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Abstract
Although it has been known for many years that B-cyclin/CDK complexes
regulate the assembly of the mitotic spindle and entry into mitosis, the full complement
of relevant CDK targets has not been identified. It has previously been shown in a
variety of model systems that B-type cyclin/CDK complexes, kinesin-5 motors, and the
SCFCdc4 ubiquitin ligase are required for the separation of spindle poles and assembly of
a bipolar spindle. It has been suggested that in the budding yeast, Saccharomyces
cerevisiae, B-type cyclin/CDK (Clb/Cdc28) complexes promote spindle pole separation by
inhibiting the degradation of the kinesins-5 Kip1 and Cin8 by the anaphase-promoting
complex (APCCdh1). I have determined, however, that the Kip1 and Cin8 proteins are
actually present at wild-type levels in yeast in the absence of Clb/Cdc28 kinase activity.
Here, I show that Kip1 and Cin8 are in vitro targets of Clb2/Cdc28, and that the mutation
of conserved CDK phosphorylation sites on Kip1 inhibits spindle pole separation
without affecting the protein’s in vivo localization or abundance. Mass spectrometry
analysis confirms that two CDK sites in the tail domain of Kip1 are phosphorylated in
vivo. In addition, I have determined that Sic1, a Clb/Cdc28-specific inhibitor, is the
SCFCdc4 target that inhibits spindle pole separation in cells lacking functional Cdc4.
Based on these findings, I propose that Clb/Cdc28 drives spindle pole separation by
direct phosphorylation of kinesin-5 motors.
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In addition to the positive regulation of kinesin-5 function in spindle assembly, I
have also found evidence that suggests CDK phosphorylation of kinesin-5 motors at
different sites negatively regulates kinesin-5 activity to prevent premature spindle pole
separation. I have also begun to characterize a novel putative role for the kinesins-5 in
mitochondrial genome inheritance in S. cerevisiae that may also be regulated by CDK
phosphorylation.
In the course of my dissertation research, I encountered problems with several
established molecular biology tools used by yeast researchers that I have tried to
address. I have constructed a set of 42 plasmid shuttle vectors based on the widely used
pRS series for use in S. cerevisiae that can be propagated in the bacterium Escherichia coli.
This set of pRSII plasmids includes new shuttle vectors that can be used with histidine
and adenine auxotrophic laboratory yeast strains carrying mutations in the genes HIS2
and ADE1, respectively. My new pRSII plasmids also include updated versions of
commonly used pRS plasmids from which common restriction sites that occur within
their yeast-selectable biosynthetic marker genes have been removed in order to increase
the availability of unique restriction sites within their polylinker regions. Hence, my
pRSII plasmids are a complete set of integrating, centromere and 2µ episomal plasmids
with the biosynthetic marker genes ADE2, HIS3, TRP1, LEU2, URA3, HIS2 and ADE1
and a standardized selection of at least 16 unique restriction sites in their polylinkers.
Additionally, I have expanded the range of drug selection options that can be used for
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PCR-mediated homologous replacement using pRS plasmid templates by replacing the
G418-resistance kanMX4 cassette of pRS400 with MX4 cassettes encoding resistance to
phleomycin, hygromycin B, nourseothricin and bialaphos. Finally, in the process of
generating the new plasmids, I have determined several errors in existing publicly
available sequences for several commonly used yeast plasmids. Using updated plasmid
sequences, I have constructed pRS plasmid backbones with a unique restriction site for
inserting new markers in order to facilitate future expansion of the pRS/pRSII series.
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1. The mitotic spindle in the context of the eukaryotic
cell division cycle
1.1 Cyclins, CDKs and cell-cycle regulation
Cell division is a fundamental process that underlies the proliferation and
propagation of living organisms. Broadly speaking, the goal of cells during division is to
first faithfully replicate their contents and, subsequently, accurately segregate their
replicated content into mother and daughter cell, hence generating two identical cells
where there was only before. Cell division occurs in ordered cycles and the eukaryotic
cell division cycle (henceforth abbreviated as the cell cycle) can be divided into four
well-defined phases (Figure 1): G1 (first gap), S (synthesis), G2 (second gap) and M
(mitosis) (Morgan, 2007). In G1, cells will either commit to a new round of division or
exit the cell cycle, based on the availability of nutrients, extracellular mitogens, growth
factors or inihibitory signals from surrounding cells. The restriction point in G1 for
metazoans, or Start in fungi, is the point past which cells are committed to completing a
new round of division. During S phase, cells undergo DNA replication and duplicate
their chromosomes. In G2, cells will continue growing while ensuring that their DNA
has been replicated correctly. During mitosis, the duplicated chromosomes, organelles
and other cellular contents are segregated equally between mother and daughter cells.
The cycle ends in cytokinesis, during which the single cytoplasmic mass is divided into
mother and daughter cells.
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Figure 1. An example of the eukaryotic cell division cycle.
The eukaryotic cell cycle is divided into G1 (gap 1), S (synthesis), G2 (gap 2) and M
(mitosis). The relative length of the different phases in a typical cell cycle is indicated.

The highly ordered and periodic nature of the cell cycle is enforced by a complex
regulatory network of which protein complexes of cyclins and cyclin-dependent kinases
(cyclin/CDK) are an important part (Malumbres and Barbacid, 2005; Morgan, 1997;
Morgan, 2007; Murray, 2004). The CDK forms the catalytic core of the cyclin/CDK
complex while the cyclin functions to regulate its activity. CDKs in their apo form are
inactive as their active site is blocked; structural changes triggered by binding of their
partner cyclins lead to a low level of activity but also allow for subsequent activating
phosphorylation of the T-loop by CDK-activating kinases, which is required for maximal
2

activity (Brown et al., 1990; Jeffrey et al., 1995; Morgan, 2007; Russo et al., 1996). Cyclins
have also been found to mediate interactions between CDKs and their substrates and
hence provide a measure of substrate specificity (Loog and Morgan, 2005). Whereas
CDK protein levels are stable throughout the cell cycle, cyclins are aptly named because
their protein levels rise and fall during the course of the cell cycle (Murray, 2004). Hence,
the activity of CDKs is regulated primarily through the regulation of the in vivo levels
and/or translocation of their partner cyclins; simply put, G1 cyclins are expressed at the
end of mitosis/early in G1, S phase cyclins are expressed at the G1/S border and
throughout S phase and G2, and mitotic cyclins are expressed at G2/M and through
mitosis until their degradation, which is required for mitotic exit (Figure 2) (Morgan,
2007; Murray, 2004).
The baker’s or brewer’s yeast, Saccharomyces cerevisiae, also called budding yeast
by geneticists, offers a tractable model system for studying the eukaryotic cell cycle. In
addition to the advantages of a fast generation time, a wealth of techniques and
molecular biology tools for genetic manipulation, as well as the viability of haploid yeast
cells, the yeast cell-cycle machinery is relatively less complex than in metazoans and
more amenable to perturbation and study (Morgan, 2007). Despite evidence that the
yeast cell-cycle machinery has lost some components found in both animals and plants,
it appears to have evolved functional analogues such that the cell-cycle regulatory
network in yeast is still remarkably well-conserved (Cross et al., 2011). Instead of the
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multiple CDKs found in metazoan eukaryotes, a single CDK called Cdc28 is directly
involved in cell-cycle regulation in S. cerevisiae (Lew et al., 1997; Mendenhall and Hodge,
1998). Cdc28 is the S. cerevisiae orthologue of Cdk1 (also called p34Cdc2) in other
eukaryotes; it can bind any of nine partner cyclins, which are divided into three groups
(Figure 2), namely the G1 cyclins Cln1, Cln2 and Cln3; the S-phase B-type cyclins Clb5
and Clb6; and the mitotic B-type cyclins Clb1, Clb2, Clb3 and Clb4 (Lew et al., 1997;
Mendenhall and Hodge, 1998; Morgan, 2007). The budding behavior of a S. cerevisiae cell
indicates which cell-cycle phase it is in under most circumstances (Figure 2). S. cerevisiae
cells are unbudded through most of G1. Rising Cln/Cdc28 activity causes budding yeast
cells to pass through Start and also triggers bud emergence. As the cells progress
through S phase, the nascent buds grow in length in a polarized manner until G2 when
rising mitotic Clb/Cdc28 kinase activity triggers the switch from apical to isotropic bud
growth. The buds grow round and large until late in mitosis when they reach a size
similar to that of the mother cell. The bud is physically separated from the mother cell
during cytokinesis at the end of mitosis, yielding two unbudded cells. A budding index
thus provides a convenient cell-cycle parameter that measures the cell-cycle distribution
of a population of yeast cells.

4

Figure 2. Relative protein expression levels of the various cyclins, along with the
budding morphology and appearance of the spindle pole bodies, during the cell cycle
of the budding yeast, Saccharomyces cerevisiae.
The micrographs along the bottom show yeast cells at various stages of the cell cycle.
DIC images have been overlaid with fluorescence micrographs. The spindle pole bodies
(SPBs) are shown in green, marked by Spc42-GFP while the chromosomes are shown in
blue, stained with 4',6-diamidino-2-phenylindole (DAPI). G1 cyclins = Cln1, Cln2, Cln 3;
S phase B-type cyclins = Clb5, Clb6; mitotic B-type cyclins = Clb1, Clb2, Clb3, Clb4.
Micrographs provided by Steve Haase.

Regulating the regulator
Apart from the regulation of cyclin levels and localization, additional layers of
cell-cycle control exist that regulate the activity of cyclin/CDK complexes. One
regulatory mechanism involves the binding of cyclin-dependent kinase inhibitors (CKIs)
that inhibit the kinase activity of specific cyclin/CDK complexes but not others (Morgan,
5

2007; Sherr and Roberts, 1999). In metazoan eukaryotes, a range of CKIs exist that belong
to either of two structurally distinct protein families, Cip/Kip or INK4 (Morgan, 2007). In
budding yeast, Far1 specifically inhibits the activity of Cln/Cdc28 complexes while Sic1
specifically inhibits Clb/Cdc28 complexes (Mendenhall and Hodge, 1998).
Inhibitory phosphorylation of the CDK subunit of the cyclin/CDK complex can
also occur on a conserved tyrosine residue (Welburn et al., 2006), Tyr 15 of human Cdk1
and Cdk2. The tyrosine kinase Wee1 phosphorylates Cdk1 and Cdk2 complexes as part
of the G2/M checkpoint that regulates entry into mitosis. Tyr 15 phosphorylation has
been demonstrated to cause no dramatic structural changes in Cdk2 but instead to
promote non-productive ATP binding by altering the local environment of the γphosphate of a bound ATP and possibly to inhibit substrate binding (Welburn et al.,
2006). Dephosphorylation of Tyr 15 is promoted by Cdc25 phosphatases, allowing cells
to resume cell-cycle progression. In S. cerevisiae, the Wee1 orthologue Swe1
phosphorylates Tyr 19 on Cdc28 in Clb/Cdc28 complexes while Mih1 catalyzes
dephosphorylation of the same residue; however, Swe1-mediated inhibition appears to
be selective for Clb2/Cdc28 complexes. In particular, Cdc28 complexes with Clb3, Clb4
and Clb5 appear to be less susceptible to Swe1-mediated inhibition in vivo, thus the
G2/M checkpoint in budding yeast does not arrest DNA replication (Keaton et al., 2007).
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CDK substrates
Although it is known that cyclin/CDKs typically phosphorylate their substrates
on serine and threonine residues that are part of a consensus Ser/Thr-Pro motif, the
identities of their in vivo substrates and the consequences of phosphorylation are often
still unclear (Errico et al., 2010; Malumbres and Barbacid, 2005). At least one systematic
attempt has been made to identify all CDK substrates in the budding yeast Saccharomyces
cerevisiae by using a large-scale biochemical screen (Ubersax et al., 2003). The result of
this screen was the identification of an estimated 200 proteins with at least one
consensus CDK site each as Cdc28 substrates. CDKs have been known, however, to
phosphorylate proteins on non-consensus serine and threonine residues (Egelhofer et al.,
2008; Harvey et al., 2005; Hwang and Clurman, 2005; Kusubata et al., 1993; Nash et al.,
2001; Satterwhite et al., 1992; Verma et al., 1997a), a fact that complicates in silico
phosphorylation site prediction methods that assume CDKs to be obligate prolinedirected kinases (Chang et al., 2007; Errico et al., 2010). As a result, extensive analysis of
candidate proteins using a combination of techniques is often still necessary to
determine if and how a particular protein is phosphorylated by CDKs and also the
consequences of phosphorylation. We shall see evidence of the challenges of
determining CDK phosphorylation of candidate proteins in Chapter 2.
Although studies have found evidence that certain cyclin/CDK complexes
phosphorylate certain substrates more readily than others (Kõivomägi et al., 2011b; Loog
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and Morgan, 2005), it has been demonstrated that a large amount of redundancy exists
between cyclins and CDKs. For example, ectopic expression in S. cerevisiae of a single Btype cyclin, Clb1, can drive cell-cycle progression through S-phase and mitosis in the
absence of all endogenous B-type cyclins (Haase et al., 2001). It has also been shown that
Cdk1 which is normally active in mitosis in complex with cyclin B, can drive cell-cycle
progression by itself in mouse embryos lacking interphase CDKs (Cdk2, Cdk4 and
Cdk6) (Santamaría et al., 2007) up until midgestation and indefinitely in mouse
embryonic fibroblasts derived from such embryos. This level of redundancy, combined
with our incomplete understanding of how cyclin/CDKs select their targets, has
contributed

to

the

complete

absence

of

CDK

inhibitors

among

current

chemotherapeutics (Malumbres et al., 2008).

1.2 Duplication and segregation during the cell cycle
Although mitosis is when the physical process of cell division actually occurs
and hence the visually most dramatic, it is only a small fraction of the entire cell cycle.
The cell spends of most of the time during the cell cycle in the stages preceding mitosis,
referred to in many instances as interphase, growing in mass and duplicating its
contents in preparation for the segregation events to come.

The chromosome cycle
The duplication and segregation of chromosomes during the cell cycle, or the
chromosome cycle, is the best understood aspect of cell division (Blow and Tanaka, 2005;
8

Morgan, 2007). Duplication of a cell’s DNA must occur only once per cell cycle and the
resulting pairs of sister chromatids must be accurately segregated into two identical sets
in order to preserve cell viability as well as the stability of the genome. Re-replication or
missegregation of chromosomes forms the basis for cancer in metazoan eukaryotes. As
described above, chromosomal duplication and segregation are closely regulated by
cyclin/CDK kinase activity (Blow and Tanaka, 2005; Morgan, 2007). In G1, all
chromosomes in the cell are present only in single copy. Once accumulating G1
cyclin/CDK activity drives the cell past the restriction point/Start, the subsequent wave
of S-phase cyclin/CDK complexes triggers DNA replication at replication origins.
Cyclin/CDKs help ensure that DNA replication origins fire only once during S phase by
phosphorylating components of the pre-replication complexes and causing either their
subsequent degradation or exclusion from the nucleus. Accurate segregation of the
resulting pairs of sister chromatids first involves their capture by microtubules
nucleated from opposite poles of the mitotic spindle. Pulling by the spindle poles is
resisted by cohesin proteins that join the sister chromatids along their length until
anaphase when mitotic cyclin/CDK activity causes the activation of the ubiquiting ligase
known as the anaphase promoting complex or cyclosome (APC/C) and the subsequent
release of separase, which cleaves the cohesins and enables the sister chromatids to be
pulled towards opposite spindle poles within the dividing cell. Cyclin levels decline due
to ubiquitination by the activated APC/C and the levels of CKIs specific for mitotic
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cyclin/CDKs rise as the cells exit mitosis. Upon the completion of cytokinesis, mother
and daughter cell both re-enter G1 with a single copy of each chromosome.

The spindle cycle
Cytologists first began studying the movement of chromosomes by microscopy
in the 19th century and it was Edouard Van Beneden who discovered the centrosome in
1883 (Wunderlich, 2002). Although the function of the centrosome could not then be
ascertained, today we know it acts as a microtubule organizing center (MTOC) that
helps establish the mitotic spindle by nucleating microtubules in metazoan eukaryotes;
in fungi, the spindle pole body (SPB) performs an analogous function (Adams and
Kilmartin, 2000; Jaspersen and Winey, 2004; Meraldi and Nigg, 2002; Morgan, 2007;
Walczak, 2000). The centrosome and the SPB, despite their similar functions, are
structurally dissimilar. The SPB is also permanently embedded in the nuclear envelope,
which persists throughout mitosis in fungi.
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Figure 3. The spindle cycle in Saccharomyces cerevisiae.
Schematic diagram showing the number and arrangement of spindle pole bodies (SPBs)
during the cell cycle in budding yeast. Details elucidated by electron microscopy (Byers
& Goetsch, 1975) that are not obvious in the fluorescent micrographs shown in Figure 2
are indicated here. These include the permanent embedding of the SPB into the nuclear
envelope, the presence of a proteinaceous half-bridge which projects from the SPB, the
deposition of a satellite on the half-bridge in early G1, and the physical joining of the
duplicated SPBs by a complete bridge that is subsequently broken into two half-bridges.
The peak in CDK activity associated with each group of cyclins introduced in Figure 2 is
indicated. Here, G2 and M phases are designated as G2/M, as is often seen in the
literature due to the absence of a morphologically distinct G2 in budding yeast (Morgan,
2007).
11

Like the chromosomes they are responsible for segregating, the centrosome and
SPB exist in single copy during G1. The spindle cycle, also called the centrosome cycle in
metazoans or the SPB cycle in fungi (Figure 3) is, in fact, similar in many respects to the
chromosome cycle. Like the chromosome cycle, the spindle cycle is also coordinated
with the cell cycle by cyclin/CDK kinase activity (Jaspersen and Winey, 2004; Meraldi
and Nigg, 2002; Morgan, 2007; Walczak, 2000). Duplication of both the mammalian
centrosome and the budding yeast SPB begins in late G1. G1 and S phase cyclin/CDK
complexes appear to be required for centrosome duplication but there is some level of
redundancy evident in certain cell lines (Harrison et al., 2011). The requirement for
Cln/Cdc28 complexes in budding yeast SPB duplication is well-established as core
components of the SPB, such as Spc42, must be phosphorylated before they can be
assembled into a daughter SPB (Jaspersen et al., 2004; Keck et al., 2011). Early in G1 prior
to Start, the precursor to the daughter SPB, known as the satellite, can be observed in
unbudded cells (Figure 3) (Byers and Goetsch, 1975). The satellite is deposited on the
cytoplasmic tip of a proteinaceous structure called the half-bridge that is joined to the
mother SPB. During the course of duplication, the half-bridge elongates and the satellite
grows until there are two equally-sized SPBs joined by a complete bridge.
The duplicated centrosomes/SPBs must subsequently be separated before the
bipolar spindle can form. Although mechanistically quite dissimilar, centrosome and
SPB separation both require the activity of B-type cyclin/CDK complexes (Haase et al.,
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2001). The additional constraint of the bridge joining the duplicated SPBs must also be
overcome before the SPBs can move apart (Figure 3) (Byers and Goetsch, 1975). After its
formation, the spindle extends during anaphase as the poles move to opposite ends of
the dividing cell, drawing the separated sister chromatids along. B-type cyclin/CDK
kinase activity continues to be important during spindle extension (Enserink and
Kolodner, 2010; Lindqvist et al., 2007). At the end of mitosis, as cyclins are degraded,
cytokinesis occurs along the long axis of the spindle, dividing the single cytoplasmic
mass into mother and daughter cell, each containing a single centrosome/SPB.
It is important to point out that although the general requirements for
cyclin/CDK during the spindle cycle are known, our knowledge of how cyclin/CDKs
regulate the various stages of the spindle cycle is lacking in comparison with the
chromosome cycle. Phosphorylation targets are often still yet to be identified and
researchers are often caught up in chasing functional redundancies between different
cyclin/CDK complexes encountered in different mammalian tissue culture lines.

The mitotic spindle is a highly dynamic structure
The mitotic spindle is the cellular organelle responsible for the equal segregation
of duplicated chromosomes during mitosis (Goshima and Scholey, 2010; Karsenti and
Vernos, 2001). It is composed of a bipolar array of microtubule (MT) polymers that
nucleate from the spindle poles where their minus ends are embedded. Spindle
microtubules can be divided into three classes: kinetochore microtubules that attach to
13

protein complexes called kinetochores that are found on sister chromatid centromeres,
interpolar microtubules that link the spindle poles by interdigitating with each other at
the spindle midzone, and astral microtubules that extend away from the spindle and are
involved in spindle positioning and anchoring. MTs exhibit dynamic instability,
growing by polymerizing and shrinking by depolymerizing from their plus ends. They
also undergo poleward flux in which their plus ends grow by polymerization while their
minus ends depolymerize. An assortment of microtubule-associated proteins (MAPs) is
also found that includes proteins which regulate MT growth and shrinkage, organize the
spindle by cross-linking MTs, sever MTs, and even regulate cell-cycle progression
(Manning and Compton, 2008; Scholey and Mogilner, 2003). Among these MAPs are
mitotic motor proteins which perform a variety of dynamic MT-dependent functions
including members of the kinesin superfamily (Miki et al., 2005). The funtions of mitotic
motors include functions as diverse as MT-cross linking and sliding, organization of the
spindle midzone, nuclear positioning, active depolymerization of MTs and chromosome
movement (Bray, 2001; Scholey and Mogilner, 2003).

1.3 Cell-cycle regulation of mitotic kinesin motor proteins
The kinesin superfamily of motor proteins is defined by the presence of a motor
domain that binds MTs in a dynamic, ATP-dependent manner (Miki et al., 2005; Vale
and Milligan, 2000). The motor domain may be located either at the N- or C-terminus,
and is even found in the middle of the polypeptide in certain kinesin families (Vale and
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Fletterick, 1997). The motor domain is joined by the neck linker to the rest of the
molecule; the neck linker is family-specific and plays an important part in motility and
directionality (Endow and Higuchi, 2000; Kull, 2000). The remainder of the protein
varies greatly in sequence and structure, even within kinesin families. However, they
generally include a globular tail domain that interacts with various cargo that kinesins
are involved in transporting and alpha-helical coiled-coil dimerization domains as most
kinesins function as dimers (Goldstein, 2001; Vale and Fletterick, 1997). Mitotic motor
kinesins include members of at least seven different families (Scholey and Mogilner,
2003), although it is the uniquely homotetrameric, bipolar kinesins-5 that I have focused
on during my dissertation research.
Although both the mechanochemistry and the functions of kinesin motor
proteins have been worked out in great detail, the regulation of their activity is less wellunderstood. The motor proteins associated with the mitotic spindle are subject to
regulation by the cell-cycle machinery to ensure that their activity is coordinated with
the spindle cycle (Haimo, 2003; Verhney and Hammond, 2009) so as to ensure timely
and accurate chromosome separation. For example, the phosphorylation of a positivelycharged N-terminal extension on the motor domain of the kinesin-6 ZEN-4
(Caenorhabditis elegans)/MKLP-1 (Homo sapiens) by cyclin B/Cdk1 reduces the affinity of
the motor for MTs (Mishima et al., 2004). Kinesin-6 is involved in central spindle
assembly at the onset of anaphase; the central spindle regulates the initiation of
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cytokinesis and is also required for its completion (Scholey and Mogilner, 2003). Hence,
cyclin B/Cdk1 phosphorylation prevents premature central spindle assembly until cyclin
B levels decline during anaphase when the APC/C becomes active.
Another example of Cdk1 regulation of a mitotic kinesin is provided by the
kinesin-7, Cenp-E. Cenp-E is a kinetochore-associated kinesin that is involved in
chromosome congression to establish the metaphase plate and which is thought to
anchor kinetochores to kinetochore MT plus ends (Scholey and Mogilner, 2003). Cenp-E
motor activity has been reported to be auto-inhibited by its tail domain until it is bound
to the kinetochore when it appears that phosphorylation by either cyclin B/Cdk1 or the
Cdk1-regulated kinase Mps1 relieves the auto-inhibition and allows Cenp-E to drive
kinetochore movement toward the metaphase plate (Espeut et al., 2008).
More recently, the human kinesin-13 mitotic centromere-associated kinesin
(MCAK) was demonstrated to be phosphorylated within the core of its motor domain by
cyclin B/Cdk1 (Sanhaji et al., 2010). MCAK regulates MT dynamics in vivo and catalyzes
MT depolymerization. It has been found to be important in many aspects of mitosis at
the centrosomes, cetromeres and kinetochores, as well as the spindle midzone (Scholey
and Mogilner, 2003). The phosphorylation of human MCAK by cyclin B/Cdk1 was
found to attenuate its MT destabilization activity, promoting its release from the
centrosomes and permitting proper spindle formation (Sanhaji et al., 2010). The
Drosophila melanogaster orthologue of MCAK, KLP10A, was previously determined to be
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the first kinesin known to be phosphorylated within the core of its motor domain in vivo,
although at a different residue and by casein kinase 1α (Mennella et al., 2009). This
phosphorylation was shown to reduce the ability of KLP10A to depolymerize MT
without affecting its binding affinity for bind MTs.

Kinesin-5 motors
Kinesins-5 have been shown to be important in both the establishment and
maintenance of the bipolar spindle in many eukaryotic systems (Enos and Morris, 1990;
Hagan and Yanagida, 1990; Heck et al., 1993; Peters and Kropf, 2006; Sawin et al., 1992).
Kinesin-5 motors crosslink and move spindle microtubules (Kapitein et al., 2005) in
order to separate the spindle poles and establish the spindle (Amos, 2008). There has
also been great interest in kinesin-5 as an alternative chemotherapeutic target to
microtubules for treating cancers given that kinesins-5 are only required in actively
dividing tissues whereas microtubules serve important functions even in non-dividing
cells (Mitchison, 2012). There has also been interest in kinesin-5 as a target for antifungal
drug development (Chua et al., 2007).
Cyclin B/Cdk1 has been found to phosphorylate a conserved threonine residue
found in the tail domain of the Homo sapiens (Blangy et al., 1997; Blangy et al., 1995),
Xenopus laevis (Giet et al., 1999; Sawin and Mitchison, 1995), and D. melanogaster
(Goshima and Vale, 2005; Sharp et al., 1999) kinesin-5 orthologues (HsEg5 or Kif11,
XlEg5, and KLP61F, respectively). This threonine residue forms part of a consensus CDK
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site (Thr-Pro) and is found within a conserved motif called the BimC box (Heck et al.,
1993) and its phosphorylation has been shown to be required for kinesin-5 localization to
the spindle in the above metazoan eukaryotes. Phosphorylation of the tail of XlEg5 has
been reported to increase its binding to microtubules both in vitro and in Xenopus egg
extracts (Cahu et al., 2008). It has been reported that tail domain of both KLP61F and
XlEg5 bind MTs independently of the motor domain (van den Wildenberg et al., 2008;
Weinger et al., 2011) so phosphorylation may regulate affinity of the tail for MTs.
The regulation of kinesin-5 by cyclin B/Cdk1 phosphorylation of its tail domain
cannot, however, be a universal mechanism. Mutation of the BimC box CDK site in
Schizosaccharomyces pombe cut7 does not alter the localization of that kinesin-5
(Drummond and Hagan, 1998). Moreover, the BimC box motif is not found in either
Kip1 or Cin8, the S. cerevisiae kinesins-5. Surprsingly, our knowledge of how kinesins in
S. cerevisiae are regulated lags behind metazoan model systems and mammalian tissue
culture in many respects. The main goal of my dissertation research has been to
elucidate how the kinesins-5 in S. cerevisiae are regulated by Clb/Cdc28 (B-type
cyclin/CDK) complexes during the process of SPB separation and spindle assembly. In
the process of doing so, I hope to elucidate fundamental mechanisms by which spindle
assembly is regulated by CDK phosphorylation in all eukaryotes. Such elucidation can
only benefit efforts to determine if kinesins-5 are suitable drug targets, and also if there
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might be differences in the regulation of kinesins-5 in different species that might be
exploited for drug development.
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2. B-cyclin/CDKs Regulate Mitotic Spindle Assembly by
Phosphorylating Kinesins-5 in Budding Yeast
The following chapter contains material that has previously been published in Chee &
Haase (2010) PLoS Genetics, e1000935. doi:10.1371/journal.pgen.1000935, and evaluated by
Kim & Dawson (2010) Faculty of 1000 Biology, http://f1000.com/5095958.

2.1 Introduction
Cyclin-dependent kinases (CDKs) complexed with various cyclins coordinate
many duplication and segregation events during the eukaryotic cell division cycle
(Morgan, 1997; Murray, 2004). The duplication of the cell’s microtubule organizing
center, the centrosome, and the subsequent separation of the duplicated centrosomes is
one such event (Haase et al., 2001; Lacey et al., 1999). Timely separation of the
duplicated centrosomes is required for the assembly of the bipolar spindle at metaphase
which, in turn, is necessary for the equal segregation of sister chromatids during
anaphase and the preservation of genome stability.
The budding yeast centrosome, called the spindle pole body (SPB), is
functionally equivalent to the metazoan centrosome. Although structurally dissimilar
(Adams and Kilmartin, 2000), they appear to be regulated by similar mechanisms (Lacey
et al., 1999; Simmons Kovacs et al., 2008). Thus, the budding yeast SPB is a powerful
model for understanding the metazoan centrosome, as demonstrated by genetic studies
that have identified many components of the eukaryotic cellular machinery critical to
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both SPB and centrosome separation (reviewed in (Adams and Kilmartin, 2000;
Jaspersen and Winey, 2004; O'Toole, 2001; Walczak, 2000)).
Three classes of mutations that cause cells to arrest with duplicated but
unseparated SPBs have been identified in Saccharomyces cerevisiae. The first class includes
mutations in the genes encoding Cdc28, the yeast Cdk1, and the B-type cyclins which
bind to Cdc28. Cells lacking all six B-type cyclin genes (CLB1, CLB2, CLB3, CLB4, CLB5,
and CLB6) are unable to separate SPBs (Haase et al., 2001). The mutation of tyrosine 19
in Cdc28 to mimic an inhibitory phosphorylation (cdc28Y19E) (Amon et al., 1992; Keaton et
al., 2007) has also been reported to result in a SPB separation defect (Lim et al., 1996).
This phosphomimetic mutation is thought to specifically inhibit Clb1,2,3,4/Cdc28
complexes, but likely not Clb5,6/Cdc28 (Keaton et al., 2007). Not surprisingly, ∆clb1,2,3,4
mutants also appear to have a diminished capacity to separate SPBs (Fitch et al., 1992;
Richardson et al., 1992), although separation can occur after extended time periods
(Fitch et al., 1992; Haase et al., 2001).
The second class of SPB separation mutations affects genes encoding components
of the SCFCdc4 E3 ubiquitin ligase complex (CDC4, CDC53, HRT1 and SKP1 (Bai et al.,
1996; Byers and Goetsch, 1975; Mathias et al., 1996; Seol et al., 1999)) as well as CDC34
(Goebl et al., 1988), the E2 ubiquitin protein-conjugating enzyme that is associated with
SCFCdc4. Temperature-sensitive cdc4, cdc53, and cdc34 mutants arrest with multiple
elongated buds and unreplicated DNA, as well as duplicated but unseparated SPBs (Bai
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et al., 1996; Byers and Goetsch, 1974; Byers and Goetsch, 1975; Goebl et al., 1988; Mathias
et al., 1996). The arrest phenotype of these mutants is likely to be identical to that of
∆clb1,2,3,4,5,6 (Haase et al., 2001; Schwob et al., 1994) mutants due to a buildup of Sic1
(Bai et al., 1996; Schwob et al., 1994). Sic1 is a Clb/Cdc28-specific inhibitor whose
degradation is normally triggered by the SCFCdc4 complex in G1 to allow entry into S
phase (Feldman et al., 1997; Schwob et al., 1994; Verma et al., 1997b). However, it is
possible that there is a SCFCdc4 target that is directly involved in maintaining cohesion
between the duplicated SPBs and which must be destroyed before separation can occur.
Such a protein could be a component of the proteinaceous bridge structure that
physically joins newly duplicated SPBs and would need to be overcome for separation
to occur (Jaspersen and Winey, 2004; O'Toole, 2001). Direct phosphorylation by CDK
complexes is generally required to trigger the ubiquitination of SCF targets (Vodermaier,
2004); so Clb/Cdc28 complexes might work in concert with the SCFCdc4 to destroy such a
separation-inhibiting element.
The third class of mutations lies in the KIP1 and CIN8 genes (Hoyt et al., 1992;
Roof et al., 1992) which encode members of the kinesin-5 family of bipolar, microtubulebased motor proteins (Miki et al., 2005). Kinesins-5 have been shown to be important in
both the establishment and maintenance of the bipolar spindle in many fungal and
metazoan systems (Enos and Morris, 1990; Hagan and Yanagida, 1990; Heck et al., 1993;
Sawin et al., 1992). It is thought that kinesin-5 motors crosslink and move spindle
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microtubules, which are also required for SPB separation (Jacobs et al., 1988; Reijo et al.,
1994), in order to mechanically separate the spindle poles and establish the spindle
(reviewed in (Amos, 2008)). Accordingly, cells lacking both functional Kip1 and Cin8,
arrest with duplicated and unseparated SPBs when released from a G1 arrest (Hoyt et
al., 1992; Roof et al., 1992).
Together, these findings suggest that Clb/Cdc28 complexes promote the timely
separation of SPBs, and that kinesin-5 motors may be subject to phosphoregulation by
Clb/Cdc28 complexes (Richardson et al., 1992; Schwob and Nasmyth, 1993). Although
several of the genetic requirements for SPB separation are now known, the molecular
mechanisms that regulate separation remain unclear. Cyclin B/Cdk1 phosphorylation of
the tail domain of the Homo sapiens (Blangy et al., 1997; Blangy et al., 1995), Xenopus laevis
(Giet et al., 1999; Sawin and Mitchison, 1995), and Drosophila melanogaster (Goshima and
Vale, 2005; Sharp et al., 1999) kinesin-5 orthologues (HsEg5 or Kif11, XlEg5, and KLP61F,
respectively) has been shown to be required for their localization to the spindle. The
BimC box motif (Heck et al., 1993) where this phosphorylation occurs is not found,
however, in either Kip1 or Cin8, although other consensus CDK phosphorylation sites
exist in both proteins.
Two studies (Crasta et al., 2006; Crasta et al., 2008) have suggested that
Clb/Cdc28 complexes regulate kinesin-5 protein stability indirectly by phosphorylating
Cdh1, a substrate-specific activator of the anaphase-promoting complex (APC) (Visintin
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et al., 1997). The APCCdh1 is active in G1, and is thought to be inactivated in S phase by Bcyclin/CDK-mediated phosphorylation of Cdh1 (Huang et al., 2001; van Leuken et al.,
2008). The degradation of Kip1 and Cin8 is dependent on the APC in complex with
Cdc20 (Gordon and Roof, 2001) or with Cdh1 (Hildebrandt and Hoyt, 2001),
respectively. Motor stability thus depends on APC activity. The studies by Crasta et al.,
however, relied heavily on two mutant alleles of CDC28, cdc28Y19E and cdc28-as1, which
retain some CDK activity under the experimental conditions employed (Bishop et al.,
2000; Crasta et al., 2006). They therefore do not rule out the possibility that CDKs also
regulate kinesin-5 motors directly.
In this study, we asked if Clb/Cdc28 directly regulates kinesin-5 activity in order
to trigger SPB separation and spindle assembly. We first determined that the only target
of SCFCdc4 involved in regulating SPB separation is the Clb/Cdc28-specific inhibitor, Sic1.
Thus, SCF-mediated destruction of a bridge component is likely not required for spindle
assembly. We next determined that Clb2/Cdc28 phosphorylates Kip1 and Cin8 in vitro,
and also that Clb/Cdc28 complexes do not regulate either the abundance or localization
of these kinesins-5 in vivo. Moreover, by genetic mapping, we identified a CDK
phosphorylation site in the motor domain of Kip1 that is critical to SPB separation. We
also identified two non-conserved CDK sites in the tail domain of Kip1 that are
important for timely SPB separation, and verified that they are phosphorylated in vivo
by mass spectrometry. As the site in the motor domain is conserved across almost all of
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the kinesin-5 family, we propose that direct regulation of kinesin-5 motor functions by
B-cyclin/CDK phosphorylation may not be exclusive to S. cerevisiae.

2.2 Materials & Methods
Yeast strains and media
All strains were derived from 15Daub (Kaiser et al., 1999), which is a bar1∆
ura3∆ns derivative of BF264-15D (MATa ade1 his2 leu2-3,112 trp1-1a) (Reed et al., 1985)
unless otherwise indicated (Table 1). Strains were constructed by standard yeast
methods detailed below. Yeast cultures were grown in standard YEP medium (1% yeast
extract, 2% peptone, 0.012% adenine, 0.006% uracil supplemented with 2% sugar) unless
indicated. Plate media were prepared by adding 2% agar. For synchrony experiments,
bar1 strains were arrested with 25 ng/ml α mating pheromone, also known as α-factor
(BioVectra). For experiments involving fluorescence microscopy that used liquid
cultures, YEP medium was supplemented with an additional 0.003% adenine (0.015%
final).
Table 1. Yeast strains used in this chapter
Strain
SBY408

Genotype

Source

MATa bar1 TRP1::ble::SPC42-EGFP

Haase, Winey
& Reed, 2001

SBY621

MATa bar1 TRP1::ble::SPC42-EGFP CIN8-

This study

12MYC::kanMX2
SBY627

MATa bar1 TRP1::ble::SPC42-EGFP URA3::PGAL1SIC1∆3P CIN8-12MYC::kanMX2
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This study

SBY680

MATa bar1 TRP1::ble::SPC42-EGFP YEpLGAL

This study

SBY684

MATa bar1 swe1::LEU2 TRP1::PGAL1-CDC28 pGAL-CLB2-

DJ Lew

TAP
SBY748

MATa bar1 TRP1::ble::SPC42-EGFP URA3::PGAL1-

This study

SIC1∆3P YEpLGAL-CIN8-12MYC
SBY750

MATa bar1 TRP1::ble::SPC42-EGFP YEpLGAL-CIN8-

This study

12MYC
SBY789

MATa bar1 TRP1::ble::SPC42-EGFP URA3::PGAL1-

This study

SIC1∆3P YEpLGAL-KIP1-12MYC
SBY791

MATa bar1 TRP1::ble::SPC42-EGFP YEpLGAL-KIP1-

This study

12MYC
SBY866

MATa bar1 TRP1::ble::SPC42-EGFP cin8∆::LEU2

This study

SBY934

MATa bar1::hphMX4 clb1::URA3 clb2::LEU2 clb3::TRP1

This study

clb4::HIS2 clb5::ARG4 clb6::ADE1 LEU2::PGAL1-CLB1
SBY938

MATa bar1::hphMX4 clb1::URA3 clb2::LEU2 clb3::TRP1

This study

clb4::HIS2 clb5::ARG4 clb6::ADE1 LEU2::PGAL1-CLB1
CIN8-12MYC::kanMX2
SBY954

MATa bar1 TRP1::ble::SPC42-EGFP kip1∆::kanMX4

This study

SBY960

MATa bar1 TRP1::ble::SPC42-EGFP CIN8-

This study

mCherry::kanMX2 URA3::PHIS3-CFP-TUB1
SBY962

MATa bar1 TRP1::ble::SPC42-EGFP CIN8-

This study

mCherry::kanMX2 HIS2::PGAL1-SIC1∆3P URA3::PHIS3CFP-TUB1
SBY966

MATa bar1 TRP1::ble::SPC42-EGFP cin8∆::LEU2

This study

5A

HIS2::cin8 -mCherry URA3::PHIS3-CFP-TUB1
SBY972

MATa bar1 TRP1::ble::SPC42-EGFP cin8∆::LEU2

This study

5A

HIS2::cin8 -mCherry URA3::PHIS3-CFP-TUB1 kip1∆::hph4
SBY974

MATa bar1 cdc4-3 TRP1::SPC42-EGFP
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This study

SBY980

MATa bar1 TRP1::ble::SPC42-EGFP cin8∆::LEU2

This study

HIS2::CIN8-mCherry URA3::PHIS3-CFP-TUB1
SBY984

MATa bar1 TRP1::ble::SPC42-EGFP cin8∆::LEU2

This study

HIS2::CIN8-mCherry URA3::PHIS3-CFP-TUB1
kip1∆::hphMX4
SBY991

MATa bar1 TRP1::ble::SPC42-EGFP KIP1-

This study

12MYC::kanMX2
SBY993

MATa bar1 TRP1::ble::SPC42-EGFP HIS2::PGAL1-

This study

SIC1∆3P KIP1-12MYC::kanMX2
SBY1000

MATa bar1 cdc4-3 TRP1::SPC42-EGFP sic1::URA3

This study

SBY1038

MATa bar1 TRP1::ble::SPC42-EGFP kip1∆::kanMX4

This study

LEU2::KIP1-mCherry URA3::PHIS3-CFP-TUB1
SBY1040

MATa bar1 TRP1::ble::SPC42-EGFP kip1∆::kanMX4

This study

6A

LEU2::kip1 -mCherry URA::PHIS3-CFP-TUB1
SBY1064

MATa bar1 TRP1::ble::SPC42-EGFP kip1∆::kanMX4

This study

LEU2::KIP1-mCherry URA3::PHIS3-CFP-TUB1
cin8∆::hphMX4
SBY1066

MATa bar1 TRP1::ble::SPC42-EGFP kip1∆::kanMX4

This study

6A

LEU2::kip1 -mCherry URA3::PHIS3-CFP-TUB1
cin8∆::hphMX4
SBY1096

MATa bar1 TRP1::ble::SPC42-EGFP kip1∆::kanMX4

This study

URA3::PHIS3-CFP-TUB1
SBY1123

MATa bar1 TRP1::ble::SPC42-EGFP kip1∆::kanMX4

This study

S388A

URA3::PHIS3-CFP-TUB1 LEU2::kip1
SBY1129

-mCherry

MATa bar1 TRP1::ble::SPC42-EGFP kip1∆::kanMX4

This study

S1037A,T1040A

URA3::PHIS3-CFP-TUB1 LEU2::kip1
SBY1134

MATa bar1 TRP1::ble::SPC42-EGFP KIP1mCherry::kanMX2 UAR3::PHIS3-CFP-TUB1
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-mCherry
This study

SBY1135

MATa bar1 TRP1::ble::SPC42-EGFP HIS2::PGAL1-

This study

SIC1∆3P KIP1-mCherry::kanMX2 URA3::PHIS3-CFP-TUB1
SBY1143

MATa bar1 TRP1::ble::SPC42-EGFP kip1∆::kanMX4

This study

URA3::KIP1
SBY1147

MATa bar1 TRP1::ble::SPC42-EGFP kip1∆::kanMX4

This study

S388A

URA3::PHIS3-CFP-TUB1 LEU2::kip1

-mCherry

cin8∆::hphMX4
SBY1153

MATa bar1 TRP1::ble::SPC42-EGFP kip1∆::kanMX4

This study

URA3::KIP1 cin8∆::hphMX4
SBY1155

MATa bar1 TRP1::ble::SPC42-EGFP kip1∆::kanMX4
6A

URA3::kip1
SBY1160

This study

cin8∆::hphMX4

MATa bar1::hphMX4 clb1::URA3 clb2::LEU2 clb3::TRP1

This study

clb4::HIS2 clb5::ARG4 clb6::ADE1 LEU2::PGAL1-CLB1
KIP1-12MYC::kanMX2
SBY1188

W303a MAT a bar1 TRP1::ble::SPC42-EGFP

This study

SBY1191

W303a MATa bar1 TRP1::ble::SPC42-EGFP KIP1-

This study

12MYC::kanMX2
SBY1193

W303a MATa bar1 TRP1::ble::SPC42-EGFP KIP1-

This study

12MYC::kanMX2 URA3::PGAL1-SIC1∆3P
SBY1219

MATa bar1 TRP1::ble::SPC42-EGFP kip1∆::kanMX4
S455A

URA3::kip1
SBY1223

This study

cin8∆::hphMX4

W303a MATa bar1 TRP1::ble::SPC42-EGFP CIN8-

This study

12MYC::kanMX2
SBY1225

W303a MATa bar1 TRP1::ble::SPC42-EGFP

This study

URA3::PGAL1-SIC1∆3P CIN8-12MYC::kanMX2
SBY1274

MATa bar1 TRP1::ble::SPC42-EGFP cin8∆::kanMX4

This study

HIS2::PGAL1-SIC1∆3P YEpLGAL-CIN8-12MYC
SBY1276

MATa bar1 TRP1::ble::SPC42-EGFP cin8∆::kanMX4
5A

HIS2::PGAL1-SIC1∆3P YEpLGAL-cin8 -12MYC
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This study

SBY1278

MATa bar1 TRP1::ble::SPC42-EGFP cin8∆::kanMX4

This study

HIS2::PGAL1-SIC1∆3P YEpLGAL
SBY1280

MATa bar1 TRP1::ble::SPC42-EGFP kip1∆::kanMX4

This study

HIS2::PGAL1-SIC1∆3P YEpLGAL-KIP1-12MYC
SBY1282

MATa bar1 TRP1::ble::SPC42-EGFP kip1∆::kanMX4

This study

6A

HIS2::PGAL1-SIC1∆3P YEpLGAL-kip1 -12MYC
SBY1284

MATa bar1 TRP1::ble::SPC42-EGFP kip1∆::kanMX4

This study

HIS2::PGAL1-SIC1∆3P YEpLGAL
SBY1286

MATa bar1 YEpUGAL

SBY1327

MATa bar1 TRP1::ble::SPC42-EGFP URA3::PHIS3-CFP-

This study
This study

S455A

TUB1 cin8∆::LEU2 HIS2:: PCIN8-cin8
SBY1350

-mCherry

MATa bar1 TRP1::ble::SPC42-EGFP URA3::PHIS3-CFP-

This study

S455A

TUB1 cin8∆::LEU2 HIS2::PCIN8-cin8

-mCherry

kip1∆::hphMX4
SBY1352

MATa bar1 swe1::LEU2 TRP1::PGAL1-CDC28 pGAL-CLB5-

DJ Lew

TAP
SBY1355

MATa bar1 TRP1::ble::SPC42-EGFP cin8∆::LEU2

This study

URA3::CIN8
SBY1365

MATa bar1 TRP1::ble::SPC42-EGFP cin8∆::LEU2

This study

URA3::CIN8 kip1∆::hphMX4
SBY1367

MATa bar1 TRP1::ble::SPC42-EGFP cin8∆::LEU2
5A

URA3::cin8
SBY1371

kip1∆::hphMX4

MATa bar1 TRP1::ble::SPC42-EGFP cin8∆::LEU2
S455A

URA3::cin8
SBY1373

This study

This study

kip1∆::hphMX4

MATa bar1::hphMX4 clb1::URA3 clb2::LEU2 clb3::TRP1
clb4::HIS2 clb5::ARG4 clb6::ADE1 LEU2::PGAL1-CLB1
KIP1-mCherry::kanMX4 TRP1::natMX4::SPC42-EGFP
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This study

SBY1375

MATa bar1::hphMX4 clb1::URA3 clb2::LEU2 clb3::TRP1

This study

clb4::HIS2 clb5::ARG4 clb6::ADE1 PGAL1-CLB1::LEU2
CIN8-mCherry::kanMX4 TRP1::natMX4::SPC42-EGFP
SBY1388

MATa TRP1::ble::SPC42-EGFP URA3::PHIS3-CFP-TUB1

This study

5A

cin8∆::LEU2 HIS2::PCIN8-cin8 -mCherry kip1∆::hphMX4
SBY1578

MATa bar1 YEpGAL-CLB2-3HA::TRP1 pep4::URA3

This study

YEpLGAL-KIP1-12MYC
SBY1580

MATa bar1 YEpGAL-CLB2-3HA::TRP1 pep4::URA3

This study

YEpLGAL-CIN8-12MYC
SBY1582

MATa bar1 YEpGAL-CLB2-3HA::TRP1 pep4::URA3

This study

YEpLGAL
All strains are derivatives of 15Daub unless otherwise indicated.

Plasmid construction and DNA manipulation
Standard methods of DNA manipulation were employed in plasmid
construction and PCR. Whenever PCR was involved in gene manipulation, the product
was sequenced in full to determine the occurrence of PCR errors. KIP1 and CIN8 were
amplified from S. cerevisiae (15Daub) genomic DNA by PCR and TA cloned into pDrive
(Qiagen); the sequence of KIP1 and CIN8 amplified from 15Daub were determined to be
exactly identical to that from S288C (Mortimer and Johnston, 1986). The CIN8 translation
start used is the same as that in the current sequence annotation available on the
Saccharomyces Genome Database (SGD) and not the one located 114 nucleotides
upstream that was originally identified by Hoyt et al. (Hoyt et al., 1992); the CIN8
annotation was last updated on 9/22/2003 based on comparative analyses of closely
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related Saccharomycetales species (Cliften et al., 2003; Kellis et al., 2003). Both genes
were amplified with an optimal Kozak sequence (AAA) preceding the start codon (ATG)
to facilitate overexpression in yeast. Point mutations to consensus CDK phosphorylation
sites were introduced using site-directed PCR mutagenesis with either Pfu (Stratagene)
or

KOD

HotStart

DNA

polymerase

(Toyobo/Novagen/EMD

Chemicals);

the

oligonucleotide primers used are listed in Table 2. For generating C-terminal fusions, the
c-Myc epitope tag was PCR-amplified from pFA6a-12MYC-kanMX2 (a gift from Peter
Kaiser) and mCherry was PCR-amplified from pRSET-B-mCherry (Shaner et al., 2004).
Tag sequences were then subcloned into pDrive-KIP1 and pDrive-CIN8.
In order to overexpress Kip1-myc12 and Cin8-myc12 in yeast for subsequent
purification and use in in vitro phosphorylation assays, KIP1-12MYC and CIN8-12MYC
were subcloned into the BamHI site of the episomal vector YEpLGAL (a gift from Peter
Kaiser), under the control of the galactose-inducible GAL1 promoter. YEpUGAL was
generated by replacing the AatII-NarI segment of YEpLGAL containing the LEU2 gene
with the AatII-NarI segment containing the URA3 gene from YEp195 (Gietz and Sugino,
1988).
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Table 2. Oligonucleotides used for site-directed PCR mutagenesis of
consensus CDK phosphorylation sites in Kip1 and Cin8
Gene
name
KIP1

Consensus CDK
site(s)
Ser 27

Primer sequences
FP: 5’-CCATTGCACATGCTCCAGCTCCAAGTCTTTCAAATGGGA-3’
RP: 5’-TCCCATTTGAAAGACTTGGAGCTGGAGCATGTGCAATGG-3’

KIP1

Thr 38

FP: 5’-GGGATGCACACTCTAGCGCCGCCCACCTGTAAC-3’
RP: 5’-GTTACAGGTGGGCGGCGCTAGAGTGTGCATCCC-3’

KIP1

Ser 388

FP: 5’-GCATTATCGCAACTATAGCACCTGCGAAAATATCCAT-3’
RP: 5’-ATGGATATTTTCGCAGGTGCTATAGTTGCGATAATGC-3’

KIP1

Thr 413

FP: 5’-GCCAAATCAATTAAGAATGCTCCACAAGTAAATCAGTCT-3’
RP: 5’-AGACTGATTTACTTGTGGAGCATTCTTAATTGATTTGGC-3’

KIP1

Ser 1037

FP: 5’-CCTCTTTCACAATTCGCTCCAAAAACCCCAGTG-3’
RP: 5’-CACTGGGGTTTTTGGAGCGAATTGTGAAAGAGG-3’

KIP1

Thr 1040

FP: 5’-CACAATTCAGTCCAAAAGCCCCAGTGCCAGTGCCTGAT-3’
RP: 5’-ATCAGGCACTGGCACTGGGGCTTTTGGACTGAATTGTG-3’

KIP1

Ser 1037, Thr
1040

CIN8

Ser 239

FP: 5’-CCTCTTTCACAATTCGCTCCAAAAGCCCCAGTG-3’
RP: 5’-CACTGGGGCTTTTGGAGCGAATTGTGAAAGAGG-3’
FP: 5’-CCGCACTAATTGCTACTATAGCGCCTGCAAAGGTAACTTCTG-3’
RP: 5’-CAGAAGTTACCTTTGCAGGCGCTATAGTAGCAATTAGTGCGG-3’

CIN8

Thr 247

FP: 5’-CGAGGTCATTAAATGATCTAGCACCTAAAGCTGCTCTATTAAG-3’
RP: 5’-CTTAATAGAGCAGCTTTAGGTGCTAGATCATTTAATGACCTCG-3’

CIN8

Ser 455

FP: 5’-CCGCACTAATTGCTACTATAGCGCCTGCAAAGGTAACTTCTG-3’
RP: 5’- CAGAAGTTACCTTTGCAGGCGCTATAGTAGCAATTAGTGCGG-3’

CIN8

Ser 698

FP: 5’-GTGAAGAAAATTTTAAACGAAGCTCCTAAATTCTTCAATGTTG-3’
RP: 5’-CAACATTGAAGAATTTAGGAGCTTCGTTTAAAATTTTCTTCAC-3’

CIN8

Ser 972

FP: 5’-CAGTGCAAAGTGTAATAGCGCCCAAAAAGCATGCAATTG-3’
RP:5’-CAATTGCATGCTTTTTGGGCGCTATTACACTTTGCACTG-3’

FP = forward primer; RP = reverse primer

Mutagenized nucleotides are underlined
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To generate a pRS300 series integrating plasmid (Sikorski and Hieter, 1989) with
a HIS2 marker that could be used for integration into the his2 BF264-15D (Reed et al.,
1985) wild-type yeast strain, the HIS2 marker of YIpGAP2 (Sia et al., 1996) was first
amplified by PCR and TA cloned into pGEM-T-Easy (Promega). The URA3 marker in
pRS306 (Sikorski and Hieter, 1989) was disrupted by digestion with NsiI and NcoI; the
HIS2 marker was cut from pGEM-T-Easy-HIS2 with NsiI and NcoI, then ligated to the
remainder of the pRS306 plasmid to yield pRS306H2.
To generate KIP1 and CIN8 alleles under the control of their own promoters, the
respective 5’ and 3’ untranslated regions of the two genes were amplified by PCR from
yeast genomic DNA and subcloned into pDrive-KIP1 and pDrive-CIN8, thus resulting in
pDrive-KIP1(native) and pDrive-CIN8(native). For KIP1, we included 523 nucleotides
upstream of the ATG start codon and 388 nucleotides downstream of the stop codon; for
CIN8, we included 444 nucleotides upstream of the ATG start codon and 329 nucleotides
downstream of the stop codon. Constructs with C-terminal mCherry tags were placed
under the control of their native promoters by subcloning only the 5’ untranslated
region.
In order to integrate C-terminally tagged KIP1 and CIN8 alleles into the genome,
they were subcloned into pRS305T and pRS306H2T, respectively, on KpnI and XbaI ends.
The additional ‘T’ designation indicates the presence of the ADH1 terminator sequence;
TADH1 was PCR amplified from pFA6a-GFP(S65T)-TRP1 (Longtine et al., 1998) and TA
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cloned into pDrive, then excised with XbaI and SpeI for ligation to pRS305 and
pRS306H2 cut with XbaI. Untagged ‘native’ KIP1 and CIN8 alleles were subcloned into
pRS306 in order to integrate them into the genome.
pGAL-SIC1∆3P::HIS2 was constructed first by excising part of the URA3 marker
in pGAL-SIC1∆3P (Verma et al., 1997a), a gift from David Stuart, with a complete NsiI
and partial NcoI digest. The URA3 marker was disrupted by ligating the remainder of
the plasmid to the HIS2 gene excised from pGEM-T-Easy-HIS2 using NsiI and NcoI.
pZSPC42-GFP was constructed in the following manner by Steve Haase. The
BamHI-BglII fragment from pGAPZ A (Invitrogen) containing the Zeocin resistance
cassette was subcloned into the BamHI site of pUC19, generating pUCZeoB; this cassette
contains the Streptoalloteichus hindustanus ble gene (Gatignol et al., 1988), which encodes
resistance to phleomycin/bleomycin family antibiotics such as Zeocin, driven by the
strong constitutive TEF1 promoter from S. cerevisiae. The cassette was subsequently
excised from pUCZeoB by digestion with SalI and EcoRI and subcloned into the MCS of
pIA29 (pRS304-SPC42-EGFP) digested with the same two enzymes (Adams and
Kilmartin, 1999) pNSPC42-GFP was constructed by excising the Zeocin resistance
cassette from pZSPC42-GFP using EcoRI and SalI, then ligating the remainder of the
plasmid to the natMX4 (nourseothricin resistance) cassette cut from pAG25 (Goldstein
and McCusker, 1999) using the same two restriction enzymes.
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Yeast transformation and strain construction
Yeast were transformed using high-efficiency methods involving lithium acetate,
polyethylene glycol and denatured, single-stranded salmon sperm DNA (Gietz and
Schiestl, 2007; Gietz and Woods, 2001). For PCR-mediated deletions of KIP1 and CIN8,
primers with flanking regions homologous to either gene were used to amplify the
following marker genes or cassettes from the respective plasmids: LEU2 from pRS305
(Sikorski and Hieter, 1989), kanMX4 (kanamycin resistance cassette) from pRS400
(Brachmann et al., 1998), and hphMX4 (hygromycin B resistance cassette) from pAG32
(Goldstein and McCusker, 1999).
The disruption of SIC1 with URA3 was achieved by digesting the plasmid
pTN27-8, a gift from Michael Mendenhall, with EcoRI and HindIII before transformation
into yeast. pTN27-8 is similar in construction to pTNb18 (Nugroho and Mendenhall,
1994) which was used to disrupt SIC1 with HIS3. pTN27-8 was constructed by replacing
an internal Acc651-NdeI fragment of the SIC1 coding sequence in pMDMb143 (Nugroho
and Mendenhall, 1994) with a BamHI fragment containing the S. cerevisiae URA3 gene.
For tagging KIP1 and CIN8 at their respective endogenous loci by PCR, tagged
KIP1 and CIN8 constructs were subcloned into the BamHI site of the vector pKCUP1
(Haase et al., 2001). Either Pfu DNA polymerase or KOD HotStart DNA polymerase was
then used to amplify about 1 kb of the respective gene sequence, the tag sequence, and
the kanMX2 marker in the plasmid for transforming yeast.
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In order to label spindle pole bodies (SPBs) with Spc42-GFP, yeast strains not
derived from SBY408 (Simmons Kovacs et al., 2008) were transformed with either pIA29
(Adams and Kilmartin, 1999), pZSPC42-GFP or pNSPC42-GFP linearized with Bsu361
for integration at the TRP1 locus. To label microtubules with CFP-Tub1 (α-tubulin),
yeast strains were transformed with pRS306-PHIS3-CFP-TUB1 (Jensen et al., 2001) cut with
StuI for integration at the URA3 locus.
Strains carrying the PGAL1-SIC1∆3P transgene were generated by transforming
yeast with pGAL-SIC1∆3P (Verma et al., 1997a) linearized with either EcoRV or StuI for
integration at the URA3 locus, or with pGAL-SIC1∆3P::HIS2 linearized with either SnaBI
or MfeI for integration at the HIS2 locus.
pRS305T plasmids containing mCherry-tagged KIP1 alleles were linearized with
AflII before transforming yeast for integration at the LEU2 locus; pRS306H2T plasmids
containing mCherry-tagged CIN8 alleles were linearized with Bsu361 for integration at
the TRP1 locus. Untagged KIP1 and CIN8 alleles cloned into pRS306 were linearized
with StuI for integration at the URA3 locus.
Strains carrying the pep4::URA3 disruption allele used for protein overexpression
were derived from PY236 (Kaiser et al., 1999), a gift from Peter Kaiser. It should be noted
that this disruption was generated using the plasmid pUC4-pep4::URA3, in which a S.
cerevisiae BamHI genomic DNA fragment containing PEP4 was disrupted by the
insertion of the URA3 marker on HindIII ends. That particular genomic fragment also
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contains the gene KIP2, which lies downstream of PEP4, and the restriction of this
fragment with HindIII not only excised most of the PEP4 ORF (starting with nucleotide
+412) but also inadvertently removed the first 20 nucleotides of the KIP2 ORF. Hence the
pep4::URA3 strains I used are also null for kip2. As KIP2 encodes a non-essential
cytoplasmic kinesin (Cottingham and Hoyt, 1997), however, its disruption does not
unduly interfere with the use of these strains for protein expression.

Asynchronous temperature shift time course experiments
For experiments involving cdc4-3 strains, cells were grown in YEP-dextrose
(YEPD) medium overnight at 24°C (permissive temperature). Cells were subsequently
diluted to a density of 1 x 107 cells/ml, and then incubated at 24°C for 90 min. Cultures
were subsequently shifted to 37°C (restrictive temperature) to inactivate the
temperature-sensitive Cdc4-3 protein.

Spot assay for proliferation at permissive temperature following
arrest at restrictive temperature for cdc4-3(ts) sic1∆
∆ cells
This spot assay was an extension of the asynchronous temperature shift
experiment described above; cdc4-3 SIC1 and cdc4-3 sic1∆ cells were grown to log phase
at 24°C as described in Materials & Methods and then shifted to 37°C for up to 6 h. Cells
were collected from both cultures before the shift, and also at 2, 4, and 6 h after the shift
from the cdc4-3 sic1∆ culture. A 2 x 106 cells/ml suspension was prepared in YEPD from
cells collected at each timepoint was then prepared and diluted serially to make 2 x 105
and 2 x 104 cells/ml suspensions. Three microliters of each suspension was spotted on a
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YEPD plate and the plate was subsequently incubated at ambient room temperature
(~22°C).

Synchronized sugar shift time course experiments
For experiments involving ∆clb1,2,3,4,5,6 strains, cells were grown in YEPgalactose (YEPG) medium overnight, and then diluted before being allowed to reach a
density of 1 x 107 cells/ml. They were subsequently arrested with α-factor before adding
either 20% dextrose to a final concentration of 2% dextrose in order to inhibit the
expression of Clb1 in these strains or an equal volume of water to the control. Fifteen
minutes after the addition of dextrose/water, cells were released into pre-warmed (30°C)
YEPG.
For experiments involving strains with PGAL1-SIC1∆3P derived from BF264-15DU,
cells were grown in non-inducing YEP-sucrose (YEPS) medium overnight and then
diluted before being allowed to reach a density of 1 x 107 cells/ml. They were
subsequently arrested with α-factor, then released into pre-warmed (30°C) YEPG.
Unlike BF264-15D-derived strains (Mondésert et al., 1997), W303a-derived strains
express invertase (Suc2) and can thus hydrolyze sucrose to yield glucose and fructose.
Therefore, we determined that YEPS is not a suitable non-inducing medium for W303aderived strains since they can break sucrose down to form glucose which represses the
GAL1-10 promoter. Instead, these strains had to first be inoculated into filter-sterilized
YEPS and grown for a few hours before being shifted to YEP-raffinose (YEPR) for
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subsequent overnight growth. The cells were arrested with α-factor in YEPR before
induction with YEPG.

Synchronized temperature shift time courses
Cells were grown in YEPD medium overnight at 25°C (permissive temperature)
and then diluted and allowed to reach a density of 7.5 x 106 cells/ml. They were
subsequently arrested with α-factor. Arrested cultures were divided in two halves and
one half was moved to 37°C for 15 min (restrictive temperature) while the other half
remained at 25°C. Cells were then released into YEPD pre-warmed to the respective
temperatures.

Immunoblotting
Cell samples collected during time courses were spun down, washed with icecold PBS, then snap-frozen in liquid nitrogen. Lysates were prepared by vortexing cells
with acid-washed glass beads (Sigma-Aldrich) in modified RIPA buffer (50 mM TrisHCl pH 7.5, 20 mM Na4P2O7, 250 mM NaCl, 50 mM NaF, 1% nonyl-phenoxypolyethoxylethanol (Tergitol type NP-40), 2 mM EDTA, 1 mM Na3VO4, 1 mM DTT, 1.25
mM benzamidine hydrochloride, 0.1 mg/ml PMSF, 1 µg/ml each leupeptin, aprotinin,
and pepstatin A). Lysates were cleared by centrifugation at 4°C (16,000 rcf for 15 min),
and the protein content of the cleared lysates was determined by measuring A280 with a
Biophotometer (Eppendorf).
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Proteins were separated by reducing SDS-PAGE on 8.5% Tris-HCl gels using the
method of Laemmli (Laemmli, 1970) and then transferred to Immobilon-P (Millipore)
PVDF membranes for antibody probing. Proteins tagged with c-Myc were detected with
mouse anti-c-Myc clone 9E10 (Santa Cruz Biotechnology), while mCherry fusions were
detected with rabbit anti-DsRed/RFP (MBL). Cdc28 and Pho85 were detected with
mouse anti-PSTAIR (Abcam) for use as loading controls. The secondary antibodies used
were horseradish peroxidase-conjugated goat anti-mouse (Pierce Thermo-Scientific) and
goat anti-rabbit (Abcam). Blots were visualized with Supersignal West Pico
chemiluminescent substrate (Pierce Thermo-Scientific) and medical X-ray film (Fuji). The
anti-RFP immunoblots shown were washed with deionized water according to the
method of Wu et al. (Wu et al., 2002), which I have come to adopt as a standard protocol
for all subsequent immunoblots. When necessary, stripping of blots was carried out
using the method of Yeung & Stanley (Yeung and Stanley, 2009) except that Nonidet P40
was replaced by (Tergitol-type) NP-40 alternative (Calbiochem).

Kinase purification for in vitro phosphorylation assay
Soluble Clb2/Cdc28 kinase was prepared, using an abbreviated form of the TAP
protocol described by Puig and colleagues which excludes the CaM-binding and elution
steps (Puig et al., 2001). Clb2-TAP was overexpressed from an episomal plasmid, pGALCLB2-TAP (Ubersax et al., 2003), together with Cdc28 in a swe1∆ yeast strain (SBY684, a
gift from Daniel Lew) to ensure that the purified kinase is not inhibited by Swe1
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phosphorylation of Tyr 19 (Amon et al., 1992). To provide a negative control, a wild-type
strain (SBY1286) carrying a URA3-marked episomal plasmid with the GAL1-10 promoter
(YEpUGAL) was used. Both strains were first grown to log phase in synthetic complete
dropout medium lacking uracil (SC-Ura) with 2% sucrose, then switched to SC-Ura with
2% galactose. Soluble Clb5/Cdc28 kinase was prepared in a similar manner to that
described for Clb2/Cdc28, except that Clb5-TAP was overexpressed from a different
episomal plasmid, pGAL-CLB5-TAP (Ubersax et al., 2003), but also together with Cdc28
in a swe1∆ yeast strain (SBY1352, a gift from Daniel Lew).
After induction, cells were harvested and snap-frozen in liquid nitrogen. Frozen
cells were lysed in modified RIPA buffer by vortexing with glass beads. Clb2/ Cdc28
was isolated by binding to IgG-Sepharose beads (Amersham BioSciences/GE Healthcare)
followed by overnight cleavage at 4°C with AcTEV protease (Invitrogen) to remove the
Protein A portion of the TAP tag. The concentration of Cdc28 was estimated by
quantitative western blotting with anti-PSTAIR antibody, using purified GST-Cdk1 (Cell
Signaling Technology) as a standard. Densitometric analysis was performed with ImageJ
(Wayne Rasband, National Institutes of Health).

Substrate purification for in vitro phosphorylation assay
Kip1-myc12, Cin8-myc12, and their respective CDK site mutants were
overexpressed from episomal plasmids under the control of the galactose-inducible
GAL1 promoter in PGAL1-SIC1∆3P cells. To avoid the formation of tetramers containing
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the respective endogenous kinesin-5, Kip1-myc12 and Kip16A-myc12 were overexpressed
in kip1∆ strains (SBY1274, 1276), while Cin8-myc12 and Cin85A-myc12 were overexpressed
in cin8∆ strains (SBY1280, 1282). Control strains were included that carry the empty
vector alone (SBY1278, 1284). Strains were grown to log phase in synthetic complete
dropout medium lacking leucine (SC-Leu) with 2% sucrose, arrested with α-factor, and
then released into YEPG for 4 h. Cells were harvested following induction, washed with
cold PBS and snap-frozen in liquid nitrogen.
Frozen cells were lysed in modified RIPA buffer. Immunoprecipitation was
carried out by diluting lysate in IP buffer (50 mM Tris-HCl pH 7.5, 300 mM NaCl, 0.1%
NP-40, 1 mM EDTA, 0.1 mM DTT, 2.5 mM benzamidine hydrochloride, 0.2 mg/ml
PMSF, 2 µg/ml each leupeptin, aprotinin, and pepstatin A) before adding anti-c-Myc IgG
agarose beads (Sigma-Aldrich). Binding to the beads was carried out at 4°C for 2 h.
Beads were then washed twice with modified RIPA buffer with 500 mM NaCl (instead
of 250 mM NaCl), and 0.1 mM DTT added, and twice more with modified RIPA buffer
with 0.1% SDS, 0.25% DOC and 0.1 mM DTT added. Finally, beads were washed with 50
mM Tris-HCl, pH 7.5 and divided into smaller portions for the phosphorylation reaction
described below. Substrate yield was estimated to be about 0.4 µg of Kip1-myc12/Cin8myc12 by performing identical immunoprecipitations for densitometric comparison
against BSA (Sigma-Aldrich) standards after SDS-PAGE and staining with Coomassie
Brilliant Blue R250.
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In vitro phosphorylation assay
Kinesins (~0.4 µg) immobilized on IgG-agarose beads were washed with kinase
reaction buffer (50 mM Tris-HCl pH 7.5, 10 mM MgCl2, 25 mM β-glycerophosphate, 1
mM DTT). Subsequently, the beads were mixed with ~12 ng Clb2/Cdc28 in kinase
reaction buffer containing 0.2 mM ATP and 0.5 µCi/µl
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P-γ-ATP. One microgram of

histone H1 (Roche) was used as a control substrate in a separate reaction. Reactions were
incubated at 30°C for 1 h and then halted by adding SDS-PAGE sample buffer before
boiling for 5 min. Proteins were separated by electrophoresis on 10% Express PAGE gels
(GenScript) and visualized by staining with Coomassie Brilliant Blue R250 (Bio-Rad).
Gels were dried and radiolabelling was subsequently detected by autoradiography
using a Phosphor Imager and Storm scanner (Molecular Dynamics, GE Healthcare).

Spot assays for proliferation
Strains were grown overnight at room temperature in YEPD and then diluted to
allow resumption of log phase growth at room temperature for at least two hours. A 2 x
106 cells/ml suspension of each strain was then prepared in YEPD and diluted serially to
make 2 x 105 and 2 x 104 cells/ml suspensions. Three microliters of each suspension was
spotted on YEPD plates and the plates were subsequently incubated at either ambient
room temperature (~22°C) or 37°C, as indicated. Plates were imaged using a Bio-Rad
GelDoc and the software QuantityOne (Bio-Rad).
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Flow cytometry
Cells were prepared for flow cytometric analysis of DNA content using SYTOX
Green (Invitrogen) as previously described (Haase and Reed, 2002). Graphs used in
figures were generated using WinMDI 2.9 (Scripps Research Institute).

Fluorescence microscopy
For fluorescence microscopy of fixed cells, cells growing in liquid medium were
sonicated, then spun down and fixed in 2.0-2.5% paraformaldehyde at room
temperature for 5 min, then washed twice with PBS. Staining of DNA in
paraformaldehyde-fixed cells with 4',6-diamidino-2-phenylindole dihydrochloride
(DAPI) was carried out by adding DAPI (1 mg/ml stock solution) to cells suspended in
PBS to a final concentration of 50 μg/ml. For live cell fluorescence microscopy, cells
growing on fresh plates no more than two days old were simply resuspended in water
on glass slides immediately before imaging. All fluorescence microscopy was performed
on a Zeiss Axio Imager widefield fluorescence microscope controlled with MetaMorph
7.5 (Molecular Devices, MDS Analytical Technologies). Images were captured with a
Hamamatsu Orca ER monochrome cooled-CCD camera and analyzed with both
MetaMorph 7.5 and Adobe Photoshop versions 7.0 and CS2 (Adobe Labs).

Mass spectrometry analysis of protein phosphorylation
Kip1-myc12 and Cin8-myc12 were overexpressed in yeast in a similar manner to
that described above. Additionally, the two kinesins-5 were overexpressed in strains that
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also overexpress either Sic1∆3P to inhibit Clb/Cdc28 kinase activity or Clb2-HA3 to
increase the in vivo phosphorylation of Clb/Cdc28 substrates. Cells were lysed and the
myc-tagged proteins were immunopurified as described above, except using different
buffers that contained a high concentration of phosphatase inhibitors to better preserve
phosphorylated amino acid residues. The anti-phosphatase lysis buffer used had the
following composition: 50 mM Tris-HCl pH 7.5, 500 mM NaCl, 20 mM Na4P2O7, 150 mM
NaF, 150 mM β-glycerophosphate, 2mM Na3VO4, 1 mM EDTA, 1 mM EGTA, 1% NP-40,
1 mM DTT, 1.25 mM benzamidine hydrochloride, 1 mM PMSF, 1 µg/ml each leupeptin,
aprotinin, and pepstatin A. The anti-phosphatase IP buffer used had the following
composition: 50 mM Tris-HCl pH 7.5, 300 mM NaCl, 200 mM NaF, 200 mM βglycerophosphate, 2mM Na3VO4, 1 mM EDTA, 0.1% NP-40, 0.1 mM DTT, 2 mM PMSF,
2 µg/ml each leupeptin, aprotinin, and pepstatin A. Following immunoprecipitation, the
anti-c-Myc IgG agarose beads were boiled in SDS-PAGE sample buffer and the liberated
proteins separated by reducing SDS-PAGE. Gels were fixed and stained with Coomassie
Brilliant Blue R250. Bands corresponding to Kip1-myc12 and Cin8-myc12 were excised
and sent to the Taplin Mass Spectrometry Facility at Harvard University for analysis.
Excised gel bands were cut into approximately 1 mm3 pieces. The samples were
reduced with 1 mM DTT for 30 minutes at 60ºC and then alkylated with 5mM
iodoacetamide for 15 minutes in the dark at room temperature. Gel pieces were then
subjected to a modified in-gel trypsin digestion procedure (Shevchenko et al., 1996). Gel
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pieces were washed and dehydrated with acetonitrile for 10 min followed by the
removal of acetonitrile. Pieces were then completely dried in a speed-vac before
rehydration with 50 mM ammonium bicarbonate solution containing 12.5 ng/μl
modified sequencing-grade trypsin (Promega, Madison, WI) at 4ºC. Samples were then
placed in a 37ºC room overnight.

Peptides were later extracted by removing the

ammonium bicarbonate solution, followed by one wash with a solution containing 50%
acetonitrile and 5% acetic acid. The extracts were then dried in a speed-vac (~1 h). The
samples were then stored at 4ºC until analysis.
On the day of analysis, the samples were reconstituted in 5 μl of HPLC solvent A
(2.5% acetonitrile, 0.1% formic acid).

A nano-scale reverse-phase HPLC capillary

column was created by packing 5 μm C18 spherical silica beads into a fused silica
capillary (100 μm inner diameter x 12 cm length) with a flame-drawn tip (Peng and
Gygi, 2001). After equilibrating the column, each sample was pressure-loaded off-line
onto the column. The column was then reattached to the HPLC system. A gradient was
formed and peptides were eluted with increasing concentrations of solvent B (97.5%
acetonitrile, 0.1% formic acid).
As each peptide was eluted, it was subjected to electrospray ionization, and the
resulting ions entered a LTQ-Orbitrap mass spectrometer (ThermoFinnigan, San Jose,
CA). Eluting peptides were detected, isolated, and fragmented to produce a tandem
mass spectrum of specific fragment ions for each peptide. Peptide sequences were
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determined by matching protein or translated nucleotide databases with the acquired
fragmentation pattern by the software program, Sequest (ThermoFinnigan, San Jose,
CA) (Eng et al., 1994). The modification of 79.9663 mass units to serine, threonine, and
tyrosine was included in the database searches to determine phosphopeptides. Each
phosphopeptide that was determined by the Sequest program was also manually
inspected to ensure confidence.

Identification of candidate kinases for non-CDK phosphorylation sites
assigned during mass spectrometric analysis
Amino acid sequences for Kip1-myc12 and Cin8-myc12 were analyzed using
KinasePhos (Huang et al., 2005) and KinasePhos 2.0 (Wong et al., 2007) employing the
default parameters. The predicted phosphorylation sites (Ser/Thr) and candidate kinases
were then compared with the phosphorylation sites actually identified during
LC/MS/MS analysis. Whille the E-value (for KinasePhos) and the SVM score (for
KinasePhos 2.0) were taken into consideration when deciding on the most likely kinase
for each site, candidate kinases not found in the S. cerevisiae genome were automatically
eliminated.

Homology modeling
Homology models were constructed using DeepView Swiss PDB Viewer (v4.0)
and the Swiss MODEL web server (Arnold et al., 2006; Guex and Peitsch, 1997; Schwede
et al., 2003). Initial amino acid sequence alignments for the Kip1 and Cin8 motor
domains were performed using CLUSTALW through the software BioEdit (Tom Hall,
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Ibis BioSciences) against the primary sequences of the HsEg5/Kif11 and Kar3 motor
domains. Initial model construction was then done in DeepView against a solved crystal
structure for the HsEg5 motor domain (ExPDB 1ii6B, the base template). Additional
template structures (ExPDB 1ii6A for HsEg5 and 3kar_ for Kar3) were subsequently
aligned against the base template and the project submitted to the Swiss MODEL server.
The initial models were examined for structural errors, particularly in loop placement.
The errors identified were used to adjust the sequence alignments and repeat the
modeling process until stable structures with a negative total energy mostly free of
backbone problems were obtained. Model quality was evaluated with What Check
(Hooft et al., 1996) and DeepView was used to fix side chain errors identified. Residue
swaps were performed using the “Mutate” function and the rotamer library included in
Swiss PDB Viewer (Lovell et al., 2000). Images were rendered with Swiss PDB Viewer
and Persistence of Vision Raytracer v3.6 (Persistence of Vision Pty. Ltd.).

2.3 Results
Deleting SIC1 is sufficient to permit SPB separation in cells lacking
functional Cdc4
Mutants lacking SCFCdc4 E3 ubiquitin ligase activity fail to separate duplicated
SPBs. This observation suggests that there is a protein or proteins that must be
ubiquitinated by the SCFCdc4 and subsequently degraded in order for the SPBs to
separate. A likely candidate is the Clb/Cdc28-specific inhibitor Sic1, which accumulates
at the restrictive temperature in mutants with temperature-sensitive alleles of the SCFCdc4
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complex components such as Cdc4, Cdc34, Cdc53, Hrt1 and Skp1 [(Bai et al., 1996; Byers
and Goetsch, 1974; Seol et al., 1999)]. Sic1 inhibits Clb/Cdc28 kinases essential for Sphase entry (Bai et al., 1996; Schwob et al., 1994) as well as SPB separation (Fitch et al.,
1992; Haase et al., 2001). Moreover, cells that express a hyperstabilized allele of Sic1
arrest with a phenotype identical to that of cells which lack SCFCdc4 activity (Verma et al.,
1997a). These findings do not, however, rule out the possibility that the destruction of
additional SCFCdc4 targets, such as components of the bridge structure which physically
joins newly duplicated SPBs, may be essential for SPB separation.
To determine if Sic1 is the only SCFCdc4 target important for SPB separation, we
deleted SIC1 in a strain carrying a temperature-sensitive CDC4 allele, cdc4-3 (Byers and
Goetsch, 1974; Hartwell et al., 1973b; Hereford and Hartwell, 1974), and expressing GFPtagged Spc42, a SPB component. We then asked if the ability of these mutant cells to
separate SPBs at the restrictive temperature was restored. In agreement with earlier
studies employing cdc4(ts) strains (Hereford and Hartwell, 1974; Knapp et al., 1996;
Sánchez-Díaz et al., 1998; Schwob et al., 1994), we observed that an asynchronous
culture of cdc4-3 cells arrests almost uniformly at the G1/S border with elongated buds,
unreplicated DNA, and duplicated but unseparated SPBs 2-4 hours after being shifted to
37°C (Figure 4). In contrast, an asynchronous culture of cdc4-3 sic1∆ arrests at 37°C with
a majority of cells in G2/M with large, round buds and replicated DNA, as has been
observed previously with cdc4-1(ts) sic1∆ cells (Knapp et al., 1996; Sánchez-Díaz et al.,
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1998; Schwob et al., 1994). Most importantly for this study, duplicated and separated
SPBs were observed in the majority (>90%) of cdc4-3 sic1∆ cells within 4 hours of the shift
to the restrictive temperature (Figure 4). This finding indicates that the failure to
separate SPBs in the absence of SCFCdc4 activity is due solely to the stabilization of Sic1
and the consequent inhibition of Clb/Cdc28 kinase activity. These results are consistent
with observations made by Goh & Surana who observed the formation of short spindles
by immunofluorescence in asynchronous GAL-CDC4 cdc4∆ sic1∆ cells shifted to glucose
to inhibit Cdc4 expression (Goh and Surana, 1999). Those results were, however,
inconclusive because the control cells (PGAL1-CDC4 cdc4∆) used in that particular study
did not arrest at the G1/S border, probably due to the persistence of a low level of Cdc4.
Not only has it been shown that a 2µ episomal PGAL1-CDC4 plasmid can rescue cdc4-3 cells
on dropout medium containing dextrose (which selects for maintenance of the plasmid
but represses the GAL1 promoter) at 37°C (Mathias et al., 1999), it has been estimated
that as few as five molecules per cell of Cdc4 protein are required to maintain cell
viability (Johnson, 1991).
To address the possibility that the SCFCdc4 may still play a role in bridge cleavage,
meaning that duplicated SPBs might separate aberrantly in cdc4-3 sic1 cells at the
restrictive temperature, we examined the ability of cdc4-3 sic1 cells to resume
proliferation at permissive temperatures following prolonged arrest at 37°C. Should
aberrant SPB separation occur in cdc4-3 sic1 cells at the restrictive temperature, the
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separated SPBs may either lack half-bridges or have defective half-bridges, thus leading
to subsequent delays in proliferation. We collected cdc4-3 sic1 cells during the
temperature shift experiment (described above) at various times after shifting to 37°C
for spotting on solid media. Plates were subsequently incubated at permissive
temperature (22°C). We found that although viability decreases as cdc4-3 sic1 cells are
maintained at 37°C over time, the colonies that do form show a similar range of sizes,
regardless of exposure to the restrictive temperature (Figure 5A). There was also no
evidence of SPB separation defects when the cdc4-3 sic1 cells taken from these colonies
were observed by fluorescence microscopy (Figure 5B).
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Figure 4. SIC1 deletion allows SPB separation and DNA replication in cdc4-3(ts) cells
at the restrictive temperature.
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(A) Spot assay showing that cdc4-3 sic1∆ cells arrest at 37°C. Strains growing in log phase
at permissive temperature were diluted to 2 x 106 cells/ml, and further diluted serially to
2 x 104 cells/ml. An equal volume of cells from each dilution was spotted on YEPD, and
plates were incubated at either ambient temperature (~22°C) or 37°C. (B) Percentages of
budded cells, cells with duplicated and separated SPBs, and cells with duplicated but
unseparated SPBs are shown for asynchronous log phase cultures shifted from
permissive (24°C) to restrictive (37°C) temperature; each percentage shown is a
percentage of that cell type over the total number of cells counted. The experiment was
done in triplicate and the mean percentages are plotted; error bars indicate the standard
deviation. Gray bars indicate cdc4-3 cells; spotted bars, cdc4-3 sic1∆ cells. Times after the
shift to the restrictive temperature are shown. (C) Flow cytometric analysis of cells at the
indicated times after the shift to the restrictive temperature; histograms show DNA
content on the horizontal axis and the number of counts on the vertical axis. (D)
Micrographs of arrested cdc4-3 and cdc4-3 sic1∆ cells showing bud morphology, DAPIstained DNA, and Spc42-GFP-labeled SPBs. Scale bar: 2 μm.
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Figure 5. Proliferation of cdc4-3(ts) sic1∆
∆ cells at permissive temperature following
arrest at the restrictive temperature.
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(A) Spot assay comparing the proliferation of cdc4-3 sic1∆ cells that were previously
grown in liquid culture at 37°C for the indicated amount of time (2, 4 or 6 h). For
comparison, cdc4-3 SIC1 and cdc4-3 sic1∆ cells that were not exposed to the restrictive
temperature (0 h) were also spotted. Prior to spotting, strains were grown in liquid
culture to log phase at 24°C before being shifted to 37°C (see text, Figure 1). For spotting,
strains were diluted to 2 x 106 cells/ml, and then further diluted serially to 2 x 104
cells/ml. An equal volume of cells from each dilution was spotted on YEPD, and plates
were incubated at ambient temperature (~22°C); plates were imaged 50 and 61h after
spotting. (B) Micrographs showing the morphology and SPBs (marked with Spc42-GFP)
of live cdc4-3 sic1∆ cells growing on plate media following their return to the permissive
temperature. Scale bar: 2 μm.

Kip1 and Cin8 are phosphorylated by Clb2/Cdc28 in vitro
Based on existing genetic evidence in S. cerevisiae, and the finding that
cyclin B/Cdk1 regulates centrosome separation in certain metazoan systems by
phosphorylating the tail domain of kinesin-5 (Blangy et al., 1997; Blangy et al., 1995; Giet
et al., 1999; Goshima and Vale, 2005; Sawin and Mitchison, 1995; Sharp et al., 1999), we
hypothesized that Clb/Cdc28 promotes SPB separation by regulating Kip1 and Cin8
function via direct phosphorylation. There are, however, six consensus CDK
phosphorylation sites (S/T-P-X-X) in Kip1 and five in Cin8 (Figure 6A). Although a
previous large-scale study by Ubersax et al. identified a large number of yeast proteins
that are phosphorylated by Clb2/Cdc28, neither kinesin-5 was identified as a substrate
(Ubersax et al., 2003). The BimC box motif found in most kinesin-5 motors is
phosphorylated in several metazoan systems but the motif is noticeably absent in both
Kip1 and Cin8.
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To determine if Kip1 and Cin8 can be phosphorylated by Clb/Cdc28 complexes,
we carried out an in vitro phosphorylation assay. Kip1 and Cin8 tagged with 12 copies of
the c-Myc epitope were expressed from the GAL1 promoter in yeast cells expressing a
hyperstabilized SIC1 allele (SIC1∆3P) (Verma et al., 1997a) to inhibit phosphorylation by
Clb/Cdc28. We also expressed the mutants Kip16A and Cin85A, in which the serine or
threonine of every consensus CDK site is mutated to non-phosphorylatable alanine.
Wild-type and mutant kinesins were immunoprecipitated separately with anti-c-Myc
IgG-agarose beads and then mixed with soluble Clb2/Cdc28 kinase and 32P-γ-ATP.
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Figure 6. Phosphorylation of Kip1 and Cin8 by Clb2/Cdc28 in vitro.
(A) Schematic showing the domain structure of Kip1 and Cin8 and the distribution of
consensus CDK phosphorylation sites (S/T-P-X-X, indicated by dark lines) in each
protein. The N-terminal motor domain is presented in white, the neck linker in light
gray, and the C-terminal stalk and tail in dark gray; asterisk indicates the site that is
conserved in almost all known kinesins-5 (Ser 388 in Kip1, Ser 455 in Cin8). (B) Wildtype Kip1 and Cin8, as well as their multiple consensus CDK site mutant forms (Kip16A,
Cin85A) were immunoprecipitated from yeast lysates and mixed with soluble
Clb2/Cdc28, also prepared from yeast, and 32P-γ-ATP. Soluble histone H1 (1.0 µg) was
used as a control substrate. Proteins were subjected to reducing SDS-PAGE after 1 h at
30°C. PhosphorImages are shown on top and corresponding Coomassie-stained bands
below. Unmarked lanes either contain molecular weight standards or had no protein
loaded.

Both Kip1-myc12 and Cin8-myc12 were phosphorylated in a reproducible manner
by Clb2/Cdc28 in vitro (Figure 6B). Furthermore, Kip16A-myc12 was, on average, almost 23 fold less phosphorylated compared with wild-type Kip1, whereas Cin85A-myc12 was
not phosphorylated above background levels. This observation indicates that
phosphorylation of Kip1 by Clb/Cdc28 can occur at sites other than the six consensus
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CDK sites. We also determined that the observed phosphorylation is likely to be specific
to mitotic CDK complexes as a similarly prepared S-phase CDK complex, Clb5/Cdc28,
did not phosphorylate either Kip1-myc12 or Cin8-myc12 to any significant extent under
similar reaction conditions (Figure 7).

Figure 7. Phosphorylation of Kip1 and Cin8 by Clb5/Cdc28 in vitro.
Wild-type Kip1 and Cin8, as well as their multiple consensus CDK site mutant forms
(Kip16A, Cin85A) were immunoprecipitated from yeast lysates and mixed with soluble
Clb5/Cdc28, also prepared from yeast, and 32P-γ-ATP. Soluble histone H1 (1.0 µg) was
used as a control substrate. Proteins were subjected to reducing SDS-PAGE after 1 h at
30°C. PhosphorImages are shown on top and corresponding Coomassie-stained bands
below. Unmarked lanes either contain molecular weight standards or had no protein
loaded.

Clb/Cdc28 kinase activity does not regulate Kip1 and Cin8 protein
abundance
Both Kip1 and Cin8 are thought to be targeted to the proteasome by APC
(anaphase promoting complex)-mediated ubiquitination (Gordon and Roof, 2001;
Hildebrandt and Hoyt, 2001). It has been proposed that Clb/Cdc28 controls SPB
separation indirectly by regulating the in vivo stability of the Kip1 and Cin8 proteins
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(Crasta et al., 2008; Crasta and Surana, 2006). These findings were based on strains
carrying either of two mutant CDC28 alleles. The first allele bears a mutation of tyrosine
19 to glutamate that mimics an inhibitory phosphorylation (cdc28Y19E) (Amon et al., 1992;
Keaton et al., 2007) and the second is a conditional mutant (cdc28-as1) which is inhibited
by the ATP analog, 1-NM-PP1 (Bishop et al., 2000). However, both cdc28Y19E strains, and
cdc28-as1 strains (at the concentration of analog used in these studies) are still capable of
DNA replication (Bishop et al., 2000; Crasta et al., 2006; Lim et al., 1996), indicating that
these alleles still retain some CDK activity.
Hence, we determined the levels of Kip1 and Cin8 protein in strains deleted for
all the B-type cyclin genes, as well as in a separate set of strains that overexpress the
hyperstabilized SIC1 allele, SIC1∆3P (Verma et al., 1997a). Phenotypic data indicate that
these strains lack all Clb/Cdc28 activity as the cells are unable to either initiate DNA
replication or enter mitosis (Haase et al., 2001; Orlando et al., 2008; Schwob et al., 1994;
Verma et al., 1997a). Cells were arrested in G1 with α-factor, and subsequently released
into the appropriate medium to eliminate Clb/Cdc28 kinase activity. We observed that
Kip1 (Figure 8A) and Cin8 (Figure 8B) protein levels were stable over time in the
absence of Clb/Cdc28 kinase activity. In order to verify that our findings are not strainspecific, we repeated our GAL-SIC1∆3P experiment in a W303a strain background (Elion
et al., 1993). Just as we had observed in our own strain background, Kip1 and Cin8
protein levels did not change significantly in W303a cells lacking Clb/Cdc28 kinase
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activity (Figure 8). We verified that BF264-15DU and W303a GAL-SIC1∆3P strains both
arrested with unreplicated DNA and unseparated SPBs (Figure 9). Furthermore, the
persistent levels of Kip1 and Cin8 protein do not reflect de-regulated transcription, as
KIP1 and CIN8 mRNAs accumulate periodically in ∆clb1,2,3,4,5,6 mutant cells (Orlando
et al., 2008) (Figure 8C).
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Figure 8. Kip1 and Cin8 protein and corresponding mRNA levels in the presence and
the absence of active Clb/Cdc28 kinase.
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Kip1 and Cin8 protein levels were determined by immunoblotting (see text) in three
different sets of strains that were first synchronized with α-factor: BF264-15DU PGAL1CLB1 Δclb1, 2, 3, 4, 5, 6 cells released into YEPG versus YEPD (top panels); wild-type
BF264-15Daub cells and mutants overexpressing Sic1Δ3P (GAL-SIC1∆3P) to specifically
inhibit Clb/Cdc28 (middle panels); wild-type W303a cells and mutants overexpressing
Sic1Δ3P (bottom panels). Budding kinetics and corresponding immunoblots for strains
with c-Myc-tagged Kip1 (A) and Cin8 (B) are shown; anti-PSTAIR was used as a loading
control. Key: budding data for strains with active Clb/Cdc28 kinase (♦); lacking
Clb/Cdc28 kinase activity (▪). (C) Transcript levels for KIP1 (red), CIN8 (black), and
ACT1 (light blue) determined in wild-type and BF264-15Daub ∆clb1-6 cells synchronized
in early G1 using centrifugal elutriation as reported in Orlando et al. (2008) (Orlando et
al., 2008).
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Figure 9. DNA replication and SPB separation in (A) KIP1-12MYC and (B) CIN812MYC strains in the presence and the absence of active Clb/Cdc28 kinase.
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Data were collected from cultures used in the experiments detailed in Figure 5. Strains
that carry the PGAL1-SIC1Δ3P transgene are indicated and control strains that do not are
indicated as “wild-type”. Cells were first synchronized in G1 with α-factor before being
released into galactose medium; cells were fixed at the indicated times for flow
cytometric analysis and SPB counts. Histograms derived from flow cytometry show
DNA content on the horizontal axis and number of counts on the vertical axis. SPB
counts are presented as white bars for PGAL1-SIC1Δ3P strains and black bars for control
strains.

Clb/Cdc28 kinase activity does not regulate the localization of Kip1
and Cin8 to the spindle
In certain metazoan systems, the phosphorylation of a consensus CDK site
located on the tail domain is required for the localization of kinesin-5 motors to the
spindle (Blangy et al., 1997; Blangy et al., 1995; Giet et al., 1999; Goshima and Vale, 2005;
Sawin and Mitchison, 1995; Sharp et al., 1999). Although this site is absent from the tails
of both S. cerevisiae kinesins-5, regions of the Kip1 and Cin8 tail domains have been
found to be important to their localization to the nucleus (Gordon and Roof, 2001;
Hildebrandt et al., 2006; Hildebrandt and Hoyt, 2001). Moreover, there are two
consensus CDK sites (Ser 1037 and Thr 1040) found within the smallest defined nuclear
localization signal (NLS) on the Kip1 tail (Gordon and Roof, 2001), and one (Ser 972) just
N-terminal to the reported Cin8 NLS (Hildebrandt and Hoyt, 2001). Thus, it is possible
that Kip1 and Cin8 localization is regulated by Clb/Cdc28-mediated phosphorylation of
these residues.
To address this possibility, C-terminal mCherry (Shaner et al., 2004) tags were
fused to Kip1 and Cin8 expressed from their respective native promoters, and their
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localization was determined by fluorescence microscopy (Figure 10). We determined
that Kip1-mCherry and Cin8-mCherry are both functional as they both supported
growth in a kip1∆ cin8∆ background (Figure 11). We observed that wild-type Kip1 and
Cin8, as well as the non-phosphorylatable mutants, Kip16A and Cin85A, localized to the
spindle poles and spindle microtubules (Fig 10A). These findings suggest that
phosphorylation of Kip1 and Cin8 at their consensus CDK sites is not required for
spindle localization.
Clb/Cdc28 has been shown, however, to phosphorylate serine and threonine
residues that do not match the consensus Ser/Thr-Pro motif (Colgan et al., 1998;
Egelhofer et al., 2008; Harvey et al., 2005; Nash et al., 2001; Verma et al., 1997a). In order
to determine if Clb/Cdc28 kinase activity is necessary for the spindle localization of Kip1
and Cin8, we examined localization both in ∆clb1,2,3,4,5,6 and in separate GAL1SIC1∆3P strains. Cells were arrested in G1 with α-factor, and then released into medium
containing either dextrose (∆clb1,2,3,4,5,6 strains) or galactose (PGAL1-SIC1∆3P strains) in
order to eliminate Clb/Cdc28 kinase activity. The KIP1 and CIN8 genes were fused at
their native loci to mCherry and localization of the tagged proteins was monitored by
fluorescence microscopy (Figure 10B and 10C). Both Kip1-mCherry and Cin8-mCherry
still localized to the SPBs, even in the absence of active Clb/Cdc28 kinase. Taken
together, these findings suggest that Clb/Cdc28 complexes do not control SPB separation
by regulating the localization of Kip1 and Cin8 to the spindle.
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Figure 10. Kip1 and Cin8 localization in the presence and the absence of
phosphorylation by Clb/Cdc28.
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Kip1 and Cin8 were visualized by fusion to a C-terminal mCherry tag and imaging with
fluorescence microscopy. SPBs in the strains shown are marked with Spc42-GFP, and
microtubules with CFP-Tub1. (A) Localization of wild-type Kip1 (top) and Cin8
(bottom), compared with that of Kip16A and Cin85A mutants, in live yeast cells. All
consensus CDK sites in the mutant kinesins-5 have been mutated to nonphosphorylatable alanine. (B) Kip1 and Cin8 localization in PGAL1-CLB1 ∆clb1, 2, 3, 4, 5, 6
cells 90 minutes after being released from α-factor arrest into medium containing either
galactose (top panel; to induce Clb1 expression) or dextrose (bottom panel; to inhibit
Clb1 expression). (C) Kip1 and Cin8 localization in wild-type cells versus cells with
PGAL1-SIC1∆3P integrated, 90 minutes after being released from α-factor arrest into
galactose medium. Scale bar: 2 μm.

Mutation of consensus CDK sites in Kip1 and Cin8 impairs cell
proliferation
To determine if Clb/Cdc28 phosphorylation of Kip1 and Cin8 may regulate other
motor functions essential to cell division, we examined the proliferation of cells bearing
the non-phosphorylatable kip16A and cin85A alleles using a spot assay (Figure 11). As Kip1
and Cin8 are partially redundant (Hoyt et al., 1992; Roof et al., 1992), we examined the
motor mutants in a strain background where the other motor was deleted. Proliferation
was assayed at both ambient temperature (~22oC) and at 37oC as strains deleted for the
CIN8 gene have been reported to exhibit temperature-sensitive growth (Hoyt et al., 1992;
Roof et al., 1992). We observed that although kip16A-mCherry cin8∆ cells proliferated at a
rate similar to that of KIP1-mCherry cin8∆ cells at ambient temperature, they failed to
form colonies at 37°C (Figure 11A). In contrast, although cin85A-mCherry kip1∆ cells also
proliferated more slowly compared to CIN8-mCherry kip1∆ cells, this defect was not a
temperature-sensitive one (Figure 11B). We verified that the observed defects were not
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caused by the mCherry tag by examining strains expressing untagged Kip16A and Cin85A
as their sole kinesin-5 (Figure 12).
To determine which of the CDK consensus site mutations contributed to the
proliferation defect, we assayed the proliferation of cells containing individual
mutations in each of the six consensus CDK phosphorylation sites in Kip1. The
substitution of Ser 388 with alanine alone was sufficient to cause temperature-sensitive
lethality in the absence of Cin8 (Figure 11A); no other single CDK site when similarly
mutated in Kip1-mCherry caused temperature-sensitive lethality (data not shown).
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Figure 11. Impaired proliferation of strains with CDK site point mutants
(Ser/Thr→
→Ala) of either mCherry-tagged (A) Kip1 or (B) Cin8 as their only kinesin-5.
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Strains growing in log phase at permissive temperature were diluted to 2 x 106 cells/ml,
and then further diluted serially to 2 x 104 cells/ml. An equal volume of cells from each
dilution was spotted on YEPD, and plates were incubated at either ambient temperature
(~22°C) or 37°C. The number above each column of spots indicates the cell density
(cells/ml). All alleles compared were tagged with mCherry at their C-terminus.

Mutating the homologous serine residue in Cin8, Ser 455, to alanine was
sufficient to cause the proliferation defect associated with Cin85A in the absence of Kip1
(Figure 11B). Similarly to Kip1, mutating any other single CDK site on Cin8 to alanine
did not cause the Cin85A growth defect. As a control, we also verified that the mCherry
tag was not responsible for causing the proliferation defect associated with either
Kip1S388A or Cin8S455A (Figure 12).
Although we were unable to test all the effects of mutating all possible
combinations of the individual consensus CDK sites on Kip1 and Cin8, we tested
tandem mutations of CDK sites located in close proximity to each other in the primary
structure of the two proteins. We subsequently determined that kip1S1037A, T1040A cin8∆ cells
proliferated at a significantly slower rate than KIP1 cin8∆ cells (Figure 11A and 12A).
Unlike kip1S388A cin8∆ cells, however, kip1S1037A, T1040A cin8∆ cells were not fully arrested at
37°C as their colonies continued to increase in size over time.
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Figure 12. Impaired proliferation of strains with CDK site point mutants
(Ser/Thr→
→Ala) of either untagged (A) Kip1 or (B) Cin8 as their only kinesin-5.
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Strains growing in log phase at permissive temperature were diluted to 2 x 106 cells/ml,
and then further diluted serially to 2 x 104 cells/ml. An equal volume of cells from each
dilution was spotted on YEPD, and plates were incubated at either ambient temperature
(~22°C) or 37°C. The number above each column of spots indicates the cell density
(cells/ml). All alleles compared were untagged to control for the effects of the mCherry
fusion in the strains shown in Figure 8.

The role of kinesin-5 phosphorylation in SPB separation
To determine if the proliferation defects associated with the kip1S388A and kip1S1037A,
T1040A

alleles are related to a defect in SPB separation, we arrested cells in G1 with α-factor

at 25°C. Cells were subsequently released at either 25°C or 37°C (restrictive temperature)
and SPB separation was monitored over time by fluorescence microscopy. While kip1S388A
cin8∆ cells budded at a rate similar to KIP1 cin8∆ cells at both temperatures tested, most
kip1S388A cin8∆ cells were unable to separate SPBs at 37°C (Figure 13A). Even more than
two hours after being released from α-factor arrest, less than 10% of kip1S388A cin8∆ cells
had separated their SPBs at 37°C, compared to more than 40% of KIP1 cin8∆ cells. A
clear SPB separation defect was also observed for kip1S1037A,

T1040A

cin8∆ cells at 37°C

(Figure 13B). At 25°C, cin8∆ cells expressing Kip1S388A appear to be impaired to a greater
extent in SPB separation than cells expressing Kip1S1037A, T1040A compared with cin8∆ cells
expressing wild-type Kip1, which is consistent with the more severe proliferation defect
observed for kip1S388A cin8∆ cells (Figure 11A and 12A).
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Figure 13. Impaired SPB separation in cells dependent on either Kip1 or Cin8 CDK
site mutants as their only kinesin-5.
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Cells were first synchronized in G1 with α-factor, and then released at either 25°C
(permissive temperature, left column) or 37°C (restrictive temperature, right column).
Time course experiments were carried out in triplicate, and both the percentage of
budded cells (top panels for each group of strains) and the percentage of cells with
duplicated and separated SPBs (bottom panels) from representative experiments are
shown. The time elapsed following release from α-factor is indicated in minutes on the
horizontal axis of each graph. (A) Cells expressing wild-type Kip1 and Cin8 (♦), cells
expressing only Kip1 (□, dotted line) cells, and cells expressing only Kip1S388A (∆, dashed
line); (B) cells expressing wild-type Kip1 and Cin8 (♦), cells expressing only Kip1 (□,
dotted line) cells, and cells expressing only Kip1S1037A, T1040A (∆, dashed line); (C) cells
expressing wild-type Cin8 and Kip1 (♦), cells expressing only Cin8 (□, dotted line), and
cells expressing only Cin8S455A (∆, dashed line). (D) Fluorescence images of representative
KIP1 cin8Δ and kip1S388A cin8Δ cells at 37°C 100 min after being released from α-factor
arrest during the timecourse described in (A); the SPBs are marked with Spc42-GFP.
Scale bar: 2 μm.

Although unlikely (Endow, 2000), the single S388A and tandem S1037A, T1040A
mutations may cause the loss of Kip1 function by perturbing the protein’s in vivo
stability. To address this possibility, we compared the levels of Kip1S388A-mCherry and
Kip1S1037A, T1040A-mCherry in separate time courses with that of Kip1-mCherry using cells
synchronized in α-factor and released at 37°C by western blotting (Figure 14A). In doing
so, we verified that both mutant and wild-type protein levels were similar at the
restrictive temperature. In addition, as expected from the observed localization of
Kip16A, both Kip1S388A and Kip1S1037A, T0140A continued to localize to the SPBs and spindle
microtubules even at 37°C (Figure 14B). Taken together, our findings suggest that the
phosphorylation of Ser 388 by Clb/Cdc28 is critical for Kip1-mediated separation of
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SPBs, while the phosphorylation of Ser 1037 and Thr 1040 also contributes to the
function of Kip1.
Similar analyses of non-phosphorylatable cin8 alleles were performed, although
we were unable to determine conclusively if there is a SPB separation defect in cin85A
kip1∆ and cin8S455A kip1∆ cells. Although cin8S455A kip1∆ cells showed a delay in SPB
separation (Figure 13C) after release from α-factor, they also appeared to have an
uncharacterized defect in progression through G1 as the initiation of both bud
emergence (Figure 13C) and DNA replication (data not shown) were both significantly
delayed

after

release

from

α-factor. Hence,

we

cannot

confirm

that Cin8

phosphorylation at Ser 455 plays a role in controlling SPB separation due to the potential
confounding effects of the apparent G1/S phase delay.
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Figure 14. Abundance and localization of Kip1S388A and Kip1S1037A, T1040A compared with
that of wild-type Kip1 at 37°C.
(A) CIN8 kip1Δ cells expressing either Kip1-mCherry (♦), Kip1S388A-mCherry or Kip1S1037A,
T1040A-mCherry (o) integrated under the control of the KIP1 promoter were arrested with
α-factor, and then released at 37°C. The abundance of each mCherry fusion protein was
determined by western blotting with anti-RFP/DsRed. Anti-PSTAIR was used as a
loading control. (B) Fluorescence images of the same CIN8 kip1Δ strains at 37°C, 60 min
after being released from α-factor arrest. The SPBs are marked with Spc42-GFP and the
microtubules with CFP-Tub1. Scale bar: 2 μm.
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As expected, flow cytometric analyses of DNA content demonstrated that at
37°C, asynchronous populations of cin8∆ cells expressing either Kip16A or Kip1S388A were
enriched for cells with replicated DNA (Figure 15A), supporting the observation that
these cells have a defect in mitotic spindle assembly. However, asynchronous log phase
populations of kip1∆ cells expressing either Cin85A or Cin8S455A were clearly enriched for
cells with unreplicated DNA compared to kip1∆ cells expressing wild-type Cin8 at 37°C
(Figure 15B). These analyses confirm that putative CDK phosphorylation site mutations
in Cin8 give rise to a defect in the G1/S phase transition. This defect is further
investigated in Chapter 5.
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Figure 15. Flow cytometric analysis of asynchronous populations of yeast strains
bearing Kip1 or Cin8 CDK mutant alleles as their only source of kinesin-5.
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Cells were grown in liquid culture to log phase at ambient room temperature (~22°C)
before being shifted to 37°C for 3 h. Histograms show DNA content on the horizontal
axis and counts on the vertical axis. KIP1 (A) and CIN8 (B) allele combinations are
indicated. Bar graphs are shown at the bottom indicating the relative proportions of cells
having 1C (M1, spotted bars) and 2C DNA (M2, black bars) for each strain.

Kip1 and Cin8 are phosphorylated in vivo in a Clb/Cdc28-dependent
manner
Given the genetic and in vitro biochemical evidence we had garnered, we sought
to determine if Kip1 and Cin8 are indeed phosphorylated by Clb/Cdc28 complexes in
vivo using mass spectrometry. Kip1-myc12 and Cin8-myc12 expressed from the GAL1
promoter in yeast cells for subsequent immunopurification. Additionally, we also
expressed the two kinesins-5 in yeast that also expressed either Sic1∆3P to inhibit
Clb/Cdc28 kinases or Clb2-HA3 to promote phosphorylation of Clb/Cdc28 substrates.
Immunopurified Kip1-myc12 and Cin8-myc12 were subject to SDS-PAGE followed by
protein phosphorylation analysis using microcapillary LC/MS/MS techniques.
Kip1 and Cin8 were determined to both be phosphorylated in vivo at multiple
residues in all the samples. A total of eight phosphorylation sites were assigned with
high confidence for Kip1 and four were assigned for Cin8 (Table 3; Sequest Xcorr values
are also available upon request). Although not all of the phosphorylated residues were
observed in all the samples, many of the phosphopeptides generated had phosphate(s)
assigned to the same residue. Of particular interest to us were the phosphorylations
assigned to consensus CDK sites located in the tail domains of the two kinesin-5 motors,
namely residues Ser 1037 and Thr 1040 in Kip1, and Ser 972 in Cin8. For Kip1, these sites
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are particularly relevant since we observed proliferation and SPB separation defects
when both Ser 1037 and Thr 1040 were mutated in tandem to Ala (Figure 10 and 11).

Table 3. List of phosphopeptides generated from Kip1 and Cin8 and identified during
LC/MS/MS analysis
Co-overexpression
Phosphorylation
Sequence of Identified Peptide

site(s) assigned

+Sic1∆
∆3P

None
+Clb2
(wild-type)

Kip1
ISFLELYNENLKDLLS*DSEDDDPA
Ser 213

-

-

+

Ser 213

+

-

-

DLLS*DSEDDDPAVNDPK

Ser 213

+

+

-

IHSDS*IASLAHNAENTLK

Ser 802

-

+

-

TQDEVLS*EHCEK

Ser 952

-

+

-

TCIPNLSTNENFPLSQFS*PK

Ser 1037

+

+

+

T*PVPVPDQPLPK

Thr 1040

-

+

-

Ser 1037

-

-

+

Thr 1040

+

-

-

Ser 1037, T1040

+

+

+

SINS*AK

Ser 1060

+

-

+

SKT*LPNTEGTGR

Thr 1068

+

+

-

VNDPK
SFLELYNENLKDLLS*DSEDDDPA
VNDPK

TCIPNLSTNENFPLSQFS*PKTPVPV
PDQPLPK
TCIPNLSTNENFPLSQFSPKT*PVPV
PDQPLPK
TCIPNLSTNENFPLSQFS*PKT*PVP
VPDQPLPK
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Thr 1088

+

+

+

IFDSSTANNTTSNS*ASSSR

Ser 227

+

-

-

TKS*LPNTIK

Ser 261

+

-

+

KS*LPNTIK

Ser 261

-

+

-

S*LPNTIK

Ser 261

-

+

-

LSNINSNSVQSVIS*PK

Ser 972

+

+

+

KHAIEDENKS*SENVDNEGSR

Ser 984

+

+

-

RFT*TEPILK
Cin8

Kip1-myc12 and Cin8-myc12 were overexpressed either alone in yeast cells (wild-type), cooverexpressed with Sic1∆3P to inhibit Clb/Cdc28 complexes (+Sic1∆3P) or co-overexpressed with
Clb2 (+Clb2). The assigned phosphoresidues are shown in bold and indicated with an asterisk (*);
CDK sites are indicated with bold italics. A plus (+) indicates that the phosphopeptide was
observed while a minus (-) indicates that it was not observed.

In addition, the LC/MS/MS analysis yielded peak intensities (Table 4) which
enabled us to compare the relative abundance of phosphopeptides common to all three
samples submitted for each protein with that of their unphosphorylated forms. In doing
so, we determined that the extent of phosphorylation of TCIPNLSTNENFPLSQFSPK
(containing Ser 1037, underlined) from Kip1 and LSNINSNSVQSVISPK (containing Ser
972, underlined) from Cin8 were both greatly reduced in the presence of overexpressed
Sic1∆3P but noticeably increased in the presence of overexpressed Clb2 (Figure 16A),
lending support to our hypothesis that Kip1 and Cin8 are both phosphorylated by
Clb/Cdc28. As a control, we examined the relative phosphorylation of a non-CDK
substrate, the c-Myc epitope tag of both Kip1-myc12 and Cin8-myc12 which was
determined to be phosphorylated on the serine residue of each LISEED motif. We
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verified that the phosphorylation of the c-Myc tag was not CDK-dependent as the c-Myc
epitope was the least phosphorylated in cells overexpressing Clb2 (Figure 16B).
Although we were unable to identify phosphopeptides containing Ser 388 from
Kip1 or Ser 455 from Cin8, it is often difficult to capture the full extent of protein
phosphorylation during mass spectrometry analysis due to both technical and biological
limitations (Blackburn and Goshe, 2009; Garcia et al., 2005). In addition to the
phosphopeptides which contain consensus CDK sites, other phosphopeptides were
generated from Kip1 and Cin8 that did not include consensus CDK phosphorylation
motifs (Table 3; kinases predicted to phosphorylate these non-CDK sites are listed in
Table 4 and details of the prediction method are in Materials & Methods). Thus, the
results of our mass spectrometry analysis do not rule out the possibility that Kip1 and
Cin8 are also phosphorylated at other sites by Clb/Cdc28 complexes.
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Figure 16. Relative abundance of specific phosphopeptides generated from Kip1myc12 and Cin8-myc12 purified from yeast as measured by LC/MS/MS.

(A) Ratio of the intensity levels of the peaks corresponding to phosphopeptides with
phosphates assigned to consensus CDK phosphorylation sites to that of their respective
unphosphorylated forms. TCIPNLSTNENFPLSQFS*PK (asterisk denotes Ser 1037) was
derived from Kip1 (gray bars), and LSNINSNSVQSVIS*PK (asterisk denotes Ser 972)
from Cin8 (black bars). Kip1-myc12 and Cin8-myc12 were expressed from the GAL1
promoter in yeast (wild-type) for mass spectrometry analysis, and were also expressed
in strains that simultaneously expressed either Sic1∆3P (+Sic1∆3P) or Clb2-HA3 (+Clb2)
from the GAL1 promoter. (B) Relative intensity levels of peaks corresponding to
phosphorylated and unphosphorylated forms of the peptide LIS*EEDLNGEQK, derived
from the c-Myc epitope tags of Kip1-myc12 (gray bars) and Cin8-myc12 (black bars).
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Table 4. Peak intensities measured for phosphopeptides and their corresponding unphosphorylated forms identified during
LC/MS/MS analysis of Kip1-myc12 and Cin8-myc12
Strain

Unphosphorylated peptide

Peak
intensity

TKSLPNTIK

Not found

Phosphopeptide

Peak
intensity

Phospho
site(s)
identified

Ratio of peak
intensity for
phosphorylated
to
unphosphorylate
d form

Candidate kinase
for identified
phospho site

2.20E+07

Ser 261

N.A.

Aurora kinase/ ATM

Cin8-myc12
SBY750 (wild-

TKS*LPNTIK

kinase

type)
LSNINSNSVQSVISPK

8.23E+07

LSNINSNSVQSVIS*PK

3.30E+07

Ser 972

0.400972053

cyclin-dependent
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kinase (CDK)
IFDSSTANNTTSNSASSSR

5.39E+07

IFDSSTANNTTSNS*ASSSR

4.22E+05

Ser 227

0.007829314

ATM kinase

LISEEDLNGLDRC

4.14E+07

LIS*EEDLNGLDRC

6.99E+05

c-myc tag

0.016884058

casein kinase II
(CKII)

LISEEDLNGLDGEQR

7.78E+07

LIS*EEDLNGLDGEQR

4.95E+05

c-myc tag

0.006362468

CKII

LISEEDLNGLDGEQK

1.05E+08

LIS*EEDLNGLDGEQK

2.46E+06

c-myc tag

0.023428571

CKII

LISEEDLNGEQK

2.72E+08

LIS*EEDLNGEQK

1.03E+07

c-myc tag

0.037867647

CKII

KHAIEDENKSSENVDNEGS

1.91E+07

KHAIEDENKS*SENVDNEGS

8.45E+05

Ser 984

0.044240838

choline kinase

R

R

SBY791 (PGAL1SIC1∆3P)

KSLPNTIK

Not found

KS*LPNTIK

(CKI)

1.04E+07

Ser 261

N.A.

Aurora kinase

LSNINSNSVQSVISPK

6.22E+07

LSNINSNSVQSVIS*PK

4.45E+06

Ser 972

0.071543408

CDK

SLPNTIK

6.29E+07

S*LPNTIK

9.15E+05

Ser 261

0.0145469

Aurora kinase/ ATM
kinase

LISEEDLNGLDGEQR

3.83E+07

LIS*EEDLNGLDGEQR

9.17E+04

c-myc tag

0.002394256

CKII

LISEEDLNGLDGEQK

7.47E+07

LIS*EEDLNGLDGEQK

2.17E+05

c-myc tag

0.002904953

CKII

LISEEDLNGEQK

2.57E+08

LIS*EEDLNGEQK

1.87E+06

c-myc tag

0.007276265

CKII

KHAIEDENKSSENVDNEGS

1.58E+07

KHAIEDENKS*SENVDNEGS

6.03E+05

Ser 984

0.038164557

choline kinase

R
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SBY1680

TKSLPNTIK

R

Not found

TKS*LPNTIK

(CKI)

2.77E+06

Ser 261

N.A.

(YEpGAL-CLB2-

Aurora kinase/ ATM
kinase

HA3)
LSNINSNSVQSVISPK

1.53E+07

LSNINSNSVQSVIS*PK

8.39E+06

Ser 972

0.548366013

CDK

LISEEDLNGLDGEQK

4.84E+07

LIS*EEDLNGLDGEQK

1.47E+05

c-myc tag

0.00303719

CKII

LISEEDLNGEQK

1.89E+08

LIS*EEDLNGEQK

5.29E+05

c-myc tag

0.002798942

CKII

SBY748 (wild-

TCIPNLSTNENFPLSQFSPK

Not found

TCIPNLSTNENFPLSQFSPK

1.08E+06

Thr 1040

N.A.

CDK

type)

TPVPVPDQPLPK

1.81E+06

Ser 1037,

N.A.

CDK

Kip1-myc12

TCIPNLSTNENFPLSQFSPK
TPVPVPDQPLPK

T*PVPVPDQPLPK
Not found

TCIPNLSTNENFPLSQFS#P
KT*PVPVPDQPLPK

Thr 1040

TCIPNLSTNENFPLSQFSPK

2.26E+07

TCIPNLSTNENFPLSQFS*PK

1.59E+06

Ser 1037

0.070353982

CDK

SKTLPNTEGTGR

9.97E+06

SKT*LPNTEGTGR

4.30E+05

Thr 1068

0.043129388

protein kinase C
(PKC)

RFTTEPILK

1.40E+07

RFT#TEPILK

3.12E+06

Thr 1088

0.222857143

protein kinase A
(PKA)/PKC
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SINSAK

3.63E+06

SINS*AK

2.54E+05

Ser 1060

0.069972452

PKC

LISEEDLNGLDRC

4.16E+07

LIS*EEDLNGLDRC

4.13E+05

c-myc tag

0.009927885

CKII

LISEEDLNGLDGEQK

1.45E+08

LIS*EEDLNGLDGEQK

2.55E+06

c-myc tag

0.017586207

CKII

LISEEDLNGEQK

2.44E+08

LIS*EEDLNGEQK

8.76E+06

c-myc tag

0.035901639

CKII

LHQLSEEDLNGLDGEQK

1.14E+07

LHQLS*EEDLNGLDGEQK

1.88E+06

c-myc tag

0.164912281

CKII

SFLELYNENLKDLLSDSEDD

3.12E+06

SFLELYNENLKDLLS#DSED

1.56E+05

Ser 213

0.05

casein kinase II

DPAVNDPK

DDPAVNDPK

(CKII)

DLLSDSEDDDPAVNDPK

1.03E+07

DLLS*DSEDDDPAVNDPK

2.59E+05

Ser 213

0.025145631

CKII

SBY789 (PGAL1-

TCIPNLSTNENFPLSQFSPK

Not found

TCIPNLSTNENFPLSQFS#P

4.67E+04

Ser 1037,

N.A.

CDK

SIC1∆3P)

TPVPVPDQPLPK

KT#PVPVPDQPLPK

Thr 1040

TCIPNLSTNENFPLSQFSPK

7.54E+06

TCIPNLSTNENFPLSQFS*PK

1.53E+05

Ser 1037

0.020291777

CDK

SKTLPNTEGTGR

2.29E+05

SKT*LPNTEGTGR

7.70E+05

Thr 1068

3.362445415

PKC

RFTTEPILK

1.60E+07

RFT#TEPILK

7.71E+06

Thr 1088

0.481875

PKA/ PKC

TQDEVLSEHCEK

4.39E+07

TQDEVLS*EHCEK

2.46E+05

Ser 952

0.005603645

CKII

TPVPVPDQPLPK

1.77E+08

T*PVPVPDQPLPK

2.83E+06

Thr 1040

0.015988701

CDK
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LISEEDLNGLDRC

2.95E+07

LIS*EEDLNGLDRC

1.61E+05

c-myc tag

0.005457627

CKII

LISEEDLNGLDGEQK

1.25E+07

LIS*EEDLNGLDGEQK

9.91E+05

c-myc tag

0.07928

CKII

LISEEDLNGEQK

3.98E+08

LIS*EEDLNGEQK

5.73E+06

c-myc tag

0.014396985

CKII

LHQLSEEDLNGLDGEQK

6.99E+06

LHQLS*EEDLNGLDGEQK

1.09E+06

c-myc tag

0.155937053

CKII

IHSDSIASLAHNAENTLK

8.11E+07

IHSDS*IASLAHNAENTLK

5.55E+05

Ser 802

0.006843403

ATM kinase

DLLSDSEDDDPAVNDPK

2.85E+07

DLLS*DSEDDDPAVNDPK

7.51E+05

Ser 213

0.026350877

CKII

SBY1278

TCIPNLSTNENFPLSQFSPK

Not found

TCIPNLSTNENFPLSQFS*PK

1.10E+05

Ser 1037

N.A.

CDK

(YEpGAL-CLB2-

TPVPVPDQPLPK

3.63E+04

Ser 1037,

N.A.

CDK

TPVPVPDQPLPK

HA3)
TCIPNLSTNENFPLSQFSPK

Not found

TCIPNLSTNENFPLSQFS*PK
T*PVPVPDQPLPK

TPVPVPDQPLPK

Thr 1040

TCIPNLSTNENFPLSQFSPK

3.78E+06

TCIPNLSTNENFPLSQFS*PK

3.27E+05

Ser 1037

0.086507937

CDK

RFTTEPILK

1.05E+07

RFT*TEPILK

1.91E+06

Thr 1088

0.181904762

PKA/ PKC

SINSAK

1.77E+06

SINS*AK

1.00E+05

Ser 1060

0.056497175

PKC

LISEEDLNGEQK

2.70E+08

LIS*EEDLNGEQK

8.19E+05

c-myc tag

0.003033333

CKII

KLHQLSEEDLNGLDGEQK

5.39E+06

KLHQLS*EEDLNGLDGEQK

3.52E+05

c-myc tag

0.065306122

CKII

ISFLELYNENLKDLLSDSED

2.75E+05

ISFLELYNENLKDLLS#DSED

3.74E+03

Ser 213

0.0136

CKII

DDPAVNDPK

DDPAVNDPK

Confidently assigned phosphorylation sites are indicated with an asterisk (*) while phosphorylation site assigned with less confidence are
indicated with a number sign/hash (#); the latter are the most likely sites on the respective phosphopeptides and were verified through

repeated observation and confident assignments in other phosphopeptides or in other strains. Candidate kinases for each assigned
phosphorylation site are also listed.
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Homology modeling of Kip1 and Cin8 motor domains
Ser 388 in Kip1 and Ser 455 in Cin8 are found in the N-terminal motor domain of
the respective kinesins-5. Hence, in order to understand how phosphorylation at these
residues on Kip1 and Cin8 might regulate their functions, we constructed homology
models of their motor domains (Figure 17A). Homology modeling was performed using
SWISS-MODEL and Swiss PDB Viewer (Arnold et al., 2006; Guex and Peitsch, 1997;
Schwede et al., 2003) with X-ray crystal structures of the motor domains of human
kinesin-5 HsEg5 (Turner et al., 2001) and the budding yeast kinesin-14 Kar3 (Gulick et
al., 1998) serving as templates. Consistent with the idea that phosphorylation of Ser 388
could regulate motor activity, our model of the Kip1 motor domain showed that Ser 388
is solvent-accessible and located at the C-terminal end of strand β8. Here, Ser 388
appears to form part of the core which enables the motor to distinguish between ATP
and ADP bound to the nucleotide-binding pocket (Vale and Fletterick, 1997). The
residue itself, however, is not predicted to form essential hydrogen bonds, and does not
itself form part of the nucleotide binding pocket. Additional modeling (see Materials &
Methods) showed that replacing Ser 388 with an alanine residue has no predicted effects
on the backbone structure.
The Cin8 motor domain was modeled on the same template structures as for
Kip1. Ser 455 in Cin8 is found in a similar environment to Ser 388 in Kip1, as expected.
Closer scrutiny of its neighboring amino acids, however, revealed critical differences
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(Figure 17B). These differences include the residue at the second position of the P-loop,
which is glutamine in Kip1 and Eg5 but methionine in Cin8, and also the two residues
on helix α6 (C-terminal to strand β8) closest to Ser 455 (Val 459, Thr 460) and Ser 388 (Ile
392, Ser 393).
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Figure 17. Homology models of Kip1 and Cin8 motor domains bound to MgADP.
(A) Ribbon structure overlay illustrating gross differences in the predicted structures of
Kip1 (peach) and Cin8 (light blue), particularly in the length of the various loop regions.
The human Eg5 (also known as Kif11) template structure (ExPDB 1ii6B) is shown in
gray. The position of Ser 388 on Kip1 and Ser 455 on Cin8 is highlighted in red, while the
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location of the microtubule binding face and nucleotide binding pocket are indicated. (B)
Close-up view of the surroundings of Ser 388 in Kip1 and Ser 455 in Cin8; both the
serine residues are colored red. Residues with side chains lying within a 2.5 Å radius of
the serine residue are colored light green for Kip1 and hot pink for Cin8; residues have
also been labeled to highlight significant differences between the two model structures.

2.4 Discussion
Previous genetic studies indicate that kinesin-5 motors, Clb/Cdc28 complexes,
and the SCF complex are all required for SPB separation and assembly of a mitotic
spindle. We have shown that the only important target for SCFCdc4 in SPB separation is
the Clb-specific CDK inhibitor, Sic1 (Figure 4). This finding indicates that SCF-mediated
destruction of other regulatory proteins or SPB components is not required for SPB
separation, and also supports the idea that Clb/Cdc28 complexes promote SPB
separation and spindle assembly via regulation of kinesin-5 motors. We have, in fact,
determined that kinesin-5 motors are phosphorylated directly by Clb/Cdc28 complexes
(Figure 6 and Table 3) and that this phosphorylation plays a role in promoting SPB
separation and spindle assembly (Figure 13).
Although certain metazoan kinesin-5 orthologues have been shown to be
phosphorylated on their tail domains by cyclin B/Cdk1 (Blangy et al., 1995; Sawin and
Mitchison, 1995; Sharp et al., 1999), the threonine residue at which this phosphorylation
occurs is absent from both Kip1 and Cin8. We have shown, however, that Kip1 and Cin8
are both phosphorylated by Clb2/Cdc28 in vitro, and that mutation of their consensus
CDK sites significantly reduces the extent of phosphorylation (Figure 6). By genetic
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mapping, we have identified a solvent-accessible consensus CDK site (Ser 388) in the
motor domain of Kip1 that is crucial to its role in SPB separation. Additionally, using a
combination of mass spectrometry and genetic analysis, we have found that the
phosphorylation of two consensus CDK sites in the tail domain of Kip1 is also important
for timely SPB separation. Cells dependent on Kip1S388A or Kip1S1037A, T1040A as their only
source of kinesin-5 are severely impaired in their ability to separate duplicated SPBs
(Figure 13). Both Kip1 mutants have similar in vivo protein levels to wild-type Kip1 at
37°C and still localize to the SPBs in arrested cells (Figure 14). Hence, we propose that
Clb/Cdc28-mediated phosphorylation of Ser 388, Ser 1037, and Thr 1040, regulates some
aspect of Kip1 motor activity.
Cells with the homologous serine in Cin8 (Ser 455) substituted with alanine
exhibit a severe proliferation defect in the absence of Kip1 which appears to reflect a
delay in the transition from G1 into S phase (Figure 13 and 15). Although we do observe
an SPB separation defect in cin8S455A kip1∆ mutants, the observed G1/S delay confounds
our ability to determine if the separation defect is directly related to the loss of Cin8
motor function. The mechanism underlying this delay has yet to be determined, and the
basis for the phenotypic differences between the homologous mutations in Kip1 and
Cin8 remains unclear; however, homology modeling suggests that there are important
structural differences between the two motors in the vicinity of this consensus
phosphorylation site that might contribute to the different phenotypes observed.
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Ser 388/Ser 455 forms part of the core of the motor domain, which includes the
nucleotide-sensing elements switch I and switch II, and the γ-phosphate-sensing P-loop
(Vale and Fletterick, 1997). Due to the fact that Ser 388/Ser 455 lies near the junction of
strand β8, helix α6, and the neck linker (Figure 17), this residue appears to be in a
position to influence the transmission of structural changes in the motor core to the neck
should it be phosphorylated. We have also noticed that although switch I and switch II
are identical in Kip1 and Cin8, Cin8 has a methionine residue (Met 129) in the 2nd
position of its P-loop whereas Kip1, like almost all other known kinesins-5, has a
glutamine (Gln 142) at this position. The residues on α6 closest to Ser 455 in Cin8 (Val
459, Thr 460) also differ from those closest to Ser 388 in Kip1 (Ile 392, Ser 393). All of
these differences are potentially important because these residues are close enough in
space to interact; additionally, communication between the respective secondary
structural elements to which they belong is essential to the generation of motility.
The Cin8 motor domain has a number of other notable structural differences
compared with Kip1 and other kinesins-5. Loop L2 and, in particular, loop L8, are
substantially longer in Cin8, while other loops such as L5 and L10 are shorter; the
functional significance of these differences in length are still unclear. We do know,
however, that L2 and L8 form part of the microtubule-binding surface of kinesins
(Alonso et al., 1998; Woehlke et al., 1997) while the structure of L5 is thought to be
important in determining ADP-release kinetics during the ATP hydrolysis cycle of Eg5
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(Cochran and Gilbert, 2005). In addition to these differences in the structure of their
motor domains, CIN8, but not KIP1, has been reported to be involved in a myriad of
genetic and physical interactions (Basmaji et al., 2006; Collins et al., 2007; Geiser et al.,
1997; Korolyev et al., 2005; Pan et al., 2004a; Tong et al., 2004a), suggesting that Cin8 has
several cellular functions. The dissection of these multiple functions in future studies
may reveal a mechanistic role for direct phosphorylation in spindle assembly.
Additionally, although we were able to determine that Cin8 is phosphorylated at
a CDK site in its tail domain, we have yet to observe a phenotype for cin8S972A kip1∆ cells.
Previous studies have also been unable to determine a phenotypic consequence for the
same mutation (Hildebrandt et al., 2006; Hildebrandt and Hoyt, 2001). The distinct
structure of the tails of Kip1 and Cin8 and their different responses to Clb/Cdc28
phosphorylation may also help explain the existence of two kinesin-5 genes in S.
cerevisiae when many other eukaryotes appear to only have one.
It has been proposed that Clb/Cdc28 kinase activity regulates SPB separation
indirectly by inhibiting the activity of the ubiquitin ligase, APCCdh1, thus preventing the
ubiquitination of Kip1 and Cin8 and their subsequent degradation (Crasta et al., 2006;
Crasta et al., 2008). The proposal for Clb/Cdc28 regulation of Kip1 and Cin8 stability was
based, however, on observations made with strains bearing the cdc28Y19E allele, and with
strains carrying the analog-sensitive cdc28-as1 allele treated with 500 nM 1-NM-PP1. In
both cases, a sufficient level of Clb/Cdc28 activity remains to drive DNA replication
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(Bishop et al., 2000; Crasta et al., 2006; Lim et al., 1996). By using more stringent means
of inhibiting Clb/Cdc28 complexes, we have not observed evidence suggesting that the
loss of Clb/Cdc28 activity leads to a decreased abundance of Kip1 and Cin8. Inhibiting
Clb/Cdc28 activity by overexpressing a stabilized allele of Sic1 (Verma et al., 1997a) in a
W303 strain background similar to that used by Crasta et al. (Crasta et al., 2006; Crasta et
al., 2008) did not affect the abundance of either Kip1 or Cin8. Our observations suggest
that the alterations in motor stability observed by Crasta et al. may reflect partially
deregulated CDK activity rather than a loss of Clb/Cdc28 activity.
A new study by Robbins & Cross (Robbins and Cross, 2010) found that most cells
whose endogenous CDH1 gene has been replaced with a non-Cdk1-phosphorylatable
allele, CDH1-m11 arrest with monopolar spindles, and that Cin8 levels are reduced
about fourfold compared with CDH1 cells. However, expressing non-degradable Cin8 at
endogenous levels in CDH1-m11 cells failed to drive SPB separation and bipolar spindle
assembly. Instead, by expressing non-degradable Clb2, which is also an APCCdh1 target,
the authors observed the restoration of SPB separation in CDH1-m11 cells. This
observation led Robbins & Cross to conclude that the mitotic cyclins alone are the
APCCdh1 targets important for SPB separation.
Regardless of whether Clb/Cdc28 is capable of controlling some aspect of Kip1
and Cin8 stability by regulating APCCdh1 activity, our findings clearly indicate that
expressing Kip1 and Cin8 at wild-type levels alone is insufficient for SPB separation in
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the absence of Clb/Cdc28 kinase activity (Figure 5 and 6) and are in agreement with
those of Robbins & Cross. Thus, we have identified an additional layer of control
whereby the direct phosphorylation of kinesin-5 motors is essential for the efficient
separation of SPBs and assembly of a short spindle.
It is not fully understood how direct phosphorylation of kinesin-5 motors affects
their function in spindle assembly. Although the localization of kinesin-5 motors to the
spindle is regulated by cyclin B/Cdk1 phosphorylation in certain metazoan systems
(Blangy et al., 1995; Goshima and Vale, 2005; Sawin and Mitchison, 1995; Sharp et al.,
1999), we have determined that the localization of Kip1 and Cin8 to the spindle is not
dependent on Clb/Cdc28 in budding yeast. Instead, our observations suggest that
Clb/Cdc28 phosphorylation regulates some aspect of kinesin-5 motor activity.
Ser 388, the critical consensus CDK site (S/T-P-X-X) we identified in Kip1 is
conserved in most known kinesins-5, except for Schizosaccharomyces pombe Cut7 in which
the orthologous serine is followed by a serine. This site is also the only one conserved
between metazoan and fungal kinesins-5. Moreover, sequence comparison and
homology modeling both indicate that the structures of the HsEg5 and XlEg5 motor
domains bear a greater resemblance to that of Kip1 than that of Cin8. Thus, it is possible
that CDK-phosphorylation at the serine orthologous to Ser 388 in Kip1 may be a
common regulatory mechanism for spindle assembly in other eukaryotic organisms.

97

We have also determined that the phosphorylation of Kip1 at two other CDK
sites in its C-terminal globular tail domain is also important to its function in promoting
SPB separation. It has been reported that the phosphorylation of the BimC box in
Xenopus Eg5 by cyclin B/Cdk1 enhances binding to microtubules both in vitro and in
Xenopus egg extract (Cahu et al., 2008). Moreover, it has recently been reported that the
tail domain of both KLP61F and XlEg5 bind microtubules independently of the motor
domain (Tao et al., 2006; van den Wildenberg et al., 2008; Weinger et al., 2011) so
phosphorylation may regulate affinity of the kinesin-5 tail for microtubules. The tail
domains of the kinesins-5 are, however, quite divergent, as they are in other kinesin
subfamilies (Miki et al., 2005). Hence, it remains to be determined if the phosphorylation
of the Kip1 tail domain will have the same effect.
Kinesin-5 motors exhibit a variety of functions that could be regulated, including
microtubule

binding, microtubule

crosslinking, ATP

binding and hydrolysis,

microtubule-based motility or influencing microtubule dynamics (Cahu et al., 2008;
Gardner et al., 2008; Gheber et al., 1999; Kapitein et al., 2005; van den Wildenberg et al.,
2008). Furthermore, there have been several reported examples of different aspects of
kinesin motor function being regulated through phosphorylation of either their motor or
tail domains, including cases where cyclin B/Cdk1 is the kinase involved (Cahu et al.,
2008; Espeut et al., 2008; Jang et al., 2009; Mishima et al., 2004; Sanhaji et al., 2010) and
where phosphorylation occurs within the motor core (Mennella et al., 2009; Sanhaji et al.,
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2010). Detailed biochemical studies will be required to dissect the specific kinesin-5
functions controlled by Clb/Cdc28-mediated phosphorylation. Such studies may also
reveal a mechanism that links phosphorylation of the kinesin-5 motor domain to that of
its tail domain.
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3. New and Redesigned pRS Plasmid Shuttle Vectors for
Genetic Manipulation of Saccharomyces cerevisiae
The following chapter contains data that will be published in Chee & Haase (2012) G3
(manuscript accepted).

3.1 Introduction
The budding yeast Saccharomyces cerevisiae is an important and widely used
model system for studying eukaryotic cell biology that has also become important in the
new fields of functional genomics and systems biology (Botstein and Fink, 2011). Among
the most important tools available for the genetic manipulation of S. cerevisiae are
plasmid shuttle vectors which can be used in both S. cerevisiae and the bacterium
Escherichia coli (Da Silva and Srikrishnan, 2011; Iserentant, 1990). As the reader will recall
from Chapter 2, these vectors were extensively used for constructing the strains
described there. In addition to an antibiotic resistance marker and a bacterial replication
origin for propagation in E. coli, such shuttle vectors also contain a yeast-selectable
marker. The latter marker is typically either a gene that confers resistance to antibiotics
or antifungal toxins (Van den Berg and Steensma, 1997), or a biosynthetic gene that
rescues an auxotrophic mutation (Pronk, 2002). Today, most commonly encountered S.
cerevisiae shuttle vectors belong to one of three classes (Da Silva and Srikrishnan, 2011;
Iserentant, 1990; Romanos et al., 1992): (1) integrating plasmids (YIp) lack yeast
replication origins and must be inserted into the yeast genome in order to be replicated;
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(2) centromere plasmids (YCp) which contain both a yeast centromere (CEN) and an
autonomously replicating sequence (ARS), are replicated in yeast at single or very low
copy number; (3) yeast episomal plasmids (YEp) which contain a 2µ circle replication
origin and the cis-acting STB (stability) locus (Mehta et al., 2002), are replicated
autonomously in yeast at high copy number.
Among the shuttle vectors most frequently used today by researchers working
with S. cerevisiae are the YXplac series (Gietz and Sugino, 1988) and the pRS series
(Brachmann et al., 1998; Christianson et al., 1992; Sikorski and Hieter, 1989). The
systematic design and utility of these plasmids have inspired the construction of similar
plasmid sets for use in other fungal model organisms (Adams et al., 2005; Chen, 1996;
Gould et al., 1992). The YXplac series is based on the plasmid pUC19 (Gietz and Sugino,
1988), while the pRS series uses a hybrid backbone built using either the pBluescript or
pBluescriptII polylinker/multiple cloning site (MCS) ligated to the pBluescribe
replication origin (Christianson et al., 1992; Sikorski and Hieter, 1989). Compared with
older and larger pBR322-based yeast vectors (Botstein et al., 1979; Kuo and Campbell,
1983; Tschumper and Carbon, 1980), both the YXplac and pRS series offer important
advantages of small plasmid sizes (<7kb), high copy number in bacteria, a good range of
unique sites for cloning, the capacity for blue-white screening and a range of yeastselectable markers. These markers include the S. cerevisiae biosynthetic genes TRP1,
LEU2 and URA3, which can be used with almost all commonly encountered laboratory
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strains that are auxotrophic for tryptophan, leucine or uracil, respectively. However,
there are limitations to both series with respect to histidine and adenine auxotrophy.
Firstly, the YXplac series does not include prototrophic markers that can be used in
strains that are either His- and/or Ade- (Gietz and Sugino, 1988). Secondly, although the
pRS series does include plasmids marked with either HIS3 (Christianson et al., 1992;
Sikorski and Hieter, 1989) or ADE2 (Brachmann et al., 1998), not all common laboratory
strains that are His- and/or Ade- carry HIS3 and/or ADE2 mutations; the strains BF26415D (abbreviated as 15D) (Reed et al., 1985), J17 (Fitzgerald-Hayes et al., 1982) and B93
(Vezhinet et al., 1991) are examples of his2 ade1 mutants. Given that auxotrophic markers
are important for facilitating the genetic manipulation of S. cerevisiae (Pronk, 2002), the
inability to conveniently exploit all the available auxotrophic markers in a given
laboratory strain is an unfortunate limitation.
Our need to exploit the his2 mutation in 15D inspired the construction of the
integrating plasmid pRS306H2 (Chee and Haase, 2010). Despite its utility, as
demonstrated in Chapter 2, pRS306H2 suffers from an acute shortage of unique sites in
its MCS. This highlights another shortcoming of the pRS series plasmids. The choice of
restriction sites for cloning constructs into pRS plasmids is marker-dependent and may
complicate in vitro cloning. This is due to the presence of several restriction sites within
the S. cerevisiae HIS3, TRP1, LEU2, URA3 and other yeast-selectable marker sequences of
the pRS plasmids that are also found in the pBluescript/pBluescript II MCS of the pRS
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plasmid backbone (Brachmann et al., 1998; Eriksson et al., 2004; Sikorski and Hieter,
1989). This is in contrast to the YXplac series (Gietz and Sugino, 1988) whose TRP1,
LEU2 and URA3 markers were mutagenized to remove restriction sites in common with
the pUC19 MCS. Hence, all of the 10 six-base pair restriction sites in the pUC19 MCS are
unique in every YXplac plasmid (Gietz and Sugino, 1988). If constrained by restriction
site availability, an investigator seeking to integrate a construct of interest into the yeast
genome using a particular pRS plasmid would have to first clone a given construct into
another integrating plasmid with a different marker or into an episomal plasmid by
using recombination-mediated/gap-repair methods (Ma et al., 1987; Oldenburg et al.,
1997) before moving it into the integrating plasmid with the desired marker using PvuI
or BssHII fragment exchange (Brachmann et al., 1998; Sikorski and Hieter, 1989).
However, given the additional labor and time required, this may not be an ideal solution
for everyone.
In addition to introducing genetic constructs into yeast and in vivo cloning by
homologous recombination, the pRS series of vectors can also be used for PCR-mediated
homologous replacement of sequences in the budding yeast genome (Baudin et al., 1993;
Brachmann et al., 1998; Replogle et al., 1999). This method, which we used to construct
several of the strains described in Chapter 2, allows for sequences in the S. cerevisiae
genome to be replaced by a selectable marker amplified by PCR with 5’ and 3’ flanking
sequences matching the sequences upstream and downstream of the sequence of interest
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(Baudin et al., 1993; Lorenz et al., 1995; Wach, 1996). The simplicity and utility of PCRmediated gene replacement has led to its usage in other fungal model organisms as well
(Kaur et al., 1997; Walther and Wendland, 2008; Wendland et al., 2000). Due to the
standardized design of the pRS series, a single pair of oligonucleotide primers can be
used to amplify any prototrophic marker from any pRS plasmid (Brachmann et al., 1998)
for transforming yeast.
Heterologous dominant drug resistance markers, such as the kanMX module
which confers resistance to G418 (Wach et al., 1994), provide some advantages over
prototrophic biosynthetic markers for PCR-mediated gene disruption/deletion. While
using a prototrophic marker requires working with a strain that carries the
corresponding auxotrophic mutation, no such requirement exists for drug resistance
markers. Moreover, whereas the usage of drug resistance genes is more flexible as they
lack homology to the S. cerevisiae genome (Goldstein and McCusker, 1999), prototrophic
markers derived from S. cerevisiae work best in strains carrying “designer deletion
alleles” (Brachmann et al., 1998; Replogle et al., 1999) that prevent gene conversion or
rescue of the corresponding auxotrophic mutation. Finally, whereas prototrophic
markers have the potential to complicate phenotypic analysis and must be carefully
controlled for (Pronk, 2002), drug resistance markers reportedly have neutral effects on
growth under non-selective conditions (Goldstein and McCusker, 1999; Hadfield et al.,
1990).
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Although plasmids that carry other MX markers, such as hphMX, natMX and
patMX (Goldstein and McCusker, 1999; Hentges et al., 2005; Wach et al., 1994), have been
developed, such as those built using the pFA backbone, pRS400 (Brachmann et al., 1998)
is the only pRS plasmid in the literature that carries an MX drug resistance cassette,
namely, kanMX4 (Wach et al., 1994). On the other hand, the pRS series offers an
unmatched selection of prototrophic markers for PCR-mediated replacement. Hence,
researchers may find themselves employing two or more pairs of oligonucleotides to
replace a particular gene sequence with markers from different plasmid series.
In this chapter, I describe our attempts to overcome the limitations described
above. Firstly, we have constructed new HIS2- and ADE1-marked shuttle vectors by
replacing the yeast-selectable marker of existing pRS plasmids. In each of these new
plasmid vectors, we have preserved the uniqueness of all eighteen common restriction
sites found in their polylinker regions, providing valuable new tools for genetic analysis
in his2 and ade1 laboratory yeast strains.
Secondly, in order to expand the availability of unique sites in the MCS of
existing pRS plasmids, we have mutagenized the S. cerevisiae genes ADE2, HIS3, TRP1,
LEU2 and URA3 using a strategy similar to that used during the construction of the
YXplac series (Gietz and Sugino, 1988). We also swapped the 2µ origin of the pRS
episomal vectors with that from the YEplac series so as to remove the XbaI site within.
Altogether, we have generated 42 pRSII plasmid shuttle vectors with sixteen restriction
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sites in their poylinkers that are unique throughout the entire series: pRSII30x/31x/32x
with the pBluescript KS+ MCS (Sikorski and Hieter, 1989) and pRS40x/41x/42x with the
pBluescript II SK+ MCS (Brachmann et al., 1998; Christianson et al., 1992). The pRSII
plasmids are easier to manipulate in vitro than their pRS predecessors and will facilitate
molecular cloning and yeast plasmid construction.
Thirdly, we have expanded the repertoire of drug resistance cassettes available in
pRS plasmids and hence, the number of markers that can be amplified using a single
pair of oligonucleotides for PCR-mediated gene replacement. We replaced the kanMX4
cassette in pRS400 with four drug resistance genes, derived from other commonly used
plasmids (Goldstein and McCusker, 1999; Gueldener et al., 2002), that encode resistance
to the antibiotic compounds phleomycin, hygromycin B, nourseothricin and bialaphos.
Finally, in the course of constructing our new plasmids, we have uncovered several
errors in publicly accessible nucleotide sequences for existing yeast plasmids. These
errors probably went unnoticed because the restriction maps for these plasmids were
based on the published sequences of the different parts used to build them. Some of
these errors caused restriction sites to be missed while suggesting the presence of nonexistent sites. One error in the sequence for pRS402, pRS412 and pRS422 (Brachmann et
al., 1998) is particularly serious as it fails to document the presence of a 163-base pair
insertion in these plasmids that causes a drastic reduction in yield when one attempts to
amplify the ADE2 marker with standard pRS primers. Another error that required
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rectification was the opposite orientation of the CEN6/ARSH4 cassette in pRS313 and
pRS413 compared with all other pRS CEN plasmids. We have documented the sequence
discrepancies we observed to improve the accuracy of molecular cloning. Importantly,
the true sequence of the ADE2 and LEU2 pRS vectors facilitated the construction of pRS
backbone plasmids with a unique restriction site (BglII and AgeI, respectively) located
between the two pRS primer binding sites. Novel yeast-selectable markers of the user’s
choice may therefore be easily introduced in order to construct additional pRS vectors in
the future.

3.2 Materials & Methods
Plasmid construction and DNA manipulation
Standard techniques were used for DNA manipulation. Restriction enzymes
were purchased from New England Biolabs except for PfoI, which was purchased from
Fermentas. Ligations were performed using T4 DNA ligase purchased from Invitrogen.
Both PCR-mediated site-directed mutagenesis and gene amplification for cloning
purposes were performed using either cloned Pfu Turbo DNA polymerase (Stratagene)
or KOD HotStart DNA polymerase (Toyobo/Novagen/EMD Chemicals). Antarctic
phosphatase (New England Biolabs) was used to treat symmetrical ends of plasmids cut
with a single restriction enzyme to prevent recircularization. Plasmid propagation was
carried out in Invitrogen MAX Efficiency DH5α bacteria grown in lysogeny broth (LB)
(Bertani, 2004) supplemented with either 50-100 µg/ml ampicillin sodium salt or 10
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µg/ml kanamycin sulfate purchased from Sigma-Aldrich. Bacterial transformants were
selected for on LB 2% agar plates supplemented with either 100 µg/ml ampicillin sodium
salt or 60 µg/ml kanamycin sulfate.
Plasmid construction details are provided below. In general, we followed the
strategy employed for mutagenesis of TRP1, LEU2 and URA3 during construction of the
YXplac plasmids (Gietz and Sugino, 1988). We used silent mutations that preserve the
amino acid sequence to mutagenize restriction sites found in the open reading frame of
the yeast-selectable auxotrophic marker genes ADE2, HIS3, TRP1, LEU2, URA3, ADE1
and HIS2 (Table 5). As for the few sites occurring in the untranslated regions of these
genes, we used neutral changes that should not affect either transcription initiation or
termination. Oligonucleotides used for site-directed mutagenesis are listed in Table 6.
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Table 5. Common restriction sites found in both yeast prototrophic marker sequences and the pBluescript/pBluescript II
MCSa
Marker
gene

Restriction enzyme recognition site
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KpnI

ApaI

XhoI

SalI

ClaI

HindIII

EcoRV

EcoRI

PstI

BamHI

XbaI

BstXI

ADE2

-

-

-

-

-

2

1

-

-

-

4

1

HIS3

1

-

-

-

-

2

-

-

1

-

-

1

TRP1

-

-

-

-

-

1

1

-

-

-

1

1

LEU2

1

-

-

-

1

-

1

1

-

-

-

1

URA3

-

1b

-

-

-

-

1

-

1

-

-

-

ADE1

-

-

-

2

-

-

-

1

-

1

1

-

HIS2

-

-

2

-

-

-

-

-

-

2

-

-

The number of times that each site occurs within the respective marker gene sequence is indicated in each column.
a The pBluescript KS+ MCS found in pRS/pRSII300 series plasmids is:
5’-SacI-BstXI-SacII-EagI-NotI-XbaI-SpeI-BamHI-SmaI-PstI-EcoRI-EcoRV-HindIII-ClaI-SalI-XhoI-ApaI-KpnI-3’
The pBluescript II SK+ MCS found in pRS/pRSII400 series plasmids is:
5’-KpnI-ApaI-XhoI-SalI-ClaI-HindIII-EcoRV-EcoRI-PstI-SmaI-BamHI-SpeI-XbaI-EagI-NotI-BstXI-SacII-SacI-3’
b Although the ApaI site in URA3 overlaps with a dcm methylation site, plasmid DNA isolated from DH5α dcm+ bacteria is still cleaved at this
site by ApaI.

Table 6. Restriction sites targeted for removal in yeast auxotrophic marker sequences
and oligonucleotide primers used for site-directed mutagenesis
Marker

Restriction
site

Coordinates

Mutagenic oligonucleotide primers

relative to
translation
start

ADE2

XbaI

+7

FP: 5’-CAATCAAGTATGGATTCAAGAACAGTTGGTATATTAGG-3’
RP: 5’-CCTAATATACCAACTGTTCTTGAATCCATACTTGATTG-3’

ADE2

HindIII

+510

FP: 5’-GGAAATGATTCCGGAAGCA TTGGAAGTACT GAAGG-3’
RP: 5’-CCTTCAGTACTTCCAATGCTTCCGGAATCATTTCC-3’

ADE2

XbaI

+1057

FP: 5’-GTACTTA TATGGAAAAGAGTCAAGACCTAACAGAAAAGTAGG-3’
RP: 5’-CCTACTTTTCTGTTAGGTCTTGACTCTTTTCCATATAAGTAG-3’

ADE2

XbaI

+1476

FP: 5’-CGTA AAAGGTTCTTGTCTTGATGGA GTAGATTCT TTAC-3’
RP: 5’-GTAAAGAATCTACTCCATCAAGACAAGAACCTTTTACG-3’

ADE2

HindIII

+1695

XbaI

+1701

FP: 5’-GAAACTGTCGGTTACGAAGCA TATCTTGAAAACAAGT AAT
ATATAAG-3’
RP: 5’CTTATATATTACTTGTTTTCAAGATATGCTTCGTAACCGACAGTTTC-3’

HIS3

HindIII

+306

5’-FP: GATTGCTCTCGGTCAAGCATTTAAAGAGGCCCTA-3’
RP: 5’-TAGGGCCTCTTTAAATGCTTGACCGAGAGCAATC-3’

HIS3

HindIII

+496

FP: 5’-CGCATTTTCTTGAAAGTTTTGCAGAGGCTAGCAG-3’
RP: 5’-CTGCTAGCCTCTGCAAAACTTTCAAGAAAATGCG-3’

HIS3

KpnI

+627

FP: 5’-CTCGCCCAATGGTACAAACGATGTTCCCTCCA-3’
RP: 5’-TGGAGGGAACATCGTTTGTACCATTGGGCGAG-3’

HIS3

PstI

+688 (3’UTR)

FP: 5’GTGACACCGATTATTTAAAGTTGCAGCATACGATATATATACATGTG-3’
RP: 5’CACATGTATATATATCGTATGCTGCAACTTTAAATAATCGGTGTCAC-3’

TRP1

XbaI

+85

Gietz and Sugino, 1988

TRP1

HindIII

+514

FP: 5’-GGCAAGAGA GCCCCGAGAGCTTACATTTTATGTTAGC-3’
RP: 5’-GCTAACATAAAATGTAAGCTCTCGGGGCTCTCTTGCC-3’
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LEU2

+152

ClaI

FP: 5’-GGTGGTGCTGCTATAGATGCTACAGGTGTTCC-3’
RP: 5’-GGAACACCTGTAGCATCTATAGCAGCACCACC-3’

LEU2

KpnI

+252

Gietz and Sugino, 1988

LEU2

EcoRI

+638

Gietz and Sugino, 1988

URA3

PstI

-17 (5’UTR)

Gietz and Sugino, 1988

ADE1

BamHI

+162

Nagley et al., 1988

ADE1

SalI

+230

FP: 5’-CGATGTTCGTA ATCATTTGGTAGACATCGCCCCAGGTAAGAC-3’
RP: 5’-GTCTTACCTGGGGCGATGTCTACCAAATGATTACGAACATCG-3’

ADE1

EcoRI

+656

FP: 5’-CG CAGACACTAAATTCGAATTTGGTATTGACG AAAAGACC-3’
RP: 5’-GGTCTTTTCGTCAATACCAAATTCGAATTTAGTGTCTGCG-3’

ADE1

XbaI

+722

FP: 5’-GCTAACGCCAGACTCCTCAAGATTCTGGAACGGTG-3’
RP: 5’-CACCGTTCCAGAATCTTGAGGAGTCTGGCGTTAGC-3’

ADE1

SalI

+854

FP: 5’-CCCCAAGACATTGTAGACAGGACAAGGGCC-3’
RP: 5’-GGCCCTTGTCCTGTCTACAATGTCTTGGGG-3’

HIS2

XhoI

-8 (5’UTR)

FP: 5’-TCAGTAAAAATCCTCAAGGTCATGCACTCACAC-3’
RP: 5’-GTGTGAGTGCATGACCTTGAGGATTTTTACTGA-3’

HIS2

BamHI

+402

FP: 5’-TCACGTCAACGGGATACCTATTGATTTCGAC-3’
RP: 5’-GTCGAAATCAATAGGTATCCCGTTGACGTGA-3’

HIS2

XhoI

+749

FP: 5’-GCATTAAGAAAGCGCCTGGAGGAGCCGTACCCC-3’
RP: 5’-GGGGTACGGCTCCTCCAGGCGCTTTCTTAATGC-3’

HIS2

BamHI

+803

FP: 5’-CAAGAAGCACTGTGGCTCCAGATTTGTTCTA-3’
RP: 5’-TAGAACAAATCTGGAGCCACAGTGCTTCTTG-3’

FP = forward primer; RP = reverse primer
Mutagenized nucleotides are underlined

In silico cloning
The

software

ApE

(M.

Wayne

Davis,

University

of

Utah,

http://biologylabs.utah.edu/jorgensen/wayned/ape/) and pDRAW32 (Acaclone Software,
http://www.acaclone.com/) were used to analyze sequence data, design primers, and
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design cloning strategies. Additionally, PlasMapper 2.0 (Dong et al., 2004) and BVTech
Plasmid 5.1 (Bio Visual Tech Inc.) were used to generate the plasmid maps shown in the
figures.
pRSII303/403 (HIS3) series
A 0.6 kb fragment of the HIS3 gene containing the restriction sites targeted for
mutagenesis was excised from pRS303 (Sikorski and Hieter, 1989) with NdeI and NsiI,
and subsequently ligated to circularized pGEM-T (Promega) cut with the same two
enzymes. By using PCR-mediated site-directed mutagenesis, we introduced silent
mutations that preserve the amino acid sequence to mutagenize the HindIII and KpnI
sites within the HIS3 ORF, while the PstI site in the 3’UTR was mutagenized using a
nucleotide transversion as it does not fall within the sequences known to be important
for HIS3 transcription termination (Mahadevan et al., 1997) (Table 6). The two HindIII
sites were mutagenized in one pGEM-T-HIS3 clone while the KpnI and PstI sites were
mutagenized in a separate clone. The HIS3 insert was sequenced in full after each
mutagenesis step to verify that it was free of spurious errors. pGEM-T-HIS3∆2HindIII, KpnI, PstI
was generated by ligating the 1.1 kb NheI-AlwNI fragment from pGEM-T-HIS3∆KpnI, PstI to
pGEM-T-HIS3∆2HindIII cut with NheI and AlwNI.
The mutagenized HIS3 NdeI-NsiI fragment was subcloned into pRS303 and
pRS403 cut with NdeI and NsiI to generate pRSII303 and pRSII403, respectively.
pRSII313 and pRSII413 were generated by excising the 1.7 kb PfoI-NgoMIV fragment
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from pRSII303 and ligating it to pRS316 and pRS 416 (Sikorski and Hieter, 1989) cut with
both PfoI and NgoMIV. In order to construct the 2µ episomal plasmid pRSII423, first,
pRS425 was digested with AlwNI and PfoI to isolate the 2.9 kb fragment containing the
2µ replication origin of that plasmid. This fragment was ligated to pRSII403 cut with
both AlwNI and PfoI; to complete the construction of pRSII423, we replaced the 0.65kb
SnaBI-MfeI section of the 2µ origin with the SnaBI-MfeI fragment from the 2µ origin of
YEplac195 (Gietz and Sugino, 1988). Although both two 2µ origin sequences were
derived from the same plasmid, YEp24 (Hartley and Donelson, 1980), that from
YEplac195 has been modified to eliminate the XbaI site within (Gietz and Sugino, 1988)
as described in the main text. Finally, pRSII323 was made by ligating the 2.9kb AlwNIPfoI fragment from pRSII423 to pRSII303 digested with AlwNI and PfoI.
pRSII304/404 (TRP1) series
Due to the absence of compatible restriction sites caused by the dissimilarity
between the length of untranslated regions of the TRP1 markers in the YIp/YCp/YEplac
and the pRS304/404 series, the following strategy was adopted to first build pRSII304. A
fragment of the TRP1 gene spanning the mutagenized XbaI site was excised from
YIplac204 (Gietz and Sugino, 1988) with PmlI and MfeI, and ligated to pRS304 (Sikorski
and Hieter, 1989) cut with the same two enzymes. The resulting plasmid, pRS304∆XbaI,
was subject to PCR-mediated site-directed mutagenesis to alter the HindIII site in the
TRP1 marker to the same sequence as that of the TRP1 allele in YIplac204 (Gietz and
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Sugino, 1988) (Table 6); the lack of convenient restriction sites prevented direct
subcloning from YIplac204 to eliminate this HindIII site. The resulting pRSII304 plasmid
was sequenced completely to verify the absence of spurious mutations. After the
discovery of several disagreements with the Genbank sequence for pRS304 (NCBI gi:
416305), we also sequenced pRS304 with the same oligonucleotide primers for an
accurate comparison. We subsequently determined the presence of errors in the
Genbank sequence detailed in the Supporting Results.
The mutagenized TRP1 marker was excised from pRSII304 by digesting with
PmlI and DraIII, and ligated to pRS314, pRS404 and pRS414 cut with the same enzymes
to generate pRSII314, pRSII404 and pRSII414, respectively. pRSII324 and pRSII424 were
subsequently generated by ligating the 2.9 kb AlwNI-PfoI fragment from pRSII423
containing the 2µ replication origin to pRSII304 and pRSII404, respectively, cut with
AlwNI and PfoI.
pRSII305/405 (LEU2) series
Starting with the LEU2 marker of the plasmid YIplac128 (Gietz and Sugino,
1988), we eliminated the ClaI site within the coding sequence by PCR-mediated sitedirected mutagenesis (Table 6). A 1.1 kb fragment of the resulting LEU2 allele spanning
the mutagenized ClaI, KpnI and EcoRI sites was excised from YIplac128 using a double
digest at 60°C with BstEII and BsrGI. This fragment was ligated to pRS305, pRS315,
pRS405 and pRS415 cut with the same two enzymes to generate pRSII305, pRSII315,
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pRSII405 and pRSII415, respectively. pRSII325 and pRSII425 were generated by ligating
the 2.9 kb AlwNI-PfoI fragment from pRSII423 containing the 2µ replication origin to
pRSII305 and pRSII405, respectively, cut with AlwNI and PfoI. It should be noted that
removal of the KpnI site within LEU2 marker also caused the elimination of the
overlapping AgeI site.
pRSII306/406 (URA3) series
A 0.9 kb fragment of the URA3 gene spanning the mutagenized PstI site was
excised from YIplac211 (Gietz and Sugino, 1988) using NdeI and NsiI. This fragment was
ligated to circularized pGEM-T cut with the same two enzymes. The pGEM-T-URA3
plasmid was then subject to site-directed mutagenesis to eliminate the ApaI site within
the URA3 coding sequence (Table 6). The mutagenized URA3 NdeI-NsiI fragment was
excised and subsequently ligated to pRS306, pRS316, pRS406 and pRS416 digested with
NdeI and NsiI to generate pRSII306, pRSII316, pRSII406 and pRSII416.
pRSII426 was constructed by first ligating the same NdeI-NsiI fragment of
URA3∆PstI,

ApaI

to pRS426 digested with NdeI and NsiI, and then replacing the 0.65kb

SnaBI-MfeI section of the 2µ origin with the equivalent SnaBI-MfeI fragment from
YEplac195 (Gietz and Sugino, 1988). To generate pRSII326, pRSII306 was first digested to
completion with PfoI and then partially digested with AlwNI; the remaining 2.9 kb
fragment was subsequently ligated to the 2.9 kb AlwNI-PfoI fragment from pRSII423
containing the 2µ replication origin.
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pRSII309/409 (HIS2) series
The HIS2 marker was originally amplified by PCR from YIpGAP2 (Sia et al.,
1996) and TA cloned into pGEM-T-Easy as previously described (Chee and Haase, 2010).
The two BamHI sites in HIS2 were first eliminated sequentially by site-directed
mutagenesis (Table 6). Next, the two XhoI sites were mutagenized in separate pGEM-TEasy-HIS2∆2BamHI clones (Table 6). pGEM-T-Easy-HIS2∆2BamHI, 2XhoI was constructed by first
excising the 1.1 kb XbaI-MfeI fragment from the clone containing the mutagenized XhoI
site at nucleotide -9 in the HIS2 gene. This fragment was then ligated to the second clone
containing the mutagenized XhoI site at nucleotide +747 in HIS2 after digestion with
XbaI and MfeI.
New pRS plasmids carrying the mutagenized HIS2 were constructed as follows.
The mutagenized HIS2 gene, including 356 bp of 5’ upstream sequence and 199 bp of 3’
downstream sequence (-355 to +1208), was PCR-amplified using KOD HotStart
polymerase with 5’ NsiI and 3’ NdeI sites. The purified PCR product was digested
overnight with NdeI and then for additional 3 hours with NsiI. The digested PCR
product was ligated to pRS306 cut with both NdeI and NsiI to generate pRSII309; the 0.9
kb NdeI/NsiI fragment excised from the URA3 marker encompasses all of the proteincoding sequence. After sequencing, the HIS2 marker was excised from pRSII309 by
double digesting with NdeI and NsiI, and subsequently ligated to pRS316, pRS406 and
pRS416 cut with the same enzymes to generate pRSII319, pRSII409 and pRSII419. The 2µ
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episomal plasmids pRSII329 and pRSII429 were subsequently made by ligating the 2.9
kb AlwNI-PfoI fragment from pRSII423 containing the 2µ replication origin to AlwNI and
PfoI digested pRSII309 and pRSII409, respectively.
Generalized pRS backbone vectors with a unique BglII site for inserting new yeastselectable markers
pRS402 was restricted with BglII and NdeI to excise ADE2 as well as the
previously undocumented repeat sequence described in the main text’s Results section.
The remaining 3.3 kb backbone was treated with DNA polymerase I Klenow fragment
(New England Biolabs, Beverly, MA, USA) to blunt the overhangs. The blunted ends
were subsequently ligated to recircularize the backbone, resulting in a plasmid
(pRS40BglII) with a single BglII site between the two pRS primer binding sites. The
procedure of digestion, blunting and ligation was repeated with pRS412 and pRS422 to
generate CEN and 2µ origin backbones (pRS41BglII and pRS42BglII, respectively) with
the same BglII unique site. We went on to replace the 0.65 kb SnaBI-MfeI fragment of the
2µ replication origin in pRS42BglII with with the SnaBI-MfeI fragment from YEplac195
(Gietz and Sugino, 1988) in order to eliminate the XbaI site within, hence generating
pRSII42BglII).
To allow for the generation of pRS300 series vectors with customized markers,
we replaced the the pBluescript II SK+ MCS in our pRS400 series backbone plasmids
with the pBluescript KS+ MCS from pRS305. The replacement was carried out by
excising the 1.2 kb NgoMIV-AlwNI fragment encompassing the MCS from pRS305 and
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ligating it to pRS40BglII, pRS41BglII, pRS42BglII and pRSII42BglII double digested with
the same two enzymes.
pRSII302/402 series (ADE2)
The 2.3 kb BglII fragment containing the ADE2 coding sequence along with 375
bp of upstream and 152 bp of downstream non-coding sequence was excised from
pRS402 (Brachmann et al., 1998) and subcloned into pMCS5 (MoBiTech). The ADE2 gene
from pRS402 lacks the BglII site found at nucleotide position +593 in the ADE2 sequence
of S. cerevisiae strain S288C available from the Saccharomyces Genome Database (SGD)
(Brachmann et al., 1998). Mutagenesis of the two XbaI sites and the four HindIII sites in
ADE2 was carried out on two separate pMCS5-ADE2 clones: the first clone had the XbaI
site at +7 and the HindIII site at +510 eliminated while the other sites were mutagenized
in the second clone. pMCS5-ADE2∆4HindIII,

2XbaI

was subsequently constructed by first

excising the 1.1 kb StuI-XhoI fragment from the second clone; this fragment was ligated
to the first clone after it had been digested with StuI and XhoI.
The mutagenized ADE2 gene was excised from pMCS5 by digesting with BglII
and ligated to the BglII-digested backbone plasmids pRS40BglII, pRS41BglII and
pRSII42BglII in order to construct pRSII402, pRSII412 and pRSII422, respectively.
Ligation to pRS30BglII, pRS31BglII and pRSII32BglII was carried out to generate
pRSII302, pRSII312 and pRSII322, respectively. Ligation products were screened to
ensure a uniform orientation for the ADE2∆4HindIII, 2Xba inserts.
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pRSII308/408 series (ADE1)
A 1.9 kb XhoI fragment originally isolated from pUC19-ADE1 (Nagley et al.,
1988) that contains the ADE1 coding sequence along with 397 bp of upstream and 291 bp
of downstream non-coding sequence was excised from pHV132, a plasmid designed for
disrupting STE4 with ADE1 (a gift from M. Henar Valdivieso). This particular clone of
ADE1 does not contain the BamHI site found at nucleotide position +162 in the ADE1
genomic sequence from the SGD (Nagley et al., 1988). The excised XhoI fragment
containing the ADE1 gene was ligated to circularized pDrive (Qiagen) cut with XhoI.
PCR-based site-directed mutagenesis was used on pDrive-ADE1 to eliminate the
EcoRI and XbaI sites in the ADE1 gene (Table 6). pDrive-ADE1∆EcoRI,

XbaI

was further

mutagenized to eliminate the two SalI sites found in the ADE1 coding sequence in
separate clones. pDrive-ADE1∆BamHI, EcoRI, XbaI, 2SalI was subsequently made by first excising
the 1.1 kb BamHI-HpaI fragment from the clone containing the mutagenized BamHI,
EcoRI and SalI sites lying upstream of the HpaI site in ADE1. This fragment was then
ligated to the second clone containing the mutagenized SalI site at +854 in ADE1 after
double digestion with BamHI and HpaI.
The mutagenized ADE1 gene was subsequently PCR-amplified using KOD
HotStart polymerase with a minimal promoter based on the findings of Myasnikov et al.
(Myasnikov et al., 1991) and 105 bp of 3’ downstream sequence (-235 to +1026), flanked
by BglII sites. The purified PCR product was digested with BglII, and then ligated to
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pRSII40BglII restricted with BglII to generate pRSII408. After sequencing to verify the
absence of unwanted errors, the mutagenized ADE1 was excised from pRSII408 and
ligated to the same BglII-cut backbone plasmids used to generate the ADE2 pRSII series.
Ligation products were screened to ensure a uniform orientation for the ADE1∆BamHI, EcoRI,
XbaI, 2SalI

inserts.

Generalized pRS backbone vectors with a unique AgeI site for inserting new yeastselectable markers
pRS305, pRS315, pRS405, pRS415 and pRS425 were all digested sequentially with
AgeI at 37°C and then with Tth111I at 65°C to excise LEU2. The remaining backbones
were treated with DNA polymerase I Klenow fragment (New England Biolabs, Beverly,
MA, USA) to blunt the overhangs. The blunted ends were subsequently ligated to
recircularize the backbone, resulting in a plasmid with a single AgeI site between the two
pRS primer binding sites (pRS30AgeI, pRS31AgeI, pRS40AgeI, pRS41AgeI and
pRS42AgeI, respectively). pRS32AgeI was constructed by excising the MCS of
pRS42AgeI with AlwNI and NgoMIV, and ligating the remainder of the plasmid to the
1.2 kb AlwNI-NgoMIV fragment from pRS305. pRSII32AgeI and pRSII42AgeI were
subsequently constructed by digesting pRS30AgeI and pRS40AgeI with AlwNI and PfoI,
followed by ligation to the 2.9 kb AlwNI-PfoI fragment from pRSII423 containing the 2µ
replication origin.
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pRS40B
To construct pRS40B (pRS400-bleMX4), the kan gene was first excised from
pRS400 by digesting sequentially with BglII and then with BsmI. The bleMX4 cassette
was excised from pUG66 by the same sequential BglII-BsmI digest (Gueldener et al.,
2002) and ligated to pRS400 (BsmI/BglII). It should be noted that although this ble gene
has the same function as the Streptoalloteichus hindustanus ble gene (Gatignol et al., 1988)
found in the plasmid pFA6a-bleMX6 constructed by Hentges and colleagues (Hentges et
al., 2005), it was originally isolated from the bacterial transposon Tn5 (Gatignol et al.,
1987) and originates from Klebsiella pneumoniae; the two ble genes encode proteins that
share only 4% amino acid sequence similarity.
pRS40H/N/P
To construct pRS40H (pRS400-hphMX4), pRS40N (pRS400-natMX4) and pRS40P
(pRS400-patMX4), the kanMX4 module was first excised from pRS400 by digesting
sequentially with AscI and then with BsmI. Using the same sequential AscI-BsmI digest,
the hphMX4, natMX4 and patMX4 cassettes were excised from pAG32, pAG25 and
pAG29 (Goldstein and McCusker, 1999), respectively, and ligated to pRS400 (AscI/BsmI).

Yeast strains and media
Two auxotrophic wild-type strains of budding yeast were used to verify the
ability of the pRSII plasmids described in this report to rescue auxotrophic mutations.
The first is 15Daub (Kaiser et al., 1999), a bar1∆ ura3∆ns derivative of BF264-15D (MATa
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ade1 his2 leu2-3,112 trp1-1a) (Reed et al., 1985), abbreviated as 15D in our lab. The second
is a bar1Δ derivative of W303a (MATa ade2-1 his3-11,15 leu2-3,112 trp1-1 ura3-1 can1-100)
(Elion et al., 1993), also known as SBY688 in our lab. The prototrophic yeast strain S288C
(MATα SUC2 gal2 mal mel flo1 flo8-1 hap1 ho bio1 bio6) (Mortimer and Johnston, 1986),
also known as SBY1806 in our lab, was used to verify the utility of our new pRS
plasmids carrying MX4 drug resistance cassettes in PCR-mediated gene replacement.
Yeast cultures were grown in standard YEPD medium (1% yeast extract, 2% peptone,
0.012% adenine, 0.006% uracil and 2% dextrose) except during selection; plate media
were prepared by adding 2% agar. Growth temperatures were kept between 25-26°C.
Prototrophic transformants were selected for by plating on synthetic complete dropout
plates (0.67% yeast nitrogen base, 2% dextrose, 2% agar) lacking the appropriate amino
acid or nucleobase. To select for drug-resistant transformants, we suggest referring to
previously published protocols for guidelines (Baudin et al., 1993; Gatignol et al., 1987;
Goldstein and McCusker, 1999; Wenzel et al., 1992). Selection conditions that we have
tested ourselves and suggestions for users who experience difficulty with drug selection
are described below.

PCR protocol for amplifying pRS/pRSII plasmid yeast-selectable
markers
Similarly to what has previously been described (Brachmann et al., 1998), we
used primers starting with 40-50 nucleotides of gene-specific sequence at the 5’ end and
followed by either 5’-CAGATTGTACTGAGAGTGC-3’ (pRS forward primer binding
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site) or 5’-CCTTACGCATCTGTGCGG-3’ (pRS reverse primer binding site) to amplify
the yeast-selectable marker sequences in any of the pRS or pRSII plasmids; examples of
primer pairs used to target the genes KIP1, CIN8 and ADE2 are provided in Table S3. As
noted before (Goldstein and McCusker, 1999), PCR amplification of the natMX4 and
patMX4 drug resistance cassettes requires the addition of 5% DMSO. The reaction
parameters we employed were: 94°C for 1 min followed by 34 amplification cycles (94°C
for 45 sec, 55°C for 45 sec, 72°C for 1 min/kb of expected PCR product size), 72°C for 10
min. Annealing and denaturation times can be shortened to 30 sec, and the extension
temperature can be reduced to 70°C or 68°C. Taq DNA polymerase (Denville ChoiceTaq) was used for marker amplification at 0.05U/µl.
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Table 7. Oligonucleotide primers used to test amplification of yeast-selectable marker
sequences from pRS/pRSII plasmids
Primer name

Primer sequence

kip1∆::pRS

5’-GCGCTTCCCTCACTAAATATGGCGAGATAGTTAAACAATCCAGATTGTACTGAGAGTGC-3’

marker FP
kip1∆::pRS

5’-TATAGTGATACAAATATTTTACAATGGCTATATCCCCTTACCTTACGCATCTGTGCGG-3’

marker RP
cin8∆::pRS

5’-TATAAAAGCGCAAAAAATACAACAAGAAAGAATTTGTTTGCAGATTGTACTGAGAGTGC-3’

marker FP
cin8∆::pRS

5’-TAGTTTGAATATATATTCGACTGAAAGGCAATATCAACTACCTTACGCATCTGTGCGG-3’

marker RP
ade2∆::pRS

5’- CAATCAAGAAAAACAAGAAAATCGGACAAAACAATCAAGTCAGATTGTACTGAGAGTGC-3’

marker FP
ade2∆::pRS

5’-`ATTATTTGCTGTACAAGTATATCAATAAACTTATATATTACCTTACGCATCTGTGCGG-3’

marker RP

Sequences identical to the pRS backbone are underlined

Yeast transformation
Yeast were transformed using high-efficiency methods involving lithium acetate,
polyethylene glycol and denatured, single-stranded salmon sperm DNA (Gietz and
Schiestl, 2007; Gietz and Woods, 2001). To transform the wild-type strains 15Daub and
W303a using pRS/pRSII plasmids, we used either 200 ng of integrating plasmid
linearized by restriction at a unique site within the yeast-selectable prototrophic marker
sequence or 50 ng of CEN/2µ plasmid. Prototrophic transformants were selected for by
spinning down yeast cells after heat shocking and resuspending them in sterile water
before plating on the appropriate dropout medium. For drug selection, the yeast were
resuspended in YEPD and allowed to recover before plating.
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ADE2 deletion by PCR-based homologous recombination
MX4 cassettes were first amplified by PCR as described above using ADE2specific primers (Table 7) and the plasmids pRS400, pRS40B, pRS40H, pRS40N and
pRS40P as templates. Due to the high yield of PCR product obtained, each MX4 cassette
was subsequently transformed into S. cerevisiae without prior cleanup or concentration.
We used the same amount of DNA that we analyzed by agarose gel electrophoresis to
transform yeast. We advise against the use of excessive amounts of PCR product during
transformation as it increases the amount of background and lowers the efficiency of
transformation (the number of drug-resistant transformants that actually carry the
desired gene replacement) in our experience. Following the heat shock step during yeast
transformation (Gietz and Schiestl, 2007; Gietz and Woods, 2001), yeast were
resuspended in YEPD and allowed to recover at room temperature on a nutator for 3
hours before plating on the appropriate selective medium. Resistant colonies that
appeared were subject to a second round of selection by repatching on fresh selective
plates. While we have included our own recipes for selective media below, we advise
users to determine kill curves for their particular yeast strain due to differences in
susceptibility, and also to lot-to-lot and manufacturer-specific variations in drug
potency. Users seeking to delete additional genes with MX drug resistance

cassettes in a strain already carrying an integrated MX cassette in its genome
should consider employing multiple drug selection. Due to the identical TEF
125

promoter and terminator sequences present in all MX cassettes (Goldstein and
McCusker, 1999; Wach, 1996; Wach et al., 1994), multiple drug selection will
maintain selection for the previously used MX cassette and limit unwanted
recombination with the new MX cassette to be transformed into the strain.
kanMX4 selection
kanMX4 transformants were selected for by plating on YEPD supplemented with
200 µg/ml G418 sulfate (Calbiochem or Cellgro). Users who experience large amounts of
background should note that the use of glycerol in place of dextrose as the carbon source
during selection has also been reported to reduce the number of untransformed G418resistant colonies (Hollenberg, 1982). Plate media containing G418 are stable for at

least six months when stored at 4°C. G418 can also be used on minimal medium but
yeast nitrogen base without ammonium sulfate must be used, and 1 g L-glutamate
added per liter of medium (http://mgm.duke.edu/faculty/mccusker/lab/resources/) for
selection to be efficient.
bleMX4 selection
bleMX4 transformants were selected for by plating on YEPD (pH 7.0)
supplemented

with

50-150

µg/ml

Zeocin

(Invitrogen),

a

member

of

the

bleomycin/phleomycin family of antibiotics. We have found that a yeast strain
expressing Tn5 ble, SBY1143 (Chee and Haase, 2010), can form colonies on YEPD (pH
7.0) containing as much as 300 µg/ml Zeocin. According to the manufacturer’s protocol,
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incubating transformed yeast on ice for 1 hr following recovery prior to plating will
reduce the number of untransformed Zeocin-resistant colonies; we have found this to be
true in our experience but the total number of actual transformants is also reduced.
According to the manufacturer, Zeocin selection can also be carried out on minimal
medium. Although we have not tested Zeocin selection on minimal medium ourselves, a
recent study on Zeocin selection using Pombe minimal glutamate medium in
Schizosaccharomyces pombe may provide a useful guide (Benko and Zhao, 2011). Zeocin is
unstable and also light-sensitive so plate media containing Zeocin should be stored at
4°C in the dark for up to one month only; however, we have successfully used

plates that were 5 weeks old.
Additionally, phleomycin selection of Tn5 ble transformants has been reported to
be more efficient when glycerol is used as the carbon source instead of dextrose during
selection (Gatignol et al., 1987). Optimal transformation efficiency with the Tn5 ble
marker has also been reported after 6 h of recovery in non-selective medium (Wenzel et
al., 1992). We have not, however, explicitly tested these suggested conditions with
Zeocin selection.
hphMX4 selection
hphMX4 transformants were selected for by plating on YEPD supplemented with
150-300 µg/ml hygromycin B (A.G. Scientific or Invivogen). Hygromycin B is lightsensitive, hence plate media containing hygromycin B should be stored at 4°C in the
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dark. We have found that the amount of background usually increases significantly if
the plates are over a month old. Like G418, hygromycin B can be used on minimal
medium but without ammonium sulfate and with 1 g L-glutamate added per liter of
medium (http://mgm.duke.edu/faculty/mccusker/lab/resources/).
natMX4 selection
natMX4 transformants were selected for by plating on YEPD supplemented with
85-100 µg/ml nourseothricin sulfate (Jena Bioscience), also known as clonNAT. Plate
media containing nourseothricin are more stable when stored at 4°C than either Zeocin
or hygromycin B plate media, and we have successfully used nourseothricin plates

that were two months old. Nourseothricin selection has been reported to work very
well on minimal media with Schizosaccharomyces pombe, making it suitable for double
selection in tandem with a prototrophic marker (Hentges et al., 2005). For S. cerevisiae,
minimal media containing nourseothricin should be made without ammonium sulfate
and

with

L-glutamate

added,

as

indicated

for

G418

and

hygromycin

B

(http://mgm.duke.edu/faculty/mccusker/lab/resources/).
patMX4 selection
patMX4 transformants were first spun down and resuspended in sterile water
before being plated on synthetic proline dextrose plates (0.67% yeast nitrogen base with
0.1% L-proline acid as nitrogen source, 2% dextrose) with 200 µg/ml bialaphos (GoldBio)
added. Plate media containing bialaphos are unstable and should be stored at 4°C for up
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to one month only (Goldstein and McCusker, 1999). Users should note that bialaphos
selection works best with prototrophic yeast and that reliable selection conditions for
auxotrophic yeast have yet to be determined.
Verifying ADE2 deletion
Ade- (adenine auxotrophic) transformants were subsequently identified by
replica plating drug-resistance isolates on synthetic complete medium with 2% dextrose
but lacking adenine. Genomic DNA was isolated from both wild-type S288C and Adetransformants. Diagnostic PCR was carried out to verify the presence of the MX4
cassette at the ADE2 genomic locus using ADE2-flanking primers (ADE2 upstream FP:
5’-

GGTGCG

TAAAATCGTTGGATCTCT-3’

and

ADE2

downstream

RP:

5’-

GGACACCTGTAAGCGTTGATTTCT-3’). Successful replacement of ADE2 was scored
for by changes in PCR product size as detected by agarose gel electrophoresis; however,
as ADE2 replacement with the hphMX4 cassette from pRS40H does not cause a
detectable change in size of the diagnostic PCR product, an AflII digest was performed
which only cuts ADE2 and not hphMX4.

3.3 Results & Discussion
New HIS2-marked yeast-bacteria shuttle vectors
Whereas S. cerevisiae HIS3 encodes imidazoleglycerol-phosphate dehydratase,
HIS2 encodes histidinolphosphatase. Both

of these enzymes function in histidine

biosynthesis but catalyze different steps (Alifano et al., 1996; Gorman and Hu, 1969;
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Struhl and Davis, 1980). Despite the availability of plasmids that can be used with
histidine auxotrophic laboratory strains of budding yeast that are his3 mutants, these
plasmids cannot be used with His- strains that are his2 mutants. These include strains
such as 15D (Reed et al., 1985) which is widely used in cell-cycle research. The
comparative scarcity of HIS2-marked yeast vectors poses an unnecessary limitation
when working with his2 S. cerevisiae strains. Our first attempt at making an integrating
vector with a HIS2 marker involved the disruption of the URA3 marker in pRS306
(Sikorski and Hieter, 1989) with a wild-type HIS2 allele, resulting in pRS306H2 (Chee
and Haase, 2010). Although this plasmid has been successfully used to both integrate
genetic constructs into the S. cerevisiae genome (Chee and Haase, 2010) and to delete
genes of interest by PCR (unpublished data), it suffers from a shortage of unique sites in
its MCS, contains extraneous sequences and could be streamlined (Figure 18A).
Moreover, HIS2-marked centromere and 2µ episomal versions of pRS306H2 have yet to
be constructed.
In order to improve upon pRS306H2, we have completely rebuilt it using a
different strategy. Using a site-directed mutagenesis strategy similar to that of Gietz &
Sugino (Gietz and Sugino, 1988), we removed the BamHI and XhoI sites present in the
HIS2 gene (Table 5). We subsequently used the mutagenized HIS2, PCR-amplified with
NdeI and NsiI ends, to replace almost the entire URA3 gene in pRS306. The resulting
plasmid, which we have dubbed pRSII309, is the updated successor to pRS306H2.
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pRSII309 is 0.4 kb smaller than its predecessor due mostly to the near-complete excision
of the URA3 marker from pRS306 (Figure 18); in pRS306H2, the URA3 marker was
disrupted between the NcoI and NsiI sites. Moreoever, all of the 18 common restriction
sites in the pRSII309 polylinker region (the pBluescript KS+ MCS) are unique (Table 6).
This replacement method is similar to the one we used to generate pRS306H2 in that it
can be used to convert other URA3-marked yeast plasmids to the HIS2 marker (Chee
and Haase, 2010). We subsequently constructed CEN and 2µ episomal derivatives of
pRSII309, pRSII319 and pRSII329, respectively, as well as pRSII409/419/429, which carry
the pBluescript II SK+ MCS. The significance of the pRSII designation is explained
below.
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Figure 18. Features of new S. cerevisiae HIS2-marked plasmid shuttle vectors.

(A) Restriction maps of the integrating plasmids pRS306H2 (Chee and Haase, 2010) and
pRSII309. (B) Episomal plasmids pRSII319 (CEN) and pRSII329 (2µ episomal). While the
features of each plasmid are drawn to scale, the size of the maps are not scaled
according to plasmid size. Aside from the two NdeI sites highlighted in red for
pRS306H2, only unique restriction sites are shown and isoschizomers are indicated.
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New ADE1-marked shuttle vectors
Adenine auxotrophy presents an analagous problem to that we have described
thus far for histidine auxotrophy in S. cerevisiae. S. cerevisiae ADE1 encodes N-succinyl-5aminoimidazole-4-carboxamide

ribotide

synthetase

while

ADE2

encodes

phosphoribosylaminoimidazole carboxylase, enzymes required for distinct steps in de
novo purine biosynthesis (Jones and Fink, 1982; Myasnikov et al., 1991; Stotz and Linder,
1990). Ade- strains that carry ade1 and/or ade2 mutations accumulate a red pigment that
distinguishes them from Ade+ yeast which are white (Fisher, 1969; Silver and Eaton,
1969). Hence, ade1, ade2 as well as ade1 ade2 mutants are valuable for visual red-white
screening of transformants and other color-based assays (Ugolini and Bruschi, 1996;
Weng and Nickoloff, 1997). However, as ADE2-marked plasmids are not useful when
working with ade1 mutant strains, investigators would benefit from having a set of
ADE1-marked pRS plasmids available to complement existing ADE2 pRS plasmids
(Brachmann et al., 1998).
Without pre-existing ADE1 shuttle vectors in hand, we chose to use the ADE2marked pRS402 (Brachmann et al., 1998) to build an ADE1-marked integrating plasmid.
Based on its GenBank sequence (accession no. U93717.1), the ADE2 marker in pRS402 is
flanked by BglII sites and is thus easily replaced (Figure 19A); however, we discovered
disagreements between the actual and the GenBank sequences of pRS402 when
performing restriction analysis and Sanger sequencing. Firstly, restricting pRS402
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(Brachmann et al., 1998) with NdeI yields two fragments (1.9 and 3.8 kb) instead of the
single 5.5 kb molecule predicted by its GenBank sequence. Moreover, we could not
sequence pRS402 using a standard pRS reverse primer (5’-CCTTACGCATCTGTGCGG3’) as Sanger capillary sequencing reactions consistently returned overlapping
electropherograms, strongly suggesting that the primer was annealing to two different
sites on the plasmid.
By sequencing with other primers (Table 8), we determined the presence of an
undocumented insertion in pRS402 (Figure 19A) that contains an unwanted second pRS
reverse primer binding site that we first had to remove along with the ADE2 marker,
and generate a pRS backbone plasmid with a unique BglII site (Figure 16A). We also
mutagenized the ADE1 gene to remove five restriction sites that are also found in the
pBluescript/pBluescript II MCS (Table 5) in a similar fashion to what we did to HIS2.
Next, we subcloned the mutagenized ADE1 marker into this BglII site. The resulting
plasmid was named pRSII408 (Figure 19B). As the same unwanted insertion was found
in pRS412 and pRS422 (Brachmann et al., 1998), we used a similar strategy to construct
pRSII418 (CEN) and pRSII428 (2µ) and subsequently generated pRSII308/318/328. As
with their HIS2-marked counterparts, all 18 common restriction sites in the polylinker
region of the new ADE1 pRSII plasmids are unique.
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Table 8. Oligonucleotide primers used to sequence yeast plasmids
Sequencing primer name

Primer sequence

pRS forward

5’-CAGATTGTACTGAGAGTGC-3’

pRS reverse

5’-CCTTACGCATCTGTGCGG-3’

M13 reverse (-20)

5’-CAGGAAACAGCTATGACC-3’

M13 forward

5’-TGTAAAACGACGGCCAGT-3’

SP6

5’-CCGGGAGCTGCATGTGTCAGAGG-3’

T7

5’- TAA TAC GAC TCA CTA TAG GG-3’

pGEX 3’

5’-TACGATTTAGGTGACACTATAG-3’

bla 5’ forward primer

5’-GGAAGAGTATGAGTATTCAACA-3’

bla 3’ reverse primer

5’-GTCTGACAGTTACCAATGCT-3’

bla 5’ reverse primer

5’-GGCGACACGGAA ATGTTGAA-3’

bla 3’ forward primer

5’-CCTCACTGATTAAGCATTGGTA-3’

ADE2 internal seq 1

5’-GCAGCAAACAGGCTCAACATT-3’

ADE2 internal seq 2

5’-CCTGCTAGAGTTCCGGACT-3’

TRP1 internal seq forward

5’-GGCAGCTT GGAGTATGTCT-3’

TRP1 internal seq reverse

5’-CCTGTCCCACCTGCTTCT-3’

LEU2 internal seq 1

5’-CCAATAGGTGGTTAGCAATG-3’

LEU2 internal seq 2

5’-CGCTTGGGATAGTGAACAATA-3’

LEU2 internal seq reverse

5’-GGCAGAATCAATCAATTGATG-3’
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Figure 19. Features of existing S. cerevisiae ADE2 and new ADE1-marked plasmid shuttle vectors.

(A) Restriction maps of pRS402 built using existing Genbank (left) and experimentally determined (right) sequence data. A
previously undocumented 163-base pair insertion indicated in dark purple; this insertion is a near-identical repeat of 163
nucleotides 3’ of the ADE2 marker and hence carries an extra pRS reverse primer binding site (highlighted). This repeat was

removed to generate the pRS backbone plasmid pRS40BglII (B) that was subsequently used to construct pRSII402 and
pRSII408. (C) Restriction maps of pRSII408, 418 and 428. Unique restriction sites are shown in black while non-unique
BglII and NdeI sites are shown in red; isoschizomers are also indicated.
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A second generation of pRS plasmids (pRSII) with expanded unique
restriction site selection within the polylinker region
Due to the existence of restriction sites common to both their yeast-selectable
marker sequences as well as their polylinker regions, unique site selection within the
MCS of current pRS plasmids is marker-dependent (Christianson et al., 1992; Sikorski
and Hieter, 1989). As shown in Table 9, only nine of the 18 common restriction sites in
the MCS of existing pRS vectors marked with either ADE2, HIS3, TRP1, LEU2 or URA3
are unique across the board; this number drops to seven if the MET15, LYS2 and ADE8
markers found in other pRS series plasmids (Brachmann et al., 1998; Eriksson et al., 2004;
Tomlin et al., 2001) are also considered (data not shown). Additionally, the 2µ pRS
plasmids (Christianson et al., 1992) carry an XbaI site within the 2µ replication origin
originally derived from YEp24 (Hartley and Donelson, 1980). As a consequence, the XbaI
site in the pRS42x MCS is not unique.
In contrast to the pRS series, the S. cerevisiae TRP1, LEU2 and URA3 alleles used
to construct the YXplac series of shuttle vectors were mutagenized to remove all six-base
pair restriction sites that are also found in the pUC19 MCS (Gietz and Sugino, 1988) of
that series. Additionally, the XbaI site within the 2µ origin from YEp24 (Hartley and
Donelson, 1980) was removed before it was incorporated into the 2µ YXplac (YEplac)
plasmids (Gietz and Sugino, 1988). Hence, all 10 six-base pair sites in the pUC19 MCS
(5’-EcoRI-SacI-KpnI-SmaI-BamHI-XbaI-SalI-PstI-SphI-HindIII-3’) are unique throughout
the YXplac series. Removal of the XbaI site in the 2µ origin of YEplac195 (Gietz and
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Sugino, 1988) as well as the non-YXplac series plasmids YEp351 and YEp352 (Hill et al.,
1986) does not appear to significantly alter the copy number, estimated by Southern
blotting ,when compared to the pRS42x plasmids (Christianson et al., 1992; Li and
Johnston, 2001; Vashee and Kodadek, 1995; Velmurugan et al., 2000).
Removing common restriction sites outside the MCS
When building our new HIS2 and ADE1 shuttle vectors, we emulated the efforts
of Gietz and Sugino (Gietz and Sugino, 1988) and kept all the common restriction sites in
the polylinker region unique by mutagenizing the two marker genes. We subsequently
explored the feasibility of altering the prototrophic marker sequences (Figure 20) of
other commonly used pRS plasmids in order to both increase the availability of unique
sites in their polylinkers as well as to standardize unique site selection across the series.
To do so in an efficient manner, we wanted to subclone the TRP1, LEU2 and URA3
alleles developed for the YXplac series into the pRS series plasmids where convenient
and separately mutagenize HIS3 and ADE2. Additionally, in order to make the XbaI site
within the MCS of the pRS 2µ plasmids unique, we wanted to replace their 2µ origin
with that from YEplac195 (Gietz and Sugino, 1988).
After the reconstruction detailed in Materials & Methods, we have reduced
restriction site overlap between the five markers and the pBluescript/pBluescript II MCS
to the point where 16 of the 18 common restriction sites in the polylinker region of our
pRSII plasmid series are universal; EcoRV and BstXI, one or both of which occur in all
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the five mutagenized markers (Figure 17), were the only sites we left intact (Table 9). We
did not initially plan to mutagenize the ApaI site in the URA3 marker since it overlaps
with a dcm methylation site (Larimer, 1987) and most laboratory bacterial strains are
dcm+; however, we found that ApaI is able to cleave pRS306 isolated from dcm+ DH5α E.
coli at this site (data not shown), underscoring the difficulty of predicting inhibitory
effects by site-specific DNA methylation (McClelland et al., 1994). As a result, we
removed the ApaI site altogether.
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Figure 20. Schematic diagrams of the prototrophic biosynthetic marker genes found in
pRSII series plasmids.
Restriction sites in each marker that were targeted for removal before incorporation into
pRSII series plasmids are indicated, as are the restriction sites that immediately flank the
ADE2, LEU2, ADE1, and HIS2 markers within the pRS or pRSII plasmids. The ORF in
each marker is indicated by a block arrow. A complete list of pRSII plasmids is found in
Table 9 and the oligonucleotides used for site-directed mutagenesis of restriction sites
are found in Table 6. The BamHI site found in the ADE1 genomic sequence was
previously removed from the ADE1 allele (Nagley et al., 1988) used to generate
pRSII408. The BglII site found in the ADE2 genomic sequence was also previously
removed (Stotz and Linder, 1990) from the ADE2 allele used to generate pRSII402.
Although the ApaI site in URA3 overlaps with a dcm methylation site, plasmid DNA
isolated from DH5α dcm+ bacteria is still cleaved at this site by ApaI. The gene diagrams
shown are drawn to scale.
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The ability of the modified prototrophic markers to rescue their corresponding
auxotrophic mutations in yeast was verified by transforming the auxotrophic wild-type
strains 15Daub (Kaiser et al., 1999) and W303a (Elion et al., 1993) with the new pRSII
plasmids. Side-by-side transformations were done with existing pRS plasmids for
comparison except for the modified HIS2 and ADE1 alleles described above. For HIS2
and ADE1, comparisons were made by transforming 15Daub with TA cloning plasmids
containing either the unmodified or the mutagenized alleles (pGEM-T-HIS2 and pDriveADE1) which act as yeast integrating plasmids when linearized (see Materials &
Methods). We observed no significant differences in transformation efficiency (data not
shown).
Correcting aberrant features in existing pRS plasmids
In the course of building our pRSII plasmids, we discovered aberrant features in
five pRS plasmids that contradict the intended uniform design of that plasmid series.
We have either removed or corrected these in our pRSII series plasmids to eliminate
confusion and to standardize their design. Significantly, we rebuilt the three ADE2 pRS
plasmids in order to remove the undocumented insertion mentioned earlier that is
found in pRS402/412/422 (Figure 19A). This 163-base pair insertion is a near-identical
repeat of the sequence immediately flanking the 3’ end of the ADE2 marker (162 out of
the 163 nucleotides are identical) and thus contains a binding site for standard pRS
reverse primers that lies between the pRS forward primer binding site and the ADE2
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marker. This extra reverse primer binding site greatly reduces the yield of any attempt
to amplify the ADE2 marker by PCR for homologous gene replacement in yeast (Figure
21).

Figure 21. PCR amplification of ADE2 marker for targeted gene replacement with
either pRSII402 or pRS402 as the template.
pRS402 contains two pRS reverse primer binding sites, including one previously
undocumented site that lies between the pRS forward primer binding site and the ADE2
marker. The extra undocumented site was removed from pRSII402. Sequences of the
KIP1- and CIN8-specific oligonucleotide primers used are listed in Table 7. Control PCRs
lacking a template plasmid were run to demonstrate specificity. 5.0 µl of each reaction
was used for agarose gel electrophoresis; 0.5 µg of Invitrogen 1 kb DNA ladder was run
on the same gel.
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We also determined that the CEN6/ARSH4 cassette in pRS313 and pRS413 was
inserted in the opposite orientation to those in other pRS CEN plasmids. During
construction of the pRS31x plasmids (Sikorski and Hieter, 1989), the authors had
intended for the CEN6/ARSH4 cassette to be inserted such that CEN6 would be closest to
the bla gene but CEN6 is instead closer to the HIS3 marker in both pRS313 and pRS413.
We have corrected this inconsistency during the construction of pRSII313 and pRSII413.
pRSII plasmid features
Our initial set of 42 pRSII integrating, centromere and 2µ episomal plasmids are
listed in Table 5; as these plasmids will be made available through Addgene, the
corresponding Addgene plasmid IDs are indicated. The naming conventions established
for the pRS plasmid series (Brachmann et al., 1998; Christianson et al., 1992; Sikorski and
Hieter, 1989) also apply to the pRSII plasmids (Table 1 and Table 5). The elimination of
common six-base pair restriction sites like KpnI, HindIII, EcoRI and XbaI from the seven
prototrophic marker gene sequences (Figure 20) makes it more convenient to clone
inserts into the pRSII polylinker and also simplifies the movement of inserts between
pRSII plasmids. As has been described, a PvuI digest can be used to exchange inserts
between pRS300-series and between pRS400-series plasmids (Sikorski and Hieter, 1989),
and BssHII can be used to exchange inserts only between pRS400-series plasmids
(Brachmann et al., 1998), features inherent to the backbone and which remain
unchanged in their pRSII counterparts. As we have also maintained the characteristic
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uniform structure of the pRS series in our pRSII plasmids, they are compatible with the
many sets of pRS-based plasmids that have been designed for uses as varied as epitope
tagging, heterologous gene expression in yeast, and recombination cloning. By adapting
the added features of such existing plasmids to the pRSII backbone, derivatives with a
standardized MCS, differing only in the yeast-selectable marker that they carry, can
easily be generated.
Users should be take note the addendum in the original paper that described the
initial set of pRS plasmids (Sikorski and Hieter, 1989). The MCS of the pRS300 (and
hence the pRSII300) series plasmids contains a single base pair deletion found in all of
Strategene’s pBluescript KS plasmids. This deletion removed a G immediately upstream
of the KpnI site and downstream of the lacZ reporter’s ATG start codon. Blue-white
screens still work (by an unknown mechanism) with the pRS300 (and pRSII300) series
plasmids, but users who plan to generate LacZ fusion proteins should be aware of this
frameshift. The pRS400 (and pRSII400) plasmids are not affected by this deletion as their
MCS is derived from pBluescript II KS+ (Sikorski and Hieter, 1989).
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Table 9. pRSII series plasmids
Plasmid

Yeast-

Yeast

names

selectable

replication

restriction sites

marker

origin

remaining in

MCS

Non-unique

Addgene ID

a

MCS
pRSII302

ADE2

None

pBluescript KS+

EcoRV, BstXI

35433

pRSII402

ADE2

None

pBluescript II

EcoRV, BstXI

35434

SK+
pRSII303

HIS3

None

pBluescript KS+

BstXI

35435

pRSII403

HIS3

None

pBluescript II

BstXI

35436

SK+
pRSII304

TRP1

None

pBluescript KS+

EcoRV, BstXI

35437

pRSII404

TRP1

None

pBluescript II

EcoRV, BstXI

35438

SK+
pRSII305

LEU2

None

pBluescript KS+

EcoRV, BstXI

35439

pRSII405

LEU2

None

pBluescript II

EcoRV, BstXI

35440

SK+
pRSII306

URA3

None

pBluescript KS+

EcoRV

35441

pRSII406

URA3

None

pBluescript II

EcoRV

35442

SK+
pRSII308

ADE1

None

pBluescript KS+

None

35443

pRSII408

ADE1

None

pBluescript II

None

35444

SK+
pRSII309

HIS2

None

pBluescript KS+

None

35445

pRSII409

HIS2

None

pBluescript II

None

35446

EcoRV, BstXI

35447

SK+
pRSII312

ADE2

CEN6/ARSH4

pBluescript KS+
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pRSII412

ADE2

CEN6/ARSH4

pBluescript II

EcoRV, BstXI

35448

SK+
pRSII313

HIS3

CEN6/ARSH4

pBluescript KS+

BstXI

35449

pRSII413

HIS3

CEN6/ARSH4

pBluescript II

BstXI

35450

SK+
pRSII314

TRP1

CEN6/ARSH4

pBluescript KS+

EcoRV, BstXI

35451

pRSII414

TRP1

CEN6/ARSH4

pBluescript II

EcoRV, BstXI

35452

SK+
pRSII315

LEU2

CEN6/ARSH4

pBluescript KS+

EcoRV, BstXI

35453

pRSII415

LEU2

CEN6/ARSH4

pBluescript II

EcoRV, BstXI

35454

SK+
pRSII316

URA3

CEN6/ARSH4

pBluescript KS+

EcoRV

35455

pRSII416

URA3

CEN6/ARSH4

pBluescript II

EcoRV

35456

SK+
pRSII318

ADE1

CEN6/ARSH4

pBluescript KS+

None

35457

pRSII418

ADE1

CEN6/ARSH4

pBluescript II

None

35458

SK+
pRSII319

HIS2

CEN6/ARSH4

pBluescript KS+

None

35459

pRSII419

HIS2

CEN6/ARSH4

pBluescript II

None

35460

SK+
pRSII322

ADE2

2µ ORI-STB

pBluescript KS+

EcoRV, BstXI

35461

pRSII422

ADE2

2µ ORI-STB

pBluescript II

EcoRV, BstXI

35462

SK+
pRSII323

HIS3

2µ ORI-STB

pBluescript KS+

BstXI

35463

pRSII423

HIS3

2µ ORI-STB

pBluescript II

BstXI

35464

EcoRV, BstXI

35465

SK+
pRSII324

TRP1

2µ ORI-STB

pBluescript KS+
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pRSII424

TRP1

2µ ORI-STB

pBluescript II

EcoRV, BstXI

35466

SK+
pRSII325

LEU2

2µ ORI-STB

pBluescript KS+

EcoRV, BstXI

35467

pRSII425

LEU2

2µ ORI-STB

pBluescript II

EcoRV, BstXI

35468

SK+
pRSII326

URA3

2µ ORI-STB

pBluescript KS+

EcoRV

35469

pRSII426

URA3

2µ ORI-STB

pBluescript II

EcoRV

35470

SK+
pRSII328

ADE1

2µ ORI-STB

pBluescript KS+

None

35471

pRSII428

ADE1

2µ ORI-STB

pBluescript II

None

35472

SK+
pRSII329

HIS2

2µ ORI-STB

pBluescript KS+

None

35473

pRSII429

HIS2

2µ ORI-STB

pBluescript II

None

35474

SK+

New pRS plasmids with drug resistance markers for PCR-mediated
gene disruption/deletion
The introduction of the plasmid pRS400 made drug selection possible for users of
the pRS series seeking to either disrupt or delete sequences of interest in the budding
yeast genome by PCR-mediated homologous replacement (Brachmann et al., 1998).
pRS400 (Figure 22A) contains a heterologous kanMX4 module (Wach et al., 1994) in
which the E. coli transposon Tn903 kan gene (Grindley and Joyces, 1980) is under the
control of the constitutive Ashbya (Eremothecium) gossypii TEF1 promoter. Tn903 kan
encodes

aminoglycoside

phosphotransferase,

which

confers

resistance

to

kanamycin/G418 by phosphorylating the antibiotic (Oka et al., 1981). It should be noted,
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however, that the kanMX4 cassette in pRS400 is oriented in the opposite direction to
what its Genbank sequence (accession no. U93713.1) indicates (Figure 22A).
In order to expand the repertoire of drug resistance markers in the pRS plasmid
series, we replaced the kanMX4 cassette of pRS400 with MX4 cassettes containing drug
resistance genes from other commonly used plasmids (Goldstein and McCusker, 1999;
Gueldener et al., 2002) and generated four new pRS plasmids that will also be made
available through Addgene (Table 10 and Figure 22B): (1) pRS40B contains the gene ble,
originally cloned from transposon Tn5 isolated from Klebsiella pneumoniae, which
encodes a protein that binds with high affinity to phleomycin/bleomycin family
antibiotics (Gatignol et al., 1987; Genilloud et al., 1984) such as Zeocin (Invitrogen); (2)
pRS40H

contains

hph

from

K.

pneumoniae,

which

encodes

hygromycin

B

phosphotransferase for hygromycin B resistance (Gritz and Davies, 1983); (3) pRS40N
contains

nat1,

from

Streptomyces

noursei,

which

encodes

nourseothricin

N-

acetyltransferase for resistance towards nourseothricin, a mixture of streptothricins
(Krügel et al., 1993); (4) pRS40P contains pat, from Streptomyces viridochromogenes, which
encodes phosphinothricin N-acetyltransferase for resistance to bialaphos (Strauch et al.,
1988; Wohlleben et al., 1988), to make pRS40P. When using the above drugs to select for
yeast transformants, we recommend referring to previously suggested drug
concentrations and media recipes for guidelines (Gatignol et al., 1987; Goldstein and
McCusker, 1999; Wenzel et al., 1992). We successfully tested our new drug resistance
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plasmids by targeted replacement of the ADE2 gene (Figure 23 and Table S5) in the
wild-type yeast strain S288C (Mortimer and Johnston, 1986) and have included selection
conditions that we used in Materials & Methods.
There are now a total of five drug resistance MX4 markers and 10 prototrophic
markers (MET15, ADE2, HIS3, TRP1, LEU2, URA3, LYS2, ADE1, HIS2 and ADE8) that
can be amplified using a single pair of oligonucleotides (examples given in Table 7) from
known pRS/pRSII plasmids (Brachmann et al., 1998; Sikorski and Hieter, 1989; Tomlin et
al., 2001) for targeted homologous replacement in budding yeast. A suggested PCR
protocol compatible with all pRS/pRSII plasmids is provided in Materials & Methods.
As many of the drugs used for selection are compatible with minimal media, it is
possible to design double selection schemes involving both nutritional and drug
selection. Marker exchange within a deletion/disruption strain is also possible using the
same pair of oligonucleotides; given the identical TEF1 promoter and terminator
regulatory sequences found in all MX cassettes (Wach, 1996; Wach et al., 1994),
exchanging one cassette for another is particularly efficient (Goldstein and McCusker,
1999). Additionally, the absence of cross-resistance between the antibiotic resistance
markers also allows for strains carrying more than one marker to be selected for on
media containing two or more drugs (Goldstein and McCusker, 1999).
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Figure 22. Features of pRS400 and plasmids derived from it carrying dominant
drug resistance MX4 cassettes that can be amplified by PCR for gene
disruption/deletion in yeast.
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(A) Restriction maps of pRS400 with kanMX4 cassette for G418 resistance, based on
existing Genbank (left) and experimentally-derived (right) nucleotide sequences. The
orientation of the kanMX4 cassette is inverted in the Genbank sequence. (B) New MX4
plasmids derived from pRS400. Top, pRS40B with bleMX4 cassette for phleomycin
resistance (left) and pRS40H with hphMX4 cassette for hygromycin B resistance (right).
Bottom, pRS40N with natMX4 cassette for nourseothricin resistance (left) and pRS40P
with patMX4 cassette for bialaphos resistance (right). Unique restriction sites are shown
in black while the NcoI sites we found to be non-unique in the patMX4 cassette are
shown in red; isoschizomers are also indicated.
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Table 10. pRS400-based drug resistance MX4 marker plasmids
Plasmid

Drug

Species of origin for

Source plasmid

name

resistance

resistance gene

for MX4 cassette

Klebsiella pneumoniae,

pUG66 (Gueldener

transposon Tn5

et al., 2002)

Klebsiella pneumoniae

pAG32 (Goldstein

Addgene ID

gene in MX4
cassette
pRS40B

rpRS40H

ble

hph

35478

35479

and McCusker,
1999)
pRS40N

nat1

Streptomyces noursei

pAG25 (Goldstein

35480

and McCusker,
1999)
pRS40P

pat

Streptomyces

pAG29 (Goldstein

viridochromogenes

and McCusker,

35481

1999)

ADE2 deletion by PCR-based homologous recombination using pRS40B/H/N/P
The new pRS400-derived plasmids were tested by using them to replace the
ADE2 gene in the yeast genome with the respective PCR-amplified MX4 drug resistance
cassettes (Figure 22). pRS400 (Brachmann et al., 1998) was used as a positive control.
pRS40B, pRS40H and pRS40N were used successfully to replace ADE2 in the wild-type
strain S288C (Mortimer and Johnston, 1986) (Table 11). Importantly, all resulting Adetransformants were verified by PCR to carry the respective MX4 cassette at the ADE2
genomic locus (data not shown). The results for patMX4 transformations were
inconsistent due to unforeseen difficulties with our bialaphos media.
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Figure 23. PCR amplification of MX4 markers from pRS400 and its new
derivatives for targeted replacement of ADE2 in the S. cerevisiae genome.
Aside from pRS400 (kanMX4), the other plasmid templates are listed in Table 6 with the
corresponding drug resistance genes. The sequences of the ADE2-specific
oligonucleotide primers used are listed in Table 3. As noted in Materials & Methods, the
addition of 5% DMSO to the PCR is required to amplify natMX4 and patMX4. Control
PCRs lacking a template plasmid were run to demonstrate specificity. For the PCRs
containing 5% DMSO, 2.0 µl was used for agarose gel electrophoresis while 5.0 µl was
used from all the other PCRs; 0.5 µg of Invitrogen 1 kb DNA ladder was run on the same
gel.
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Table 11. Total numbers of S288C ade2∆
∆ transformants obtained with MX4 casettes
amplified from pRS400-derived plasmids
PCR product used for

Total number of drug-

Number of drug-resistant,

transformation

resistant transformants

ade2∆
∆ transformants

isolated
ade2∆::bleMX4

57
b

a

11
b

24

1

ade2∆::hphMX4

8

3

ade2∆::natMX4

4

2

ade2∆::kanMX4

14

6

Numbers shown are the totals obtained from two independent transformations.
a
Following two rounds of drug selection to reduce false positives
b
Numbers obtained when cells were incubated on ice for 1 h after recovery in YEPD prior to
plating

Errors in publicly available sequences for existing yeast plasmids
In addition to the errors in existing sequences for plasmids that we have
described earlier in this report, we have observed inconsistencies in existing sequence
data available for several other yeast plasmids we worked with in the course of this
study. Errors were sometimes first detected by unexpected differences observed in the
number and sizes of restriction fragments but a large number were first determined by
Sanger sequencing, such as during the construction of pRSII304. Sequencing the pRS
plasmids was necessary to verify suspected errors as the restriction maps and sequences
for the first pRS plasmids were generated based on published sequences of their
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components available at the time (Sikorski and Hieter, 1989). Plasmids were sequenced
using the oligonucleotide primers listed in Table 8 and errors were verified by
sequencing related plasmids for comparison. For example, errors identified in the
pRS402 Genbank sequence were verified by sequencing pRS412 and pRS422. Errors in
the backbone sequence common across the pRS series were also identified in this way.
Our findings reinforce sequence errors that have been reported elsewhere for pRS416
and pRS426 (Tomlin et al., 2001) as well as the HIS3-marked pRS vectors (http://genomewww.stanford.edu/vectordb/vector.html). We have included details of the most
significant errors we determined in sequences deposited in public databases such as
Genbank below and have listed sequences in need of updating in Table 12. Accurate
sequence data will greatly benefit cloning using the affected plasmids.
pRS303/403 (HIS3) series
As

has

been

pointed

out

on

VectorDB

(http://genome-

www.stanford.edu/vectordb/vector.html), the HIS3 marker found in the pRS3x3/4x3
plasmids matches the HIS3 genomic sequence found on SGD; however, the current
Genbank sequences for these plasmids indicates that the HIS3 marker sequence is
instead identical to that of the annotated HIS3 gene sequence found on Genbank
(X03245). Hence, there is a previously undocumented SfiI site present in the HIS3 marker
of the pRS3x3/4x3 plasmids. Additionally, the NdeI site within the HIS3 marker sequence
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is unique as we have determined that the second NdeI site flanking the 3’ end of HIS3 in
the Genbank sequences of pRS303 and pRS313 (Table 8) does not exist.
Table 12. Existing publicly available sequences for yeast shuttle vectors in need of
correction
Plasmid

Database where

Current

name

sequence is stored

accession/version

Last updated

number

pRS303

Genbank

U03435.1

Sep 14, 1995

pRS313

Genbank

U03439.1

Sep 14, 1995

pRS304

Genbank

U03436.1

Sep 14, 1995

pRS314

Genbank

U03440.1

Sep 14, 1995

pRS305

Genbank

U03437.1

Sep 14, 1995

pRS315

Genbank

U03441.1

Sep 14, 1995

pRS306

Genbank

U03438.1

Sep 14, 1995

pRS316

Genbank

U03442.1

Sep 14, 1995

pRS402

Genbank

U93717.1

Sep 3, 1997

pRS412

Genbank

U93718.1

Sep 3, 1997

pRS422

Genbank

U93719.1

Sep 3, 1997

pRS403

Genbank

U03443.1

May 24, 1995
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a

pRS413

Genbank

U03447.1

May 24, 1995

pRS423

Genbank

U03454.1

May 24, 1995

pRS404

Genbank

U03444.1

May 24, 1995

pRS414

Genbank

U03448.1

May 24, 1995

pRS424

Genbank

U03453.1

May 24, 1995

pRS405

Genbank

U03445.1

May 24, 1995

pRS415

Genbank

U03449.1

May 24, 1995

pRS425

Genbank

U03452.1

May 24, 1995

pRS406

Genbank

U03451.1

May 24, 1995

pRS416

Genbank

U03450.1

May 24, 1995

pRS426

Genbank

U03451.1

May 24, 1995

pRS400

Genbank

U93713.1

Sep 3, 1997

pAG25

EUROSCARF

a

P30104

N.A.

pAG29

EUROSCARF

P30105

N.A.

pAG32

EUROSCARF

P30106

N.A.

pUG66

Genbank/EUROSCARF

AF298794.1/ P30116

Mar 11, 2002

European Saccharomyces cerevisiae Archive for Functional Analysis
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pRS304/404 (TRP1) series
The sequences immediately flanking the TRP1 marker in the pRS3x4 and pRS4x4
plasmids are missing insertions of six and four nucleotides, respectively. As a
consequence, the AlfI site that flanks the 3’ end of the TRP1 marker (closest to the MCS)
in the pRS304 and pRS314 Genbank sequences (Table 8) does not exist.
pRS305/405 (LEU2) series
The LEU2 marker found in the pRS series plasmids matches the LEU2 genomic
sequence found on SGD. Additionally, there is an undocumented AgeI site that flanks
the LEU2 marker on its 5’ end (closest to the MCS) in the pRS3x5/4x5 plasmids; the XhoI
site that flanks this end of the LEU2 marker in the pRS305 and pRS315 Genbank
sequences (Table 8) does not exist.
pRS306/406 (URA3) series
The BseYI and GsaI sites closest to the KpnI site of the MCS in the pRS306 and
pRS316 Genbank sequences (Table 8) do not exist.
pRS400 (kanMX4)
As shown in Figure 4, the kanMX4 cassette in this plasmid is oriented in the
opposite direction to that which its Genbank seqeuence (Table 8) indicates.
pAG25
Nucleotide #89 in this plasmid’s EUROSCARF sequence (Table 8) is C and not T.
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pAG29
We determined 10 points of disagreement with the nucleotide sequence of the
patMX4 cassette in the EUROSCARF for pAG29 (Table 8), including two additional
nucleotides that form part of an additional undocumented NcoI site at nucleotide #458
(Figure 4C). The NcoI site missing from the plasmid sequence was introduced

during construction of the patMX4 cassette by the addition of a glycine codon
between the ATG start codon and the second codon of the pat gene, which
encodes a serine residue (Goldstein and McCusker, 1999). Its omission from the
plasmid sequence causes a truncated ORF being identified by sequence analysis
software that encodes a 151 amino acid polypeptide whereas the actual ORF
encodes

a

184

amino

acid

protein

(Streptomyces

viridochromogenes

phosphinothricin N-acetyltransferase with an additional glycine residue at its Nterminus following the initiating methionine).
pAG32
Nucleotide #89 in the EUROSCARF sequence (Table 8) is C and not T and
nucleotide #284 is G and not A. Thus, the PstI site that encompasses #284 does not exist.
pUG66
There are three single nucleotide differences with the EUROSCARF sequence
(Table 8) and a six nucleotide insertion at nucleotide #489. As a result, a previously
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undocumented BsaBI site (albeit one that overlaps with a dam methylation site) exists at
#533.

pRS backbone plasmids for generating future pRS plasmids with new
yeast-selectable markers
As mentioned above, using the updated sequences for the ADE2-marked pRS
plasmids, we were able to excise the additional undesired pRS reverse primer binding
site and generate pRS backbone vectors with a unique BglII site for the insertion of new
marker sequences. Similarly, the updated sequence data that we have collected has
allowed us to generate a second set of pRS backbone vectors with a unique AgeI site by
excising the LEU2 marker from LEU2-marked pRS plasmids using Tth111I and AgeI, and
subsequently recircularizing the backbone; the presence of an AgeI site flanking the
LEU2 marker in pRS305/315/405/415/425 was previously undocumented. Previous
efforts to build new pRS plasmids with novel yeast-selectable markers involved lengthy
cloning processes with multiple steps (Eriksson et al., 2004; Tomlin et al., 2001). With
two non-overlapping sets of restriction enzymes that generate cohesive ends compatible
with either BglII or AgeI, our new backbone vectors provide greater flexibility and
should simplify the construction of future pRS/pRSII plasmids with additional yeastselectable markers. Our new backbone vectors are also intended to complement the
existing markerless pRS plasmids pJK142 (integrating), pGC25 (CEN) and pGC26 (2µ)
(Brachmann et al., 1998) which have a unique NdeI site for inserting yeast-selectable
markers.
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We hope that the new yeast plasmids introduced in this report as well as the
updated sequences for existing plasmids will provide a sufficiently complete and costeffective set of tools for investigators who are starting research projects that will employ
budding yeast as a model. We also hope that they will facilitate the development of new
molecular genetic tools for yeast research by our group as well as by others.
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4. Negative regulation of SPB separation timing by
putative Cdk1 phosphorylation of the basic N-terminal
extension to the Kip1 motor domain
4.1 Introduction
The kinesin-5 Kip1 has historically been considered the less important of the two
kinesin-5 motors expressed in Saccharomyces cerevisiae based on the general lack of strong
observable phenotypes in kip1∆ strains (Chee and Haase, 2010; Roof et al., 1992). In
contrast, the absence of its paralogue, Cin8, is associated with increased temperaturesensitivity, chromosome instability and defective spindle assembly (Chee and Haase,
2010; Saunders and Hoyt, 1992). As discussed in the Chapter 2, Kip1 has, however,
proven to be more tractable than Cin8 for genetic analysis of the consequences of Bcyclin/CDK phosphoryation on kinesin-5 function in spindle assembly. Aside from its
functions in SPB separation and spindle assembly, and in spindle elongation during
anaphase (Chee and Haase, 2010; DeZwaan et al., 1998; Gordon and Roof, 2001; Roof et
al., 1992), Kip1 has only been reported to play a unique role in 2µ circle inheritance,
which does not involve Cin8 (Cui et al., 2009). In contrast, Cin8 has been reported to
have interact genetically with a broad range of biological processes (Geiser et al., 1997;
Korolyev et al., 2005), which has complicated attempts to study how its spindle
functions are regulated by B-cyclin/CDK phosphorylation (Avunie-Masala et al., 2011;
Chee and Haase, 2010).
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As described in Chapter 2, we have previously reported evidence for the positive
regulation of Kip1 function in SPB separation by B-cyclin/CDK phosphorylation (Chee
and Haase, 2010). Using a combination of genetic and biochemical techniques, we
proposed that phosphorylation of Kip1 at Ser 388, Ser 1037 and Thr 1040 promotes SPB
separation, probably by enhancing some aspect of its motor function. I was interested,
however, in conducting further genetic analysis of the consequences of phosphorylation
by Cdc28 at other consensus CDK sites. For example, our mass spectrometry analysis
did not yield detectable peptide fragments containing the N-terminal consensus CDK
sites Ser 27 and Thr 38, and mutating those individually did not yield temperaturesensitive phenotypes.
The N-terminus of Kip1 is, however, intriguing for a number of reasons. The Nterminal 50 amino acids form an extension to the conserved motor domain core that
bears considerable resemblance in its physico-chemical properties to the 80 amino acid
N-terminal extension (Nte) of the Aspergillus nidulans kinesin-5, BimC. The Nte of BimC
has been shown to form a microtubule (MT)-binding site independent of the core motor
domain (Stock et al., 2003) due to its high positive charge and extended conformation (+8
net charge); the Kip1 Nte is also positively charged (+4 net charge) (Figure 24A).
Moreover, there are also two closely spaced consensus CDK sites in the BimC Nte (Ser
38 and Ser 56). Although the phosphorylation of BimC has never been studied,
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phosphorylation of both of these CDK sites should significantly reduce the Nte’s affinity
for the negatively-charged surface of MTs by eliminating its positive charge.
Positively-charged surface loops have been shown to be important for the
function of kinesins such as monomeric kinesin-3 motors like KIF1A that require
tethering to the acidic C-terminal E-hook of tubulin to prevent their dissociation from
MTs in their ADP-bound state (Adio et al., 2006; Okada and Hirokawa, 2000; Rogers et
al., 2001). The MT-depolymerizing kinesin-13 motors such as MCAK been shown to
utilize a positively-charged neck linker to stay associated with microtubules even as they
depolymerize them from their plus ends (Overchkina et al., 2002). Cases of regulation of
such positively-charged clusters by phosphorylation have also been reported in the
literature. The positively-charged neck of MCAK has been shown to be phosphorylated
by Aurora B kinase, which inhibits MCAK localization to centromeres and also inhibits
its MT-depolymerizing activity (Weijie et al., 2004). Another example is the kinesin-6 (H.
sapiens MKLP1 or C. elegans ZEN-4) mentioned in Chapter 1 (Mishima et al., 2004). The
positively-charged N-terminal extension of MKLP1 (+7 net charge)/ZEN-4 (+4 net
charge) has been shown to be phosphorylated by cyclin B/Cdk1, which reduces the
affinity of kinesin-6 motors for MTs and inhibits their localization to the spindle, hence
preventing premature central spindle assembly.
In this chapter, I present evidence which suggests the Nte of Kip1 may be
regulated by CDK phosphorylation, in addition to its motor and tail domains.
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Phosphorylation of the Kip1 Nte, in an analogous fashion to the inhibitory
phosphorylation of the Nte of MKLP1/ZEN-4, seems to inhibit premature SPB
separation in the absence of Cin8, which suggests that Kip1 phosphorylation state may
differ prior to and during SPB separation.

4.2 Materials & Methods
Yeast strains and media
The strains used in this study are listed in Table 13. All strains used are
derivatives of BF264-15Daub (Kaiser et al., 1999), a bar1∆ ura3∆ns derivative of BF26415D (MATa ade1 his2 leu2-3,112 trp1-1a) (Reed et al., 1985). Strains were constructed by
standard yeast methods detailed below. Yeast cultures were grown in standard YEPdextrose medium (1% yeast extract, 2% peptone, 0.012% adenine, 0.006% uracil
supplemented with 2% dextrose) except during transformations involving nutritional
selection. Prototrophic transformants were selected for by plating on synthetic complete
dextrose dropout plates (0.67% yeast nitrogen base, 2% dextrose, 2% agar) lacking the
appropriate amino acid or nucleobase. Plate media were prepared by adding 2% agar.
For synchrony experiments, bar1 strains were arrested with 20 ng/ml α mating
pheromone, also known as α-factor (BioVectra). For timecourse experiments involving
fluorescence microscopy, YEP broth medium was supplemented with an additional
0.003% adenine (0.015% final).
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Table 13. Yeast strains used in this chapter
Strain
SBY1038

Genotype

Source

MATa bar1 TRP1::ble::SPC42-EGFP kip1∆::kanMX4

Chee & Haase

LEU2::KIP1-mCherry URA3::PHIS3-CFP-TUB1
SBY1064

SBY1139

(2010)

MATa bar1 TRP1::ble::SPC42-EGFP kip1∆::kanMX4

Chee & Haase

LEU2::KIP1-mCherry URA3::PHIS3-CFP-TUB1 cin8∆::hphMX4

(2010)

MATa bar1 TRP1::ble::SPC42-EGFP kip1∆::kanMX4

This study

S27A, T38A

LEU2::kip1

-mCherry URA3::PHIS3-CFP-TUB1

cin8∆::hphMX4

SBY1501

MATa bar1 TRP1::ble::SPC42-EGFP kip1∆::kanMX4

This study

∆Nte

LEU2::kip1

--mCherry URA3::PHIS3-CFP-TUB1

cin8∆::hphMX4

SBY1807

MATa bar1 TRP1::ble::SPC42-EGFP kip1∆::kanMX4
S27D, T38D

LEU2::kip1

This study

-mCherry URA3::PHIS3-CFP-TUB1

cin8∆::hphMX4
All strains are derivatives of 15Daub.

Plasmid construction and DNA manipulation
Standard techniques were used for DNA manipulation as previously described
in Chapter 2 and 3. The Kip1 S27A and T38A-encoding mutations were first introduced
into pDrive-KIP1-12MYC (Chee and Haase, 2010) by two rounds of site-directed PCR
mutagenesis as previously described in Chapter 2 (Chee and Haase, 2010). The S27A and
T38A oligonucleotide primers used are listed in Table 2. pDrive-kip1S27A,T38A-12MYC was
subsequently cut with BseRI and XbaI to excise a 3.5 kb fragment including kip1T413A12MYC which was subsequently ligated to pDrive-KIP1(native) cut with the same two
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enzymes to yield pDrive-PKIP1-kip1T413A-12MYC. pDrive-PKIP1-kip1S27A,
constructed in turn by restricting pDrive-PKIP1-kip1S27A,

T38A

T38A

-mCherry was

-12MYC with AccI and XbaI

before ligation to the 1.0 kb AccI-XbaI fragment from pDrive-KIP1-mCherry containing
the 3’ end of KIP1 fused to the mCherry sequence.
The S27D and T38D phosphomimetic mutations were introduced into pDrivePKIP1-KIP1-mCherry by two rounds of site-directed PCR mutagenesis using the following
primers:
kip1 S27D FP: 5’-CCATTGCACATGCTCCAGATCCAAGTCTTTCAAATGGGA-3’
kip1 S27D RP: 5’-TCCCATTTGAAAGACTTGGATCTGGAGCATGTGCAATGG-3’
pDrive-PKIP1-kip1S27D, T38D-mCherry was subsequently digested with KpnI and NdeI
to excise the KIP1 promoter along with part of the kip1S27D,

T38D

allele. This KpnI-NdeI

fragment was then ligated to pRS305T- PKIP1-KIP1-mCherry to generate pRS305T- PKIP1kip1S27D, T38D-mCherry.
The deletion of the sequence encoding amino acid residues 2-48 of Kip1 in
pDrive-PKIP1-KIP1-mCherry was carried out with splicing by overlap extension (SOE)
PCR

(Heckman

and

Pease,

2007)

using

KOD

Hotstart

DNA

polymerase

(Toyobo/Novagen/EMD Chemicals). The primers used for SOE PCR are listed in Table
13. The SOE PCR product was digested with KpnI and MfeI, then ligated to pDrive-PKIP1KIP1-mCherry cut with the same two enzymes. The resulting plasmid was called pDrivePKIP1-kip1∆Nte-mCherry.
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Table 14. Sequences of oligonucleotide primers used to construct PKIP1-kip1∆NtemCherry by SOE PCR
Primer name

Primer sequence

KIP1 SOE FP a (KIP1 5’

5’-CGGGTACCGGATCCGTTGGTCGCTATTCACGGAAT-3’

promoter FP)
KIP1 SOE RP b

5’-GGAGTCTGACATGATTGTTTAACTATCTCG-3’

KIP1 SOE FP c

5’-GTTAAACAATCATGTCAGACTCCAATATACATGTAT-3’

KIP1

SOE

RP

d

(KIP1

5’-CGTCATACCACCTAAAGAGT-3’

sequencing reverse 1)
Primers are named according to the protocol of Heckman & Pease (2007).

pRS305∆KE is a predecessor of pRSII305 (Chapter 3) (Chee and Haase, 2012) that
was derived from pRS305 (Sikorski and Hieter, 1989) by replacing the BsrGI-BstEII
fragment of its LEU2 marker with the BsrGI-BstEII fragment of the LEU2 marker from
YIplac128 (Gietz and Sugino, 1988). As a result, the KpnI and EcoRI sites within the LEU2
marker of pRS305 were removed and the KpnI and EcoRI sites within the MCS were
rendered unique; the LEU2 marker remains fully functional. pRS305∆KET, which contains
the ADH1 terminator, was generated by replacing the LEU2 marker of pRS305T
(Chapter 2) (Chee and Haase, 2010) in a similar manner. pDrive-PKIP1-kip1∆Nte-mCherry
was digested with KpnI and XbaI to excise PKIP1-kip1∆Nte-mCherry, which was
subsequently ligated to pRS305∆KET. PKIP1-kip1S27A, T38A-mCherry was cloned into pRS305T
earlier on KpnI/XbaI ends.
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Yeast transformation and strain construction
Strains were generated by standard high-efficiency yeast transformation
methods employing LiAc, PEG and single-stranded salmon sperm DNA (Gietz and
Schiestl, 2007; Gietz and Woods, 2001). The integration of pRS305T and pRS305∆KET
plasmids at the LEU2 locus of the yeast genome was carried out by linearizing the
plasmids with AflII before transformation, as previously described in Chapter 2 (Chee
and Haase, 2010). The targeted deletion of CIN8 by PCR was carried out as previously
described in Chapter 2 (Chee and Haase, 2010).

Immunoblotting
As described in chapter 2, cell samples for protein extraction were collected by
centrifugation and the pellets were washed with ice-cold PBS before being snap-frozen
in liquid nitrogen. Lysates were prepared by vortexing cells with acid-washed glass
beads (Sigma-Aldrich) in modified RIPA buffer with slight changes to the recipe
described in Chapter 2 (50 mM Tris-HCl pH 7.5, 20 mM Na4P2O7, 250 mM NaCl, 50 mM
NaF, 1% nonyl-phenoxy-polyethoxylethanol (Tergitol type NP-40), 2 mM EDTA, 1 mM
Na3VO4, 1 mM DTT, 1.25 mM benzamidine hydrochloride, 1 mM PMSF, 1 µg/ml each
leupeptin, aprotinin, pepstatin A, and antipain). Lysates were cleared by centrifugation
at 4°C (16,000 rcf for 15 min), and the protein content of the cleared lysates was
determined by measuring A280 with a Biophotometer (Eppendorf).
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For sizing Cin8, proteins were separated by reducing SDS-PAGE on 6% Tris-HCl
gels using the method of Laemmli (Laemmli, 1970) for an extended time until the 100
kDa protein standard had migrated to near the bottom of the gel. The separated proteins
were transferred to Immobilon-P (Millipore) PVDF membranes for antibody probing.
Cin8-myc12 constructs were detected with mouse anti-c-Myc clone 9E10 (Santa Cruz
Biotechnology) and horseradish peroxidase-conjugated goat anti-mouse (Pierce ThermoScientific). The endogenously biotinylated proteins Pyc1 and Pyc2 (both 130 kDa), along
with Acc1 (250 kDa) and Hfa1 (240 kDa) were detected with HRP-conjugated
streptavidin (Amersham Biosciences) for use as loading and size controls. Blots were
visualized with Supersignal West Pico chemiluminescent substrate (Pierce ThermoScientific) and medical X-ray film (Fuji). Immunoblots were washed with deionized
water according to the method of Wu et al. (Wu et al., 2002).

Synchronized temperature shift time courses
Cells were grown in YEPD medium overnight at 25°C (permissive temperature)
and then diluted to a density of 1 x 107 cells/ml. They were subsequently arrested with
α-factor. Arrested cultures were divided in two halves and one half was moved to 37°C
for 15 min (restrictive temperature) while the other half remained at 25°C. Cells were
then released into YEPD pre-warmed to the respective temperatures.
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Fluorescence microscopy
Cells

collected

during

time

course

experiments

were

fixed

with

paraformaldehyde as described in Chapter 2 (Chee and Haase, 2010). Fluorescence
microscopy was performed as previously described in Chapter 2 to count SPBs in fixed
cells (Chee and Haase, 2010).

4.3 Results & Discussion
Kip1 contains a unique basic N-terminal extension not present in
Cin8
Although Kip1 and BimC contain clusters of positively-charged residues at their
respective N-terminus, this does not appear to be a feature common to all kinesins-5. X.
laevis Eg5, for example, which has been observed to undergo both diffusive and
directional movement along MTs in vitro (Kapitein et al., 2008), was proposed to mediate
diffusive possibly by using positively-charged loops in the Eg5 motor domain that
would bind electrostatically to the negatively-charged tail of tubulin (Tomishige, 2008).
However, there is no evidence of such loops being present in Eg5’s motor domain, and
its N-terminus is relatively short (17 residues, net charge of +1) unlike those of Kip1 and
BimC (Figure 24A).
When the CIN8 gene was first discovered, the open reading frame (ORF) was
thought to encompass 3114 nucleotides, encoding a 1038 amino acid residue protein
(Hoyt et al., 1992). The CIN8 annotation was updated in 2003 to based on the findings of
two separate comparative phylogenetic analyses (Cliften et al., 2003; Kellis et al., 2003)
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and the ATG start codon was postulated to lie 114 nucleotides downstream of the
original predicted start codon, which meant that CIN8 was now predicted to encode a
1000 amino acid protein. The comparisons with genomic sequences from closely related
Saccharomycetales species highlighted the fact that the downstream ATG is the
predicted start codon in the majority of Saccharomyces species orthologues analyzed.
Moreover, significant sequence conservation begins abruptly at the downstream
predicted start codon.
Unlike Kip1, Cin8 as currently annotated on the Saccharomyces Genome Database
(SGD) has a 34 amino acid Nte made up mostly of uncharged residues and carries a net
negative charge (Figure 24A). The old annotation for Cin8, however, suggests the
presence of a basic 72 amino acid Nte (+5 net charge). Given the significant influence on
kinesin motor function that the Nte of BimC has been demonstrated to have (Stock et al.,
2003) and since most studies published after 2003 still use the original CIN8 annotation
(Avunie-Masala et al., 2011; Crasta et al., 2006; Gerson-Gurwitz et al., 2011; Hildebrandt
et al., 2006; Roostalu et al., 2011), it is important to determine which ATG serves as the
initiating codon in vivo.
In order to express both the longer and shorter predicted Cin8 proteins in yeast,
we placed both the original and the current predicted CIN8 ORF, fused to a 3’ tag
sequence coding for 12 copies of the c-myc epitope, under the control of the copperinducible CUP1 promoter with an optimal Kozak sequence (AAA) preceding the

173

respective start codons (ATG) to bias translation to initiate there. In the absence of
copper ions (Cu2+), the CUP1 promoter drives Cin8 expression at roughly similar levels
to endogenous Cin8 in an asynchronous population (Figure 24B). This allowed me to use
SDS-PAGE and western blotting to compare the size of the endogenous Cin8 protein
with the sizes of the longer and shorter Cin8 translation products. As shown in Figure
24B, endogenous Cin8 migrates at the same rate as the smaller predicted Cin8 protein.
There is no evidence that the larger Cin8 protein predicted by the original CIN8
annotation is expressed in vivo. Therefore, the basic Nte appears to be exclusive to Kip1
in S. cerevisiae. Henceforth, I refer to the 38 additional amino acids in the original Cin8
sequence (Figure 24A) as the Cin8 HOAX (Hoyt’s Original Annotation eXtension).
In contrast to Kip1, Cin8 features a greatly enlarged loop L8 (Chapter 2, Figure
17) (Avunie-Masala et al., 2011; Chee and Haase, 2010) not known to exist in the majority
of known kinesin-5 motors. Loop L8, which is generally 7-8 amino acids in length in the
kinesin-5 family, is thought to form part of the kinesin motor domain’s microtubule
binding surface (Alonso et al., 1998; Woehlke et al., 1997) but Cin8 has a L8 that is about
105 amino acids in length that is highly basic (+10 net charge) that may form an
independently-folding subdomain for binding microtubules electrostatically. The charge
of loop L8 of Cin8 may also be modified by phosphorylation; there are two consensus
CDK phosphorylation sites present in the loop, in addition to two other in vivo
phosphorylation sites identified by mass spectrometry (Table 3).
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Figure 24. Kip1 contains a basic Nte with consensus CDK phosphorylation sites that is absent from Cin8.

(A) N-terminal amino acid sequences of a selection of kinesin-5 motors as well as human kinesin-1 for comparison. Basic
residues are highlighted in blue, acidic residues in red, and the net charge of the N-terminal extension to the motor domain is
indicated. Consensus CDK sites (S/T-P) are underlined. (B) SDS-PAGE mobility of endogenous Cin8 compared with Cin8
expressed from two different predicted translation start sites. Lysates were generated from asynchronous populations of four
different yeast strains: a wild-type control strain, a strain with Cin8 tagged by PCR at its endogenous locus with 12 copies of
the c-myc epitope, and two strains expressing either the current SGD-annotated Cin8 or the original Hoyt et al.(1992)annotated Cin8 fused to myc12 (PCUP1-CIN8-12MYC and PCUP1-HOAX-CIN8-12MYC, respectively). Proteins were separated by
SDS-PAGE and subjected to western blotting. Streptavidin-HRP was used to provide both a size and loading control (see 4.2
Materials & Methods).
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The Kip1 Nte is important but not essential to SPB separation in the
absence of Cin8
The biophysical and biochemical characterization of the BimC Nte has not been
followed by studies of the Nte’s significance to the in vivo function of BimC. To
determine if the Nte is essential to Kip1’s ability to support cell proliferation in the
absence of Cin8, I constructed a truncation mutant of Kip1, Kip1∆Nte, in which amino acid
residues 2-48 were deleted. By using a spot assay, I found that cells dependent on
Kip1∆Nte-mCherry as their only kinesin-5 were able to proliferate and form colonies on
YEPD plates even at 37°C, although the colonies were noticeably smaller than those of
cells expressing Kip1-mCherry as their only kinesin-5 (data not shown).
Next, I tested the ability of Kip1∆Nte, to drive SPB separation in the absence of
Cin8 (Figure 25B). I arrested cells in G1 with α-factor at 25°C and then subsequently
released them at either 25°C or 37°C (restrictive temperature) and monitored SPB
separation over time by fluorescence microscopy. Budding kinetics observed for kip1∆NtemCherry cin8∆ cells were similar to KIP1-mCherry cin8∆ cells. As for SPB separation,
kip1∆Nte-mCherry cin8∆ cells were significantly delayed in initiating separation but
reached a similar peak for percentage separation (~62%) as KIP1-mCherry cin8∆. At 37°C,
SPB separation occurred at similar rates in both strains at the beginning, but peaked
earlier and at a lower level in kip1∆Nte-mCherry cin8∆ cells (~33% compared with ~50%).
Hence, the Nte of Kip1 appears to not be essential for it to drive SPB separation;
however, the Nte appears to be required for normal Kip1 function in spindle assembly
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as its truncation leads to a reduction in both the rate and extent of SPB separation in the
absence of Cin8.

Figure 25. Impaired SPB separation in cells dependent on Kip1∆Nte as their only
kinesin-5.
Cells were first synchronized in G1 with α-factor, and then released at either 25°C (left
column) or 37°C (right column). Time course experiments were carried out twice, and
both the percentage of budded cells (top panels for each group of strains) and the
percentage of cells with duplicated and separated SPBs (bottom panels) from a
representative experiment are shown. The time elapsed following release from α-factor
is indicated in minutes on the horizontal axis of each graph. Cells expressing wild-type
Kip1-mCherry and Cin8 (♦), cells expressing only Kip1-mCherry (□, dotted line) cells,
and cells expressing only Kip1∆Nte-mCherry (∆, dashed line); the SPBs were marked with
Spc42-GFP.
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Evidence that Kip1 function in SPB separation is negatively regulated
by phosphorylation at consensus CDK sites in its Nte
We have previously demonstrated that the ability of Kip1 to promote SPB
separation is positively regulated by Clb/Cdc28 phosphorylation of its motor and tail
domains (Chapter 2) (Chee and Haase, 2010). I had previously also determined by spot
assay that the tandem mutation of two consensus CDK phosphorylation sites in the Kip1
Nte (Ser 27 and Thr 38) to non-phosphorylatable alanine does not affect the ability of
this kinesin-5 to support cell proliferation in the absence of Cin8 (data not shown). If
both of these consensus CDK sites are phosphorylated in vivo, they would cause the Nte
to become negatively charged and weaken the binding affinity of Kip1 for MTs were it
to function analogously to the Nte of A. nidulans BimC. However, if phosphorylation of
the Kip1 Nte is blocked, the Nte would stay positively charged and presumedly
maintain a strong affinity for microtubules, which agrees with the observation that
kip1S27A, T38A cin8∆ cells are not temperature-sensitive.
To determine if the S27A, T38A tandem mutation affects the ability of Kip1 to
drive SPB separation in the absence of Cin8, I performed time courses using cells
synchronized with α-factor (Figure 26). Budding kinetics observed for kip1S27A,

T38A

-

mCherry cin8∆ cells were similar to KIP1-mCherry cin8∆ cells. However, I observed that
Kip1S27A, T38A-mCherry was far more proficient at promoting SPB separation than wildtype Kip1-mCherry. This was particularly evident at 37°C but it was clear that Kip1S27A,
-mCherry was able to promote earlier and faster SPB separation to a significantly

T38A
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greater extent than Kip1-mCherry in the absence of Cin8 at both the temperatures that
were tested. When Ser 27 and Thr 38 were mutated individually, however, no gain of
function with respect to SPB separation was observed (data not shown). This result
suggests that phosphorylation of both Ser 27 and Thr 38, potentially by Cdc28, inhibits
the ability of Kip1 to promote SPB separation.
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Figure 26. Enhanced SPB separation in cells dependent on Kip1S27A, T38A as their only
kinesin-5.
Cells were first synchronized in G1 with α-factor, and then released at either 25°C (left
column) or 37°C (right column). Time course experiments were carried out twice, and
both the percentage of budded cells (top panels for each group of strains) and the
percentage of cells with duplicated and separated SPBs (bottom panels) from a
representative experiment are shown. The time elapsed following release from α-factor
is indicated in minutes on the horizontal axis of each graph. Cells expressing wild-type
Kip1-mCherry and Cin8 (♦), cells expressing only Kip1-mCherry (▪, dotted line) cells,
and cells expressing only Kip1S27A, T38A-mCherry (, dashed line); the SPBs were marked
with Spc42-GFP.
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To test the possibility of negative regulation of Kip1 through phosphorylation of
the consensus CDK sites in its Nte, I sought to determine the effect of phosphomimetic
mutations of both Ser 27 and Thr 38 on the motor’s ability to promote SPB separation in
α-factor-synchronized cells lacking Cin8. Time course comparisons of cin8∆ strains
dependent on Kip1 mutants with Ser 27 and Thr 38 mutated to various permutations of
either Asp or Glu led me to determine that Kip1S27D, T38D shows the strongest phenotype
(data not shown). Budding kinetics observed for kip1S27D,

-mCherry cin8∆ cells were

T38D

similar to KIP1-mCherry cin8∆ cells. At 37°C, I observed that SPB separation was
noticeably delayed in kip1S27D, T38D-mCherry cin8∆ cells compared with KIP1-mCherry cin8∆
cells, although the peak of 42% separated was similar in both strains (Figure 27). At
25°C, kip1S27D, T38D-mCherry cin8∆ cells were noticeably slower than KIP1-mCherry cin8∆
cells at SPB separation, and reached a peak of only 52% separated compared with 66%.
This result suggests that phosphorylation of both Ser 27 and Thr 38 does impair the
ability of Kip1 to function in SPB separation. The milder phenotype of kip1S27D,

-

T38D

mCherry cin8∆ cells compared with kip1∆Nte-mCherry cin8∆ cells (Figure 27) could be due
to the fact that the Asp mutations cannot completely mimic the physicochemical effects
of phosphorylation; for example, the charge of the Nte would only be reduced to +2
instead of -2.
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Figure 27. Delayed SPB separation in cells dependent on phosphomimetic
Kip1S27D, T38D as their only kinesin-5.
Cells were first synchronized in G1 with α-factor, and then released at either 25°C (left
column) or 37°C (right column). Time course experiments were carried out twice, and
both the percentage of budded cells (top panels for each group of strains) and the
percentage of cells with duplicated and separated SPBs (bottom panels) from a
representative experiment are shown. The time elapsed following release from α-factor
is indicated in minutes on the horizontal axis of each graph. Cells expressing only wildtype Kip1-mCherry (□), cells expressing only Kip1S27D, T38D-mCherry (∆, dotted line) cells,
and cells expressing only Kip1∆Nte -mCherry (•, dashed line); the SPBs were marked with
Spc42-GFP.
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The strong genetic evidence for phosphoregulation of the Kip1 Nte suggests that
the regulation of Kip1 by Cdc28 is complex. Although the abundance of Kip1 protein is
low in G1 (Chee and Haase, 2010; Crasta et al., 2006; Gordon and Roof, 2001), I have
previously observed that Kip1-mCherry can be observed at the SPB in unbudded cells
(data not shown). Kip1 may be phosphorylated by different cyclin/CDK complexes
during the course of the cell cycle to inhibit premature Kip1 activity early in the cell
cycle when it may already have localized to the SPBs but to subsequently promote SPB
separation after SPB duplication is complete. Whether Kip1 motors with a
phosphorylated Nte are dephospohorylated or turned over before SPB separation and
spindle assembly begin is unclear; however, given the non-essential function of this
structure, as well as the requirement for both Ser 27 and Thr 38 to be mutated before a
gain of function was observed, it is not surprising that the negative regulation of Kip1
has eluded past screens for SPB separation-defective mutants.
To verify the genetic data, it is important to determine if the Kip1 Nte is
phosphorylated in vivo. Purifying Kip1 from yeast with an N-terminal affinity tag may
improve coverage of the Nte during mass spectrometry analysis. I will also need to
verify that the Kip1 Nte functions in MT-binding in vitro before I can investigate how
phosphorylation of Ser 27 and Thr 38 alter the motor properties of Kip1.
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5. Kinesin-5 CDK site mutants cause mitochondrial DNA
loss in Saccharomyces cerevisiae
5.1 Introduction
In this chapter, I leave behind the mitotic spindle to examine one particular
aspect of the still poorly understood question of how organelles in the cell are
duplicated and equally segregated in the course of the eukaryotic cell cycle. The
mitochondria found in eukaryotic cells are double membrane-bound organelles that
generate ATP through oxidative phosphorylation. Mitochondria are highly dynamic
structures in terms of their size, shape and morphology as well as the number of
microtubules in the cell (Merz et al., 2007; Okamoto and Shaw, 2005). Mitochondria also
contain their own genome (mtDNA) as well as their own transcription and translation
machinery (Smits et al., 2010). Multiple copies of the mitochondrial genome exist in each
cell; while there can be up to several hundreds or even thousands of copies of mtDNA in
human cells (Pakendorf and Stoneking, 2005), there are about twenty to fifty copies of
mtDNA in a typical haploid budding yeast cell (Berger and Yaffe, 2000). Saccharomyces
cerevisiae has proven to be the most tractable model system for studying mitochondrial
biology, and most of what is known in the field is based on research that has been
carried out using budding yeast (Merz et al., 2007; Okamoto and Shaw, 2005).
The study of mitochondrial biology is of great importance given the essential
nature of the mitochondria to obligate aerobic organisms. S. cerevisiae, as a facultative
anaerobe, provides unique advantages as a model system for studying mitochondrial
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biology as it is able to survive partial (ρ-) or even complete (ρ0) loss of its mitochondrial
genome. Although ρ- and ρ0 mutants are deficient in the proteins that promote oxidative
phosphorylation, they are still viable in the presence of a fermentable carbon source
such as glucose and still contain mitochondria, although their mitochondria exhibit
abnormal morphologies. Additionally, the mitochondrial genome of budding yeast can
be altered specifically by transformation (Bonnefoy and Fox, 2002), allowing researchers
to manipulate the mtDNA directly and facilitate genetic studies.
Despite the small size of the mitochondrial genome relative to the nuclear
genome in all eukaryotes, the former is much more prone to mutation; moreover,
mtDNA mutations have a high frequency of causing disease (Chial and Craig, 2008;
Taylor and Turnbull, 2005). Not only is the mtDNA under constant exposure to the
damaging effects of free radicals generated in the course of oxidative phosphorylation,
transmission/inheritance of the mitochondrial genome is also a much less orderly affair
than the spindle-mediated segregation of the nuclear genome during mitosis with no
clear regulation by the eukaryotic cell-cycle machinery (Berger and Yaffe, 2000;
Contamine and Picard, 2000; Taylor and Turnbull, 2005). Although the nuclear genome
is replicated only during S phase of the cell cycle, mtDNA replication occurs throughout
the cell cycle and is not confined to any specific phase (Cottrell, 1981; Sena et al., 1975).
Additionally, the products of nuclear cell-cycle genes either important or required to
initiate nuclear DNA replication such as CDC4, CDC7 and CDC28, have been reported
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by Newton and Fangman to not be required for mitochondrial DNA replication in S.
cerevisiae (Newton and Fangman, 1975). As the reader will recall from Chapter 2, CDC4
encodes the F-box protein component of the SCFCdc4 ubiquitin ligase while CDC28
encodes the cyclin-dependent kinase Cdk1. CDC7 encodes another CDK-like kinase
called a DDK (Dbf4-dependent kinase) that binds to a cylin-like protein called Dbf4.
Cdc7 and Cdc28 together are required for the firing of replication origins and
progression of replication forks during S phase of the cell cycle (Bell and Dutta, 2002;
Nougarède et al., 2000; Sclafani and M, 2007). As discussed earlier, the SCFCdc4 is
required to degrade Sic1 (Nougarède et al., 2000; Verma et al., 1997b) and relieve the
inhibition of Clb/Cdc28 complexes that drive progression into S phase by initiating DNA
replication once cells have passed Start (Nougarède et al., 2000; Schwob and Nasmyth,
1993).
Although the cell cycle machinery does not seem to be required for mtDNA
replication, there is evidence that suggests a role for Cdc28 either in maintaining
mtDNA stability and/or in promoting its stable inheritance. For example, a reduction in
mitochondrial biogenesis and concurrent increase in fermentative capacity has been
observed in the cdc28-1 temperature-sensitive yeast strain 185-3-4 (Hartwell, 1973;
Hartwell et al., 1973a) after being shifted to the restrictive temperature (Genta et al.,
1995). In fact, 185-3-4 when grown at permissive temperature has visibly reduced
mitochondrial volume, ascertained by electron microscopy, an observation that suggests
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mitochondrial biogenesis is defective in cdc28-1 cells (Genta et al., 1995). Incidentally, a
closer look at the ratio of mitochondrial to nuclear DNA in this same strain reported by
Newton & Fangman (Newton and Fangman, 1975) following a shift to the restrictive
temperature reveals a significantly slower rate of increase compared with the cdc4-3 and
cdc7-4 strains (135-1-1 and 4008, respectively) (Hartwell, 1973; Hartwell et al., 1973a)
used in the same study. The slower rate cannot be attributed solely to the leakiness of
the cdc28-1 allele below 38°C (Reed, 1980) as the cdc7-4 allele was reportedly more leaky
in terms of nuclear DNA replication at the 36°C restrictive temperature employed by
Newton & Fangman (Newton and Fangman, 1975); however, no studies have been
reported on mitochondrial biogenesis in either the cdc4-3 or the cdc7-4 strain.
Studies by other groups also suggest that Cdk1 may play a role in promoting
mtDNA stability. A loss of function, non-temperature-sensitive allele of CDC28, cdc28srm, was identified that is defective in mtDNA transmission (Devin et al., 1990). The
observed cdc28-srm phenotype was proposed to be due to a decrease in the stability of
mitochondrial nucleoids, which paradoxically causes a reduction in spontaneous and
induced ρ- mutability. Sequencing of this allele revealed a substitution of serine for
glycine 20 in Cdc28, which lies on the inhibitory G-loop of the CDK (Kretov et al., 2006).
Molecular dynamics simulations suggest that the S20G mutation influences the binding
of Cdc28 to its partner cyclins (Kretov et al., 2006). Fragmentation of the normally
tubular mitochondrial network has also been observed in budding yeast cells that have
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been arrested with the mating pheromone α-factor as well as in temperature-sensitive
cdc28-4 cells arrested at the restrictive temperature (Neutzner and Youle, 2005). The
absence of the B-type cyclins and the presence of the G1 cyclin-specific inhibitor Far1 in
α-factor-arrested cells keeps Cdc28-associated kinase activity low (Jeoung et al., 1998;
Peter and Herskowitz, 1994) while the cdc28-4 allele encodes a H128Y kinase domain
mutant of Cdc28 that is deficient in protein kinase activity (Lörincz and Reed, 1986; Reed
et al., 1985; Reed and Wittenberg, 1990), hence mitochondrial fragmentation suggests
that Cdc28 kinase activity promotes mitochondrial fusion. It was further demonstrated
that the mitofusin Fzo1 as well as two other proteins important to mitochondrial fusion,
Dnm1 and Ugo1, are destabilized in a proteasome-dependent manner in α-factorarrested cells (Neutzner and Youle, 2005).
By searching the literature for Cdc28-interacting proteins that may interact with
mitochondria, I found a recent study that reported evidence of a role for the two
paralagous small CDK-binding proteins Cks1 and Cks2 in maintaining the
mitochondrial genome integrity of mammalian by interacting with mitochondrial singlestranded DNA-binding protein (Radulovic et al., 2010). I subsequently noticed that
DAPI staining of S. cerevisiae cells carrying a null allele of the only Cks protein-encoding
gene in budding yeast, CKS1, reveals no visible mitochondrial DNA (Yu and Reed,
2004). Cks1 in both mammalian cells and budding yeast appears to play a role in
targeting CDK-specific inhibitors (CKIs) to the 26S proteasome for degradation
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(Kõivomägi et al., 2011a; Spruck et al., 2001; Tedesco et al., 2002), but the molecular
functions of Cks proteins are still largely unknown. A large-scale screen of essential
genes for potential mitochondrial functions in S. cerevisiae, however, found that
repression of tetO7 promoter-controlled CKS1 expression by doxycycline treatment did
not, however, yield significant changes to mitochondrial morphology (Altmann and
Westermann, 2005).
Although available evidence that suggests a role for Cdc28 in regulating aspects
of mitochondrial biology, it is believed that microtubules and microtubule-based kinesin
motors play no role in mitochondrial dynamics in S. cerevisiae (Hermann and Shaw,
1998; Merz et al., 2007). This is in contrast to studies claiming that mitochondrial
transport and distribution are dependent on microtubules in the fission yeast
Schizosaccharomyces pombe (Yaffe et al., 1996; Yaffe et al., 2003), and on microtubule-based
kinesin and dynein motors in filamentous fungi, Drosophila and mice (Fuchs et al., 2002;
Fuchs and Westermann, 2005; Hirokawa et al., 2009; Nangaku et al., 1994; Pilling et al.,
2006; Tanaka et al., 2010; Wu et al., 1998). Instead, mitochondrial transport and
segregation in S. cerevisiae have been shown to be dependent on actin and either
powered by actin-based myosin motors or by Arp2/3-mediated actin polymerization
(Förtsch et al., 2011; Merz et al., 2007; Valiathan and Weisman, 2008). In this chapter, I
present evidence, starting with the phenotype of cin8S455A kip1∆ cells, which suggests a
previously unknown role for the kinesin-5 motors Kip1 and Cin8 in either maintaining
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the mitochondrial genome or promoting its transmission in S. cerevisiae. In addition, my
observations combined with previously reported results suggest that phosphorylation
by Cln/Cdc28 complexes may regulate this novel function of Kip1 and Cin8.

5.2 Materials & Methods
Yeast strains and media
The strains used in this study are listed in Table 15. All strains used are
derivatives of BF264-15Daub (Kaiser et al., 1999), a bar1∆ ura3∆ns derivative of BF26415D (MATa ade1 his2 leu2-3,112 trp1-1a) (Reed et al., 1985). Strains were generated by
standard yeast methods detailed below. Yeast cultures were grown in standard YEP
medium (1% yeast extract, 2% peptone, 0.012% adenine, 0.006% uracil supplemented
with 2% sugar) except during transformations involving nutritional selection. Plate
media were prepared by adding 2% agar. Prototrophic transformants were selected for
by plating on synthetic complete dextrose dropout plates (0.67% yeast nitrogen base, 2%
dextrose, 2% agar) lacking the appropriate amino acid or nucleobase.
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Table 15. Yeast strains used in this chapter
Strain
SBY980

SBY984

Genotype

Source

MATa bar1 TRP1::ble::SPC42-EGFP cin8∆::LEU2

Chee & Haase

HIS2::CIN8-mCherry URA3::PHIS3-CFP-TUB1

(2010)

MATa bar1 TRP1::ble::SPC42-EGFP cin8∆::LEU2

Chee & Haase

HIS2::CIN8-mCherry URA3::PHIS3-CFP-TUB1

(2010)

kip1∆::hphMX4
SBY1038

SBY1064

MATa bar1 TRP1::ble::SPC42-EGFP kip1∆::kanMX4

Chee & Haase

LEU2::KIP1-mCherry URA3::PHIS3-CFP-TUB1

(2010)

MATa bar1 TRP1::ble::SPC42-EGFP kip1∆::kanMX4

Chee & Haase

LEU2::KIP1-mCherry URA3::PHIS3-CFP-TUB1

(2010)

cin8∆::hphMX4
SBY1066

MATa bar1 TRP1::ble::SPC42-EGFP kip1∆::kanMX4
6A

LEU2::kip1 -mCherry URA3::PHIS3-CFP-TUB1

Chee & Haase
(2010)

cin8∆::hphMX4
SBY1143

SBY1147

MATa bar1 TRP1::ble::SPC42-EGFP kip1∆::kanMX4

Chee & Haase

URA3::KIP1

(2010)

MATa bar1 TRP1::ble::SPC42-EGFP kip1∆::kanMX4
S388A

URA3::PHIS3-CFP-TUB1 LEU2::kip1

-mCherry

Chee & Haase
(2010)

cin8∆::hphMX4
SBY1149

MATa bar1 TRP1::ble::SPC42-EGFP kip1∆::kanMX4

This study

T413A

URA3::PHIS3-CFP-TUB1 LEU2::kip1

-mCherry

cin8∆::hphMX4
SBY1153

SBY1155

MATa bar1 TRP1::ble::SPC42-EGFP kip1∆::kanMX4

Chee & Haase

URA3::KIP1 cin8∆::hphMX4

(2010)

MATa bar1 TRP1::ble::SPC42-EGFP kip1∆::kanMX4

Chee & Haase

6A

URA3::kip1

cin8∆::hphMX4
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(2010)

SBY1219

MATa bar1 TRP1::ble::SPC42-EGFP kip1∆::kanMX4
S388A

URA3::kip1
SBY1350

Chee & Haase
(2010)

cin8∆::hphMX4

MATa bar1 TRP1::ble::SPC42-EGFP URA3::PHIS3-CFPS455A

TUB1 cin8∆::LEU2 HIS2::PCIN8-cin8

-mCherry

Chee & Haase
(2010)

kip1∆::hphMX4
SBY1355

SBY1365

SBY1367

MATa bar1 TRP1::ble::SPC42-EGFP cin8∆::LEU2

Chee & Haase

URA3::CIN8

(2010)

MATa bar1 TRP1::ble::SPC42-EGFP cin8∆::LEU2

Chee & Haase

URA3::CIN8 kip1∆::hphMX4

(2010)

MATa bar1 TRP1::ble::SPC42-EGFP cin8∆::LEU2

Chee & Haase

5A

URA3::cin8
SBY1371

MATa bar1 TRP1::ble::SPC42-EGFP cin8∆::LEU2
S455A

URA3::cin8
SBY1388

(2010)

kip1∆::hphMX4

kip1∆::hphMX4

MATa TRP1::ble::SPC42-EGFP URA3::PHIS3-CFP-TUB1
5A

SBY1512

(2010)
Chee & Haase

cin8∆::LEU2 HIS2::PCIN8-cin8 -mCherry kip1∆::hphMX4

(2010)

MATa bar1 TRP1::ble::SPC42-EGFP kip1∆::kanMX4

This study

∆Nte

URA3::kip1
SBY1556

Chee & Haase

cin8∆::hphMX4

MATa bar1 TRP1::ble::SPC42-EGFP kip1∆::kanMX4
T413A

URA3::kip1

This study

cin8∆::hphMX4

SBY2152

MATa bar1 TRP1::ble::SPC42-EGFP ADE1::PTEF1-mtGFP

This study

SBY2178

MATa bar1 TRP1::ble::SPC42-EGFP HIS2::PGAL1-

This study

SIC1∆3P ADE1::PTEF1-mtGFP
All strains are derivatives of 15Daub.

Plasmid construction and DNA manipulation
Standard techniques were used for DNA manipulation as previously described
in Chapter 2 and 3. The Kip1 T413A-encoding mutation was first introduced into
pDrive-KIP1-12MYC (Chee and Haase, 2010) by site-directed PCR mutagenesis as
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previously described in Chapter 2 (Chee and Haase, 2010) using the T413A
oligonucleotide primers listed in Table 2. pDrive-kip1T413A-12MYC was subsequently cut
with BseRI and XbaI to excise a 3.5 kb fragment including kip1T413A-12MYC which was
subsequently ligated to pDrive-KIP1(native) cut with the same two enzymes to yield
pDrive-PKIP1-kip1T413A-12MYC. pDrive-PKIP1-kip1T413A-mCherry was constructed in turn by
restricting pDrive-PKIP1-kip1T413A-12MYC with AccI and XbaI before ligation to the 1.0 kb
AccI-XbaI fragment from pDrive-KIP1-mCherry containing the 3’ end of KIP1 fused to the
mCherry sequence. Lastly, pDrive-kip1T413A(native) was constructed by ligating the
AccI/XbaI-cut pDrive-PKIP1-kip1T413A-12MYC to the 0.7 kb AccI-XbaI fragment from pDriveKIP1(native) containing the KIP1 terminator. The kip1T413A (native) and PKIP1- kip1T413A mCherry constructs were subsequently excised from pDrive using KpnI and XbaI, and
then cloned into pRS306 (Sikorski and Hieter, 1989) and pRS305T (Chee and Haase,
2010), respectively, as previously described in Chapter 2.
In a similar fashion to pDrive-kip1T413A(native), pDrive-kip1∆Nte(native) was
constructed by first digesting pDrive-PKIP1-kip1∆Nte-mCherry (Chapter 4) with AccI and
XbaI to excise the mCherry tag. The AccI/XbaI-cut pDrive-PKIP1-kip1∆Nte-mCherry was
subsequently ligated to the 0.7 kb AccI-XbaI fragment from pDrive-KIP1(native)
containing the KIP1 terminator. kip1T413A(native) was also cloned into pRS306 using
KpnI/XbaI ends.
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To construct pRSII408TEF-mtGFP, I first excised the PTEF1-TCYC1 cassette (Mumberg et al.,
1995) from pRS405TEF (a gift from Nicholas Buchler) using KpnI and SacI. The cassette
was ligated to pRSII408, described in Chapter 3, (Chee and Haase, 2012) cut with KpnI
and SacI to generate pRSII408TEF. The mtGFP sequence was excised from pYES-mtGFP
(Westermann and Neupert, 2000) using HindIII and XhoI, and subsequently ligated to
pRSII408TEF cut with the same two enzymes.

Yeast transformation and strain construction
Strains were generated by standard high-efficiency yeast transformation
methods employing LiAc, PEG and single-stranded salmon sperm DNA (Gietz and
Schiestl, 2007; Gietz and Woods, 2001).. The integration of pRS306-kip1T413A(native) and
pRS306- kip1T413A(native) at the URA3 locus, and pRS305T-PKIP1-kip1T413A–mCherry at the
LEU2 locus in the yeast genome was performed as described in Chapter 2 (Chee and
Haase, 2010). The targeted deletion of CIN8 by PCR was carried out as previously
described in Chapter 2 (Chee and Haase, 2010). Lastly, the integration of pRSII408TEFmtGFP at the ADE1 locus was carried out by linearizing the plasmid with SnaBI before
transformation into yeast.

Spot assays for proliferation
Spot assays were carried out in a similar manner to what has previously been
described in Chapter 2 (Chee and Haase, 2010). Overnight cultures of yeast grown at
ambient temperature were diluted to 5x106 cells/ml and then incubated on a room
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temperature rotator for at least 3h to allow for resumption of log phase growth. Next, a 2
x 106 cells/ml suspension of each strain was prepared in YEPD and diluted serially to
make 2 x 105 and 2 x 104 cells/ml suspensions. Three microliters of each suspension was
spotted on YEPD plates and the plates were subsequently incubated at either ambient
room temperature (~21-22°C) or higher, as indicated. For determining proliferation on
non-fermentable media, the same volume of cell suspension was spotted on YEPglycerol and YEP-lactic acid plates that were subsequently incubated at ambient
temperature. YEP-glycerol plates were made by substituting 2% sugar with 2% glycerol
in standard YEP medium. YEP-lactic acid plates were made by substituting 2% sugar
with 2% lactic acid, and adjusting the pH to 5.5 using NaOH. Plates were imaged using a
Bio-Rad GelDoc and the software QuantityOne (Bio-Rad).

In silico prediction of mitochondrial targeted proteins
The following web-based software were used to analyze kinesin sequences and
calculate

the

probability

of

mitochondrial

(http://ihg.gsf.de/ihg/mitoprot.html),

targeting:
Predotar

MitoProt

II

v1.101
v1.3

(http://urgi.versailles.inra.fr/Tools/Predotar) and WoLF PSORT (http://wolfpsort.org/).

Fluorescence microscopy
Cells were fixed with paraformaldehyde as previously described in Chapter 2
(Chee and Haase, 2010) for DAPI staining. Fluorescence microscopy and image capture
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were performed as previously described in Chapter 2 (Chee and Haase, 2010). Images
were analyzed using MetaMorph 7.5 and Adobe Photoshop CS2 (9.0).

Asynchronous sugar shift time course experiments
For experiments involving strains with an integrated PGAL1-SIC1∆3P transgene,
cells were grown in non-inducing YEP-sucrose (YEPS) medium overnight and diluted
with fresh YEPS before being allowed to reach a density of 1 x 107 cells/ml at 30°C. The
expression of Sic1∆3P was subsequently induced by the addition of sterile-filtered 40%
galactose to a final concentration of 2% galactose.

Homology modeling
Homology models were constructed using DeepView Swiss PDB Viewer (v4.04)
and the Swiss MODEL web server (Arnold et al., 2006; Guex and Peitsch, 1997; Schwede
et al., 2003) as described in Chapter 2 (Chee and Haase, 2010). For the new model of
Kip1 with its neck linker docked to the motor domain core, the initial amino acid
sequence alignment was performed against the primary sequences of the HsEg5/Kif11
and KIF1A motor domains. Initial model construction was carried out using a solved
crystal structure for the HsEg5 motor domain (ExPDB 1q0bB, the base template) that
was first aligned by using the “Iterative Magic Fit” function in DeepView to ExPDB
1ii6B, the base template for constructing the previous model of Kip1 bound to MgADP
with its neck linker in the undocked position (Figure 17) (Chee and Haase, 2010).
Additional template structures (ExPDB 1q0bA for HsEg5 and PDB 1I6I for KIF1A) were
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subsequently aligned against the base template and the project submitted to the Swiss
MODEL server. After evaluating the quality of the model as described in Chapter 2,
images were rendered with Swiss PDB Viewer and Persistence of Vision Raytracer v3.62
(Persistence of Vision Pty. Ltd.).

5.3 Results
A Cin8 motor domain CDK site mutant causes mtDNA loss in S.
cerevisiae in the absence of Kip1
Ser 455 in Cin8 is homologous to Ser 388 in Kip1, and I have previously
determined that the S388A mutation in Kip1 causes temperature-sensitive lethality in
the absence of Cin8 (Chee and Haase, 2010). While trying to determine if cells dependent
on Cin8S455A as their sole kinesin-5 exhibit temperature-sensitive lethality, I found instead
that they proliferate slowly at both ambient temperature as well as at 37°C (Chee and
Haase, 2010). Intriguingly, flow cytometry analysis indicated that an asynchronous
population of cin8S455A kip1∆ cells have a increased proportion of cells in G1 compared
with kip1∆ cells; the peaks in the FACS profile of the cin8S455A kip1∆ cells were also
slightly left-shifted (Chee and Haase, 2010) (Figure 15), which indicates that the cells are
small. Indeed, asynchronous populations of cin8S455A kip1∆ cells when viewed by DIC
light microscopy are small and mostly unbudded, a phenotype suggestive of mtDNA
deficiency. I subsequently determined that cin8S455A kip1∆ cells cannot form colonies on
media containing either non-fermentable glycerol or lactic acid as a carbon source

198

(Figure 28A), which confirmed that they are either ρ- or ρ0 mutants. Staining with DAPI
confirmed an absence of mtDNA in cin8S455A kip1∆ cells (ρ0) (Figure 29A).
I previously determined that cin8S455A kip1∆ cells exhibit the same temperatureindependent proliferation defect as cin85A kip1∆ cells. The FACS profile of cin85A kip1∆
cells was also observed to resemble that of cin8S455A kip1∆ cells. When tested on media
containing non-fermentable lactic acid or glycerol, cin85A kip1∆ cells also failed to form
colonies (Figure 28A). This result, along with my previous observations, indicates that
the S455A mutation in Cin8 is dominant over the other CDK site mutations in Cin85A.
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Figure 28. Proliferation of strains expressing either (A) Cin8S455A or (B) Kip1T413A as
their only kinesin-5 on non-fermentable carbon sources.
Strains growing in log phase at permissive temperature were diluted to 2 x 106 cells/ml,
and then further diluted serially to 2 x 104 cells/ml. An equal volume of cells from each
dilution was spotted on YEP media containing either fermentable dextrose or nonfermentable lactic acid/glycerol. Plates were incubated at either (A) ambient temperature
(~22°C) or (B) the indicated temperature. The number above each column of spots
indicates the cell density (cells/ml). All alleles compared were untagged.
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Figure 29. DAPI staining of petite cells expressing either (A) Cin8S455A or (B)
Kip1T413A as their only kinesin-5.
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Cells growing in log phase at permissive temperature were fixed in paraformaldehyde
and subsequently stained with DAPI to visualize their DNA. The presence of
mitochondrial DNA causes cytoplasmic staining by DAPI. SPBs in these strains are
marked with Spc42-GFP.

A temperature-sensitive Kip1 CDK site mutant causes mtDNA loss in
the absence of Cin8 at permissive temperatures
While trying to ascertain if cells expressing various Kip1 CDK site mutants as
their only kinesin-5 are temperature-sensitive (ts), I determined that cin8∆ cells
expressing Kip1T413A as their only kinesin-5 are unable to proliferate at temperatures
above 35°C. One of the six consensus CDK phosphorylation sites (Ser/Thr-Pro-X-X)
found in Kip1, Thr 413 lies in the neck linker domain of Kip1 and is predicted by
homology modeling to be important to the interaction of the neck linker with the motor
domain. While the temperature-sensitivity of kip1T413A cin8∆ cells is, in principle, similar
to cin8∆ cells expressing either Kip1S388A as their only kinesin-5 (Chee and Haase, 2010),
kip1S388A cin8∆ cells are able to proliferate as well as KIP1 cin8∆ cells at 35°C and arrest
only at 37°C (Figure 28B). Moreoever, unlike cin8∆ and kip1S388A cin8∆ cells, which are
large and mostly round budded in an asynchronous population, kip1T413A cin8∆ cells are
small and mostly unbudded, which suggests that they are petite mutants. When tested
for proliferation on media containing either non-fermentable glycerol or lactic acid at
permissive temperature, kip1T413A cin8∆ cells were unable to form colonies at permissive
ambient temperature (21-22°C) (Figure 28B); DAPI staining confirmed that mtDNA is
absent in these cells (ρ0) (Figure 29B).
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Interestingly, it appears that the loss of mtDNA associated with the T413A
mutation in Kip1 is suppressed by the presence of other CDK site mutations (recessive
epistasis). As can be seen in Figure 28B, although kip16A cin8∆ cells are defective in
proliferation at 35°C and form smaller colonies than kip1S388A cin8∆ cells, they are able to
proliferate on medium containing either lactic acid or glycerol as a carbon source. This
observation contrasts with the dominance of the S455A petite-forming mutation in Cin8.
The presence of the C-terminal mCherry tag was also observed to have different
effects on Cin8S455A and Kip1T413A. cin8S455A kip1∆ and cin8S455A-mCherry kip1∆ cells show
similar non-temperature-sensitive proliferation defects and are unable to proliferate on
either glycerol or lactic acid medium (Figure 30A). In contrast, unlike cells dependent on
untagged Kip1T413A as their only kinesin-5, kip1T413A-mCherry cin8∆ cells do not exhibit
temperature-sensitivity and are able to proliferate on both glycerol and lactic acid media
(Figure 30B). Since we had used mCherry-tagged Kip1 constructs earlier to determine if
mutating individual consensus CDK sites would phenocopy the ts lethality of kip16AmCherry cin8∆ strains, we were misled into concluding that Kip1S388A is the only single
CDK site mutant that causes ts lethality in the absence of Cin8 (Chee and Haase, 2010).
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Figure 30. Proliferation of strains expressing either (A) Cin8S455A-mCherry or (B)
Kip1T413A-mCherry as their only kinesin-5 on non-fermentable carbon sources.
Strains growing in log phase at permissive temperature were diluted to 2 x 106 cells/ml,
and then further diluted serially to 2 x 104 cells/ml. An equal volume of cells from each
dilution was spotted on YEP media containing either fermentable dextrose or nonfermentable lactic acid/glycerol. Plates were incubated at either (A) ambient temperature
(~22°C) or (B) the indicated temperature. The number above each column of spots
indicates the cell density (cells/ml). All alleles compared were tagged at the C-terminus
with mCherry.
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Kip1 contains a predicted N-terminal mitochondrial targeting
sequence that is not essential for its mitochondrial-related function
The targeting of proteins to the mitochondria often involves N-terminal
mitochondrial targeting sequences (MTSs). Once the MTS-bearing precursor forms of
mitochondrial proteins have been translocated into the mitochondria, the MTS is cleaved
by a mitochondrial processing peptidase within the mitochondrial matrix (Omura,
1998). GFP fusions of two Arabidopsis thaliana kinesins, MKRP1 and MKRP2, which
contain predicted mitochondrial targeting seqeuences have been reported to co-localize
with mitochondria (Itoh et al., 2001). In order to elucidate the potential mitochondrial
functions of Kip1 and Cin8, we attempted to determine if the two kinesins-5 contain
mitochondrial targeting sequences using updated versions of the software used to
predict the mitochondrial targeting of MKRP1 and MKRP2, MitoProt II (Claros and
Vincens, 1996) and Predotar (Small et al., 2004). In addition, we also used the
comprehensive intracellular localization prediction program WoLF PSORT (Horton et
al., 2006) for comparison.
As shown in Table 16, Kip1 was strongly predicted by MitoProtII to be exported
to the mitochondria and that its N-terminal 59 amino acids form a likely mitochondria
targeting sequence (Omura, 1998). It was less strongly predicted to be a mitochondrial
protein by Predotar and WoLF PSORT but in stark contrast, Cin8 was not predicted by
any of the three programs to be mitochondrial-targeted. WoLF PSORT correctly
predicted nuclear localization of both Kip1 and Cin8. We repeated the analysis using the
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previously accepted 1038 amino acid sequence for Cin8 (Hoyt et al., 1992) which
includes the N-terminal 38 amino acid HOAX, there was no change in the predictions of
mitochondrial targeting. As positive controls, we included A. thaliana MKRP1 and
MKRP2 in our analysis. While MitoProt II strongly predicted both MKRP1 and MKRP2
to be mitochondrial-targeted, Predotar instead predicted MKRP2 to be likely
plastid/chloroplast-targeted (49%). MKRP1 was also predicted to be plastid/chloroplasttargeted (22%) by Predotar. WoLF-PSORT predicted potential mitochondrial targeting of
both proteins but that MKRP1 is more likely to be nuclear.
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Table 16. In silico prediction of of kinesins being exported to mitochondria
Kinesin name

Probability of being targeted to mitochondria

MitoProtII-predicted

(with species

MitoProt II

cleaved ER targeting

Predotar

WoLF PSORT

initials prefix)
AtMKRP1

AtMKRP2

sequence
0.8672

0.9718

0.10 (0.24 to

0.100 (0.165 to

plastid)

nucleus)

0.04 (0.49 to

18.0

MASSSSRTRSSRPPSPASS
TSSSHLSNRLIPRSNSTSAS
SLITSAAGIASRSMTPSRTFS
DSGLIG
(aa 1-66)

0.080 (0.125 to

MARSSLPNRRTAQFEANKR
RTIAHAPSPSLSNGMHTLTP
PTCNNGAATSDSNIHVYVR
C (aa 1-59)
-

plastid)

ScKip1

0.9280

0.22

nucleus)
ScCin8

0.0337

0

0 (0.225 to

MSATRSQRSSTISPARPRR
SPATIPMKRPETPSSSHFSA
SPVTSSSPLLRSSPSPSTSS
AAASSTAVASTKLKENITVTI
RFRPLSPREVNN
(aa 1-92)

nucleus)
ScCin8 (with

0.0140

0.01

HOAX)
AtKP1

0 (0.260 to

-

nucleus)
0.1023

0.01

0 (0.205 to

-

nucleus)

We found that a third plant kinesin from A. thaliana, AtKP1, has been reported to
co-localize and to be physically associated with mitochondria (Ni et al., 2005). AtKP1, a
kinesin-14, was subsequently determined to localize to mitochondria through its Cterminal tail domain rather than through an N-terminal mitochondrial targeting
sequence (Yang et al., 2011). The tail domain of AtKP1 reportedly interacts with voltagedependent anion channel 3 (VDAC3), a protein found on the mitochondrial outer
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membrane, and both proteins apparently regulate the balance between the cytochrome
and alternative oxidation pathways of aerobic respiration during seed germination at
low temperature (Yang et al., 2011). We thus included AtKP1 in our in silico analysis as a
control. However, MitoProt II only predicts a 10% probability of AtKP1 being targeted to
the mitochondria while Predotar predicts a 1% probability. Additionally, Mitoprot II did
not predict a mitochondrial targeting sequence in AtKP1 at all while WoLF PSORT
predicted AtKP1 to be a nuclear protein.
To test the prediction that Kip1 contains an N-terminal MTS important for its
function in promoting mtDNA stability, we tested the ability of a strain expressing
Kip1∆Nte as its only kinesin-5 to proliferate on non-fermentable carbon sources. As
described in Chapter 4, this Kip1 truncation mutant eliminates amino acid residues 2-47,
which do not form part of the core motor domain. We found that kip1∆Nte cin8∆ cells are
capable of proliferating on both glycerol and lactic acid media at ambient temperature
(Figure 31). This result indicates that the N-terminal extension of Kip1 is not required for
its putative mtDNA-related function, and is in agremment with the observation that
kip1∆Nte cin8∆ cells released from α-factor arrest are not delayed in the resumption of
budding (Figure 25), nor are they small in size or mostly unbudded in an asynchronous
population (data not shown).
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Figure 31. Proliferation of strains expressing the truncation mutant Kip1∆Nte as their
only kinesin-5 on non-fermentable carbon sources.
Kip1∆Nte is a truncation mutant of Kip1 which has had amino acids 2-47 removed
(Chapter 4), encompassing the majority of the N-terminal mitochondrial targeting
sequence on Kip1 predicted by the software MitoProt II. Strains growing in log phase at
permissive temperature were diluted to 2 x 106 cells/ml, and then further diluted serially
to 2 x 104 cells/ml. An equal volume of cells from each dilution was spotted on YEP
media containing either fermentable dextrose or non-fermentable lactic acid/glycerol.
Plates were incubated at ambient temperature (~22°C). The number above each column
of spots indicates the cell density (cells/ml). All alleles compared were untagged.

Kip1T413A is defective in promoting SPB separation
While cells dependent on either Cin8S455A or Kip1T413A as their only kinesin-5 both
suffer from an absence of mtDNA, the two alleles behave dissimilarly in other aspects.
Most importantly, Cin8S455A is not a ts mutant (Chee and Haase, 2010) whereas Kip1T413A
is. I was previously unable to conclusively ascertain the effects of the S455A mutation on
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Cin8’s function in SPB separation due to the confounding effect of delayed budding in
cin8S455A kip1∆ cells; however, I did observe that the rate and extent of SPB separation in
cin8S455A kip1∆ cells at both 25°C and 37°C is similar to their budding rate (Chee and
Haase, 2010). Although Avunie-Masala and colleagues (Avunie-Masala et al., 2011) have
observed that the S455A mutation, on top of alanine mutations to two other CDK sites
(Ser 239 and Thr 247) in Cin8 (aka Cin83A) alters anaphase spindle behavior and
morphology, they did not report any effects on SPB separation prior to metaphase.
In order to determine if kip1T413A cin8∆ cells exhibit SPB separation defects, I
synchronized cells in G1 with α-factor at 25°C and subsequently released them at either
25°C (permissive) or 35°C (restrictive). I observed that similarly to cin8S455A kip1∆ cells,
budding was delayed kip1T413A cin8∆ cells compared with KIP1 cin8∆ cells. Whereas,
Cin8S455A is capable of driving SPB separation in kip1∆ cells at elevated temperature
(Chee and Haase, 2010), kip1T413A cin8∆ cells were clearly defective in SPB separation at
35°C compared with KIP1 cin8∆ cells (Figure 32), with fewer than 10% of the former
showing separated SPBs 180 min after release. This is in contrast to the ~20 min delay in
the onset of budding among kip1T413A cin8∆ cells compared with KIP1 cin8∆ cells. At 25°C,
kip1T413A cin8∆ cells are delayed in compared with KIP1 cin8∆ cells in both budding and
SPB separation but they are clearly able to separate duplicated SPBs (peaking at over
40% separated SPBs). Hence, the temperature sensitivity of Kip1T413A is due to an
inability to separate duplicated SPBs and form a spindle.
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Figure 32. Impaired SPB separation in cells dependent on Kip1T413A as their only
kinesin-5.
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Cells were first synchronized in G1 with α-factor, and then released at either 25°C
(permissive temperature, left column) or 35°C (restrictive temperature, right column).
Time course experiments were carried out twice, and both the percentage of budded
cells (top panels for each group of strains) and the percentage of cells with duplicated
and separated SPBs (bottom panels) from a representative experiment are shown. The
time elapsed following release from α-factor is indicated in minutes on the horizontal
axis of each graph. (A) Cells expressing wild-type Kip1 and Cin8 (♦), cells expressing
only Kip1 (□, dotted line) cells, and cells expressing only Kip1T413A (∆, dashed line) (B)
Fluorescence images of representative KIP1 cin8Δ and kip1T413A cin8Δ cells at 35°C 100
min after being released from α-factor arrest during the timecourse described in (A); the
SPBs are marked with Spc42-GFP.

Primary sequence analysis reveals that Thr 413 lies within the neck linker of
Kip1. The neck linker is crucial to the processivity of kinesin motors in general,
including the kinesins-5, and undergoes drastic movements and conformational changes
in the course of a nucleotide hydrolysis cycle (Kalchishkova and Böhm, 2008; Vale and
Milligan, 2000). To better understand the potential consequences of phosphorylating this
residue on Kip1 motor activity, I built homology models of the Kip1 motor domain
based on template structures of the human Eg5 motor domain in two states: the
monastrol-bound state with the neck linker docked to the motor domain core, which is
thought to mimic the ATP-bound state (Yan et al., 2004), and the previously described
MgADP-bound state with the neck linker undocked and facing away from the core
(Turner et al., 2001). The models suggest that Thr 413 forms a hydrogen bond to Asp 50
when the neck linker is docked (Figure 33); phosphorylation of Thr 413 would cause the
two residues to repel instead and potentially interfere with the docking of the neck
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linker.

Figure 33. Homology models of Kip1 motor domain with neck linker in different
configurations.
Ribbon structure overlay of Kip1 with its neck linker either docked to the core of the
motor domain (blue) or undocked (green), illustrating the large range of motion that the
neck linker undergoes during the motor’s nucleotide cycle. The position of Thr 413 on
the neck linker (orange on the docked and red on the undocked neck linker) and Asp 50
(hot pink on the docked and purple on the undocked neck linker) at the N-terminus of
the motor domain core are indicated.
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Mitochondrial morphology in cells lacking B-type cyclin/CDK activity
It has previously been observed that budding yeast cells carrying the cdc28-1
temperature-sensitive allele suffer from reduced mitochondrial biogenesis even at
permissive temperature (Genta et al., 1995). Moreover, the fragmentation of
mitochondria has been observed following the treatment of S. cerevisiae with α-factor
mating pheromone as well as in cdc28-4 cells arrested at restrictive temperature
(Neutzner and Youle, 2005). Both these methods of cell-cycle arrest result in large,
unbudded cells with low levels of Cdc28 kinase activity in vivo. Hence, the presence of
fragmented mitochondria indicates that Cdc28 kinase activity promotes mitochondrial
fusion but it is unclear which cyclins are responsible.
Mitochondrial fragmentation was not, however, observed in cells arrested with
nocodazole (Neutzner and Youle, 2005). Nocodazole, which causes microtubules to
depolymerize, arrests cells with high levels of Clb/Cdc28 kinase activity and low levels
of Cln/Cdc28 kinase activity (Amon, 1997). Hence, I sought to determine if Clb/Cdc28
kinase activity was required to prevent mitochondrial fragmentation. To do so, I used an
integrated PGAL1-SIC1∆3P transgene (Verma et al., 1997a) to specifically inhibit Clb/Cdc28
complexes with hyperstabilized Sic1, as described in Chapter 2. In order to visualize the
mitochondria, I generated strains that express mitochondrial-targeted green fluorescent
protein (mtGFP) (Westermann and Neupert, 2000) under the control of the strong
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constitutive TEF1 promoter (Nevoigt et al., 2006) using an integrated PTEF1-mtGFP
transgene.
Asynchronous, log phase yeast cultures in non-inducing YEP-sucrose (YEPS)
medium were induced to overexpress Sic1∆3P by the addition of 2% galactose. While
the mostly arrested with multiple hyperelongated buds by 4h after galactose induction,
tubular mitochondrial networks were still clearly visible in such cells (Figure 34). As a
result, Clb/Cdc28 kinase activity does not appear to be required to prevent
mitochondrial fragmentation.

Figure 34. Mitochondrial structure in the presence and absence of active Clb/Cdc28
kinase.
Galactose was added to asynchronous, log phase cultures in YEPS to a final concentration (v/v)
of 2%. Galactose was required to induce the overexpression of hyperstable Sic1∆3P in the PGAL1SIC1Δ3P strain in order to inhibit Clb/Cdc28 kinase activity. Mitochondria were visualized by
mitochondrial-targeted GFP (mtGFP).
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5.4 Discussion
Despite the clear impact that the T413A mutation in Kip1 and the S455A
mutation in Cin8 have on the maintenance/transmission of the mitochondrial genome in
budding yeast, it is unclear at this time what function kinesins-5 perform that would
impinge on either process. A survey of the literature found only three mitochondrialrelated genes that have been predicted to interact with KIP1 (Table 17) (Hoppins et al.,
2011). Significantly, a negative genetic interaction has been predicted between KIP1 and
MIP1, which encodes the S. cerevisiae mitochondrial DNA polymerase (pol γ) (Stumpf et
al., 2010). Mutations in the human pol γ-encoding gene (POLG) are found in several
major

mitochondrial

diseases,

including

Alpers

syndrome,

ataxia-neuropathy

syndromes and progressive external opthalmoplegia (Chan and Copeland, 2009) and
orthologous mutations in MIP1 have been observed to lead to the depletion of mtDNA
in S. cerevisiae (Stumpf et al., 2010).
In contrast to the dearth of interaction data available for KIP1, at least 14
predicted or experimentally-verified interactions with mitochondrial-related genes have
been reported for CIN8 (Table 18) (Collins et al., 2007; Costanzo et al., 2010; Hoppins et
al., 2011; Newman et al., 2000; Pan et al., 2004b; Tong et al., 2004b; Zhao et al., 2005).
Notably, CIN8 has been observed to exhibit synthetic growth defects with MDM10 and
MDM34 (also known as MMM2), genes that have been found to be crucial to
mitochondrial inheritance and morphology (Merz et al., 2007; Okamoto and Shaw,
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2005). Mdm10 and Mdm34 are thought to form beta-barrels in the outer mitochondrial
membrane and to promote mitochondrial tubulation (Merz et al., 2007; Okamoto and
Shaw, 2005). The maintenance of the tubular shape of the mitochondria is important as
tubulation-defective mutations have been found to result in the complete loss of the
mitochondrial genome at high frequency (Merz et al., 2007). Mdm10 has also been
shown to function in protein sorting and import (Yamano et al., 2010). MDM20, another
gene important for mitochondrial inheritance that shows a synthetic growth defect with
CIN8, apparently functions instead in promoting the interaction of tropomyosin with Factin and the subsequent stabilization of actin filaments and cables in vivo (Singer and
Shaw, 2003). The role of Mdm20 in promoting actin filament stability is important as
actin cables are required for efficient mitochondrial transport in budding yeast,
particularly at elevated temperature.
Only one gene, YME1, has been predicted to interact with both kinesins-5, but
positively with KIP1 and negatively with CIN8 (Hoppins et al., 2011). YME1 encodes the
catalytic subunit of the i-AAA protease complex found on the mitochondrial inner
membrane (Leonhard et al., 1999). Mutations in YME1 lead to an elevated rate of
mtDNA escape to the nucleus, apparently due to increased vacuolar-dependent
mitochondrial turnover (Campbell and Thorsness, 1998).
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Table 17. Mitochondrial-related proteins reported or predicted to interact with
KIP1
Gene name

YOR330C/MIP1

SGD Gene

Interaction

Experiment/prediction

description

type

method

Reference

Catalytic subunit of the

Negative

High-density genetic

Hoppins et al.,

mitochondrial DNA

genetic

interaction mapping

2011

Mitochondrial inorganic

Negative

High-density genetic

Hoppins et al.,

pyrophosphatase,

genetic

interaction mapping

2011

Catalytic subunit of the

Positive

High-density genetic

Hoppins et al.,

mitochondrial inner

genetic

interaction mapping

2011

polymerase
YMR267W/PPA2

required for
mitochondrial function
and possibly involved
in energy generation
from inorganic
pyrophosphate
YPR024W/YME1

membrane i-AAA
protease complex,
which is responsible
for degradation of
unfolded or misfolded
mitochondrial gene
products; mutation
causes an elevated
rate of mitochondrial
turnover
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Table 18. Mitochondrial-related proteins reported or predicted to interact with CIN8
Gene name

YBR194W/AIM1

SGD Gene description

Interaction

Experiment/prediction

type

method

Protein proposed to be

a) Synthetic

a) Epistatic miniarray

a) Collins et

associated with the nuclear pore

growth defect

profiling (genetic

al., 2007

complex; null mutant is viable,

b) Negative

displays elevated frequency of

genetic

mitochondrial genome loss and

interactions)
b) High-throughput diploid

b) Pan et al.,
2004

synthetic lethality analysis

is sensitive to freeze-thaw stress
YPL158C/AIM44

Reference

microarray

Protein of unknown function;

a) Negative

a) Genetic interaction

a) Costanzo

GFP-fusion protein localizes to

genetic

network analysis

et al., 2010

b) Negative

b) High-density genetic

b) Hoppins et

genetic

interaction mapping

al., 2010

Putative protein of unknown

Yeast two-

Coiled-coil interaction

Newman et

function; the authentic, non-

hybrid

predictions with yeast

al., 2000

the bud neck; transcription is
regulated by Swi5p; null mutant
displays elevated frequency of
mitochondrial genome loss
YLR454W/FMP27

tagged protein is detected in

two-hybrid verification

highly purified mitochondria in
high-throughput studies
YPL103C/FMP30

Protein of unknown function

Negative

Genetic interaction

Costanzo et

proposed to be involved in N-

genetic

network analysis

al., 2010

Fumarase, converts fumaric

Negative

Genetic interaction

Costanzo et

acid to L-malic acid in the TCA

genetic

network analysis

al., 2010

acylethanolamine metabolism;
related to human NAPEselective phospholipase D
enzyme; native protein is
detected in highly purified
mitochondria in high-throughput
studies
YPL262W/FUM1

cycle; cytosolic and
mitochondrial distribution
determined by the N-terminal
targeting sequence, protein
conformation, and status of
glyoxylate shunt;
phosphorylated in mitochondria
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YPL240C/HSP82

Hsp90 chaperone required for

Synthetic

Genetic interaction

Zhao et al.,

pheromone signaling and

lethality

network analysis

2005

Mitochondrial membrane

Synthetic

High-throughput diploid

Pan et al.,

localized inositol

growth defect

synthetic lethality analysis

2004

negative regulation of Hsf1p;
docks with Tom70p for
mitochondrial preprotein
delivery; promotes telomerase
DNA binding and nucleotide
addition; interacts with Cns1p,
Cpr6p, Cpr7p, Sti1p
YER019W/ISC1

phosphosphingolipid

microarray

phospholipase C, hydrolyzes
complex sphingolipids to
produce ceramide; activated by
phosphatidylserine, cardiolipin,
and phosphatidylglycerol;
mediates Na+ and Li+
halotolerance
YDL003W/MCD1

Essential subunit of the cohesin

Synthetic

Genetic interaction

Tong et al.,

complex required for sister

lethality

network analysis

2004

Subunit of both the ERMES

Synthetic

High-throughput diploid

Pan et al.,

complex that links the ER to

growth defect

synthetic lethality analysis

2004

chromatid cohesion in mitosis
and meiosis; apoptosis induces
cleavage and translocation of a
C-terminal fragment to
mitochondria; expression peaks
in S phase
YAL010C/MDM10

mitochondria, and of the

microarray

mitochondrial sorting and
assembly machinery (SAM
complex) that functions in import
and assembly of outer
membrane beta-barrel proteins
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YOL076W/MDM20

Non-catalytic subunit of the

Synthetic

High-throughput diploid

Pan et al.,

NatB N-terminal

growth defect

synthetic lethality analysis

2004

acetyltransferase, which

microarray

catalyzes N-acetylation of
proteins with specific N-terminal
sequences; involved in
mitochondrial inheritance and
actin assembly
YGL219C/MDM34

Mitochondrial component of the

Synthetic

High-throughput diploid

Pan et al.,

(MMM2)

ERMES complex that links the

growth defect

synthetic lethality analysis

2004

ER to mitochondria and may

microarray

promote inter-organellar calcium
and phospholipid exchange as
well as coordinating
mitochondrial DNA replication
and growth
YHR120W/MSH1

DNA-binding protein of the

Negative

Epistatic miniarray

Collins et al.,

mitochondria involved in repair

genetic

profiling (genetic

2007

of mitochondrial DNA, has

interactions)

ATPase activity and binds to
DNA mismatches; has
homology to E. coli MutS;
transcription is induced during
meiosis
YOL038W/PRE6

Alpha 4 subunit of the 20S

Affinity-

Mass spectrometry

Krogan et al.,

proteasome; may replace alpha

capture mass

analysis of protein-protein

2006

3 subunit (Pre9p) under stress

spectrometry

interactions (MALDI-

conditions to create a more

(MS)

TOF/LC-MS)

Catalytic subunit of the

Negative

Genetic interaction

Costanzo et

mitochondrial inner membrane i-

genetic

network analysis

al., 2010

active proteasomal isoform;
GFP-fusion protein relocates
from cytosol to the mitochondrial
surface upon oxidative stress
YPR024W/YME1

AAA protease complex, which is
responsible for degradation of
unfolded or misfolded
mitochondrial gene products;
mutation causes an elevated
rate of mitochondrial turnover
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In addition to the high throughput interaction studies and predictions listed in
Table 3, two separate proteomic studies by a group at the University of Freiburg using
mass spectrometry (MS) analysis of purified S. cerevisiae mitochondria have determined
that Cin8 is part of the mitochondrial proteome in budding yeast (Reinders et al., 2006;
Sickmann et al., 2003). The relatively low extent of sequence coverage obtained for Cin8
suggests that it may not be an integral mitochondrial protein or it could be a
consequence of the protein’s minimal cytoplasmic localization. Both fluorescent proteinfusion and immunofluorescence localization studies of Cin8 have not determined its colocalization with mitochondria (Gardner et al., 2008; Gerson-Gurwitz et al., 2011; Hoyt et
al., 1992), and it should be localized primarily if not exclusively to the nucleus given its
spindle-associated functions and NLS (Hildebrandt and Hoyt, 2001). Kip1 was not
detected by either of the two MS studies but this does not rule out Kip1 association with
the mitochondria since its localization is also primarily nuclear (Gordon and Roof, 2001).
After all, although Kip1 was earlier determined by MS to bind to the budding yeast SPB
(Wigge et al., 1998), Cin8 was not detected by the same study despite its reported colocalization

with

SPBs,

as

determined

by

fluorescent

protein-fusion

and

immunofluorescence (Chee and Haase, 2010; Gardner et al., 2008; Gerson-Gurwitz et al.,
2011; Hoyt et al., 1992). Cin8 was, however, later predicted by a yeast two-hybrid assay
to bind to Spc72, a component of the γ-tubulin ring complex that binds to SPBs
(Newman et al., 2000). Cin8 has also been predicted by a directed yeast two-hybrid assay
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to bind to the mitochondrial protein Fmp27 (Newman et al., 2000); the function of
Fmp27 is, however, presently unknown.
Although mitochondrial dynamics in budding yeast are believed to be
independent of the microtubule cytoskeleton (Hermann and Shaw, 1998; Merz et al.,
2007), kinesins and microtubules could be important to mitochondria in other ways. The
mtDNA only contains 26 verified and hypothetical protein-coding genes (Foury et al.,
1998) although over 851 proteins are thought to make up a budding yeast
mitochondrion (Reinders et al., 2006; Sickmann et al., 2003). The nuclear-encoded
majority, including Mip1/pol γ, are translated in the cytoplasm and must be imported
into the mitochondria. Additionally, a recent study found that recombinant human
cyclin B/Cdk1 and cyclin A/Cdk2 can phosphorylate bacterially-expressed subunits of
the budding yeast mitochondrial translocase of the outer membrane (TOM) complex in
vitro, in particular Tom6 and, to a lesser extent, Tom20 (Schmidt et al., 2011). Although
the authors did not perform the same experiment using Cdc28, they did detect in vivo
phosphorylation of Tom6 at a consensus CDK phosphorylation site (Ser-Pro) found on
the cytoplasmic face of the mitochondria, serine 16, by using tandem mass spectrometry
(MS/MS) analysis. The TOM complex mediates the first step in mitochondrial protein
import and Tom6, together with Tom40, Tom5 and Tom7, comprise the membrane pore
for translocating proteins (Dekker et al., 1998). CIN8 has been found to interact
genetically with genes that function in mitochondrial import such as MDM10 and HSP82
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(Table 3), and Mdm10 has been implicated in promoting the assembly of the TOM
complex (Yamano et al., 2010).
Kinesins have also long been known to function in transporting mRNA, proteins
and other cytosolic components (Hirokawa et al., 2009; Kanai et al., 2004; Prahlad et al.,
2000), and also to have microtubule-independent functions (Kotaja et al., 2005), although
a role for KIP1 and/or CIN8 in mitochondrial protein import would be an unusual first
for a kinesin-5, a family traditionally associated only with the mitotic spindle (Miki et al.,
2005). Kip1 and Cin8 localization may not be exclusively nuclear, both given the
determination of Cin8 Nevertheless, it cannot be ruled out altogether, for although
kinesin-microtubule interactions have been well-studied, considerably less is known
about the attachment of kinesin motors to specific cargoes (Hirokawa et al., 2009;
Mandelkow and Mandelkow, 2002). Phosphorylation has also been shown to regulate
the binding as well as the release of cargo from kinesin motors (Guillaud et al., 2008;
Vagnoni et al., 2011), in addition to regulating their motility (Morfini et al., 2002). It is
thus reasonable to speculate that Cdc28 phosphorylation of Kip1 and Cin8 may regulate
the transport of mitochondrial components essential to either the maintenance or
transmission of mtDNA.
Additionally, the homology models of the Kip1 motor domain presented in
Figure 33 suggest an explanation for how Thr 413 phosphorylation may influence Kip1
motility. As indicated above, Thr 413 lies on the neck linker of Kip1 and may form a
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hydrogen bond with Asp 50 when the neck linker is docked to the motor domain. The
phosphorylation of Thr 413 would cause it to repel Asp 50 electrostatically and may
interfere with docking of the neck linker when ATP is bound, thus affecting Kip1
motility perhaps by promoting the diffusive mode of motility identified in kinesin-5
motors rather than directional motion (van den Wildenberg et al., 2008). Kip1 diffusing
along microtubules might be sufficient to crosslink spindle MTs but would not be able to
perform directed transport of cargo. The equivalent residues in Cin8 are Lys 480 and Glu
33, which would be expected to interact electrostatically without influence from
phosphorylation.
As for the possible effects of Ser 455 phosphorylation on Cin8 motility, these
were discussed in Chapter 2 when I considered the phosphorylation of Kip1 at the
equivalent residue, Ser 388 (Chee and Haase, 2010). Since the presence of a C-terminal
mCherry tag rescues the function of the Kip1T413A mutant but not that of either Kip16A,
Kip1S388A, Cin85A or Cin8S455A, the serine residue within the motor domain core must be
involved in a separate aspect of kinesin-5 motility from the neck linker.
Although past observations have suggested that Cdc28 may regulate
mitochondrial function in S. cerevisiae (Devin et al., 1990; Genta et al., 1995; Neutzner
and Youle, 2005), there have been no formal attempts to identify the cyclin partners
responsible. Here, I have observed that Clb/Cdc28 complexes may not be involved in
promoting Cdc28-dependent mitochondrial fusion (Neutzner and Youle, 2005). This
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finding indicates that instead, Cln/Cdc28 complexes may perform mitochondrial-related
functions. The cyclins Cln1, Cln2 and Cln3 are expressed in G1 during the cell cycle are
involved in regulating the Start transition in late G1 (Lew et al., 1997; Mendenhall and
Hodge, 1998). Interestingly, in Drosophila melanogaster, cyclin D/Cdk4 has been suggested
to promote mitochondrial biogenesis (Baltzer et al., 2009; Icreverzi et al., 2012). The Dtype cyclins are the functional analogue of the budding yeast G1 cyclins in metazoan
eukaryotes (Morgan, 2007), and cyclin D1 was previously reported to inhibit
mitochondrial activity as part of the apoptotic response in mammalian cells (Sakamaki
et al., 2006; Tchakarska et al., 2011). Although Kip1 and Cin8 expression is low in G1
(Chee and Haase, 2010; Crasta et al., 2006; Gordon and Roof, 2001; Hildebrandt and
Hoyt, 2001), Cln/Cdc28 phosphorylation may regulate their putative mitochondrial
functions in a distinct manner from their spindle-related functions. The role of
Cln/Cdc28 in regulating mitochondrial function is worthy of further investigation using
S. cerevisiae multiple CLN deletion strains.
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