad4-as3) were
cultured overnight at 23°C in YEP-glucose. Cell growth was then arrested with either
hydroxyurea or nocodazole for 2 hours prior to the addition of either 25 uM of 1-NM-
PP1 or DMSO control into the medium. Cells were cultured for additional 2 hours

before harvesting the samples.

8.3.3 Cdc5 and Cla4 Cooperate to Regulate Swel Stability

Strains KLY 1546 (wild type), KLY4651 (cde3-3 edel4™P%"), KLY2869 (hslIA),
KLY4649 (clad4A), KLY4653 (cde5-3 cdel4™%! cla4A), and KLY5098 (hslIA
cla4A) were cultured in YEP-glucose medium at 23°C to a density of 2 x 107 cells/ml.
These cultures were serially diluted (1:10) and 5 ul of each dilution was spotted on
YEP-glucose plate. Then, plates were incubated at 23°C and 33°C for 3 days.

Strain KLY5097 (AslIA cla4AswelA) and strain KLY4756 (cdc5-3 cdel4™55!
cla4A swelA), transformed with either a centromeric SWE! or control vector, were
grown on synthetic minimal media lacking histidine (SDM-HIS) or lacking uracil
(SDM-URA), respectively. Cells were cultured at 23°C to a density of 2 x 10" cells/ml
and serially diluted (1:10). Then, 10 pl of each dilution was spotted on SDM-HIS or
SDM-URA plate to select for the presence of the introduced plasmid. Plates were
incubated at 23°C for 3 days.

Strains KLY4714 (cdc5A + pGALI-cdc5-1 + YCplac22), KLY4715 (cdcSA +
pGALI-cdc5-1 + YCplac22-CDC5), KLY4811 (cdc5A cla4A + pGALI-cdc5-1 +
YCplac22), and KLY4813 (cdc5A cla4A + pGALI-cdc5-1 + YCplac22-CDC5) were
cultured overnight at 23°C in YEP-galactose medium. Cells were then shifted to YEP-
glucose medium containing either hydroxyurea or nocodazole, and then cultured for an

additional 4 hours.
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9. Cell Biology Techniques

9.1 Microscopy

Yeast cells were cultured overnight at 23°C. Then, 500 pl of exponential
growing cells (ODggo of 0.7) were harvested by centrifugation at 3,000 x g for 15
seconds at room temperature. A supernatant was discarded and cells were fixed with
3.7% formaldehyde for 30 minutes. Fixing cells were then washed twice with 500 ul
phosphate buffer saline (PBS). Cells were examined the under microscope.

The percentages of budding cells in strains KLY4900, KLY4899, KLY4532, and
KLY4533 were determined by counting 200 cells for each time point after release
from o-factor with Zeiss microscope. Overall cell morphologies were examined with
differential interference contrast (DIC). Confocal fluorescent images were collected
with a confocal scan head (MRC 1042; Bio-Rad Laboratories) mounted on a Nikon
Optiphot microscope. Measuring of cell size and localization of green fluorescent
protein (GFP)-Hsl7 or yellow fluorescent protein (YFP)-Cdc10 were analyzed by
using LaserSharp 2000 software (Bio-Rad Laboratories). Images were then processed

by using Adobe PhotoShop software.

9.2 Indirect Immunofluorescence

Indirect immunofluorescence was performed as described previously (61) to
visualize microtubule. Cells were fixed with 3.7% formaldehyde for 30 minutes and
then washed twice with 0.1% BSA in PBS. Cells were resuspended in solution A (1.2
M Sorbitol, 40 mM K,POy4, and 0.5 mM MgCl,) with 0.1mg/ml zymolyase 20T and
then incubated at 37°C with gentle rolling to keep cells from setting about 20 minutes.
Cells were washed twice and resuspended with 0.1% BSA in PBS. Zymolyase-treated
cells were added into L-lysine-treated 15-well slide for 10 minutes and then excess
liquid was removed. YOL 1/34 rat anti-tubulin antibody was added into the well.
Cells were incubated with primary antibody for 2 hours and then washed 5 times with
0.1% BSA in PBS at 5 minutes interval. After that, goat anti-rat CY3 antibody was
added and cells were incubated with secondary antibody for 2 hours. Cells were then
washed 5 times with 0.1% BSA in PBS at 5 minutes interval. After a final wash,

mounting solution was added onto the 15-well slide. DNA was stained with 4,6-
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diamidino-2-phenylindole (DAPI) by adding into the mounting media. The slide was
covered with coverslip and samples were then examined using Zeiss LSM510
confocal system with an Axiovert 100M microscope. Images were acquired by using
LSM Release 3.2 software (Zeiss) and were subsequently processed using Adobe

PhotoShop software.

9.3 Flow Cytometry Analysis for Yeast Cells

Flow cytometry was performed as described previously (128) to measure DNA
content per cell, and distinguish between G; and G,/M cells. Yeast cells were cultured
until mid log phase (ODgop = 0.7). Cells were pelletted at 8,000 rpm for 10 seconds.
Cell pellet was then washed twice with 500 pl cold PBS. Subsequently, cells were
fixed with 1 ml of 70% ethanol for 10 minutes at room temperature. After fixing, cells
were washed twice with 500 pl cold PBS to remove ethanol, resuspended in 500 pl
PBS containing RNase A (Img/ml final concentration), and then incubated at 37°C for
30 minutes. After disaggregating the cell for 10 seconds with a sonicator, cells were
washed with 500 pl cold PBS. DNA was stained with propidium iodide at 50 pg/ml
final concentration for 15 minutes. To analyze cell cycle progression, flow cytrometry
analyses were carried out using FACScaliber (BD Biosciences: San Jose, CA), and the

obtained data were analyzed by Flowjo software (BD Biosciences).

10. Data Analysis
Results were expressed as percentage, except the incorporation of **P and the
length of mother cells. Standard deviation was used to determine the dispersion of a

set of observations and expressed as an error bar.
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CHAPTER 5
RESULTS

1. Swel as a Substrate of Cdc5 and Cla4 in vitro

To identify upstream kinases responsible for Swel phosphorylation, six kinases
known to be associated with and/or contribute to assembly of the septin filaments at
the bud neck (Cdc5, Cla4, Elm1, Gin4, Hsll, and Kcc4) (9, 17, 62, 129) were tested
for direct phosphorylation of Swel. For this purpose, the enzymes were expressed in
and purified from Sf9 cells and then examined for their ability in vitro to phosphorylate
a catalytically-inactive GST-Swel(K473A) (28) in the presence of [y-"’P]JATP.

None of these enzymes could phosphorylate GST (control) alone (Table 15) and
phosphorylation of GST-Swel(K473A) was not observed in the absence of an
exogenously added kinase (Fig. 23, lane 17). Hsll, Gin4, and Kcc4 (the three Nim1-
related kinases encoded in the S. cerevisiae genome), and Elm1 catalyzed no more
than trace amount of radioactivity incorporated into GST-Swel(K473A), despite the
fact that these prepared enzymes were all active as judged by their auto-
phosphorylation.  In sharp contrast, both Cdc5 and Cla4 exhibited strong
phosphorylation of GST-Swel(K473A) (Table 15 and Fig. 23, lanes 9 and 11).

It might be possible that other kinases co-precipitated with the recombinant Cdc5
or Cla4 and phosphorylated GST-Swel(K473A). To rule out this possibility, a
catalytically inactive Cdc5 mutant, CdcS5(N209A) (130) (Fig. 23, lane 2) and a
catalytically-defective (but not completely inactive) Cla4 mutant, Cla4(K594A) (33)
(Fig. 23, lane 4) were used as the additional controls. Cdc5(N209A) did not
phosphorylate GST-Swel(K473A) (Fig. 23, lane 10). Similarly, Cla4(K594A)
displayed greatly reduced incorporation into GST-Swel(K473A) (Fig. 23, lane 12).
Cdc5 and Cla4 cross-phosphorylated each other weakly (Fig. 23, lanes 5-8) and did
not appear to phosphorylate GST-Swel(K473A) synergistically (Fig. 23, lanes 13-16,
and Fig.24, lanes 5-8).
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Table 15. Incorporation of **P into GST and GST-Swel(K473A) by various kinases

in vitro.

Recombinant Substrate

Kinase

GST GST-Swel(K473A)

Cdcs - +
Cla4 - 3
Elm1 - -
Hsll - -
Gin4 - -
Kcc4 - y

Recombinant Cdc5, Cla4, Elm1, Hsl1, Gin4, and Kcc4 were immunoprecipitated from
Sf9 cells by using an anti-Flag antibody cross-linked agarose beads. The reactions
were carried out with GST or kinase-inactive GST-Swel(K473A) in the presence of 5
uM ATP and 10 pCi of [y-P]JATP for 30 minutes at 30°C, separated in 10%
polyacrylatmide gel, stained with Coomassie blue, and then subjected to

autoradiography.

(-) = no more than trace amount of radioactivity incorporated into substrate

(+) = strong phosphorylation into substrate.
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Fig. 23. Autoradiogram (Upper) and gel-stained photograph (Lower) illustrating
strong phosphyrylation of Swel by Cdc5 and Cla4.

W is wild-type, N is catalytically-inactive Cdc5, CdcS(N209A), and K is catalytically-
defective Cla4, Cla4(K594A).

The recombinant Cdc5, Cdc5(N209A), Cla4, and Cla4(K594A) were
immunoprecipitated from Sf9 cells by using an anti-Flag antibody cross-linked
agarose beads. The reactions were carried out with or without kinase-inactive GST-
Swel(K473A) in the presence of 5 uM ATP and 10 uCi of [y-*P]JATP for 30 minutes
at 30°C, separated in 10% polyacrylamide gel, stained with Coomassie blue (Lower) ,
and then subjected to autoradiography (Upper). Asterisks indicate a contaminating

protein copurified with Cdc5 and Cla4.
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Fig. 24. Histogram showing a quantification of [*’P] Swel catalyzed by Cdc5 and
Cla4.

W is wild-type, N is catalytically-inactive Cdc5, Cde5(N209A), and K is catalytically-
defective Cla4, Cla4(K594A).

The recombinant protein (Cdc5, Cdc5(N209A), Cla4, or Cla4(K594A) alone or in
combination as indicated) was incubated with GST-Swel(K473A) as a substrate in the
presence of 5 uM ATP and 10 pCi of [y—32P]ATP for 30 minutes at 30°C, separated in
10% polyacrylamide gel, stained with Coomassie blue. GST-Swel(K473A) bands
were excised from the dried gel. An incorporated **P was measured by liquid
scintillation counter. Results from three independent experiments are expressed as
mean + SD as indicated. Note a marked increase in the [**P] Swel in lane 5 which

suggested that Cdc5 and Cla4 phosphorylated Swel in an additive manner.
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2. Requirement of Cdc5 for Swel Phosphorylation in vivo

If Cdc5-dependent phosphorylation in vivo contributes to down-regulation of
Swel during the cell cycle, then absence of Cdc5 should prevent efficient Swel
degradation. To test this hypothesis, and because CDCS5 is an essential gene, a CdC5A
strain (as described in Materials and Methods) was kept viable by expressing a
temperature-sensitive, weakly functional cdc5-1 allele (131) under control of the
GALL1 promoter (KLY4864). The cdc5A cells containing GAL1-cdc5-1 are only viable
on yeast extract/peptone (YEP) galactose medium but are inviable when shifted to
YEP-glucose medium, which represses the GAL1 promoter expression (79). To
compare Cdc5-containing and Cdc5-deficient cells, this strain was transformed with
either an empty centromeric (CEN) vector (KLY4899) or the same vector expressing
wild-type CDCS from its native promoter (pCDC5) (KLY4900).

The resulting transformants in galactose medium were treated with o-factor
mating pheromone to synchronize the cell growth of these transformants in G, phase
and at the same time cells were shifted to glucose medium to prevent expression of the
cdc5-1 mutant protein. After 2 hours, cells were washed and shifted into glucose
medium containing nocodazole (a microtubule polymerizing inhibitor) to release from
a-factor block and permit passage into, but not beyond, M phase. Samples were taken
every 30 minutes (0, 30, 60, 90, 120, 150, and 180 minutes) after release from the o.-
factor block. The level and state of Swel phosphorylation were then determined by
immunoblotting from cell extracts as described in Materials and Methods.

In the cells where Cdc5 was supplied from pCDC5, Swel accumulated during the
first 30 minutes after release and was moderately phosphorylated (Fig. 25, Top, left
side). However, Swel was almost completely absent and the most hyper-
phosphorylated species (the most slowly migrating bands) were barely detectable by
60 minutes after release from o-factor (Fig. 25, Top, left side). In contrast, in the
Cdc5-deficient cells, Swel remained stable for at least 180 minutes and the
moderately phosphorylated species (as opposed to the most hyperphosphorylated
isoforms) accumulated dramatically (Fig. 25, Top, right side).
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Fig. 25. Immunoblot pattern showing Swel, Hsll, and Hsl7 in CDC5 expressing and

deficient cells at various times after release from a-factor.

Cell growth of strain KLY4864 (cdc5A HSL1-Myc;s + YCplac33-GAL1-cdc5-1)
transformed with either a centromeric CDC5 (pCDC5) (KLY4900) or a control vector
(KLY4899) was arrested in G; by a-factor treatment for 2 hours immediately after
cells were transferred to YEP-glucose medium. Cells were then shifted into
nocodazole-containing medium (not allow cell cycle proceeding further than M
phase). Samples were taken every 30 minutes as indicated (0 to 180 minutes) after
release from o-factor block. Total cellular proteins were prepared from samples taken
at the indicated time points and separated by 8% polyacrylamide gel (without SDS in
the separation gel). Immunoblot analyses were carried out using antibodies against
Swel (Top), c-Myc epitope (for Hsl1-Myc;3) (Middle), and Hsl7 (Bottom) to examine
post-translational modification of these proteins. P-Hsl7 is phosphorylated Hsl7.
Asterisk indicates the non-specific protein cross-reacting with the anti-Swel antibody

served as loading control.
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The observed stabilization of Swel and reduction in the most
hyperphosphorylated species were not due to any delay in cell cycle progression
because the Cdc5-deficient cells proceeded through the cell cycle from G; to G»/M at a
rate indistinguishable from that of cells expressing Cdc5, and cell growth of both
strains was arrested in response to the nocodazole block as large budded cells (Fig.
26). These observations indicated Cdc5 was required for proper phosphorylation and
degradation of Swel in vivo.

Because Hsll1 is critical for phosphorylation and localization of Hsl7 to the bud
neck (11, 27, 28), and both proteins are required for targeting Swel to this site for its
modification and degradation (9, 15). Perturbation of the function or localization of
Hsll or Hsl7 in the absence of Cdc5 might account for the observed Swel
stabilization. However, depletion of CdcS5 did not significantly alter Hsll activity
(Fig.25, Middle), Hsl7 phosphorylation (Fig. 25, Bottom), or targeting of GFP-Hsl7 to
the bud neck (Fig. 27).
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Fig. 26. A large-budded cells-time profile of CDC5 expressing and deficient cells

after release from o-factor.

Strain KLY4864 (cdc5A HSL1-Myci3 + YCplac33-GAL1-cdch-1) expressing either a
centromeric CDC5 (pCDC5) (KLY4900) or a control vector (KLY4899) was cultured
on YEP-galactose medium. Then, cell growth was arrested in G; phase by treating
with a-factor for 2 hours immediately after cells were transferred to YEP-glucose
medium. Cell growth was released from a-factor block into nocodazole-containing
medium to allow passage from G; but not beyond M phase. An aliquot of the same
samples used in Fig. 25 at the indicated time (after release from a-factor block) was

counted to determine percentage of large budded cells, an indicator of cell in M phase.
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Fig. 27. Histogram representing the percentage of cells with detectable GFP-Hsl7 at
the bud neck.

Strain KLY4438 (cdc5A + pGAL1-cdc5-1) bearing either a centromeric pCDC5 or
control vector was additionally transformed with a centromeric GFP-HSL7 plasmid
(pMJS47). The resulting transformants were cultured on YEP-galactose, then shifted
to YEP-glucose medium and cell growth was immediately arrested with a-factor for 2
hours to synchronize cells in G; phase. After transferring into nocodazole-containing
medium, cells were harvested at 60 and 180 minutes, fixed and then examined by
fluorescent microscopy. Results from two independent experiments are expressed as

mean + SD as indicated.
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3. Localization of CdcS at the Bud Neck Critical for Swel Stabilization

Cdc5 localizes at the spindle pole bodies (SPBs) and then to the neck (62, 65).
Because recruitment of Swel to the bud neck is critical for its phosphorylation and
degradation, preventing Cdc5 localization to the bud neck would lead to Swel
stabilization. To test this hypothesis, a catalytically-active (but localization-defective)
Cdc5 truncation, designated as CdcSAC, which cannot by itself complement the
inviability of cdc5A cells (Jung-En Park and Kyung S. Lee, unpublished data), was
fused to Cnm67, a component of the outer plaque of the SPB (132). This fusion
expressed from the native CDCS5 promoter was introduced into a CdC5A strain, in
which viability was maintained by GAL1-driven expression of mammalian Polo kinase
(PLK1) cDNA. The CdcSAC-Cnm67 chimera was found to complement the
inviability of cdc5A cells on glucose medium and was localized to the SPB but not at
the bud neck (Jung-En Park and Kyung S. Lee, unpublished data). However, the
resulting cells displayed elongated bud morphology, like that of other mutants
defective in Swel down-regulation (11, 22).

To examine Swel stability, cultures of cdc5A cells, carrying pCDC5 (KLY4532)
or expressing CDC5AC-CNM67 from the same vector (KLY4533), in YEP-galactose
were shifted to YEP-glucose overnight to turn off the expression of PLK1. To analyze
Swel modification for only one cycle from G; to M phase, cell growth of both strains
was synchronized in G; with a-factor and released into nocodazole-containing
medium to permit cell progressing into, not beyond, M phase. The status of Swel was
monitored every 30 minutes from 0 to 180 minutes after release from the a-factor
block.

In cells with wild-type Cdc5, Swel was progressively phosphorylated and then
disappeared (Fig. 28, left side). In contrast, in cells containing only the Cdc5AC-
Cnm67 fusion as the sole source of CdcS5, Swel was accumulated dramatically in
intermediatedly phosphorylated isoforms (Fig. 28, right side) (as opposed to the most
hyperphosphorylated species seen in wild-type Cdc5 at 60 minutes after release from
a-factor). These differences could not be attributed to any difference in the rate of cell
cycle progression because both cells proceeded from G; to G2/M phase with the same

rate and they were arrested as large budded cells in response to nocodazole (Fig. 29).
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Fig. 28. Immunoblot pattern showing Swel in cells expressing CDC5 or CDC5AC-

CNMG67 at various times after release from o-factor.

Strain KL'Y4497 (cdc5A HSL1-Mycis + YCplac33-GAL1-PLK1) transformed with
either a centromeric CDC5 (pCDC5) or a centromeric CDC5AC-CNM67 (pCDCS5AC-
CNM®67) was cultured overnight in YEP-glucose medium. Cell growth was arrested in
G, phase by a-factor for 2 hours and cells were then transferred into YEP-glucose
medium containing nocodazole to block the cell growth in M phase. Samples were
harvested and prepared every 30 minutes after release from a-factor as indicated.
Immunoblot analysis was carried out by using antibodies against Swel. Asterisk
indicates the non-specific protein cross-reacting with the anti-Swel antibody served as

loading control.
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Fig. 29. A large-budded cells-time profiles of cells expressing CDC5 or CDC5AC-

CNMG67 after release from o-factor.

Strain KLY4497 (cdc5A HSL1-Mycis + YCplac33-GAL1-PLK1) containing pCDC5)
or pCDC5AC-CNM67 was cultured overnight in YEP-glucose medium. Cells were
then synchronized in G; phase by o-factor for 2 hours, and released into medium
containing nocodazole to arrest cell in M phase. The aliquots of the same samples in
Fig. 28 at 0, 30, 60, 90, 120, 150, and 180 minutes (after release from a-factor) were
harvested, fixed, and counted to determine the percentage of large budded cells, an

indicator of M-phase cell.
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These observations suggested that only the population of Cdc5 at the bud neck
contributed to an efficient down-regulation of Swel. The apparent importance of
localization of Cdc5 to the bud neck for proper Swel down-regulation predicts Cdc5
should normally localize to the neck prior to onset of the G/M transition. Therefore,
the timing of localization of the fully functional green-fluorescent protein (GFP)-Cdc5
fusion (133) expressed at its endogenous level was examined. Structure of the spindle
was monitored as an internal marker for cell cycle position (Fig. 7).

Cdc5 localization to the SPB was detectable as early as late G; and remained at
the SPB until the end of mitosis. In unbudded cells, or cells with a small bud,
localization of Cdc5 to the bud neck was not detectable (Fig. 31). However, Cdc5
localization to the bud neck was detectable by the time cells formed a short spindle,
and this population of Cdc5 remained at the bud neck until spindles were fully
elongated (Fig. 31). These findings indicated that Cdc5 was indeed present at the bud
neck, perhaps by G, phase, and thus was available early enough to contribute to Swel
modification before the onset of M phase.

In further support of this conclusion, strain JC66 were transformed with control
vector, a centromeric GAL1-HA-EGFP2-CDCS5, or a centromeric GAL1-HA-EGFP2-
cdc5(FAA). A triple point mutant Cdc5(FAA) is defective for localization to both
SPBs and the bud neck (62). Resulting transformants were cultured overnight in YEP-
raffinose medium. Cell growth was arrested with hydroxyurea for 4 hours, and cells
were then transferred to YEP-galactose containing hydroxyurea for 2 hours to induce
the expression of CDC5 or CDC5(FAA). Total cellular lysates were prepared and
subjected to immunoblot analyses with anti-Swel and anti-GFP (for Cdc5) antibodies.
In the cells where Cdc5 was over-expressed in S phase-arrested (hydroxyurea treated)
cells, Swel was barely detectable (Figs.30 and Al). In contrast, Swel accumulated in
cells expressing the triple point mutation, Cdc5(FAA), under the GAL1 promoter with

the same degree as in control cells (Figs.30 and Al).



Fac. of Grad. Studies, Mahidol Univ. Ph.D.(Pharmacology) / 103

/FAA

GALI-CDCS5

‘8
=
¥
= ™~
P %3
2 >

Swel

PR PN EREE % SRR *
W+ Cdcs

Fig. 30. Immunoblot pattern showing Swel in S phase cells overexpressing CDC5 or

CDC5(FAA).

Strain JC66 was transformed with control vector, a centromeric GAL1-HA-EGFP-
CDC5 [GAL1-CDC5], or a centromeric GAL1-HA-EGFP-cdc5(FAA) [GAL1-
cdc5(FAA)]. Resulting transformants (KLY 5035 - KLY 5037) were cultured overnight
in YEP-raffinose medium. Cell growth was arrested with hydroxyurea for 4 hours,
and cells were then transferred to YEP-galactose containing hydroxyurea for 2 hours
to induce the expression of CDC5 or CDC5(FAA). Total cellular lysates were
prepared and subjected to immunoblotting analyses with anti-Swel (Upper) or anti-
GFP (for EGFP-Cdc5) (Lower) antibodies. An asterisk indicates the cross-reacting

protein with the anti-Swel antibody served as loading control.
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GFP-CdcS tubulin DAPI Overlay

Fig. 31. Confocal micrographs illustrating timely localization of Cdc5 to the bud

neck.

Asynchronously growing KLY4816 cells, which express GFP-CDCS5 under
endogenous CDC5 promoter control, were cultured overnight, fixed, and subjected to
immunostaining with anti-tubulin antibody and DNA staining with DAPI. Black
arrow indicates SPB-localized Cdc5 in an unbudded cell, whereas white arrows

indicate the bud-neck localized Cdc5. The scale is indicated by the horizontal line, 5 pm.
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4. Requirement of Cla4 for Swel Phosphorylation in vivo

In cells lacking Cdc5 or in which Cdc5 could not be localized to the neck, the
most hyperphosphorylated Swel forms were not observed and Swel was greatly
stabilized. However, Swel was phosphorylated to an intermediate level (Figs. 25 and
28). Hence, some other kinases(s) could be responsible for the early phase of Swel
phosphorylation. Cla4, a member of PAK family of protein kinase, is important for
septin collar assembly (134) and associates tightly with septins (100). Given that Cla4
was the only other kinase able to strongly phosphorylate Swel in vitro, its contribution
to Swel phosphorylation and down-regulation in vivo was examined in CLA4
expressing and deleting cells.

In asynchronously growing CLA4" cells (KLY4071), Swel migrated as multiple
species indicating that varying degrees of Swel phosphorylation were generated in
these cells (Fig. 32, Top, Asyn.). In contrast, CLA4 deletion (cladA) cells (KLY4536)
lacked the most hyperphosphorylated Swel species (Fig. 32, Top, Asyn.) as observed
in the CLA4" cells, suggesting that Cla4 contributed to Swel phosphorylation during
the cell cycle.

In addition, in S phase-arrested cell growth by treating with hydroxyurea (an
inhibitor of ribonucleotide reductase required for DNA synthesis), Swel accumulated
predominantly in the hypophosphorylated form in cla4A cells, whereas only the
moderately phosphorylated forms of Swel were observed in CLA4" cells (Fig. 32,
Top, HU). Even in M phase-arrested (nocodazole treated) cell growth, a small amount
of Swel was still detectable in cladA cells but not in the CLA4" cells (Fig. 32, Top,
Noc.).

However, cells lacking Cla4 exhibited a defect in septin filament assembly (100,
134) as shown in Fig. 33. Septin filament assembly is required for localization of Hsl1
and Hsl7 to the bud neck, where Swel is targeted for degradation (28). In cladA cells,
Hsll autophosphorylation appeared to be diminished (Fig. 32, Middle) and Hsl7
phosphorylation was reduced (Fig. 32, Bottom) in comparison to CLA4" cells. The
stabilization and decrease in phosphorylation of Swel in Cla4-deficient cells might

occur indirectly due to defective in septin filament assembly.
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Fig. 32. Immunoblot pattern showing Swel, Hsll, and Hsl7 from CLA4 expressing

and deficient cells in asynchronous, S-phase, and M-phase cell culture.

Strains KLY4071 (CLA4) and KLY4536 (cla4A) were grown either asynchronously or
treated with hydroxyurea (HU) (to arrest cell growth in S phase) or nocodazole (Noc.)
(to block cell growth in M phase) for 4 hours. Samples were then harvested and total
cellular lysates were prepared. Immunoblot analyses were carried out by using
antibodies against Swel (Top), c-Myc epitope (for Hsl1-Myc,3) (Middle), and Hsl7
(Bottom). Asterisk indicates the non-specific protein cross-reacting with anti-Swel

antibody served as loading control, where P-Hsl7 is phosphorylated Hsl7.
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A) +pCLA4 B) + vector
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Fig. 33. Confocal micrographs illustrating the morphology of the abnormal septin ring
in cladA cells.

Stains KLY4903 (clad4A) expressing YFP-CDC10, which was encoded recombinant
Cdc10 (a component in septin complexes) tagged with yellow-fluorescent protein
(YFP), was transformed with either a centromeric CLA4 (pCLA4) (as wild-type
control) or a control vector (as cladA mutant). Cell growth of the resulting
transformants was arrested in S-phase with hydroxyurea, fixed, and then subjected to
confocal microscopy. The normal septin ring morphology was observed in all budded
CLA4 cells (A) and some of cladA cells (B) as indicated by black arrows, whereas
white arrows indicate the aberrant or misplace septin ring. The scale is indicated by

the horizontal line, 5 pm.
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To confirm that Cla4 directly contributed to Swel phosphorylation and down-
regulation, an analog-sensitive (as) cla4 allele (cla4-as3) (107) that confers sensitivity
to the cell-permeable inhibitor compound, 1NM-PP1 (4-amino-I1-tert-butyl-3-(1-
napthylmethyl) pyrazolo[3,4-d]pyrimidine) (135) was used. @A CLA4" strain
(KLY4913) or an otherwise isogenic cla4-as3 mutant (KLY4914) was grown to mid-
exponential phase and cell growth was arrested in either S phase (with hydroxyurea)
or M phase (with nocodazole). Cells were then treated for 2 hours with solvent only
(DMSO), as a control, or 25 uM 1NM-PP1 to inhibit function of Cla4 analog (cla4-
as3).

As observed in S phase-arrested cladA cell, Swel was present exclusively in its
hypophosphorylated form when S phase-arrested cla4-as3 cells were treated with the
inhibitor, but not when treated with the solvent alone (Fig. 34, Upper). The inhibitor
had no effect on Swel phosphorylation in CLA4" Cells. In addition, Hsl7 was
phosphorylated normally (Fig. 34, Lower), GFP-Hsl7 localized efficiently to the septin
complexes at the bud neck (Figs.35 and A2), and septin ring structure was formed
normally in both cla4-as3 and CLA4 cells with or without the inhibitor (Figs. 35 and
A2). These data suggested that Cla4 activity contributed directly to Swel
modification in vivo, in consistent with the ability of Cla4 to phosphorylate Swel in
vitro (Fig. 23).
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Fig. 34. Immunoblot pattern showing Swel and Hsl7 of S-phase and M-phase
arrested CLA4" and clad-as3 cells.

Strains KLY4913 (cladA +pCLA4) and KLY4914 (cladA + pclad-as3) were treated
with either hydroxyurea (HU) (to arrest cell growth in S-phase) or nocodazole (Noc.)
(to block cell growth in M-phase) for 2 hours before the addition of either control
DMSO or 25 uM of 1-NM-PP1 into the medium. Cells were cultured for additional 2
hours before harvesting the samples. Immunoblotting analyses were carried out by
using antibodies against Swel (Top), and Hsl7 (Bottom). Asterisks indicate the non-
specific protein cross-reacting with the anti-Swel antibody served as loading control,

where P-Hsl7 is phosphorylated Hsl7.
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A) +pCLA4 B) +pclas-as3

cladA GFP-HSL7

Fig. 35. Confocal micrographs illustrating the normal morphology of septin ring in
both CLA4" and cla4-as3 cells.

Strains KLY5004 (cladA +pCLA4 + pGFP-HSL7) and KLY4914 (cla4A + pclad-as3
+ pGFP-HSL7) were treated with hydroxyurea to arrest cell growth in S phase, fixed
and subjected to confocal microscopy to examine the localization of GFP-Hsl7 at the
bud neck. GFP-Hsl7 localized efficiently to the bud neck and septin ring morphology
appeared normal in both strains as indicated by arrows. The scale is indicated by the

horizontal line, 5 pm.
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S. Kinase Collaboration in Swel Inactivation

Prior genetic analyses have suggested that Cdc5 and Hsll act in parallel and
upstream of Swel to promote entry into mitosis (32). To assess whether Cla4
contributes in a physiologically relevant way to Swel down-regulation along with
Hsll and Cdc5, double mutants [combination of clad4A with either an hsI1A mutation
or the temperature-sensitive cdc5-3 allele (32)] were constructed. The latter construct

was examined in the presence of a CDC14™8*

mutation (136), which compensates
for the mitotic exit defect, but not the G,/M delay, of the cdc5-3 mutant cells (32).

The cla4A hsl1A double mutant was found to grow slowly at both 23°C and 33°C
(Fig. 36) about the same as clad4A cells, but exhibited highly elongated bud
morphology (Fig. 37) when compared to either the cla4A or the hsl1A single mutant.
More strikingly, the growth defect of the cdc5-3 CDC14™"%* mutant cells, which are
already somewhat defective in Swel down-regulation at semirestrictive temperature
(33°C) (32), was strongly exacerbated by the absence of Cla4 (failed to grow at 33°C)
(Fig. 36) and this mutant displayed dramatically elongated-bud morphology even at
23°C (Fig. 37).

If the primary problem of these mutants is lack of efficient down-regulation of
Swel, deletion of SWE1 could ameliorate the growth and morphology defects of these
mutants. As expected, the cladA hsl1A swelA mutant alleviated the growth and
morphology defects of cladAhsl1A cells (Figs. 38-40). Because Cdc5 and Cla4 are
required for various cellular and mitotic events (77, 79, 102, 103, 131, 137), the
synthetic lethality of the cdc5-3 CDC14™8%! cladA mutant at 33°C could be the result
of multiple failures associated with the combined mutations. Introduction of swelA
into this triple mutant (cdc5-3 CDC14™F%! cla4A swelA) corrected the bud-
elongation morphology (Fig. 37) and partially rescued the growth defect of these
mutants (Fig. 39). Conversely, reintroduction of SWE1 on a CEN plasmid reimposed
obvious growth defects (Figs. 38 and 39) and marked morphology defects (Fig. 40) in
both cladA hsl1A swelA and cdc5-3 CDC14™B%! cladA swelA cells. This genetic
synergy supported the view that all Cdc5, Cla4, and Hsll contributed to Swel down-

regulation.
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Fig. 36. Photographs showing growth pattern of various strains of budding yeast at
both 23°C and 33°C.

Strains KLY 1546 (wild type, WT), KLY4651 (cdc5-3 cdc14™B1), K1LY2869 (hsl1A),
KLY4649 (cladA), KLY4653 (cdc5-3 cdcl4™B®? cladA), and KLY5098 (cladA
hsl1A) were cultured overnight at 23°C in YEP-glucose medium. These cultures were
serially diluted (1:10), spotted on YEP-glucose agar from higher to lower
concentrations (1 to 4), and incubated at 23°C and 33°C for 3 days.

Note the different growth pattern of cladA, cdc5-3 cdc14™5%! cladA, and cladA hsl1A

cells suggesting their altered growth pattern.
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Fig. 37. Photographs illustrating the morphology of the wild type and various mutant

yeast strains.

Wild type, cdc5-3 cdc14™B hsl1A, cladA, cdc5-3 cdc14™85? clada, cladA, cdc5-3
cdc14™B% cladA swelA, cladA hsl1A, and cladA hsl1A swelA cells were cultured
overnight at 23°C in YEP-glucose medium, fixed and then examined by DIC

microscopy. The scale is indicated by the horizontal line, 5 um.

Note the synthetically elongated bud morphologies in cdc5-3 cdc14™8%* cladA and
clad4A hsl1A mutants suggesting their manifested Go/M delay.

Copyright by Mahidol University
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cla4A hsl1A swelA
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Fig. 38. Photographs showing different growth patterns of cla4A hsl1A swelA mutant
with or without reintroducing SWE1.

Strain KLY5097 (cladA hsl1A swelA) was transformed with either a centromeric
SWE1 (pSWE1) or a control vector. The resulting transformants were cultured
overnight at 23°C in synthetic dextrose minimal medium without histidine (SDM-HIS)
medium, serially diluted (1:10), spotted on SDM-HIS agar from higher to lower
concentration (1 to 4), and incubated at 23°C for 3 days.

Note the different growth patterns of cladA hsl1A swelA containing control vector
(Upper) and pSWEL1 (Lower) cells, which suggested that Cla4 and Hsl! participated in
Swel regulatory pathway.
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Fig. 39. Photographs showing different growth patterns of cdc5-3 CDC14™8% cladA
swelA mutant with or without reintroducing SWE1 at both 23°C and 33°C.

Strain KLY4756 (cdc5-3 CDC14™5%! cladA swelA) was transformed with either a
centromeric SWE1 (pSWEL) or a control vector. The resulting transformants were
cultured overnight at 23°C in synthetic dextrose minimal medium without uracil
(SDM-URA) medium, serially diluted (1:10), spotted on SDM-URA from higher to
lower concentration (1 to 4), and incubated for 3 days at 23°C and 33°C.

Note the synthetic growth defect of cdc5-3 CDC14™5%! cla4A swelA + pSWEL at
33°C suggesting that Cdc5 and Cla4 played an active role in regulating Swel.
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Fig. 40. Photographs illustrating the morphology of mutant yeast stains defective in
the Swel regulatory pathway.

The cla4A hsl1A swelA and cdc5-3 CDC14™8%! cladA swelA mutants expressing
either pSWE1 or a control vector (the same strains used in Figs. 38 and 39) were
cultured overnight at 23°C in synthetic dextrose minimal media, fixed and then

examined by DIC microscopy. The scale is indicated by the horizontal line, 5 um.
Note the dramatically elongated bud morphology of cla4A hsl1A swelA + pSWE1L and

cdc5-3 CDC14™8%! cladA swelA + pSWEL mutant cells suggesting their pronounced
G»/M delay.

Copyright by Mahidol University
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To confirm the observed genetic interactions that Cdc5 and Cla4 collaborated to
down-regulate Swel in vivo, Swel modification and stability were examined in the
absence of both Cdc5 and Cla4 activity. In S phase-arrested (hudroxyurea treated)
cladA cells, Swel accumulated in hypophosphorylated form regardless of whether
Cdc5 was present or not (cla4A CDC5", and cladA cdc5SA mutants) (Fig. 41, Upper,
lanes 3 and 4). When Cla4 was present (CLA4" CDC5", and CLA4" cdcSA strains),
moderately phosphorylated forms of Swel were observed (Fig. 41, Upper, lanes 1 and
2). In M phase-arrested (nocodazole treated) cells, Swel was barely detectable when
both Cdc5 and Cla4 were present in the cells (Fig. 41, Lower, lane 1). Whereas when
only Cdc5 was absent, the moderately phosphorylated Swel species accumulated (Fig.
41, Lower, lane 2). In the absence of Cla4, the hypophosphorylated form of Swel
accumulated whether or not Cdc5 was present (cla4A CDC5', and cladA cdc5A
mutants) (Fig. 41, Lower, lanes 3 and 4). However, the presence of Cdc5 seemed to
be able to drive further phosphorylation and degradation of some of the Swel (Fig. 41,
Lower, comparing lanes 3 and 4). Taken together, these observations suggested Cla4

and Cdc5 cooperate to efficiently down-regulate Swel.
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Fig. 41. Immunoblot pattern showing the corporation of Cdc5 and Cla4 in regulating
the Swel stability.

Strains KLY4751 (cdc5A + pGAL1-cdc5-1 + pCDC5) (as CDC5" CLA4" cell, lane 1),
KLY4714 (cdcbA + pGAL1-cdc5-1 + vector) (as cdcbA cell, lane 2), KLY4813
(cdcbA cladA + pGALl-cdc5-1 + pCDC5) (as cladA cell, lane 3), and KLY4811
(cdchA cla4A + pGAL1-cdc5-1 + vector) (as cdcbA cladA cell, lane 4) were cultured
overnight at 23°C in YEP-galactose medium, shifted to YEP-glucose medium
containing either hydroxyurea (HU) (Upper) to arrest cell growth in S phase or
nocodazole (Lower) to arrest cell growth in M phase, and cultured for an additional 4
hours.  Samples were prepared and total cellular extracts were subjected to
immunoblot analyses using anti-Swel antibody. Asterisks indicate the non-specific

protein cross-reacting with the anti-Swel antibody served as loading control.

Note the different pattern of Swel modification suggesting that Cla4 functioned early

in S phase, whereas Cdc5 functioned later in the cell cycle to regulate Swel stability.
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6. Absence of CdcS or Cla4 Phosphorylation Sites Stabilizing Swel

To further confirm the physiological significance of Cdc5- and Cla4- dependent
phosphorylation of Swel, phosphorylated GST-Swel(K473A) with each enzyme in
vitro with excess ATP, and the sites phosphorylated were mapped within tryptic
peptides using mass spectrometry.  Seventeen definitive and four potential
phosphorylation sites for Cdc5, and seven definitive and five potential
phosphorylation sites for Cla4, were identified (Fig. 42 and Tables A2 and A3). Sites
not definitively determined were predicted using NetPhos 2.0 program (138) and the
known consensus phosphoacceptor motifs for Polo, D/E-X-S/T-®-X-(D/E) (73), and
for yeast PAKs, R-X-S/T-X-® (100, 139), where X is any residue and @ is a
hydrophobic residue. Among the determined phosphorytion sites, eight sites were
apparently phosphorylated by both enzymes. Numbers of Swel isoforms seen in
immunoblots of yeast extracts in this study (Figs 25, 26, and 41) and in prior works
(10, 11) verified that Swel was clearly phosphorylated at many sites. To date only
three sites were determined in Swel recovered from yeast cells (S111, S118, and
T131) (Lew DJ, Duke Univ, Durham, NC, personal communication), but reassuringly,
these were identical to the in vitro sites determined in this study.

Site-directed mutagenesis was used to introduce mutations (S-to-A or T-to-A) at
individual sites in a functional Swel tagged with 12 copies of c-Myc epitope (Myc)2)
(15). The resulting constructs were then integrated at the URA3 locus in a strain M600
carrying an mih1lA mutation, which potentiates the phonotype that results from Swel-
dependent inhibition of CIb-Cdc28 (9). Aside from one mutation (S118A) that
unexpectedly destabilized Swel for unknown reasons, no single point mutation
detectably affected Swel stability (as judged by immunoblot analyses with anti-Myc
antibody) or caused elongated cell morphology diagnostic of a Go/M delay. Therefore,
Swel derivatives were generated with mutations in (i) all 20 of the apparent Cdc5
phosphorylation sites (except S118), designed Swel(20A); (ii) all 12 of the apparent
Cla4 phosphorylation sites, dubed Swel(12A); (iii) sites in all 8 sites commonly
phosphorylated by Cdc5 and Cla4 (S111A, S288A, S379A, S438A, S629A, S682A,
and S688A), termed Swel(c8A); and (iv) a total of the 24 combined Cdc5 and Cla4
phosphorylation sites, designated Swel(24A); (V) just the 11 N-terminal sites (S36A,
T66A, S102A, S111A, T131A, S136A, S156A, S169A, S185A, S223A, and S225A),
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Fig. 42. The Swel phosphorylation sites determined by Cdc5 and Cla4 in vitro.

The determined phosphorylation sites commonly phosphorylated by both Cdc5 and
Cla4 are shown in bold, underlined, and italicized S or T (S111, S288, S379, S395,
S438, S629, S682, and S688). The phosphorylation sites only phosphorylated by
Cdc5 are shown in bold and underlined S or T (S36, S102, S118, T131, S156, S169,
S185, S223, S225, S254, S280, T501, and S610), whereas the sites only
phosphorylated by Cla4 are shown in bold and italicized S or T (T66, S136, S312, and
T676).
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called Swel(11A); (vi) just the 8 intermediate sites (S254A, T280A, S288A, S312A,
S379A, S395A, S438A, and T501A), termed Swel(8A); and (vii) just the 5 C-terminal
sites (S610A, T629A, T676A, S682A and T688A), designated Swel(5A). All of these
multiply mutated constructs were integrated in c-Myc epitope-tagged form at the
URA3 locus in the mihlA strain and examined cell morphology and Swel
stabilization.

When compared to the parental cells expressing just endogenous SWE1, cells
expressing the additional Swel-Myc;, derivative showed only a slight increase in
average cell length (only mother cells were measured, to avoid the inherently greater
heterogeneity of buds) (Figs. 43 and 44). In addition, Swel-Myc,, appeared to be as
unstable as endogenous Swel (as an internal control), based on their level of
expression in the same cell (asynchronous cell culture, Fig. 45, lane 2). In contrast,
Swel(20A) and Swel(12A) lacking determined CdcS5 and Cla4 phosphorylation sites,
respectively, caused pronounced cell elongation (Figs. 43 and 44). The greatest
increase in cell elongation was observed in cells expressing Swel(24A), in which all
the combined Cdc5 and Cla4 phosphorylation sites were mutated (Figs. 43 and 44),
suggesting that Cdc5 and Cla4 acted in concert to promote Swel down-regulation. All
of the remaining mutants [Swel(c8A), Swel(11A), Swel(8A), and Swel(5A)], in
which various combinations of Cdc5 and Cla4 sites were mutated, caused similar
degrees of cell elongation (Figs. 43 and 44).

These observations suggested Swel mutant derivatives must all be catalytically
active because they caused G,/M delay as indicated by cell elongation (Fig. 43).
Moreover, no one region within Swel seemed uniquely responsible, when
phosphorylated, for conferring instability, although, the absence of the C-terminal
phosphorylation sites on Swel, Swel(5A), had somewhat more pronounced effect
(Figs. 43 and 44). In keeping with their elongated cell phenotype, all of the Swel
multiple phosphorylation site mutants were more stable than Swel-Myc;, or
endogenous Swel present in the same cell (as judged by immonoblotting of
asynchronous cell cultures) (Fig. 45, lanes 3-9). The observed accumulation of Swel
mutant derivaties could not be due to an indirect effect because the endogenous Swel

in the same cells did not accumulate (Fig. 45).
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Fig. 43. Photographs showing morphology of control and various Swel phospho-

rylation-site mutant cells.

Control vector, SWE1-Myci, (containing 12 copies of c-Myc epitopes), and various
phosphorylation-site mutant SWE1-Myci, derivatives (SWE1(20A) bearing 20 Cdc5
phosphorylation sites, SWE1(12A) bearing 12 Cla4 phosphorylation sites, SWE1(C8A)
bearing 8 common phosphorylation sites by Cdc5 and Cla4, SWE1(24A) bearing 24
combined Cdc5 and Cla4 phosphorylation sites, SWE1(11A) bearing 11 N-terminus
phosphorylation sites, SWE1(8A) bearing 8 internal phosphorylation sites, and
SWE1(5A) bearing 5 C-terminus phosphorylation sites) were integrated into mih1A
strain (M-600) at URA3 locus. The resulting strains (KLY4802 — KLY4810) were
cultured overnight at 30°C, fixed, and subjected to DIC microscopy. The scale is

indicated by the horizontal line, 5 um.

Copyright by Mahidol University
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Fig. 44. Histogram exhibiting cell size of control and various Swel phosphorylation-

site mutant cells.

The mih1A strains containing vector control or expressing indicated SWE1 derivatives
[SWE1, SWE1(20A), SWE1(12A), SWE1(c8A), SWE1(24A), SWE1(11A), SWE1(8A),
or SWE1(5A)], were analyzed by Bio-Rad MRC 1024 confocal software. Results from

100 cells of each strain are shown as mean + SD as indicated.
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Fig. 45. Immunoblot pattern comparing various recombinant Swel proteins with the

endogenous Swel.

The mihlA strains, bearing control vector or expressing wild-type SWE1-Myci,
(containing 12 copies of c-Myc epitopes) or phosphorylation-site mutant SWE1-Myc;;
derivative [SWE1(20A), SWEL1(12A), SWE1(c8A), SWE1(24A), SWE1(11A),
SWE1(8A), or SWEL1(5A)], were cultured overnight at 23°C. Total cellular lysates
were prepared from the asynchronously growing cells, separated in 10%
polyacrylamide gel and then subjected to immunoblot analyses with anti-Swel
antibody to detect both recombinant Swel-Myci, and endogenous Swel proteins.

Asterisk indicates a nonspecific cross-reacting with the anti-Swel antibody.
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Because recruitment of Swel to the bud neck is critical for its subsequent
modification and degradation (28), the observed stabilization of the Swel
phosphorylation site mutants might be due to the inability of these variants to be
targeted to the bud neck. To test this hypothesis, the Swel mutant proteins were
tagged at the C-terminus with GFP and expressed under control of the native SWE1
promoter as described in Materials and Methods. Wild-type Swel-GFP was
undetectable at the bud neck when expressed at an endogenous level under the control
of SWE1 promoter. Only when overexpressed from a 2 p, multi-copy vector, Swel-
GFP could be detected at the bud neck. In contrast, when expressed from the same
SWE!1 endogenous promoter, three different multiple phosphorylation site mutants,
Swel(20A)-GFP, Swel(12A)-GFP, and Swel(24A)-GFP, all displayed accumulation
at the bud neck (Fig 46). These observations suggested that the absence of Cdc5- and
Cla4- dependent phosphorylation on Swel did not perturb intracellular targeting but

greatly stabilized Swel in vivo.
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Fig. 46. Confocal micrographs showing the efficient localization of various Swel

phosphorylation-site mutants.

The mutant forms of SWE1 [SWE1(20A), SWE1(12A), and SWE1(24A)] were C-
terminally tagged with GFP and expressed under the control of SWEL promoter. The
resulting constructs (KLYS5126, KLY5128, and KLY5200) were cultured in YEP-
glucose medium at 23°C, treated with hydroxyurea for 3 hours to arrest cell growth in
S phase, and then subjected to confocal microscopy. The scale is indicated by the

horizontal line, 5 pum.
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CHAPTER 6
DISCUSSION

1. Requirement of Cdc5 and Cla4 for Proper Phosphorylation and Degradation
of Swel

Swel abundance, phosphorylation, and stability all vary as a function of cell
cycle progression (13). During Gy/M transition, Swel undergoes extensive
phosphorylation before subsequent targeting for degradation at the bud neck (10-15).
Thus, the upstream kinase(s) responsible for Swel phosphorylation could localize at
this site. The candidates are six protein kinases (Cdc5, Cla4, Elm1, Gin4, Hsll, and
Kcc4) known to be associated with or contribute to the assembly of septin filaments at
the bud neck. Even though previous studies have shown that the three Nim1-related
kinases (Gin4, Hsll, and Kcc4) and Elm1 contribute to Swel stabilization (9, 10, 11,
17, 26), in this study, neither of them was able to phosphorylate GST-Swel(K473A) in
vitro (Table 15). However, this might be due to the lack of yeast-specific cofactor or
modification of these kinases to facilitate their reactions. In contrast, Cdc5 and Cla4
could phosphorylate GST-Swel(K473A) strongly (Tablel and Fig. 23, lanes 9 and
11). Enhanced Swel phosphorylation could be seen when both Cdc5 and Cla4 were
present and both of them appeared to catalyze the incorporation of **P into GST-
Swel(K473A) in an additive manner [Figs. 23 (lanes 13 — 16) and 24 (lanes 5 — 8)].

It has been shown previously that Cdc5 and Cla4 play role in Swel regulation in
an undefined pathway. Cdc5 functions in a point upstream of Swel to control the
G2/M transition because loss of SWE1 suppresses growth and morphology defects of
cdc5-3 hsl1A double-mutant cells at semipermissive temperature (31, 32), whereas
deletion of CLA4 gene displays elongated-bud phenotype which is associated with
Swel-dependent cell cycle delay (9). Given that hyperphosphorylated forms of Swel
can be detected as slower-migrating species by SDS-PAGE (10, 11, 13), immunoblot
analyses of normal cells showed that Swel was progressively phosphorylated and then

disappeared (Figs. 25, Top and 29). In contrast, lacking of either Cdc5 or Cla4
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resulted in stabilization of Swel (Figs. 25 and 31, Top). Moderately phosphorylated
species of Swel were predominantly accumulated in Cdc5-deficient cells (Fig. 25,
Top) and only the neck-localized Cdc5 was responsible to this event (Fig. 28). Even
though Swel was greatly stabilized in Cdc5-deficient cells and in cells that Cdc5
could not be localized to the bud neck, it was still phosphorylated to a certain extent
(Fig. 28). These observations suggested that Swel could be phosphorylated by other
kinases at the early phase of the cell.

In contrast to stabilization of Swel in an intermediate level in conditionally
knockout CDCS5 cells, absent of Cla4 caused accumulation of Swel predominantly in
hypophosphorylated isoforms (Fig. 32, Top). However, this cell exhibited abnormal
septin ring forming at the bud neck both in this study (Fig. 33B) and in previous study
(100, 134). Septins constitute a cytoskeletal structure that is conserved in eukaryotes
and composed of Cde3, Cdcl0, Cdcl1, Cdc12, and Shs1/Sep7 (140). Localization of
Hsll, Hsl7, and Swel depend on septin filaments at the bud neck (9, 11, 17). In
mutant strains with misorganized septin structure, localization of Hsl1 and Hsl7 to the
bud neck is disrupted, and they exhibit Swel-dependent G,/M delay (9, 11, 17). In
addition, Hsll kinase activity depends on proper septin function (17) and requires for
Hsl7 phosphorylation as detected by a mobility shift of the protein in SDS-PAGE (26).
Because of the observed aberrant septin ring at the bud neck (Fig. 33B), diminished
Hsl1 autophosphorylation (Fig. 32, Middle), and reduced Hsl7 phosphorylation (Fig.
32, Bottom) in cla4A cells, the role of Cla4 in Swel regulatory pathway in this strain
was thus obscure whether Cla4 directly contributed to Swel down-regulation.

It has recently been reported that kinase specific inhibition can be achieved by
coupling chemistry and genetics (107, 141). A specific mutation in the ATP-binding
site of the kinase creates a pocket that allows binding of a highly specific ATP analog,
1-NM-PP-1, without preventing the binding of ATP to other kinases. The resulting
analog-sensitive kinase behaves like its wild-type counterpart, but can be rapidly and
specifically inhibited in vivo. Thus, this cell-permeable inhibitor that is selective for
individual protein kinase would allow the direct investigation of the cellular function
of each kinase in a specific pathway. In clad4-as3 cells (107), after treating with 1-
NM-PP-1, Swel accumulated in a hypophosphorylated form (Fig.34, Top), in S phase

arrested cell growth. The level of Hsl7 phosphorylation is a convenient indicator of
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septin assembly at the bud neck because its phosphorylation depends on Hsll kinase
activity and intact septin ring. The level of Hsl7 phosphorylation in cla4-as3 cells was
the same as in CLA4" cells (Fig. 34, Bottom). As with this observation, Hsl7 localized
to the bud neck efficiently in both of these strains (Figs. 35 and A2).

Genetic analysis is frequently a useful tool to reveal the function of gene products
that impinge, even subtly, on the same process. The cdc5-3 CDC14™8%! mutant,
which is defective in Swel down-regulation (32), failed to grow at semipermissive
temperature, 33°C (Fig. 36), and exhibited synergistic bud elongation even at 23°C
with loss of CLA4 gene (Fig. 37). Inactivation of the Swel regulatory pathway causes
cells to undergo continuous polar growth during a prolonged G,/M delay, producing
highly elongated cells that are abnormally large (39). The Gy/M delay and cell
elongation resulted from inactivation of the network are reversed by deletion of the
SWEL1L gene. Loss of SWE1 ameliorated morphology defect (Fig. 40), but partially
suppressed growth defect at semipermissive temperature (Fig. 39) in cdc5-3
CDC14™8%! cladA mutant. The failure to fully rescue the growth defect in this
mutant might be due to the requirement of Cdc5 and Cla4 for various cellular and
mitotic functions (77, 79, 102, 103, 131, 137). Reintroduction of SWE1 in cdc5-3
CDC14™%! cladA swelA mutant reimposed growth and morphology defects (Figs.
39 and 40), suggesting the collaborative work of Cdc5 and Cla4 in regulating Swel
function.

The determined Swel phosphorylation sites by Cdc5 and Cla4 indicated that they
scatter throughout Swel (Fig. 42). Mutation of Cdc5- and Cla4-mediated Swel
phosphorylation sites from S/T to A [Swel(20A), Swel(12A), Swel(c8A),
Swel(24A), Swel(11A), Swel(8A), and Swel(5A)] resulted in cell elongation (Figs.
42 and 43) reconfirming the physiological significance of Cdc5 and Cla4 on Swel
regulation. Consistent with the enhanced Swel phosphorylation by Cdc5 and Cla4 in
vitro (Figs. 23 and 24), the Swel(24A) mutant bearing 24-combined Cdc5- and Cla4-
dependent phosphorylation site mutations exhibited synthetically elongated bud
morphologies as compared to the Swel mutants containing either Cdc5- or Cla4-
mediated phosphoryltion site mutation, Swel(20A) or Swel(12A), respectively, (Figs.
44 and 45). However, no one region within Swel seemed uniquely responsible, when

phosphorylated, for conferring instability, although the C-terminal phosphorylation
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sites, Swel(5A), had a somewhat more pronounced effect (Figs. 44 and 45). In
addition, Swel phosphorylation-site mutants were more stable than wild-type Swel, as
judged by immunoblot analysis (Fig. 45). The stabilization of Swel phosphorylation
site mutants appeared to be due to the mutation on Cdc5- and/or Cla4-mediated Swel
phosphorylation and these mutations did not interfere the neck-targeting of Swel (Fig.
46). Taken together, both Cdc5 and Cla4 contribute to Swel stabilization and appear
to be the upstream kinases responsible for Swel phosphorylation and down-regulation.
Moreover, multi-site phosphorylations of Swel by Cdc5 and Cla4 on amino acids
scattered throughout the protein (Fig. 42) are likely necessary to dictate efficient Swel

degradation.

2. A Novel Mechanism Integrating Multiple Signals to License Passage into Mitosis

In budding yeast, an intricate signaling network is required for regulation of
Swel. Cdc5 and Cla4 phosphorylated Swel robustly in vitro (Figs. 23 and 24) and
appeared by genetic and biochemical criteria to impinge on Swel down-regulation,
albeit at different stages of the cell cycle.

In S phase, the absence of Cla4 resulted in accumulation of hypophosphorylated
form of Swel in the presence or absence of Cdc5 (Fig. 41, Upper, lanes 3 and 4),
presumably because Cdc5 did not relocate to the bud neck until late S or early G
phase as shown in Fig. 31. However, in cells that CLA4 expressed normally,
moderately phosphorylated forms of Swel were observed and appear to be stable (Fig.
41, Upper, lanes 1 and 2), presumably because of lack of subsequent modification by
CdcS5. Consistent with the sequence of events, it has been demonstrated that Cla4
binds tightly to and phosphorylates septins during the early stage of bud emergence
(100). Thus, Cla4 clearly contributes to the early phase of Swel phosphorylation in a
Cdc5-independent manner.

CdcS5 translocated to the bud neck before the onset of M phase (Fig. 31) and this
localization was critical for Swel phosphorylation and down-regulation (Fig. 28). In
M phase, after Cdc5 relocated to the bud neck, Swel was barely detectable in cells
expressing both CDC5 and CLA4 (Fig. 41, Lower, lane 1). The hypophosphorylated
species of Swel were accumulated in cladA cells whether or not CdcS was present

(Fig. 41, Lower, lanes 3 and 4), whereas the moderately phosphorylated Swel
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isoforms that probably depended on Cla4 for their formation were accumulated in cells
lacking Cdc5 (Fig. 41, Lower, lane 2). Also compatible with the order of function,
Cdc5 contributes later during cell cycle progression for phosphorylation and down-
regulation of Swel.

The results of this research showed that sequential multi-step phosphorylation of
Swel by Cla4 and CdcS5 results in modification of Swel that makes it susceptible to
efficient subsequent degradation. Cla4 functions early in S phase to phosphorylate
Swel, whereas Cdc5-mediated phosphorylation of Swel occurs later in the cell cycle,
just before entry into mitosis.

However, Swel is still significantly phosphorylated in the absence of both Cla4
and CdcS (Fig. 41, lane 4), suggesting that additional kinase(s) contributes to Swel
phosphorylation. Given that Cdc28-Clb is required for Swel degradation in vivo (13,
15, Fig. A3) and can phosphorylate Swel in vitro (15), even though Swel negatively
regulates its activity, the Cdc28-Clb activity does not appear to influence the
localization of Swel to the bud neck. Thus, it could act downstream of neck targeting
in the Swel degradation pathway (15), probably in a positive-feedback loop in which a
small amount of Cdc28-Clb phosphorylates and inactivates Swel, thereby triggering a
rapid rise in mitotic Cdc28-Clb activity and entry into mitosis.

Previous genetic findings indicate that Hsll and Cdc5 act in concert to regulate
Swel (31, 32). The clad4A hsl1A double mutant exhibited synergistic bud elongation
(Fig. 37) which could be alleviated by loss of SWE1 (Fig. 40), whereas reintroducing
SWE1l into cladA hsl1A swelA triple mutant reimposed the Swel-dependent
morphology and growth defect (Figs. 38 and 40). Taken together, Cdc5, Cla4, and
Hsl1 all cooperate in processes necessary for efficient down-regulation of Swel.

Moreover, down-regulation of Swel requires its tethering to the bud neck by
Hsll and Hsl7 in a septin-dependent manner (9, 11, 26). Both Hsll and Hsl7 are
localized to a ring on the bud side of the mother-bud neck, and targeting of Hsl7 to
that location requires Hsll (9, 11, 17) and there is an evidence that Hsll and Hsl7 are
also required for efficient recruitment of CdcS5 to this location (Christopher F. Hardy,
personal communication). Hsl7 interacts directly with both Hsll and Swel, and
mutations that impair either of those interactions stabilize Swel, suggesting that

formation of an Hsl1-Hsl7-Swel complex is necessary for Swel degradation (11, 15,
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26, 28). Thus, cumulative phosphorylation of Swel at the bud neck represents a
means to integrate, in one protein, stepwise signals that indicate completion of prior
cell cycle events before entry into mitosis is allowed.

Presence of Cla4 at the incipient bud site may be a hallmark to indicate that
proper morphogenesis is underway and initiates Swel modification. Subsequent
recruitment of Cdc5 to the bud neck after short spindles have formed may serve as a
signal that septin filament assembly has been completed and further promotes Swel
phosphorylation.  Finally, given that Cdc28-Clb is also associated with and
phosphorylates Swel (13, 15, D. Kellogg, personal communication), accumulation of
Cdc28-Clb complex might serve as a signal that adequate supplies of the enzyme were
present to efficiently promote mitosis. Hence, Cdc28-Clb-mediated phosphorylation
of Swel could act, in a positive-feedback mechanism (Fig. 47). Once unleashed from
negative regulation by Swel, Cdc28-Clb can induce mitotic entry unimpeded.

The cumulative phosphorylation by the Cla4, CdcS, and Cdc28-Clb kinases must
establish landmarks in the protein or induce a conformational change (or both) that
makes Swel susceptible to subsequent ubiquitination-mediated proteolysis.
Ubiquitination requires collaborated work from ubiquitin-activating enzymes (E1),
ubiquitin-conjugating enzymes (E2), and ubiquitin ligase (E3) to transfer the ubiquitin
molecule to lysine side chain on the target proteins (142). Ubiquitin conjugation often
requires specificity factors, E3, that are thought to recognize and directly interact with
substrate proteins and, in some cases, serves as thiol-ubiquitination of substrate
proteins on lysine residues. These polyubiquitinated proteins are subsequently
recognized and degraded by the 26S proteasome, a protease-containing complex (142).

There is evidence that a Skp1-Cullin (or Cdc53)-F-box (SCF)-like E3 is involved
in Weel destruction (143). However, it is not yet clear whether F-box protein is
responsible for Swel ubiquitination. Another ubiquitin ligase responsible for targeting
cell-cycle-regulatory proteins for degradation is the multiprotein anaphase-promoting
complex (APC, also called cyclosome). APC is associated with either Cdc20 or Cdhl,
two distinct components which are thought to determine the substrate specificity of

APC (38). In cell growth arrested at G,/M by the antimicrotubule drug nocodazole,
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Septin Ring

Degradation

Fig. 47. Model illustrating the Swel phosphorylation and degradation during the cell

cycle.

Hsl1 and Hsl7 are localized to the bud neck and required for anchoring of Swel at this
location. Septin collar formation establishes a platform that allows for cumulative
phosphorylation of Swel by multiple kinases. Cla4-mediated Swel modification
occurs in S phase, whereas CdcS-mediated phosphorylation of Swel occurs later
before entry into mitosis. Clb-Cdc28-mediated phosphorylation of Swel could act, in
a positive feedback mechanism. P-Swel is phosphorylated Swel.
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which activates spindle assembly checkpoint (by inactivation of Cdc20) and elevates
Cdc28-Clb activity (by inactivation of Cdhl), Swel is rapidly degraded (13). It seems
unlikely that Swel degradation is mediated by APC, although recent evidence
suggests that APC may be responsible for ubiquitination (144). Thus, further
investigation is required to determine which ubiquitin ligase is primarily responsible
for Swel degradation.

Since septin filament assembly requires Cla4 function and is essential for
efficient localization and function of Hsll and Hsl7, septin filament assembly is
coordinated with Hsll- and Hsl7-mediated localization of Swel at the bud neck. In
addition, both Hsl1 and Hsl7 are also needed to ensure proximity between Cdc5 and
Swel. Thus, multi-step phosphorylations of Swel at this subcellular location link
morphogenetic events with proper spatial and temporal control of mitotic entry.

In addition, these findings will lead to a better understanding of the molecular
mechanism controlling the mitotic entry of other eukaryotic cells. Because the
mechanism controlling the G,/M transition is highly conserved among various
eukaryotic organisms, the Weel-related kinases may also be regulated in a highly
conserved fashion. Thus, higher eukaryotic organisms may use similar mechanism to
regulate the Weel-related kinases by employing multi-step phosphorylation events by

multiple kinases.
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CHAPTER 7
CONCLUSION

This thesis was designed to study the molecular mechanism of the Swel
regulatory pathway in budding yeast. The upstream kinases responsible for Swel
phosphorylation were identified from six protein kinases, which were known to be
associated with and/or contribute to septin filament assembly at the bud neck, by in
vitro kinase assay. These protein kinases were Cdc5, Cla4, Elm1, Gin4, Hsll, and
Kcc4. Among them, only Cdc5 and Cla4 were found to exhibit strong phosphory-
lation of recombinant GST-Swel(K473A). In addition, Swel phosphorylation
appeared to be enhanced (but not synergistic) in the presence of both Cdc5 and Cla4.

Using immunoblot analyses, moderatedly phosphorylated isoforms of Swel were
found in conditionally knockout CDC5 and they appeared to be stable. In addition,
recruitment of CdcS at the bud neck was required for proper Swel phosphorylation
and degradation. Localization of Cdc5 to the bud neck, which occurs at the time of
forming short spindles, was early enough to contribute to Cdc5-mediated Swel
phosphorylation before the onset of mitosis. In addition, Swel was found to be stable
as hypophosphorylated species in S phase upon acutely inhibiting the Cla4 activity of
the analog-sensitive cla4 (cla4-as3) mutant by the cell-permeable inhibitor, INM-PP1.
Inhibition of Cla4 activity did not interfere with septin assembly, Hsll auto-
phosphorylation, and Hsl7 phosphorylation.

Loss of CLA4 in cdc5-3 CDC14™%* mutant led to cell death at 33°C, the

TAB6-1
4TABS

semirestrictive temperature for cdc5-3 CDC1 mutant, and synergistic cell

4™B%1 mutant alone at the same

clongation as compared to cla4A or cdc5-3 CDC1
conditions. Introduction of swelA ameliorated morphology defect but partially
suppressed the growth defect of cdc5-3 CDC14™®%1 cladA mutant, whereas
reintroduction of SWE1 into cdc5-3 CDC14™% cladA swelA reimposed the cladA
cdc5-3 CDC14™8% defects, suggesting the collaborative work of Cde5 and Cla4 for

regulating Swel.
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In addition, the Cdc5- and Clad4-mediated Swel phosphorylation sites in vitro
were determined using tandem mass spectrometry. Twenty one sites were found to be
phosphorylated by Cdc5 and twelve sites were mediated by Cla4. The identified
phosphorylation sites were mutated from S/T to A by site-directed mutagenesis. The
resulting Swel phosphorylation site mutants induced elongated bud morphology, an
indicator of a delay at G/M transition. Consistent with these observations, the Swel
bearing phosphorylation-site mutations were more stable than the wild-type Swel as
judged by immunoblotting analysis and no one particular phosphorylation event
seemed to be responsible for the instability of Swel. In addition, the GFP-tagged
versions of these mutants were normally targeted to the bud neck indicating that Cdc5-
or Cla4-dependent Swel phosphorylation is not required for targeting Swel to the bud
neck. These data suggest that Cdc5 and Cla4 phosphorylate Swel after Swel is
recruited to the bud neck.

These findings demonstrated that, in budding yeast, the septin collar at the bud
neck established a platform that allowed cumulative phosphorylation of Swel by
multiple kinases. Cla4/PAK-mediated Swel modification occurred in S phase,
whereas Cdc5 phosphorylated Swel later in the cell cycle (before entry into mitosis).
Sequential multistep phosphorylation by Cla4 and Cdc5 generated Swel susceptible to
subsequent degradation, thereby alleviating inhibition of Cdc28-Clb complexes and
permitting entry into mitosis. Thus, cumulative phosphorylation of Swel at the bud
neck could represent a pathway to integrate step-wise signals (in one protein) that link

morphogenetic events to entry into mitosis.
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Appendix A. Supplemental Data
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Fig. Al. Photographs showing the DNA content of S-phase-arrested cells
overexpressing CDC5, CDC5(FAA), or vector control.

Strain JC66 was transformed with control vector, a centromeric GAL1-HA-EGFP-
CDC5 [GAL1-CDC5], or a centromeric GAL1-HA-EGFP-cdc5(FAA) [GALL-
cdc5(FAA)]. Resulting transformants (KLY 5035 - KLY5037) were cultured overnight
in YEP-raffinose medium, treated with hydroxyurea for 4 hours, and then transferred
to YEP-galactose containing hydroxyurea for 2 hours to induce the expression of
CDC5 or CDC5(FAA). The same samples used in Fig. 8 were subjected to flow
cytometry analyses to confirm the S phase arrested cell growth by determining the
DNA content. Where WT is asynchronously growing wild-type strain JC66, 1N is 1N
DNA content, and 2N is 2N DNA content.
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Fig. A2. Histogram indicating the percentage of cells with detectable GFP-Hsl7 at the
bud neck.

Strains KLY5004 (cla4A +pCLA4 + pGFP-HSL7) and KLY4914 (cladA + pcla4d-as3
+ pGFP-HSL7) were treated with hydroxyurea to arrest cell growth in S phase, fixed
and subjected to confocal microscopy to examine the localization of GFP-Hsl7 at the

bud neck. Results from two independent experiments are expressed as mean + SD as

indicated.
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Table Al. Determination of Cdc5-dependent Swel phosphorylation sites in vitro.

Peptide Sequence Position

1 QAGEDES*DDFAIGGSTPTNK 30-49

2 IEEEEEEEEEGKDEES*VDSR 87 - 106
3 RWS*PFHENESVTTPITK 109 - 125
4 WSPFHENES*VTTPITK 110-125
5 SAEKT*NSPISLK 127 - 138
6 TENTS*SSSSYSVAK 152 - 165
7 PNQS*AFTSSGLVSK 166 — 179
8 MSMDTSLYPAK 1P 180 — 190
9 NASSSLSVSPLNFVEDNNLQEDLLFSDSPSSK 2P(S) 219 - 250
10 NASSSLS*VSPLNFVEDNNLQEDLLFSDSPSSK 219 - 250
11 ALPS*IHVPTIDSSPLSEAK 251 - 269
12 HNNQT*NILSPTNSLVTNSSPQTLHSNK 276 — 302
13 HNNQTNILSPTNSLVTNSSPQTLHSNK 1P (T or S) 276 — 302
14 RKS*IIGATSQTHR 377 -389
15 ESRPLS*LSSAIVTNTTSAETHSISSTDSSPLNSK 390 - 423
16 LSANPDS*HLFEK 432 — 443
17 ILNEVINQITMDEGK 1P (T) 492 - 507
18 LGDFGMATHLPLEDKS*FENEGDR 595 -617
19 EYIAPEIISDCT*YDYK 618 — 633
20 LSSTDIHSESLFSDIT*KVDTNDLFDFER 673 -700
21 LSSTDIHSESLFSDIT*KVDTNDLFDFER 1P (S) 673 -700

Phosphorylation sites were determined by tandem electron nanospray mass
spectrometry. Definitive phosphosites are indicated with asterisk. Underlined and
italicized S or T indicates potential phosphosites. 1P or 2P indicates the number of
phosphate groups in the given peptide, whereas S or T in parenthesis indicates the

phosphorylated residues.
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Table A2. Determination of Cla4-dependent Swel phosphorylation sites in vitro.

Peptide Sequence Position

1 STGTLNLSLSNTALSEANSK 1P (T or S) 63 -82

2 WS*PFHENESVTTPITK 110-126
3 TNSPIS*LK 131-138
4 HNNQTNILSPTNSLVTNSSPQTLHSNK 1P (T or S) 276 — 302
5 ARNS*VILK 309 - 316
6 S*IIGATSQTHR 379 - 389
7 ESRPLS*LSSAIVTNTTSAETHSISSTDSSPLNSK 390 - 423
8 LSANPDS*HLFEK 432 — 443
9 EYIAPEIISDCTYDYK 1P (Sor T) 618 — 633
10 SGDLSDAGRLSSTDIHSESLFSDITK 1P (SorT) 664 — 689
11 LSSTDIHSESLFSDIT*KVDTNDLFDFER 673 -700
12 LSSTDIHSESLFSDITKVDTNDLFDFER 2P (S and/or T) 673 — 700

Phosphorylation sites were determined by tandem electron nanospray mass
spectrometry. Definitive phosphosites are indicated with asterisk. Underlined and
italicized S or T indicates potential phosphosites. 1P or 2P indicates the number of
phosphate groups in the given peptide, whereas S or T in parenthesis indicates the

phosphorylated residues.
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Fig. A3. Immunoblot pattern showing Swel in S phase and M phase cdc28-asl cells
treated with DMSO control or INM-PP1.

An analog-sensitive (as) cdc28 (cdc28-asl) Strain (141) was cultured overnight. Cell
growth was then arrested in either S phase with hydroxyurea or M phase with
nocodazole for 3 hours. After that, cells were treated with either control DMSO or 0.5
puM of INM-PP1 for 2 hours. The reaction mixtures were separated in 8%
polyacrylamide gel, and then subject to immunoblot analysis with anti-Swel antibody.

Asterisks indicate non-specific cross-reacting proteins served as loading control.
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Appendix B. Saccharomyces cerevisiae

Taxonomy

The budding yeast S. cerevisiae is classified as follows (145):

Subdivisions Ascomycotina
Families Saccharomycetaceae
Subfamilies Saccharomycetoideae
Genera Saccharomyces
Species Cerevisiae

Strain of S. cerevisiae

Although S. cerevisiae is commonly used to designate many of the laboratory
stocks of Saccharomyces, these strains are originated from the interbred stocks of
Winge, Lindegren, and others who employed fermentation markers not only from S.
cerevisiae but also from S. bayanus, S. carlsbergensis, S. chevalieri, S. chodati, S.
diastaticus, etc (109). There are no truly wide-type Saccharomyces strains that are
commonly used for genetic studies. This condition arose because these laboratory
strains were derived from pedigrees involving mutagenized strains, or strains that
carry genetic markers (109). Many current genetic studies are carried out with one or
another of the following strains or their derivatives, and these strains have different
properties that can greatly influence experimental outcomes: S288C; W303; D273-
10B; X2180; A364A; X1278B; AB972; SK1; and FL100. The haploid strain S288C
(MATa SUC2 mal mel gal2 CUPL1 flol flo8-1 hapl) is often used as a normal standard
because the sequence of its genome has been determined (146). S288C contains a
defective HAP1 gene, making it incompatible with studies of mitochondrial and
related systems. In contrast to X1278B, S288C does not form pseudohyae, and
another strain, D273-10B, has been extensively used as typical normal yeast,
especially for mitochondrial studies (109). It is important to note that one should

examine the specific characters of interest before initiating a study with any strain.
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Growth and Size

S. cerevisiae can exist stably in either haploid or diploid states (145). The
haploid cell can be either of two mating types, called a and . Diploid a/a cells,
formed by fusion of an & cell and an a cell, can grow mitotically, but under conditions
of carbon and nitrogen starvation will undergo meiosis to generate four spores (145).
This ability to recover all four products of meiosis has allowed detailed genetic studies
of recombination and gene conversion that are not possible in most other eukaryotic
organisms.

Vegetative cell division of yeast characteristically occurs by budding, in which a
daughter is initiated as an outgrowth from the mother cell, followed by nuclear
division, cell-wall formation, and finally cell separation. Normal laboratory haploid
strains have a doubling time of approximately 90 minutes in rich medium and
approximately 140 minutes in synthetic media during the exponential phase of growth
at 30°C (109). However, strains with greatly reduced growth rates in synthetic media
are often encountered. Usually strains reach a maximum density of 2 x 10° cells/ml in
rich medium.

The sizes of haploid and diploid cells vary with the phase of growth and from
strain to strain. Typically, diploid cells are 5 X 6 um ellipsoids and haploid cells are 4
pm diameter spheroids (109). During exponential growth, haploid cultures tend to
have higher numbers of cells per cluster compared to diploid cultures. Moreover,
haploid cells have buds that appear adjacent to the previous one, whereas diploid cells
have buds that appear at the opposite pole. Each mother cell usually forms no more
than 20-30 buds, and its age can be determined by the number of bud scars left on the
cell wall (147).

The progression through the cell cycle can be monitored by the size of the bud
(39). This has been used to isolate a large collection of yeast mutants that are blocked
at various stages of the cell cycle. Since yeast can be grown on a completely defined
medium, many nutritional auxotrophs have been isolated. This has not only permitted
the analysis of complex metabolic pathways but has also provided a large number of

mutations useful for genetic analysis (118).
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The Genome of Saccharomyces cerevisiae

S. cerevisiae contains a haploid set of 16 well-charcterized chromosomes, ranging
in size from 200 to 2200 kb. The total sequence of chromosomal DNA, constituting
12,052 kb, was released in 1996 (146). A total of 6183 open reading frames (ORFs)
of more than 100 amino acids long were reported, and approximately 5800 of them
were predicted to correspond to actual protein-coding genes. A larger number of
ORFs were predicted by considering shorter proteins. In contrast to the genomes of
multicellular organisms, the yeast genome is highly compact, with genes representing
72% of the total sequence (146). The average size of yeast genes is 1.45 kb, or 483
codons, with a range from 40 to 4910 codons (146). A total of 3.8% of the ORFs
contain introns (146). Approximately 30% of the genes already have been
characterized experimentally (109). Of the remaining 70% with unknown function,
approximately one-half either contains a motif of a characterized class of proteins or
correspond to genes encoding proteins that are structurally related to functionally
characterized gene products from yeast or from other organisms.

Ribosomal RNA is encoded by approximately 120 copies of a single tandem
array on chromosome XII. The DNA sequence revealed that yeast contains 262 tRNA
genes, of which 80 have introns (146). In addition, chromosomes contain movable
DNA elements, retrotransposons, that vary in number and position in different strains
of S. cerevisiae, with most laboratory strains having approximately 30 (109).

Mitochondrial DNA encodes components of the mitochondrial translational
machinery and approximately 15% of the mitochondrial proteins (109). A p’ mutant
completely lacks mitochondrial DNA and is deficient in the respiratory polypeptides
synthesized on mitochondrial ribosomes, i.e., cytochrome b and subunits of
cytochrome oxidase and ATPase complexes. Even though p’ mutants are respiratory
deficient, they are viable and still retain mitochondria, although the mitochondria are

morphologically abnormal (109).

Yeast Vectors

A wide range of vectors are available to meet various requirements for insertion,

deletion alteration and expression of genes in yeast. Most plasmids used for yeast
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studies are shuttle vectors, which contain sequences permitting them to be selected and
propagated in E. coli, thus allowing for convenient amplification and subsequent
alteration in vitro. The most common yeast vectors originate from pBR322 and
contain an origin of replication (0ri), promoting high copy-number maintenance in E.
coli, and the selectable antibiotic markers, the p-lactamase gene, bla (or Amp®), and
sometimes to tetracycline-resistance gene, tet or (Tet¥), conferring resistance to,
respectively, ampicillin and tetracycline (147).

In addition, all yeast vectors contain markers that allow selection of transformants
containing the desired plasmid. The most commonly used yeast markers include
URA3, HIS3, LEU2, TRP1 and LYS2, which complement specific auxotrophic
mutations in yeast, such as ura3-52, his3-Al, leu2-Al, trpl-Al and lys2-201. These
complementable yeast mutations have been chosen because of their low-reversion rate.
Also, the URA3, HIS3, LEU2 and TRP1 yeast markers can complement specific E. coli
auxotrophic mutations (147).

Although there are numerous kinds of yeast shuttle vectors, those used currently
can be broadly classified in either of following three types: integrative vectors, Ylp;
autonomously replicating high copy-number vectors, YEp; or autonomously
replicating low copy-number vectors, YCp (147). The Ypl integrative vectors do not
replicate autonomously, but integrate into the genome at low frequencies by
homologous recombination (147). The YEp yeast episomal plasmid vectors replicate
autonomously because of the presence of a segment of the yeast 2 um plasmid that
serves as an origin of replication (2 um ori). The 2 um ori is responsible for the high
copy-number and high frequency of transformation of YEp vectors (147). The YCp
yeast centromere plasmid vectors are autonomously replicating vectors containing
centromere sequences, CEN, and autonomously replicating sequences, ARS (147).
The YCp vectors are typically present at very low copy numbers, from 1 to 3 per cell,
and possibly more, and are lost in approximately 107 cells per generation without

selective pressure (147).

Budding Yeast as a Model Organism
The yeast S. cerevisiae is now recognized as a model system representing a simple

eukaryote whose genome can be easily manipulated (109). It has a slightly greater
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genetic complexity than bacteria and shares many of the technical advantages that
permit rapid progress in the molecular genetics of prokaryotes and their viruses.
However, despite this small genome size, yeast displays most of the features of higher
eukaryotes. Some of the properties including rapid growth, dispersed cells, the ease of
replica plating and mutant isolation, a well-defined genetic system, and most
important, a highly versatile DNA transformation system has made budding yeast the
organism of choice for a variety of biological studies (Table A3) (109, 148).

Unlike most other microorganisms, the existence of stable haploid and diploid
states in S. cerevisiae combined with a large number of markers facilitate classical
mutational analysis, such as complementation tests and identification of both dominant
and recessive mutations. The development of DNA transformation has made yeast
particularly accessible to gene cloning and genetic engineering techniques allowing
the introduction of plasmids into yeast cells either as replicating molecules or by
integration into the genome at the corresponding homologous site (118, 149). In
addition, the altered or disrupted alleles can be conveniently generated by direct
replacement of genetically engineered DNA sequences into their normal chromosome
locations by homologous recombination, leading to understanding of the function of
certain proteins in vivo. Transformation can be also carried out directly with short
single-stranded synthetic oligonucleotides, permitting the convenient productions of
various forms of proteins. These techniques have been extensively exploited in the
analysis of gene regulation, structure-function relationships of proteins, chromosome

structure, and other general questions in cell biology.
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Table A3. Some contributions of yeasts to biological science.

Discipline

Contributions

Biochemistry

Cytology

Genetics and

Molecular biology

Elucidation of glycolysis.

Nature and function of enzymes involved in respiration,
fatty acid metabolism, proteolysis, etc.

Signal transduction mechanisms (e.g. the roles of cAMP,

inositol phosphates and protein kinases).

Mechanisms of mitosis and meiosis.

Biogenesis of organelles (e.g. mitochondria, vacuoles,
peroxisomes).

Cytoskeletal structure and function.

Elucidation of protein secretory pathways.

Mating type switching phenomena.
Nucleic acid and genome structure.
Mechanisms of recombination.
Control of gene expression.

Gene mapping and sequencing
Control of the cell cycle.

Functions of oncogenes.

(From Walker GM. Yeast physiology and biotechnology. 1998)
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