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HETERODIMER FORMATION AND TUBULIN FUNCTION IN S. CEREVISIAE

by
Leticia Rosa Vega

Submitted to the Department of Biology on February 1, 1999 in partial fulfillment of the
requirements for the degree of Doctor of Philosophy in Biology

ABSTRACT

Many effectors of microtubule assembly in vitro enhance the polymerization of
subunits. However, several S. cerevisiae genes that affect cellular microtubule-
dependent processes appear to act at other steps in assembly, and to affect
polymerization only indirectly. Here we use a mutant a-tubulin to probe celiular
regulation of microtubule assembly. tub7-724 mutant cells arrest at low temperature with
no assembled microtubules. The results reported here demonstrate that the heterodimer
formed between Tub1-724p and B-tubulin is less stable than wild type heterodimer. The
unstable heterodimer explains several conditional phenotypes conferred by the mutation.

We also describe genes that affect formation of the tubulin heterodimer. Our
approach to identify such genes is based on the observation that excess Rbl2p, a 3-
tubulin binding protein, is lethal in tub1-724 mutant strains. We show that excess Rbi2p
is similarly lethal to cells bearing mutations in CINT and PAC2. Genetic and biochemical
analysis demonstrates roles for each in heterodimer formation in vivo. Both haploid and
heterozygous tub1-724 cells are inviable when, PAC2, is over-expressed. These effects
are explained by the ability of Pac2p to bind a-tubulin, a complex we demonstrate
directly. And, excess Cin1p rescues the phenotypes of tub1-724 cells, strongly
supporting a catalytic role for Cin1p in heterodimer formation. Pac2p is associated with
Cin1p and with the tubulin polypeptides. The activities of these proteins in vivo are both
similar to and distinct from the role of their homologues in vitro assays for tubulin folding.
Our results uncover potential roles for these proteins in catalyzing tubulin
heterodimerization in vivo and so in maintaining the balance between individual tubulin
polypeptides.

Both excess [B-tubulin and benomyl lead to loss of microtubules, large budded
cell-cycle arrest and cell death. This parallel is supported by the consequences that
changes in ine level of either RbI2p or a-tubulin have for both of these microtubule
poisons. Overexpression of either gene rescues cells from the effects of -tubulin
overexpression and confers increased resistance to benomyl. We screened for
galactose-induced cDNAs that confer resistance to benomyl in wild type cells. We
describe the identification and initial characterization of two genes that allow celis to
Live on Benomyl when Overexpressed (LBO).

Thesis Supervisor: Frank Solomon
Title: Professor of Biology
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CHAPTER:

Introduction



Microtubules are found in all eukaryotic cells and are composed of

heterodimeric subunits of a- and B-tubulin. The filamentous arrays formed by

microtubules are essential for life and microtubules are known to function in a variety
of cellular processes including mitosis, meiosis, intracellular transport,
morphogenesis, and cell motility ( reviewed in (Dustin, 1984)). Some of the properties
specifying microtubule assembly are intrinsic to the tubulin heterodimer. For example,
the microtubule is a polar structure with a fast growing plus end and a slow growing
minus end. And microtubules are dynamic, exhibiting periods of rapid growth and
rapid shrinkage. /n vitro , purified tubulin is sufficient to recreate microtubule polymers.
The conditions for the assembly of microtubules from tubulin have been well defined.
Among the factors that influence microtubule assembly are: concentration of tubulin;
presence of GTP; concentration of cation; temperature and pH (reviewed in (Dustin,
1984) ). However, other factors are necessary to specify the full range of structures,
organelles and movements that microtubules specify in living cells. In addition, unlike

microtubule assembly in vitro, which begins with purified tubulin and looks at the

formation of polymer; cells must assemble heterodimer de novo from the individual a-

and B- tubulin monomers. Recent work from a variety of different sources have

identified proteins that may participate in tubulin heterodimer formation and suggest

that formation of heterodimer is itself a regulated event.
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Experiments in this thesis probe the activities of isolated tubulin polypeptides

and tubulin binding proteins in vivo. Our thinking has been greatly influenced by the

realization that free o- and B- tubulin are functionally distinct in vivo ; excess B-tubulin

is a microtubule poison. We have used the activity of free B-tubulin to investigate
various aspects of microtubule assembly in vivo. That analysis has allowed us to look
at genes that impact the state and activities of tubulin chains in the cell and to uncover

possible regulatory mechanisms.

Tubulin Structure

The tubulin heterodimer serves as the building block for the assembly of
microtubules. The microtubules of most cells are arranged as 13 parallel

protofilaments that close to form an intact hollow cylinder. Each protofilament is made

up of linear arrays of tubulin heterodimers. Longitudinal bonds connect alternating a-
and B-tubulin subunits in a protofilament. The subunits of adjacent protofilaments

slightly staggered and are connected by lateral bonds that are primarily a-o and B-B
interactions. However, since microtubules form a shallow helix with respect to the
lateral bonds; lateral bonds also form a-f and B-a interactions when the subunits

make a complete turn (reviewed in (Downing and Nogales, 1998; Dustin, 1984,

Erickson and Stoffler, 1996).
The high degree of homology between the tubulins of very different organisms

suggests that the molecular basis for conserved microtubule structure in part arises

from the primary sequence of the - and B-tubulins. Recently, the structure of the off

tubulin dimer has been solved by electron crystallography (Nogales et al., 1998). This
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work corroborates many of the insights into tubulin structure gained though more
indirect biochemical analysis and genetic analysis.

The «- and B- tubulin monomers are about 55,000 daltons. Both monomers

bind GTP and share about 40% amino acid identity. Nogales and coworkers found

that a- and B- tubulin are also very similar at the structural level (Nogales et al., 1998).
The GTP binding site on a-tubulin is buried with the tubulin dimer and is non-

exchangeable (N). The B-tubulin GTP binding site is exchangeable (E). The state of

the nucleotide at this E site is thought to contribute to microtubule dynamics (Nogales
et al., 1998). According to their model, there are three possible states for the
nucleotide bound at the E site, GTP, GDP + inorganic phosphate (Pi), and GDP. The
crystal structure of the tubulin dimer predicts that both the inter-and intra- dimer
interactions are very tight. Thus, the conformation of the polymer could be altered by
the state of the nucleotide, by microtubule associated proteins, or by drugs (Nogales et
al., 1998). The authors suggest that fine tuning of these interactions could regulate
assembly and the dynamic instability of microtubules (Downing and Nogales, 1998;
Nogales et al., 1998).

Interestingly, tubulin was found to be similar in structure to FtsZ, a GTPase that
is essential for cell division in prokaryotes (Nogales et al., 1998); (Lowe and Amos,
1988; Nogales et al., 1998). FtsZ forms a filamentous ring-shaped septum at the

division site in prokaryotes. In addition, FtsZ shares the “tubulin” signature sequence

with o, B, and y which is involved in GTP binding. Like tubulin, FtsZ can polymerize

into protofilaments and tubules in a GTP dependent manner (Bramhill and Thompson,
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1994; Erickson et al., 1996; Mukherjee and Lutkenhaus, 1994). Because of this, FtsZ
has been described as the prokaryotic precursor of tubulin (Erickson, 1998; Erickson,
1995; Erickson and Stoffler, 1996). That tubulin and FtsZ share structural similarity
suggests that studies of FtsZ a might provide insight into tubulin biology and vice
versa.

Microtubule associated proteins

Potential regulators of microtubule assembly and organization have been
identified by virtue of their ability to cycle with brain tubulin though several rounds of
assembly and disassembly (Borisy et al., 1975; Cleveland et al., 1977). These proteins
present in substochiometric amounts may serve to regulate both quantitative and
qualitative aspects of microtubule assembly. Some microtubule associated proteins or
MAPs (Weingarten et al., 1975) include MAP1A (Bloom et al., 1984), MAP1B (Noble et
al., 1989), MAP2 (Shiomura and Hirokawa, 1987), MAP4 (Parysek et al., 1984),
XMAP230 (Andersen et a!., 1994), and Tau (Drubin et al., 1984). Fractionation
schemes using microtubules (Magendantz and Solomon, 1985; Pillus and Solomon,
1986) and microtubule affinity chromatography (Barnes et al., 1992) have also been
used with varying degrees of success to isolate microtubule binding proteins. Many of
the proteins identified by all these methods co-localize with microtubules or
microtubule organizing centers in vivo and enhance microtubuie stability both in vivo
and in vitro (Cleveland et al., 1977; Knops et al., 1991; Leclerc et al., 1996; Sandoval
and Vandekerckhove, 1981).

In addition, proteins that inhibit microtubule polymerization and so have the

opposite effect of MAPs have also been identified. XKCM1 is a kinesin related protein
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from Xenopus ovary that increases the catastrophe rate of microtubules (Walczak et
al., 1996). Oncoprotein 18/stathmin binds to tubulin dimer and affects tubulin
assembly by increasing the catastrophe rate and decreasing the growth rate of

microtubules (Belmont and Mitchison, 1996).

There are limitations in using biochemical approaches for isolating proteins that
affect microtubule assembly. For example, proteins that are important for microtubule
assembly but that only transiently interact with microtubules might not be identified by
these methods. Moreover, that a protein can bind to microtubules does not mean that

it functions with microtubules or that the binding is biologically significant.

Phage assembly as a model for microtubule assembly

Parallels between microtubule assembly in vivo and other assembly pathways
allow us to exploit observations made in these systems and apply them to studies of
microtubule assembly. In particular, the study of bacteriophage assembly provides
several useful paradigms for studying the interactions required for assembly of a multi-
subunit structure (reviewed in (Weinstein and Solomon, 1992)). By using a
combination of biochemical and genetic methods, a detailed and ordered pathway of
the protein-protein interactions required to assembly a bacteriophage particle was
generated.

One approach that was successfully used in the phage system to identify
interacting components was pseudo-revertant analysis. In the phage P22 system,
Jarvik and Botstein (1975) showed that revertants of missense mutations were often
conditional lethal mutations in gene products that physically interact with the protein

product of the original mutant gene (Jarvik and Botstein, 1975). A second lesson of
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bacteriophage assembly is that assembly pathways are sensitive to stoichiometry; a
deficit in one component relative to another may result in qualitative rather than
quantitative defects in assembly (Floor, 1970; Sternberg, 1976). These studies
suggest that one can identify interacting proteins genetically by screening for
stoichiometric suppressors of the original phenotypes. Both of these approaches have
been successfully applied to the problem of microtubule assembly in yeast and are

described below (Weinstein and Solomon, 1992).

Microtubule assembly in yeast

Yeast offers the opportunity to study microtubule function in a genetically
tractable organism (Huffaker et al., 1988). The genes encoding the primary
components of microtubule structure, o- and B-tubulin, have been cloned and
characterized (Neff et al., 1983; Schatz et al., 1986). Saccharomyces cerevisiae has
two genes encoding o-tubulin, TUB1 and TUBS3, that are 90% identical at the amino
acid level (Schatz et al., 1986). TUBT is essential for mitotic growth while TUB3 is
non-essential (Schatz et al., 1986). The differences between the two can be

accounted for by differences in their level of expression (Schatz et al., 1986). B-tubulin

function is encoded by a single, essential gene, TUB2 (Neff et al., 1983).

Microtubule arrays in yeast cells are known to be important for specific
functions: mitosis, meiosis and nuclear fusion during mating (Delgado and Conde,
1984, Huffaker et al., 1988; Jacobs et al., 1988). Collections of mutations in tubulin

genes that affect both quantitative and qualitative aspects of microtubule function are
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available (Huffaker et al., 1988; Reijo et al., 1994; Schatz et al., 1988). The analysis of
tubulin mutants can provide insight into those steps. For example, the phenotypes of

cells containing tub2-401, a mutant B-tubulin that affects only the cytoplasmic

microtubules, suggest that cytoplasmic microtubules are needed to position the
spindle in the bud neck but are not required for spindle elongation at anaphase B
(Sullivan and Huffaker, 1992). Yet, the defects of mutant tubulins are largely

understood in terms of the arrest phenotype rather than their execution point.

For another important cytoskeletal polymer; actin, analysis of the requirements
for actin assembly was facilitated by the availability of both structural information about
actin and collections of actin mutants. Consequently, studies in yeast show that many

actin alleles have properties that are readily interpreted in light of the actin structure

(Wertman et al., 1992). The available three dimensional structure of the o

heterodimer will make a similar analysis of tubulin possible (Nogales et al., 1998).

Pseudo-revertant analysis of tubulin mutations has yielded both tubulin and

non-tubulin suppressors. For example, in S. cerevisiae suppressers of conditional o-
tubulin alleles have been isolated in B-tubulin (Schatz et al., 1988). In Aspergillus
nidulans, Morris and co workers isolated a-tubulin revertants of conditional alleles in

B-tubulin (Morris et al., 1979). Non-tubulin suppressors have also been identified in

this manner. The most striking example comes from the work of Oakley and Oakley

(1989) in Aspergillus nidulans . By screening for suppressors of a mutation in B-

tubulin they identified mipA , the gene encoding y-tubulin (Oakley and Oakley, 1989).
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v-tubulin is an evolutionarily conserved tubulin family member involved in microtubule

nucleation (Oakley et al., 1990; Steams et al., 1991; Zheng et al., 1991). More recently

in S. cerevisiae screens for suppressors of 8-tubulin mutations have identified

mutations in the genes encoding the microtubule associated proteins STU1

(Pasqualone and Huffaker, 1994) and STU2 (Wang and Huffaker, 1997).

Genetic approaches that focus directly on processes known to involve
microtubules in S. cerevisiae have also yielded a number of microtubule associated
proteins. For example, BIK1 which localizes to the nuclear spindle was identified in a
screen for karyogémy defects (Berlin et al., 1990). Karyogamy is the process during
mating by which two haploid yeast nuclei fuse to produce a single diploid nucleus. ,
This process requires nuclear congression, a microtubule dependent process, and
nuclear envelope fusion (reviewed in (Rose, 1996)). Cells deleted for BIK1 exhibit
defects in chromosome segregation and nuclear migration. Similar functional screens
in yeast have identified a variety of microtubule based motors (Eshel et al., 1993; Hoyt
et al., 1992; Li et al., 1993, Lillie and Brown, 1992; Meluh and Rose, 1990; Roof et al.,
1992) spindle pole body components (Nguyen et al., 1998; Page and Snyder, 1992;
Schutz et al., 1997; Winey et al., 1991) and proteins involved in the spindle assembly

checkpoint (Hoyt et al., 1991; Li and Murray, 1991).

Another approach to identify gene products involved in microtubule assembly is
to screen for synthetic lethal interactions with deletions or defective alleles of known
microtubule related proteins. For example, ASE1 was isolated as a mutation that is

synthetic lethal with BIK1. Ase1p localizes to the spindle midzone until the end of
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mitosis (Pellman et al., 1995). Kem1/Sep1, a putative MAP, was isolated in a screen
for mutations that enhanced the nuclear fusion defect of kar7-7 (Kim et al., 1990).
However, from these same types of functional analysis there is a growing list of
gene products that affect microtubule-dependent processes but do not interact directly
with the microtubule polymer. For example, several genes that affect chromosome

instability (Hoyt et al., 1990) sensitivity to microtubule depolymerizing drugs (Stearns

et al., 1990) excess B-tubulin (Archer et al., 1995) dependence upon a mitotic motor

(Geiser et al., 1997), and y-tubulin function (Geissler et al., 1998) encode proteins that

act on microtubules at some step other than the polymerization reaction. That
mutations in proteins not present on the assembled polymer affect microtubule stability
in vivo suggests that there are other regulatory steps for crucial microtubule assembly.
In addition, such regulatory functions are evident in the response of cells to tubulin
imbalances described below.

The dynamic behavior of microtubules suggest that fluctuations of tubulin
concentration in the cell may regulate quantitative and qualitative aspects of
microtubule assembly (Mitchison and Kirschner, 1984). Indeed, in animal cells,
manipulation of tubulin levels by drug induced depolymerization or by microinjection

of tubulin was found to affect tubulin mRNA stability (Cleveland, 1988). And

overexpression of a-tubulin transgene in CHO cells was found to downregulate

endogenous a-tubulin protein levels, perhaps by translational repression (Gonzalez-

Garay and Cabral, 1996). Thus, animal ceils may contain regulatory mechanisms to

maintain homeostasis with respect to tubulin levels.
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In yeast it is possible to vary tubulin levels by varying the copy number and/or
the expression levels of tubulin genes. Cells with increased copies of a- and B-
tubulin genes, or of a- tubulin genes alone, downregulate tubulin levels (Katz et al.,

1990). However, in S. cerevisiae the absolute cellular levels of tubulin can vary from

0.5X to 1.2X without very little effect in mitotic growth or microtubule organization (Katz

et al., 1990). In contrast, experiments designed to alter the cellular ratio of a-tubulin
relative to B-tubulin show that yeast cells can tolerate high levels of a-tubulin; in
contrast, even a small excess of B-tubulin is lethal (Katz et al., 1990; Weinstein and

Solomon, 1990).

Effects of B-tubulin overexpression

Acute overexpression of B-tubulin is lethal in budding yeast (Burke et al., 1989;
Weinstein and Solomon, 1990), but overexpression of a-tubulin is not (Weinstein and

Solomon, 1990). The lethality associated with excess B-tubulin is preceded by the

rapid disassembly of microtubules in the cell (Weinstein and Solomon, 1990).

Moreover, the B-tubulin that accumulates co-localizes with the spindle pole body

(SPB) (M. Magendantz, personal communication). These effects depend on the ratio

of B- to a- tubulin rather than the absolute level of either subunit since concomitant
overexpression of a-tubulin rescues both the microtubule phenotype and the lethality

of excess B-tubulin (Weinstein and Solomon, 1990). This situation is similar to some

aspects of bacteriophage assembly (described above); a deficit in one component
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relative to another results in qualitative defects rather than quantitative defects in
assembly. Thus, in vivo, normal heterodimer assembly requires that the components
be held in balance, while an imbalance permits illegitimate interactions that can be
deleterious to the cell (reviewed in (Weinstein and Solomon, 1992) . We and others

have identified proteins that may participate in this process. For example the yeast

protein, Rbl2p, affects how cells survive alterations in the ratios of a- to B-tubulin

(described below and (Archer et al., 1995). Levels of Pac10p and the G/M genes

affect a- to B-tubulin ratios (Alvarez et al., 1998; Geissler et al., 1998). That excess j-

tubulin appears to interfere with microtubule assembly might be explained if the

excess B-tubulin forms inappropriate interactions with other components that might be

limiting for assembly (Weinstein and Solomon, 1992).

Rbi2p, a B-tubulin monomer binding protein.

Our lab identified RBL2 as a high copy suppressor of excess B-tubulin lethality
(Archer et al., 1995). Rbl2p is able to rescue B-tubulin lethality to the same extent as
o-tubulin. Overexpressed Rbl2p can suppress the effects of both too much B-tubulin or

too little a-tubulin (Archer et al., 1995). RbI2p shares other properties with a-tubulin:

both confer increased resistance to microtubule depolymerizing drugs when

overexpressed, and both bind to B-tubulin in vivo (Archer et al., 1995)
Rbi2p binds B-tubulin to form a complex that excludes a-tubulin and is less
stable than the a-PB heterodimer (Archer et al., 1998). /n vivo, Rbl2p is competent to

bind B-tubulin both before and after it has been in the a-p heterodimer suggesting that
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the form of B-tubulin recognized by RbI2p is in equilibrium with the a-B heterodimer
(Archer et al., 1998). Thus, the Rbl2p-B-tubulin complex defines a second pool of B-
tubulin in the cell. Our analysis of the Rbi2p-B-tubulin complex suggests that the ability
of Rbl2p to rescue cells from excess B-tubulin lethality likely requires binding of -

tubulin in vivo.

Rbi2p can be deleterious in both wild type and mutant cells by competing with

a-tubulin for B-tubulin binding. We have characterized a mutant o-tubulin allele that is

synthetically lethal with both RBL2 deletion and over-expression (Vega et al., 1998).
Our analysis of this mutant, detailed in Chapter Two, suggests that tubulin

heterodimers containing the mutant o-tubulin protein, tub7-724 are less stable than

the wild type heterodimers (Vega et al., 1998). These results provide both a structure-
function analysis of tubulin as well as information about the function of non-tubulin
genes important for microtubule assembly in vivo (see below).
Tubulin Folding and heterodimer formation

Protein folding is the process by which the linear information contained in the
primary amino-acid sequence of a polypeptide gives rise to the native, three
dimensional structure of the functional protein (Hartl, 1996). Some proteins, such as
ribonuclease A, can spontaneously acquire their native conformations in vitro
(Anfinsen, 1873). However, the folding of other polypeptides is facilitated by the action
of molecular chaperones that bind non-native states of proteins and assist them to

reach a native conformation (Bukau and Horwich, 1998)).
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The evolutionarily conserved heat shock family of molecular chaperones were
first identified as proteins that are rapidly induced by stress. Although they are stress
proteins, they play essential roles in the quality control of proteins under non-stress
conditions as well. These functions include: folding of nascent polypeptides,
translocation of proteins across membranes, promoting assembly and disassembly of
oligomeric proteins; and facilitating the degradation of misfolded proteins (reviewed in
(Hartl, 1996). Tailless complex polypeptide 1 (TCP-1), a cytopiasmic homologue of
hsp60 chaperonin, forms a hetero-oligomeric torodial complex that is responsible for
folding a specific subset of cellular proteins, including tubulins and actin (Lewis et al.,
1992; Sternlicht et al., 1993).

In vitro, incubation with TCP-1 and ATP is sufficient for both actin and y-tubulin
to achieve a native state (Gao et al., 1992). However, Cowan and colleagues found
that in addition to TCP-1 and ATP, «- and B-tubulin require the presence of GTP and of

additional protein cofactors to interact with the tubulin chains before they are

competent to assemble into exogenously added heterodimers (Campo et al., 1994;

Gao et al., 1992; Gao et al., 1993; Tian et al., 1996; Tian et al., 1997). In that assay, B-
tubulin released from the chaperone is bound independently by cofactors A or D, and
a-tubulin is bound by either cofactor B or E. The B-tubulin released from cofactor A
and the a-tubulin released by cofactor B fails to exchange into exogenous

heterodimer as assayed by native gel electrophoresis. Instead, cofactor A and
cofactor B enhance the efficiency the exchange reaction by 90% (see Figure 1-1 and

(Tian et al., 1996; Tian et al., 1997).
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Figure 1-1. Model for the in vitro tubulin folding assay and S. cerevisiae

cofactor homologues. B-tubulin or a-tubulin is released from the chaperone (eight
subunit toroid) and is bound independently by cofactors A or cofactor D for B-tubulin;
or cofactor B or cofactor E for a-tubulin . The B-tubulin released from cofactor A and
the a-tubulin released from cofactor B are not competent to exchange into exogenous
heterodimer. The formation of native heterodimer requires that the o- and B-tubulin
monomers bind cofactors D and E, respectively. Cofactors D bound to B-tubulin and
cofactor E bound to a-tubulin form a quaternar’ complex. Finally, cofactor C in a GTP

dependent step mediates the release of the a-f tubulin heterodimer.
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In yeast, TCP1 and TCP1 related genes are essential and conditional mutations
in the genes encoding TCP1 subunits, TCP1, BIN2, BIN3 and ANCZ2 exhibit
cytoskeleton defects, including abnormal nuclear distribution, aberrant microtubule
structure, sensitivity to microtubule depolymerizing drugs, (Campo et al., 1994; Miklos
et al., 1994; Ursic and Culbertson, 1991; Ursic et al., 1994; Vinh and Drubin, 1994)
and allele specific interactions with tubulin genes and with actin (Ursic et al., 1994).
Thus, proper folding of tubulin in vivo likely requires the action of the cvtosolic
chaperonin. More recently, Oka et al., (1998) reported that loss function of hsp70

/Ssalp in S. cerevisiae led to microtubule defects and showed synthetic lethality with

mutations in the gene encoding y-tubulin, TUB4 suggesting that hsp70-hsp40 may
also have a role in y-tubulin biogenesis (Oka et al., 1998). Alice Rushforth has shown

that SSA and SSB co-purify with both a- and B-tubulin in vivo (A. Rushforth., personal

communication), and Rbl2p was found to have homology to the “J domain” of DNA
(Llosa et al., 1996). It will be interesting to see if the hsp70 family of heat shock

proteins have a role in o B heterodimer formation.

Homologues of many of the mammalian cofactors invoived in the tubulin
folding assay have also been identified in yeast by diverse screens for mutations that
affect microtubule processes. Rbl2p is structurally and functionally homologous to
cofactor A (Archer et al., 1995). Cin1p, the cofactor D homologue, was first identified
in two independent screens for mutation that increase sensitivity to microtubule
depolymerizing drugs (Hoyt et al., 1890) and fidelity of mitotic chromosome

transmission (Steams et al., 1990). Pac2p, the cofactor E homologue was found as a
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genetic interactor with the mitotic motor CIN8 (Hoyt et al., 1997). Only Alf1p was
identified by virtue of its homology to the mammalian cofactor B rather than in a
genetic screen (Tian et al., 1997). Thus far there is no known S. cerevisiae
homologue of the mammalian cofactor C. However, S. cerevisiae has two additional
proteins CIN2 and CIN4 that were not identified in the in vitro assay. CIN2 and CIN4,
were identified in the same screens that identified CIN7 ; and appear to function with
CIN1 in vivo (Hoyt et al., 1990; Hoyt et al., 1997; Steams et al., 1990). Perhapsin S.
cerevisiae, CIN2 and CIN4 might take the place of the mammalian cofactor C. /n vivo,
deletion in any one of these genes- RBL2; CIN’s 1,2,4; ALF1; and PACZ2; -confers
increased sensitivity to the microtubule depolymerizing drug, benomyl (Archer et al.,
1995; Hoyt et al., 1990; Stearns et al., 1990; Tian et al., 1997). However, the benomy!
supersensitivity of the strains varies depending on the nuil.

In the in vitro assay cofactor D and cofactor E are essential (Tian et al., 1996;
Tian et al., 1997). In fission yeast, the cofactor D,B,E homologues are required for
viability and mutations in these genes affect cell polarity (Hirata et al., 1998).
However, in budding yeast, none of the gene products that is required for the in vitro
folding assay are essential [Hoyt, 1997 #1833; and unpublished results]). Only under
conditions of stress, such as cold, or in combination with other mutations affecting
microtubules are these gene products essential. There may be redundant functions in
yeast specified by genes as yet undetected, or the in vivo tubulin folding could follow a
different pathway. Thus, the extent to which the in vitro tubulin folding assay is
relevant to the in vivo situation is not clear. Some of the work in this thesis, detailed in

Chapter Two and Chapter Three addresses this question.
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Based on the observation that an excess of Rbl2p is lethal in cells containing a
less stable heterodimer; experiments in chapter three of this thesis, describe how we
have applied RBL2 overexpression to identify non-tubulin genes that influence
heterodimer stability. From that analysis we found that excess Rbl2p is lethal in cells
bearing mutations in CIN1, the cofactor D homologue, and PAC2. the cofactor E
homologue. Our genetic and biochemical analysis demonstrates roles for each in
heterodimer formation.

Tubulin and Microtubule druags

Tubulin polymerization is affected by various antimitotic drugs that either inhibit
or enhance microtubule polymerization and inhibit cell proliferation. At high
concentrations, drugs such as colchicine, the vinca alkaloids and nocodazole inhibit
polymerization in vivo and in vitro (reviewed in (Jordan and Wilson, 1998)). Other
drugs such as taxol act by stabilizing microtubules against depolymerization (Schiff et
al., 1979; Schiff and Horwitz, 1980).

Only a subset of microtubule drugs affect S. cerevisiae. For example
nocodazole, benomyl and methyl benzimidazole-2yl carbamate (MCB) are known to
cause the depolymerization of yeast microtubules /n vivo (Jacobs and Huitorel, 1979;
Kilmartin, 1981; Quinlan et al., 1980) but colchicine does not (Baum et al., 1978). In
addition, yeast microtubules are not sensitive to the microtubule stabilizing drug taxol
(Barnes et al., 1992). Benzimidazole treatment in yeast results in the failure of
microtubule mediated processes such as nuclear division, nuclear migration and

nuclear fusion (Delgado and Conde, 1984; Jacobs et al., 1988).
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Altered sensitivity to benomyl is a phenotype associated with impaired

microtubule function in S. cerevisiae and is often used to suggest that a gene product

is involved in a microtubule related process. Mutations in the a-tubulin genes, TUB1

and TUB3, as well as the B-tubulin gene, TUBZ2, can confer increased benomyl|

supersensitivity (Reijo et al., 1994; Schatz et al., 1988; Stearns and Botstein, 1988). In
addition the tubulin genes, mutations in a number of genes involved in microtubule
morphogenesis are known to be supersensitive to benomyl. Some examples include
mutations in genes encoding: microtubule motors (Cottingham and Hoyt, 1997), mitotic
checkpoints (Hoyt et ai., 1991; Li and Murray, 1991), spindle pole body function
(Brachat et al., 1998), centromere function, (Baker and Masison, 1990; Foreman and
Davis, 1993) microtubule associated proteins (Kim et al., 1530; Schwartz et al., 1997),
and tubulin folding (Chen, et al., 1994 ; Hoyt et al., 1990; Hoyt et al., 1997; Siearns et
al., 1990). Mutations in genes that confer increased resistance to microtubule

depolymerizing drugs are less common. For the most part, mutations that confer
increased resistance to benomyl map to the B-tubulin encoding gene, TUB2 (Reijo et

al., 1994; Thomas et al., 1985). However, mutations in genes other than TUB2 have
also been isolated that confer Ben®. These irclude: nulls in CDP1, which requires
centromere binding factor | (Cbf1p) for viability (Foreman and Davis, 1996), and alleles
of SACS, isolated as a suppressor of act1-1 (Bauer and Kolling, 1996).

Increased resistance to microtubule depolymerizing drugs can also be acquired
by overexpression of various gene products. For example, the Candida albicans
multidrug resistance gene, BENT, is an efflux pump that confers increased resistance

to benomyl in S. cerevisiae. (Ben-Yaacov et al., 1994). Our laboratory showed that
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overexpression of the B-tubulin binding proteins, a-tubulin or RbI2p confers increased

resistance to benomyl in wild-type cells (Archer et al., 1995; Schatz et al., 1986). We
designed a screen to identify genes in S. cerevisiae that confer resistance to benomyl

when overexpressed. In particular, were interested in genes that might be involved in
microtubule assembly. We identified two genes that like Rbi2p and -atubulin confer a
Ben" phenotype. These results are described in chapter Four of this thesis.

Finally, in Chapter Five of this thesis | have described some of the ongoing

questions in our laboratory and | have proposed a few experiments that may address

some of these questions.
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CHAPTER 2:

An o-tubulin mutant destabilizes the heterodimer: phenotypic
consequences and interactions with tubulin binding proteins.



INTRODUCTION

Microtubules participate in a variety of specific functions crucial for
morphological differentiation, cell growth, and cell movement. The diversity of these
functions requires that microtubules assemble into quite different structures even
within the same cell. Many of those structures are dynamic, allowing them to
disassemble rapidly and thus provide the components necessary to form another
microtubule organelle. Possible mechanisms for regulation of these processes can be
envisioned at several levels: primary sequences of tubulin genes (Hoyle and Raff,
1990; Joshi and Cleveland, 1989), message stability (Pachter et al., 1987), folding and
dimerization of the protein subunits (Chen et al., 1994; Ursic and Culbertson, 1991),
properties of the polymer (Mitchison and Kirschner, 1984; Saxton et al., 1984), and the
interaction of the polymer with non-tubulin proteins (Caceres and Kosik, 1990;
Dinsmore and Solomon, 1991).

Recently, several diverse experimental approaches have identified proteins that

may participate in tubulin heterodimer formation. In vitro assays for proper folding of

denatured a- and B-tubulins require several protein co-factors that interact transiently

with the individual polypeptide chains (Melki et al., 1996; Tian et al., 1996; Tian et al.,
1997). These complexes of tubulin polypeptides with co-factors may be intermediates
that form in the interim between release of tubulin polypeptide from the TCP1-
containing ring complex (TRiC) and its incorporation into pre-existing heterodimers by

exchange. In at least some cases, those polypeptides form binary or higher order

41 An Unstable Tubulin Heterodimer



complexes with the tubulins that are stable enough to be isolated but are still reactive

(Tian et al., 1997).

Homologs of these cofactors (except cofactor C) are identified by diverse
screens for mutations that affect microtubule processes in budding yeast. The
processes affected include sensitivity to microtubule depolymerizing drugs (Stearns et
al., 1990), fidelity of mitotic chromosome transmission (Hoyt et al., 1990), response to
over-expression of B-tubulin (Archer et al., 1995), and interactions with mitotic motors
(Geiser et al., 1997). Although most of these co-factors are essential for the in vitro
assay, none of their S. cerevisiae homologs are essential for viability. Therefore, they
may participate in the folding and heterodimerization of tubulin polypeptides, but there
must be pathways that do not depend upon them.

The genetic data alluded to above suggest that there may be multiple steps in
tubulin assembly subject to cellular control. Analysis of tubulin mutants can provide
access to those steps. A panel of a-tubulin mutants cold-sensitive for growth arrest at
their restrictive temperature with diverse microtubule phenotypes (Schatz et al., 1988).
Some of the mutants arrest with no microtubules (class 1), some with a normal

complement of microtubules (class 2), and the rest with an apparent excess of

microtubules (class 3). This variability suggests that the conditional defects in these
mutant a-tubulin proteins can affect different aspects of microtubule assembly and
function. Certain of these mutations are suppressed by specific mutations in B-tubulin

(Schatz et al., 1988), and others by extra copies of the mitotic check point BUB genes

(Guénette et al., 1995) or by yeast homologues of the mammalian checkpoint gene
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RCC1 (Kirkpatrick and Solomon, 1994). However, there is insufficient structure-
function information for tubulin to permit an understanding of the phenotype in terms of
the tubulin mutation itself.

Another distinction among the tub7 mutants is uncovered when they are

assayed in the presence of varying Rbi2p levels. Rbl2p binds B-tubulin to form a 1:1
complex (Archer et al., 1998; Melki et al., 1996). Rbl2p binding to B-tubulin excludes

a-tubulin binding to B-tubulin. Four class 1 a-tubulin mutants are synthetically lethal

with deletion of rb/2. Two of those are also synthetically lethal with over-expression of
ABL2, but several other class 1, 2 or 3 mutants show no such interactions (see Table
2-1 and Archer et al., 1995).

The present study analyzes and exploits the properties of one of those two
mutants. The tub1-724 mutation fails to support growth at 18°C, and only partially
supports growth at 25°C, but grow as< well as wild type cells at 30°C (Schatz et al.,

1988). The lethality and loss of microtubules at the non-permissive temperature is not

a consequence of degradation of a-tubulin; the steady state a-tubulin levels in these

cells is the same as that in an isogenic wild type control (our unpublished resuits).
Upon induction of GAL-RBL2, tub1-724 cells at permissive temperature rapidly lose
assembled microtubule structures, and within 20 hours fewer than 0.1% of the cells
are viable (Figure 2-1 and Archer et al., 1995). After 5 hours in galactose, tub1-724
cells overexpressing Rbl2p lose most of their assembled microtubules (see Figure 2-2

(B) and Archer et al., 1995).
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Table 2-1. Synthetic Lethality of RBL2 Overexpression and Null
Strains

Allele RBL2 Overexpression ARBL2

tub1-724,-728

tub1-738,-759 + -
tub1-704,-714, + +
-744,-750

tub1-727,-730,-733, + nd
-741,-746,-758

Ability of mutants to grow at permissive temperatures upon induction of

PGAL-RBL2 or in RBL2 nulls. nd = not determined
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Figure 2-1. Synthetic Interaction of RBL2 Overexpression with tub1-724.
Haploid cells contain two plasmid each: either TUB1 or tub1-724 on a CEN plasmid
as their only source of o tubulin, and either GAL-RBL2 or a YCpGAL (control) plasmid.
These strains were grown overnight in selective raffinose media at 30°C. At T=0
hours, galactose was added to 2%. Cell viability equals the number of colonies

arising on glucose plates divided by cell number counted in a light microscope.
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Figure 2-2. Microtubule disassembly in tub1-724 cells over-expressing
RBL2. tub1-724 cells growing at 30 °C and containing either control (A) or pGAL-
RBLZ2 (B) plasmids were fixed and processed for anti-tubulin immunofluorescence
after 5 hours in galactose. In control cells, there are a variety of tubulin staining

patterns. In cells overexpressing Rbl2p, large budded cells contain little or no

localized staining.
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The data presented here demonstrate that tubulin heterodimer containing this

mutant a-tubulin protein is less stable than the wild type heterodimer. We use this

property to analyze interactions between tub1-724 and altered levels of two of the

cofactor homologues mentioned above. The results provide a structure-function

correlation for tubulin as well as insight into the cellular activities of the B-tubulin

binding protein Rbi2p and the putative a-tubulin binding protein Pac2p.
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MATERIALS AND METHODS

Strains, Plasmids, and Media

All yeast strains are derivatives of FSY185 (Weinstein and Solomon, 1990) with
the exception of the tub1 mutants (Schatz et al., 1988). We used standard methods for
yeast manipulations (Sherman et al., 1986; Solomon et al., 1992). All the relevant
strains are listed in table2-2.

To construct pLV27- an Aat 1I-Sph | fragement of pRB624 containing tub1-724
was ligated into Aat II-Sph i digested YCp50. The plasmids pLV30, 32,36,37,38 were
constructed byin vivo recombintation between the Pvu Il digested backbone of pLV27
and the Aat lI-Sph | fragment containing the mutant tub1 allele. pGP2L was
constructed by isolating the Sal I-Not | fragment from pPA45 and inserted into the Sal
I-Not | site of the pGLR vector. pLV56 was constucted by P.C.R. of PAC2 from genomic
DNA the 5’ primer was 5 GCAAAACGAATTTCAGAGATAGCATG and the 3' primer
inserts 6 histidine tag and a Not | site with the sequence
5CTACCGCGGAGCTCTTAGTGATGGTGATGGTGATGGCGGCCGCCCGATGGGCTG
TTAACCTTCTGAATGCTCTTGTTATTTACTGG. The resulting PCR. product was
cloned into pRS316-GAL1 (Liu et al) then a 111 bp Notl fragment containing the triple
HA epitope from B2385 (Fink Lab) was cloned into the Not | site of pLV56. For pLV62,
the Sal | -Sac Il fragment from pLV56 was ligated into Sal | -Sac Il digested pGLR.
Synthetic Lethality

RBL2 Qverexpression - FSY 182 (wild type)or haploid strains containing tub1

alleles were transformed with pA5. Transformants on were grown SC-ura-leu, viablity
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assessed by plating strains to glucose and to galactose plates. The cell number and
size of the colonies were assesed by visual inspection in most cases.

Arbl2 - JAY422 (Arbl2 haploid) was crossed {o haploid tub? mutants. The

diploids were sporulated, and dissected. Synthetic interactions were judged by two

criteria: % dead spores and marker analysis (inability to recover tub1 aliele + Arbl2

products).

Viability measurements and Immunofiuoresence
LTY6, LTY1, LTY374, LTY8, LTY376 and LTY11 were grown overnight in SC -

ura -leu raffinose media. Log phase cells were then induced with 2% galactose and at
various time points aliquots of cells were taken and counted using a haemocytometer.

Known numbers of cells were then plated to SC -ura glucose plates. Cell viability was
measured as the percent of counted cells able to form colonies on the SC -ura glucose
plates. At various time points cells were fixed for immunofiuorescence in 3.7%

formaldehyde. Anti B-tubulin staining was done with #206 (Bond et al., 1986) at

1/2000 in phosphate buffered saline containing 0.1% bovine serum albumin.

Phenotypes of TUB1 or tub1-724 heterozygous diploids

Atub1, Atub3 strains containing tub1-724 or TUBT gene on LEU2:CEN
plasmids were crossed to FSY183(wild type) containing YCpGAL, pPA45 or pA5. The
diploid strains were grown to saturation overnight in SC -ura -leu -his glucose liquid
media. The saturated cultures were serially diluted in 96 well dishes, and spotted onto
SC -ura glucose and SC -ura galactose plates.

- lin_r of tub1-724 haploids double overexpressors

51 An Unstable Tubulin Heterodimer



FSY157 was transformed with various combinations of pGP2L, pJAS, pRS317,
YCpGAL, and pPA45. Transformants were selected on SC-ura-lys plates. The haploid
cells were grown to saturation overnight in SC-ura-lys glucose liquid media. The
saturated cultures were serially diluted in 96 well dishes, and spotted onto SC -ura-lys
glucose and SC-ura-lys galactose plates at 30°C.

Rescue of JAY47

JAY47 (Archer et al., 1995) was transformed with genomic CEN: URAS3
plasmids containing TUB1, tub1 alleles or with CEN:LJRA3:RBL2. Cells were plated to
SC -leu -ura glucose plates at 30°C and to SC -leu-ura galactose plates 30°C, 18°C
and 15°C. The number of colonies on galactose relative to glucose was measured.
DNA Sequencing

DNA sequencing was performed using modified T7 DNA polymerase
Sequenase with the dideoxy chain termination method (U.S. Biochemical
Corporation).

Immune _techniques

Immunoblots: Standard procedures were used (Solomen et al., 1992). After
gel electrophoresis and transfer to nitrocellulose membranes, we blocked blots with
TNT (0.025M Tris, 0.17M NaCl, 0.05% Tween-20, pH 7.5) for 30-120 minutes. Primary
antibodies were incubated for >12 hours at 1/3500 (#206 or #345; Weinstein and
Solomon, 1990) or at 1/100 (#250 (Archer et al., 1995) and then washed 5 times (5
min. each) in TNT. Beund antibody was detected by '*°l Protein A (NEN) or (for
12CA5) '®| sheep anti-mouse IgG (NEN). Commerical preparations of anti-HA were

used (Boehringer).
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Immunoprecipitations: The procedure described previously (Archer et al. 1995)

was used with slight modifications. The monoclonal antibodies A1BG7 (anti -a) and

B1BE2 (anti-B), raised against the carboxy terminal 12 amino acids of Tub1p and

Tub2p, respectively, were affixed to Affigel-10 beads (BioRad). Yeast strains FSY157
and FSY 182 were grown up at 30°C. Total protein was harvested by glass bead lysis
in PME (0.1M Pipes, 2mM EGTA, 1 mM magnesium chloride, pH 6.9) plus protease
inhibitors and was added to antibody beads for one hour incubation with rotation at
4°C. We washed the beads eight times with PME + protease inhibitors. Bound
proteins were eluted by boiling in SDS sample buffer and resolved by SDS-PAGE
analysis.

Purification of His, tagged proteins

The Ni-NTA nickel slurry and column materials were from Qiagen. We used
protocols from the Qiagen handbook and modifications of this protocol that have been
previously described (Magendantz et al., 1995).

In vivo His,-Rbi2p-B-tubulin association experiments

Yeast strains LTY291 and LTY292 are FSY157 and FSY 182 transformants with
a CEN pGAL-RBL2-HIS, (pGHR). We grew LTY 291 and LTY292 overnight at 30°C in
selective media containing raffinose to about 2X10° cells per experiment. 2%
galactose was added to induce His,-RBL2 expression. After 0,1, and 2 hours protein
was harvested by glass bead lysis in 1ml PME buffer plus protease inhibitors. We
applied 0.85 mils of protein extract to 130ul Ni-NTA beads. We washed and eluted the

bound proteins as previously described (Magendantz et al., 1995). Eluted proteins
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were subjected to SDS-PAGE analysis and probed for a-tubulin, B-tubulin and Rbi2p
and quantitated by densitometry.
In vivo HIS -(HA)-Pac2p-a-tubulin association experiments

We grew yeast strains LTY539, LTY541, LTY439 and LTY 440 overnight in

selective raffinose media at 30°C. 2% galactose was added to induce Pac2p-(HA)-His;

and a-tubulin or B-tubulin expression. 6.0X10° cells were harvested by glass bead

lysis per experiment in 1.1mi PME buffer plus protease inhibitors. We applied 1ml of
protein extract to 25ul Ni-NTA beads. We washed and eluted the bound proteins as

previously described (Magendantz et al., 1995). Eluted proteins were subjected to

SDS-PAGE analysis and probed for a-tubulin, B-tubulin and HA(12CAS). For Pac2p,
the bead eluants represent 120x the load of whole cell extract. For a- and B-tubulin,

the bead eluants represent 500x the load of whole cell extract.
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TABLE 2-2 Strains and Plasmids

Strains Genotype Reference
FSY185 a/a; ura3-52/ura3-52, leu2-3,112/leu2-3,112, his34200/his34200, (Weinstein and
lys2-801/lys2-801, ade2/ADE2 Solomon, 1990)
FSY183 & ura3-52; leu2-3,112; his3A200; lys2-801 (Weinstein and
Solomon, 1990)
FSY157 a; ura3-52; leu2-3,112; his34200; lys2-801; Atub1::HIS3, (Schatz et al.,
Atub3::TRP1 [pRB624] 1988)
FSY182 a; ura3-52; leu2-3,112; his3A200; lys2-801; Atub1::HISS, (Schatz et al.,
Atub3::TRP1 [pRB539] 1988)
LTY8 FSY157 plus YCpGAL (Archer et al.,
1995)
LTY11 FSY182 plus YCpGAL This study
LTY291 FSY157 plus pGHR This study
LTY292 FSY182 plus pGHR This study
LTY374 FSY157 plus pPA45 This study
LTY376 FSY182 plus pPA45 This study
JAYA47 a/a, ura3-52/ura3-52, leu2-3,112/leu2-3,112, his34200/his34200, (Archer et al.,
lys2-801/lys2-801, ade2/ADE2, TUB2/TUB2-LEU2-GAL-TUB2 1995)
LTY319 JAY47 plus YCpS50 This study
LTY321 JAY47 plus A21A This study
LTY323 JAY47 plus pLV32 This study
LTY325 JAYA47 plus pA1A5106 This study
LTY338 JAY47 plus pLV30 This study
LTY340 JAY47 plus pLV38 This study
LTY343 JAY47 plus pLV36 This study
LTY345 JAY47 plus pLV37 This study
LTY392 &/ag ura3-52/ura3-52; leu2-3,112/1eu2-3,112; his34200/his34200; This study

lys2-801/lys2-801; TUB1/Atub1::HIS3, TUB3/Atub3::TRP1;
[PRB539, pAS5)

LTY393 like LTY392 but with pPA45 rather than pAS This study
LTY395 like LTY392 but with YCpGAL rather than pAS This study
LTY3% &/og ura3-52/ura3-52; leu2-3,112/1eu2-3,112; his34200/his3A200; This study

lys2-801/lys2-801; TUB1/Atub1::HIS3, TUB3/Atub3:: TRP1,
[pPRB624, pPA4S5)

LTY397 like LTY396 but with pAS5 rather than pA45 This study
LTYA440 JAY47 plus YCpGAL This study
LTY439 JAY47 plus pLVY56 This study
LTY399 like LTY396 but with YCpGAL rather than pA45 This study
LTY539 FSY183 plus pJA3 and pLV62 This study
LTY541 FSY183 plus pJA3 and pRS317 This study
LTY540 FSY183 plus YCpGAL and pLV62 This study
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TABLE 2-2

56

Plasmid Gerotype Reference
YCp50 CEN-URA3 (Kirkpatrick and F.,
1994)
pA1A5106 TUB1-CEN-URA3 (Kirkpatrick and F.,
1994)
pA21A RBL2-CEN-URA3 (Archer et al., 1995)
pA5 GAL 1-10-RBL2-URA3 (Archer et al., 1995)
pGHR GAL 1-10-HIS,-RBL2-URA3 (Archer et al., 1998)
pRB624 tub1-724-CEN-LEU2 (Schatz et al., 1988)
pRB539 TUB1-CEN-LEU2 (Schatz et al., 1988)
pPA45 GAL 1-10-PAC2-CEN-URA3 (Alvarez et al., 1998)
. YCpGAL GAL1-10-CEN-URA3 (Archer et al. 1995)
© plLVv30 tub1-704 in YCpS0 This study
pLV32 tub1-724in YCp50 This study
pLv3e tub1-737 in YCp50 This study
pLV37 tub1-747 in YCp50 This study
pLVv38 tub1-714 in YCp50 This study
pLV56 GAL 1-10-PAC2-HA-HIS-CEN-URA3 This study
pLV62 GAL1-10-PAC2-HA-HIS,-CEN-LYS2 This study
pRS317 CEN-LYS2 (Sikorski and Hieter, 1989)
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Results

A model for the interactions between tub1-724 and altered levies of Rbi2p

We reasoned that the conditional loss of assembled microtubules in class 1 o-

tubulin mutants, incuding tub1-724, could arise from cold sensitivity of any of several
steps in microtubule morphogenesis. However, the synthetic lethality of Tub1-724p
with both Rbl2p deletion and over-expression suggest that the mutant defect arises
from a weaker heterodimer. This model is depicted in Figure 2-3. If the heterodimer
formed by the Tub1-724p dissociates more readily than does wild type heterodimer,
the increase in free, undimerized B-tubulin could be toxic in the absence of the B-
tubulin binding capacity provided by Rbi2p. Conversely, an excess of Rbl2p, which
has only minor phenotypes in a wild type cell, could compete effectively with the

mutant a-tubulin protein for B-tubulin and so diminish the level of tubulin subunits to

cause loss of microtubules and cell death. The experiments in this chapter present
tests of this model.
o-immunoprecipitation of g- and §-tubulin from wild type and tub1-724 mutant cells

We assessed the stability of the wild type and mutant a-p heterodimers by co-

immunoprecipitation. Extracts from tub1-724 mutant cells and wild type cells grown at

30°C were incubated with antibodies to either a-tubulin or B-tubulin coupled to Affigel

beads. The beads were washed extensively to remove adventitiously adhering

proteins, and specifically bound proteins were released by SDS. The tubulin chains in
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Figure 2-3. Synthetic lethal interactions between tub71-724 and altered
levels of RbI2p: 2 model. Cells expressing tub1-724 as their sole source of a-
tubulin die either when Rbl2p is absent or over-expressed. Those relationships are
explicable if the heterodimer formed by the Tub1-724p (a*B) dissociates more readily

than that formed by the wild type Tub1p (ap). In the presence of a normal complement

of RBL2, the mutant cells would have a high concentration of free B-tubulin (B....),
which may be responsible for the conditional phenotypes of the mutant {(e.g. benomyl
supersensitivity). In the absence of Rbl2p, the activity of B_._. would increase to toxic
levels. In contrast, an excess of Rbl2p could bind to B-tubulin and so enhance

dissociation of the mutant heterodimer, promoting dissociation to levels below those

necessary for viability.
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the immunoprecipitates were analyzed by immunoblotting with antibodies to a and B

tubulin. An example of this is shown in figure 2-4. From extracts of wild type cells,
antibodies against each of the tubulin polypeptides co-precipitates the other chain with
high efficiency; the ratio of the tubulins in the co-precipitates is comparable to the
original extracts. This result suggests that under the conditions of tubulin
immunoprecipitation, normal heterodimer largely remains intact. From extracts of
tub1-724 cells, however, the anti-tubulin antibodies complex efficiently with the
specific tubulin chain against which they are directed, but precipitate the other tubulin
chain only poorly.

Because we recover only a small fraction of Tub1-724p heterodimer by

immunoprecipitation, we can not directly compare the stability of the mutant and wild

type heterodimers. We previously established that at least 98% of the B-tubulin in wild

type cells is in the form of a-p heterodimer (Archer et al., 1998). Since tub1-724 cells

grow normally at 30°C, presumably most of the tubulin in those cells is in heterodimer
in vivo. Thus, the dissociation of the heterodimer likely occurs in the course of the
immunoprecipitation itself, which exposes the heterodimer to large dilutions at low
temperature (4°C). Under similar conditions, we showed that the the wild type
heterodimer has a half life of about 10 hours (Archer et al., 1998).

The only difference between the primary sequences of TUB1? and tub1-724
genes predicts substitution of threonine for arginine at codon 106 (AGA becomes

ACA) (data not show). Arginine-106 is a highly conserved residue among a-tubulins.

The single mutation in Tub1-724p predicted from DNA sequence is loss of a positive
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Figure 2-4. a- and B- tubulin co-immunoprecipitate with low efficiency

from tub1-724 cells. Immunoblots with anti-a-tubulin (top row) and anti-B-tubulin

(bottorn row) of whole cell extracts (WCE) and the precipitates with the two antibodies

(adP, BIP) from wild type TUBT or mutant tub1-724 cells.
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charge at position 106. Based upon the structure of tubulins reported by Nogales and
her colleagues (Nogales et al., 1998), this residue occurs in the region between the B3

and H3 loops that contact the phosphates of the non-exchangeable GTP. That site is
at the postulated interface between o- and B-tubulin in the heterodimer. The wild type
arginine at this position probably contributes to phosphate binding, and so may
indirectly participate in o-f interactions.

Formation of Rbl2p-B-tubulin complex in wild type and tub1-724 mutant cells

Rbl2p is complexed with B-tubulin in vivo, and the level of that complex
increases as the cellular level of RbI2p increases (Archer et al., 1998; Archer et al.,
1995). The model presented in figure 2-3 predicts that over-expressed Rbl2p will form
a complex with B-tubulin more readily in tub1-724 cells than in wild type cells. To test
that possibility, we introduced a plasmid encoding His,-Rbl2p under the control of the
galactose promoter into wild-type TUBT cells or tub1-724 mutant cells. The

transformants were grown at the permissive temperature for the mutant in non-

inducing medium, and then were shifted to inducing medium containing galactose for

1 or 2 hours. We used nickel-agarose beads to purify the His,-Rbl2p -B-tubulin
complex. The bound proteins were eluted and analyzed by immunoblotting with
antibodies against o-tubulin, B-tubulin or Rbi2p. As expected, the levels of His,-Rbi2p-
B-tubulin complex increase upon induction in both control and mutant cells, but as

shown in figure 2-5 (A,B); 3-5 fold more complex forms in tub1-724 cells relative to

wild type. In these experiments, we detect only a trace of a-tubulin bound to the nickel
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Figure 2-5. The RbI2p--tubulin complex in vivo is enhanced in tub1-
724 cells. (A) Cells growing in raffinose (“0 hours”) were induced with galactose to
express His,-Rbl2p for 1 or 2 hours. Hisg-Rbl2p was isolated by affinity
chromatography of the whole cell extracts, the levels of B-tubulin in the original extract
and bound to Rbi2p assayed by immunobilotting. (B) The results are the averages of
two independent experiments as in (A) for each strain and time point with the ranges
indicated by error bars. In both of these experiments, the wild type strain produced
slightly more His,-Rbl2p upon induction (our unpublished results). black bars, TUB1

cells; grey-bars, tub1-724 cells.
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columns, and its level does not increase with time in galactose (Archer et al., 1998 and

our unpublished resuilts). This result suggests either that Rbi2p competes more

efficiently with Tub1-724p than with wild type a-tubulin for binding to B-tubulin in vivo,

or that there is a greater pool of free B-tubulin available for binding to Rbi2p in the

tub1-724 mutant (see Discussion). Either possibility is consistent with Tub1-724p

forming a less stable heterodimer with B-tubulin than wild type a-tubulin.

Rescue of B-tubulin lethality by wild tvype and mutant a-tubulins

An excess of either a-tubulin or Rbi2p rescues cells from B-tubulin lethality
(Archer et al., 1995; Alvarez et al., 1998); the rescue likely depends upon the ability of
these two proteins to bind B-tubulin. Even a modest excess of a-tubulin, expressed
under the control of its own promoter from a low-copy plasmid, increases the survival
of cells over-producing B-tubulin by 2-3 orders of magnitude. If Tub1-724p binds 3-
tubulin with low affinity, we would expect it to rescue B-tubulin lethality poorly. To test
this hypothesis, wild type or mutant alleles of a-tubulin were introduced into JAY47, a
diploid strain with a normal complement of tubulin genes plus a third, integrated copy
of the B-tubulin gene TUB2 under the control of the galactose promoter. We
measured the pércent survivors on galactose relative to glucose at both the permissive
(30°C) and the non-permissive temperature (18°C). As shown in Table 2-3 rescue of
B-tubulin lethality by tub1-724 is substantially less efficient (0.84%) than by wild type
TUB1 (15.4%). The efficiency of rescue is further diminished at the non-permissive

temperature for the mutant: at 18°C, tub1-724 rescues B-tubulin lethality (0.06%) to

essentially the same extent as the negative control (0.03%). In contrast, four other

mutant a-tubulins rescue at levels comparable to that of the wild type, and their
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Table 2-3. Rescue of excess P-tubulin lethality by a-tubulin alleles

Plasmid 30°C 18°C
YCpGAL .04 .03

RBL2 6.8 7.2

TUB1 12.0 15.4

tub1-724 .84 .06
tub1-704 10.9 18.9

-714 14.0 20.0

-737 4.1 8.5

-747 11.8 21.0

JAY47 cells, which contain an integrated GAL-TUB2 gene, carrying the indicated o-

tubulin alleles on plasmids are plated to media containing either galactose or glucose

and incubated at either 30°C or 18°C. Rescue is reported as the percent of cells the

form colonies on galactose plates compared to glucose plates.
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Cold sensitivity of TUB1/tub1-724 heterozygotes and their suppression by excess

Rbi2p.
The tub1-724 phenotype is not completely suppressed in a heterozygote with

TUBI1. A diploid strain containing only single chromosomal copies of TUBT and TUB3
plus a low copy plasmid expressing tub1-724 is cold sensitive for growth at 18°C. In
contrast, heterozygotes containing TUB17 and other tub1 mutants show the same
temperature sensitivity as do wild type cells (our unpublished results). The conditional
growth of TUB1/tub1-724 heterozygotes must reflect a property of the mutant
heterodimer, rather than a deficiency in tubulin levels, since diploid cells with only
50% of their wild type complement of tubulin are wild type for growth at low
temperatures (Katz et al., 1990).

We hypothesized that the cold sensitivity of these TUB1/tub1-724 heterozygous

cells is due to the free B-tubulin produced by dissociation of the mutant heterodimer

(see model in Figure 2-6 (A). Consistent with that explanation, the cold sensitivity of
the heterozygotes is substantially suppressed by overexpression of RBL2 from the

galactose promoter as shown in figure 2-6 (B). The presence of excess Rbl2p can

bind the free B-tubulin and so protect the cell from its deleterious consequences. This
result is in striking contrast to the lethal effect of GAL-RBLZ2 in cells expressing tub1-

724 as their sole source of a-tubulin (see Figure 2-1).
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Figure 2-6 Rbl2p overexpression inTUB1/tub1-724 heterozygous cells.

(A) Model: TUB1/tub1-724 heterozygous cells contain both , wild-type (o/f) and mutant
(o*B) heterodimers . At 18°C, a restictive temperature for the mutant o-tubulin allele,
the mutant (a*B) heterodimers will tend to dissociate resulting in excess free B tubulin
(Brree) and sickness in these cells. Overexpression of Rbl2p can bind to the (B,,.) and

rescue these cells from B-tubulin toxicity. (B) Over-expression of RBL2 suppresses

TUB1/tub1-724 heterozygous cells. Serial (four-fold) dilutions of saturated cultures
were plated to galactose containing media, and allowed to grow at 18°C. The cells

were either wild type diploids or TUB1/tub1-724 cells; carrying either YCpGAL or CEN-

GAL-RBL2.
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Over-expression of PACZ2 in tub1-724 cells

Pac2p is a candidate for an a-tubulin binding protein in yeast. It is the homolog

of cofactor E in the in vitro system described above. Cofactor E plays an essential role

in this assay: it is believed to bind to a-tubulin after its release from the TriC complex

(Tian et al. 1997). This binary complex is then thought to form a quaternary complex

with cofactor D and B-tubulin. The cofactor E-a-tubulin complex is rather unstable, and

is detectable on native gels only after it is stabilized by glutaraldehyde fixation.

The S. pombe homolog of cofactor E is essential in vivo (Hirata et al., 1998). In
budding yeast PAC2 is not essential but mutations in pac2 affect microtubule
functions. pac2 mutations are super-sensitive to benomyl (Hoyt et al. 1997). Itis
required in cells deleted for cin8, which encodes a kinesin-related protein that

participates in anaphase (Geiser et al., 1997), or deleted for pac10 (Alvarez et al.,

1998.), which affects ratios of a-tubulin to B-tubulin (Alvarez et al., 1998.; Geissler et

al., 1998).

if Pac2p is an a-tubulin binding protein, we would predict that at elevated levels

it would be deleterious to cells containing the unstable tub1-724 heterodimer. As
shown in figure 2-7, induction of GAL-PAC2 in haploid tub1-724 cells grown at
permissive temperature (30°C) causes rapid loss of viability, down 10-fold in
approximately 3 hours. In contrast, GAL-PAC2 has only a modest effect on the
viability of wild type cells (figure 2-7). In that time, the induction of GAL-PAC2 causes
microtubule disassembly in the mutant (figure 2-8 [B]), but not in wild type cells {figure

2-8 [C]); representative micrographs are shown in figure 2-8 . From such fields, we
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Figure 2-7. Over-expressing PAC2 is lethal in tub1-724 cells.

tub1-724 (triangles) and wild type (squares) containing either control plasmid (open
symbols) or GAL-PAC2 (filled symbols) cells growing at 30°C were shifted to galactose
containing media at 0 time, and aliquots taken at intervals and scored for total cells

and viable celis.
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Figure 2-8. Microtubule disassembly in tub1-724 cells over-expressing
PAC2. Anti-tubulin immunofluorescence of tub1-724 cells containing the control
plasmid YCpGAL (A), or a CEN-GAL-PAC2 (B); and wild type cells containing a CEN-
GAL-PAC2 plasmid (C). Cultures were grown in galactose for 3.5 hours before

fixation for immunofluorescence.
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find that overexpression of PAC2 increases the proportion of tub1-724 cells that have
no microtubules by 10-fold (53.2% versus 5.4%) but has no effect on wild type cells

(10.1% for both strains).

Effect of elevated Pac2p levels in tub1-724 heterozygotes

Both phenotypes of elevated Pac2p levels on tub1-724 haploid cells are the same as
produced by elevated levels of Rbl2p (compare 2-1; 2-7 and 2-2 ; 2-8 and Archer et al.,
1995). Therefore, these results could represent Pac2p binding to either B-tubulin or a-
tubulin. However, the effect of GAL-PAC2 expression in TUB1/tub1-724 heterozygotes
does distinguish between these two possibilities. As shown in figure 2-9 , over-
expression of PACZ2 in the heterozygotes causes a significant loss of cell viability at the
permissive temperature. This result contrasts with that shown in figure 2-6 above,
showing that over-expression of RBL2 actually suppresses the phenotype of the
TUB1/tub1-724 heterozygotes.

These results are explicable if the Tub1-724p-B-tubulin heterodimer is relatively
unstable (see figure 2-3). The increased levels of an a-tubulin binding protein might
be expected to increase free B-tubulin to toxic levels in both tub7-724 haploids and

TUB1/tub1-724 heterozygotes. This outcome is in contrast to the effect noted for

excess Rbl2p in the heterozygotes, where the increased capacity to bind B-tubulin

would be expected to reduce its levels and so suppress the TLUB1/tub1-724

phenotypes. Taken together, these results suggest that Pac2p can bind to a-tubulin in

vivo, and so are consistent with the conclusion of the in vitro experiments (Tian et al.,

1997).
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Figure 2-9. Over-expression of PAC2 is lethal in TUB1/tub1-724
heterozygous cells. Serial (four-fold) dilutions of saturated cultures were plated to
galactose containing media, and allowed to grow at 30°C. Strains were wild type

diploids or TUB1/tub1-724 cells containing either YCpGAL or CEN-GAL-PAC2.
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Isolation of a Pac2p-a-tubulin complex

To demonstrate directly a Pac2p-a-tubulin complex, we used a form of Pac2p

that contains the HA tag followed by 6 histidines at its carboxy terminus. This modified

allele is functionally indistinguishable from wild type Pac2p in both Apac2 and tub1-
724 cells (our unpublished results). We can isolate a complex containing a-tubulin

and Pac2p-(HA)-His, from extracts of cells over-expressing both proteins (figure 2-10,

lane c); no B-tubulin is detected in this complex. We can not detect this complex
unless both Pac2p and a-tubulin are overexpressed. In contrast, over-expression of
both Pac2p and B-tubulin does not produce a complex between those two proteins

(figure 2-10, lane g). These results support the conclusion that Pac2p can bind o-

tubulin in vivo. Over-expression of Pac2p-(HA)-His, alone in tub1-724 cells does not

produce measurable levels of the Pac2p-a-tubulin complex (our unpublished results).

Co-overexpression of a-tubulin suppresses the synthetic effects of Pac2p

overexpression in tub1-724.

We tested the ability of a-tubulin to rescue the lethal effects of Pac2p

overxpression in tub1-724 cells. As expected, we found that co-overexpression of
GAL-TUB1 is able rescue tub1-724 haploid (see Figure 2-11) and TUB1/tub1-724

heterozygous cells (data not shown) from the lethal effects of overproduction of

Pac2p.
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Figure 2-10. Binding of a-tubulin to Pac2p-(HA)-His, in double over-

expressing cells. Whole cell extracts (ianes a, b, e, f) and eluants from nickel

agarose beads (lanes c, d, g, h) were analyzed by SDS-PAGE and immunoblotting for

HA-tagged Pac2p, a-tubulin and B-tubulin. The fractions were from cells
overexpressing Pac2p-(HA)-His;and a-tubulin (a, c), Pac2p-(HA)-His, and B-tubulin
(e, g); a-tubulin alone (b, d); or B-tubulin alone (d, h). For Pac2p, the bead eluants

represent 120x the load of whole cell extract. For a- and B-tubulin, the bead eluants

represent 500x the load of whole ceil extract.
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Figure 2-11. Co-overexpression of a-tubulin rescues Pac2p lethality in

tub-724 cells. Serial (five-fold) dilutions of saturated cultures were plated to
galactose containing media, and allowed to grow at 30°C. From left to right: tub1-724
cell containing YCpGAL and pRS317 (controi) ; CEN-GAL-PAC2-URA3 and pRS317;
CEN-GAL-PAC2-LYS2 and YCpGAL; CEN-GAL-PAC2-LYS2 and CEN-GAL-TUBT -

URA3;, CEN-GAL-PAC2-LYS2 and CEN-GAL-TUB1-URA3, CEN-GAL-TUB1 -URA3

and pRS317.
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DISCUSSION

A tubulin mutation that affects heterodimer stability

tub1-724 is one of a set of a-tubulin mutants generated by chemical

mutagenesis and selected on the basis of their conditional growth at low temperature.
Because of the familiar cold lability of microtubules evident both in vivo and in vitro, a
reasonable prediction might have been that mutants so selected would arrest because
their microtubules were especially cold labile at temperatures permissive for wild type
cells. Instead, only a subset of the mutants arrest with no microtubules; the others
have at least normal complements of assembled tubulin.

Here we have characterized the properties of the protein encoded by one of the

mutants that arrest with no microtubules, tub1-724. We previously showed that cells

expressing only this a-tubulin allele are dead when Rbl2p is either over-expressed or
absent. Since Rbl2p is a B-tubulin binding protein, we hypothesized that these lethal

interactions could reflect an unstable heterodimer formed by Tub1-724p (Figure2-3).
Several of the experiments presented above demonstrate that the mutant heterodimer
does act as if it were unstable relative to wild type. The mutant heterodimer does not

remain intact in vitro during immunoprecipitation. Similarly, in vivo the mutant

heterodimer reacts more readily with excess Rbl2p to produce Rbl2p-B-tubulin. An
alternative measure of Tub1-724p binding to B-tubulin is manifest in its inability to
rescue cells from B-tubulin overexpression even at permissive temperature for the

mutant (Table 2-3); success in that assay most likely depends upon the ability of the a-
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tubulin protein to bind B-tubulin. These results indicate that Tub1-724p has a reduced
affinity for B-tubulin. However, the normal growth of the mutant cells requires that most
of its tubulin be in heterodimers, rather than as free a- and B-tubulin. We previously
showed that the microtubules in 50% of cells overproducing B-tubulin are completely
depolymerized when B-tubulin levels are 1.4-fold greater than wild type (Weinstein

and Solomon, 1990).
A weaker heterodimer could readily explain the arrest phenotype of tub1-724
cells. At the restrictive temperature, increased dissociation of the mutant heterodimer

could be lethal either by decreasing the level of heterodimer below that necessary to
maintain microtubules or by increasing the level of undimerized B-tubulin, which in

turn causes microtubule disassembly and cell death even at modest excess (Katz et
al., 1990; Weinstein and Solomon, 1990).

The single mutation in Tub1-724p predicted from DNA sequence is loss of a
positive charge at position 106. Based upon the structure of tubulins reported by
Nogales and her colleagues (Nogales et al., 1998), this residue occurs in the region

between the B3 and H3 loops that contact the phosphates of the non-exchangeable

GTP. That site is at the postulated interface between a- and B-tubulin in the

heterodimer. The wild type arginine at this position probably contributes to phosphate

binding, and so may indirectly participate in «-p interactions. Further analysis to

understand the physical properties of mutations in this region are underway.
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This analysis of Tub1-724p provides insight into the primary molecular defect
that explains the mutant phenotypes. In general, the defects of mutant tubulins are
largely understood in terms of the arrest phenotype rather than their execution point.
For example, mutations in yeast B-tubulin can selectively affect a subset of
microtubules (Sullivan and Huffaker, 1992), or cause cells to become benomyl
dependent (Huffaker et al., 1988). Similarly selective tubulin mutations have been
identified in other organisms as well (Oakley and Morris, 1980). However, the precise
molecular basis for the defective arrest phenotype is not yet understood. A possible
exception is the disruption produced by substitution of lysine for the highly conserved
glutamate at position 288 in the Drosophila 32 protein; this mutation causes an
apparent packing defect, so that the protofilaments do not close to form a tubule (Fuller
et al., 1987). However, the same substitution in yeast B-tubulin has no apparent effect
(Praitis et al., 1991). The generalizability of the mutation found in Tub1-724p also

requires further testing.

Genetic interactions between tub1-724 and PAC2

Instability of the Tub1-724-B-tubulin heterodimer predicts that over-expression
of an a-tubulin binding protein should be deleterious to tub1-724 cells, perhaps by
producing more toxic free B-tubulin in the mutant cells. The work of Tian et al. (Tian et

al., 1997) suggests the vertebrate homolog of the yeast protein Pac2p binds a-tubulin.

As predicted, over-expression of PAC2, is lethal in tub1-724 cells, and causes loss of

all assembled microtubules. Consistent with this result, we can recover a complex

containing Pac2p and a-tubulin from double over-expressing cells. These results
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demonstrate for the first time that Pac2p can bind o-tubulin in vivo. This result does

not distinguish among many possible functions for PAC2. It may act as does cofactor

E in the in vitro assay, facilitating the incorporation of a-tubulin into heterodimers (Tian

et al., 1997), but it is not essential for that reaction since PAC2 is not an essential gene

in vivo (Hoyt et al. 1897). Apac2 is synthetically lethal with other microtubule mutants
- Acin8 (Geiser et al., 1997), Apac10 (Alvarez et al., 1998.), and tub7-724 (unpublished

results).

Requlating microtubule function

The first analyses of microtubules at a moiecular level focused on protein
factors that could be responsible for assembly in an in vitro reaction. It is striking that
so many of the genes which appear to affect microtubules ir vivo aimost certainly do
not participate in the polymerization reaction itself. In this sense, the CIN genes (Hoyt
et al., 1990; Stearns et al., 1990), the PAC genes (Geiser et al., 1997), the G/M genes
(Geissler et al., 1998) and the RBL genes (Archer et al., 1995), although identified - in
some cases more than once - by a wide variety of approaches, have fundamental
properties in common. They are not essential for cell viability in budding yeast, and
their deletion does not confer a quantitative defect in microtubule assembly.
Conversely, their over-expression does not increase the level of assembly, as could
be expected for a modulator of microtubule assembly. For only one of these proteihs -
alp 1, a CIN1 homoilog in fission yeast - is there evidence suggesting that it binds

along the length of the microtubule (Hirata et al., 1998).
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A role for these proteins arises from the in vitro system for incorporating
separated tubulin chains into heterodimer. Alone among proteins that have been
analyzed in such assays, the tubulin polypeptides appear to require factors that act
after release from the chaperonin. Without those factors, there is no exchange of
newly folded polypeptide with the exogenously added heterodimer. Some of the
protein factors are homologous to gene products in S. cerevisiae and S. pombe that
affect microtubule functions, and in S. pombe some of them are essential (Hirata et al.,
1998). That they are not essential in S. cerevisiae, however, suggests that there must
be other mechanisms for folding tubulin and forming heterodimer in those cells.

These proteins may also have alternative functions. Rbl2p levels affect how

cells survive alterations in the ratios of a- to B-tubulin (Archer et al., 1995). Levels of

Pac10p and the G/M genes affect those ratios (Alvarez et al., 1998.; Geissler et al.,
1998). Itis clear that yeast cells are sensitive to those ratios. These proteins may
participate in maintaining proper balance of the tubulin components, which may
become an important step especially under times of stress. Such a role could help
explain why expression of RBL2 mRNA increases when cells are incubated with a
microtubule depolymerizing drug (Velculescu et al., 1997), although there is no
evidence that the tubulin chains themselves are expressed in greater amounts. The
results from these several approaches suggest that the early steps of microtubule

morphogenesis may be crucial for cell function.
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CHAPTER 3:

Tubulin Heterodimerization in vivo



INTRODUCTION

The spatial and temporal control of microtubule assembly is an essential aspect
of many cellular functions, including division, motility, and organization of the

cytoplasm. The development of a robust in vitro assembly reaction of microtubule

polymers from heterodimeric subunits of a- and B-tubulin has had a major impact on

the field. That assay led to identification of factors - structures, proteins, and small
molecules - which influence the extent and organization of microtubule assembly.
Reverse genetic techniques have enabled evaluation of the relevance of some of
those factors to in vivo conditions. Surprisingly, such experiments have revealed that
proteins that are required for the in vitro assembly reaction are not essential in vivo.

In principle, conventional genetic approaches should identify genes that are
relevant to cellular microtubule function. Indeed, such screens have identified
functions that directly modulate the assembly of subunits into microtubules
(Pasqualone and Huffaker, 1994). What is notable, however, is the growing list of
gene products that affect microtubule-dependent processes but do not interact directly
with the polymer. For example, several genes that affect chromosome instability (Hoyt
et al., 1990), sensitivity to microtubule depolymerizing drugs or excess B-tubulin
(Archer et al., 1995; Stearns et al., 1990), dependence upon a mitotic motor (Geiser et

al.,, 1997), cell polarity (Hirata et al., 1998), y-tubulin function (Geissler et al., 1998) or

phenotypes of tubulin mutants (Vega et al., 1998) encode proteins that must act on

microtubule control at some step other than the polymerization reaction.
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It is also striking that the screens enumerated above have, despite their diverse
designs, frequentiy identified the same genes. For example, certain CIN
(Chromosome /Nstability) genes affect not only chromosome instability and sensitivity
to benomyl - the contexts in which they originally were identified - but aiso yeast cells’
ability to function without the kinesin Cin8p (Geiser et al.,, 1997). Similarly, mutations
in the PAC genes perish in the absence of Cin8p, but some also participate in cellular

responses to excess B-tubulin and to y-tubulin function {Alvarez et al., 1998; Geissler

etal., 1998).

Mammalian homologues of some of these proteins also have been identified as

essential factors in an in vitro reaction that mediates formation of uf-tubulin

heterodimers from the unfolded individual polypeptides (Gao et al., 1994; Gao et al.,
1992; Gao et al., 1993; Melki et al., 1996; Tian et al., 1996; Tian et al., 1997). Under
the conditions of this reaction, the tubulin polypeptides released from the chaperonin
complex are not competent to exchange efficiently into pre-existing heterodimers (Tian

et al.,, 1997). Instead, a series of five factors are necessary to interact with monomeric

o- and B-tubulin, and then to bring them together in a large complex that is the direct

precursor of heterodimer (Tian et al., 1997). Four of those factors have homologues in
budding yeast, three identified by independent genetic investigations - CIN1 (Hoyt et
al., 1990; Stearns et al., 1990), RBL2 (Archer et al., 1995) and PAC2 (Geiser et al.,
1997) - and a fourth, ALF1, identified by its homology to the vertebrate protein (Tian et
al., 1997). That none of these proteins is essential in S. cerevisiae suggests that the in

vitro assay can not fully represent the early part of the in vivo pathway of microtubule
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assembly. Even with that caveat, the in vitro assay strongly suggests in vivo activities

for these proteins.

The RBLZ2 {Rescue excess f-tubulin Lethality) gene has properties that make it

particularly valuable for exploring the processing of tubulin polypeptides in vivo. Over-

expression of Rbi2p effectively rescues cells from the microtubule disassembly and
cell death phenotypes of excess B-tubulin (Archer et al., 1995). Like its mammalian
homolog cofactor A in vitro (Melki et al., 1996) Rbi2p binds B-tubulin both in vivo and
int vitro to form a heterodimer that excludes a-tubulin (Archer et al., 1995; Archer et al.,
1998). Unlike cofactor A, which binds only to a form of B-tubulin that is not competent
to bind a-tubulin, Rbl2p can bind to B-tubulin molecules both before and after they

have been incorporated into heterodimer (Archer et al., 1998). RBLZ2 is not essential
for mitotic growth but is essential for normal meiosis and normal resistance to

microtubule depolymerizing drugs. In addition, its synthesis may be up-regulated at

the G2/M stage of the cell cycle, when B-tubulin expression is apparently unchanged

(Velculescu et al., 1997).

These properties suggest that Rbi2p functions may affect processes other than

folding of B-tubulin. Analysis of genetic interactions of Rbi2p has helped to identify
those processes. For example, rbi2 deletion makes PAC10 essential; PAC10

regulates the ratio of a- to B-tubulin (Alvarez et al., 1998). Conversely, overexpression
of ABL2 is lethal in cells expressing a mutant a-tubulin that makes a weaker af-tubulin

heterodimer (Chapter Two and Vega et al., 1998) .
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In this study, we have applied RBL2 overexpression to identify non-tubulin
genes that influence heterodimer stability. We show here that null mutations in both

CIN1 and PAC2 are synthetically lethal with excess Rbi2p. Both mutations enhance
the formation of the Rbl2p-B-tubulin complex, which may deplete the pool of

heterodimer and so cause cell death. The data presented here indicate that the effects
of Cin1p and Pac2p are a consequence of their ability to promote heterodimer

formation.
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MATERIALS AND METHODS

Strains, Plasmids, and Media

All yeast strains are derivatives of FSY185 (Weinstein and Solomon, 1990) with
the exception of the tub? mutants (Schatz et al., 1988). We used standard methods for
yeast manipulations (Schatz et al., 1986; Solomon et al., 1992). All the relevant
strains are listed in Table 3-1.

Screen for erl mutants

Wild-type cells containing pGAL-RBL2:URA3:CEN (pA5) were mutagenized
with ethyl methanesulfonate (EMS) to 25% survival. The mutagenized strains were
grown in YPD media for four hours. The ceils were frozen at -70°C in 25% glycerol.
Cells were plated from frozen stocks to SC -ura glucose plates (~200/plate) and after
~40 hours growth were replica plated to SC -ura galactose plates. Replica plated
colonies that were unable to grow on galactose were retested by streaking to SC -ura
galactose and SC -ura raffinose plates. Cells unable to grow on galactose were
streaked to SC 5-fluoroorotic acid (5-FOA) plates to select for loss of the plasmid.
Positive erl (enhancer of Rbl2p lethality) mutants were able to grow on galactose after
loss of the pA5 plasmid, but were unable to grow on galactose after retransformation

with the same pAS5 plasmid.

Construction of CIN1 and PAC2 knockout
The primers, 5-GCACGACGTCGATAATATTTTTGGAAAGAACGCC and 5'-

GCAGAGATCTGTTGATCGCGGCAATCGTCTGTTGGTGC were used to amplify DNA
in the 5" UTR of CIN1. The primers 5'-

GACCGTCGACGAGATAAAGAAATGCGGAATGAAGC and 5'-
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GACCGCATGCGAGATAAAGAAATGCGGAATGAAGC were used to amplify DNA in
the 3’ UTR of CIN1. The PCR products from these primers were ligated into pNKY51
(Alani et al., 1987) on opposite ends of the hisG-URA3-hisG sequence. The plasmid
was digested with Aatll and Eagl and the CIN1 5’ UTR-hisG-URA3-hisG -CIN1 3' UTR
DNA fragment was isolated (Quaiex Il from Quiagen) after electrophoresis on a 1%
agarose gel. This DNA was then transformed into FSY 185 to create a disruption of the
entire CIN1 open reading frame. The disruption was confirmed by Southern blot
analysis of the diploids and of their haploid segregants, and by the phenotypic
analysis of the haploid segregants. To disrupt PAC2 pPA14 containing 1050 bp of 5'
PAC2 UTR and 800 bp of 3' PAC2 UTR (Alvarez et al., 1998) joined together at a
BamH] site in pGEM (Promega, Madison, Wl) was digested. The BamHI-Bglll fragment
containing hisG-URA3-hisG from PNK51 was cloned into the BamH] site of digested
pPA14. The resulting plasmid pLV59 was digested with Bglil and Notl to release a
5.7kb disruption fragment to transform FSY183. The disruption was confirmed by PCR
analysis.

Viability measurements

JFY203 (Acin1 containing pAS5), JFY3 (wild-type containing pA5) and LTY500
(Apac2 containing pA5) were grown overnight in SC -ura raffinose media. Log phase

cells were then induced with 2% galactose and at various time points aliquots of cells
were taken and counted using a haemocytometer. Known numbers of cells were then
plated to SC -ura glucose plates. Cell viability was measured as the percent of cells

able to form colonies on the SC -ura glucose plates.
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In vivo Hisi-RbIZD-B-tubulin association_experiments

Yeast strains LTY503(4pac2), JFY2523(Acin1) and LTY573 (wild-type)

containing a GAL-RBL2-HIS, plasmid (pGHR) were grown overnight at 30°C in
selective media containing raffinose to about 2X10° cells per experiment. 2%
galactose was added to induce His,-RBL2 expression. After 3 hours protein was
harvested by glass bead lysis in 1ml PME buffer plus protease inhibitors. We applied
0.85 ml of protein extract to 50ul Ni-NTA beads (Qiagen). We washed and eluted the

bound proteins as previously described (Magendantz et al., 1995). Eluted proteins

were subjected to SDS-PAGE analysis and probed by immunoblotting for «-tubulin, B-

tubulin and Rbi2p.

Immune Techniques

Immunoblots: Modifications of standard procedures (Solomon et al., 1992)
were used to assay for Rbl2p-His,-B-tubulin association. After gel electrophoresis and

transfer to nitrocellulose membranes, we blocked with TNT (0.025M Tris pH 7.5, 0.17M
NaCl, 0.05% Tween-20) for 30-120 minutes. Primary antibodies were incubated for
>12 hours at 1/3500 (#206 or #345; (Weinstein and Solomon, 1990)) or at 1/100 (#250
(Archer et al., 1995) and then washed 5 times (5 min. each) in TNT. Bound antibody
was detected by '*| Protein A (NEN).

In other experiments, after gel electrophoresis (as above), we blocked with milk
(5% Carnation) TBST (0.05M Tris pH8.0, 0.15M NaCl, 0.1% Tween-20) overnight.
Primary antibodies were incubated for 1-2 hours 1/3500 fo 206 and #345 and at

1/5000 for 12CA5 (Boehringer) in milk TBST. The blots were washed 6 times (two 20
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sec, one 15 min, three 5 min) in TBST alone. Blots were incubated with 1/3000
dilutions of horseradish peroxidase conjugated goat anti-rabbit (Jackson
ImmunoResearch) for #206 and #345 and horseradish peroxidase conjugated rabbit
anti-mouse (Jackson ImmunoResearch) for 12CAS5, in milk TBST, washes were done
in TBST as above, and detected by chemilumenescence (Renaissance NEN).

Immunofluorescence: We used standard techniques (Solomon et al., 1992).
Primary antibody was #206 (anti-B-tubulin) and secondary antibody was fluorescein
conjugated goat anti-rabbit IgG (Cappel). DAPI (Boehringer Mannheim) was used to
visualize DNA.

Sensitivity to B-tubulin overexpression

We crossed Acin1 or Apac2 strains with a haploid derivative of JAY47
containing TUB2-GAL-TUB2-LEUZ2 allele. The resulting diploids were sporulated and
haploids that were Acin1 or Apac2 and contained the TUB2-GAL-TUB2-LEUZ2 allele

were obtained. The Apac2,TUB2-GAL-TUB2-LEU2 were covered with pLV63

(LTY558) or with the control plasmid pRS313 (LTY559). The Acin1, TUB2-GAL-TUB2-

LEUZ cells were covered with p18C (JFY238) or with the control plasmid pCT3

(JFY236). To test the sensitivity of these strains to B-tubulin overexpression, we grew

up LTY558 and LTY559 in liquid SC -his-leu raffinose, and JFY236 and JFY238 in

liquid SC -ura-leu raffinose or. B-tubulin overexpression was induced by adding

galactose to 2%. At various time points aliquots of cells were taken and counted using
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a haemocytometer. Known numbers of cells were then plated to SC-his-leu or SC-

ura-leu glucose plates. Cell viability was measured as above.
Analysis of o-tubulin mutations synthetic lethal with Acin1 and Apac2
Acin1 Atub1 Atub3 (JFY474) or Apac2 Atub1 Atub3 (LTY479) strains containing

a plasmid with a genomic copy of TUB1 on a URA3 CEN vector or TUB3 on a URA3

2um vector, respectively were transformed with LEU2 CEN plasmids containing the

various o-tubulin mutations. The strains containing both the wild type and a mutant

form of TUB1 were grown on 5-FOA plates to select for cells that have lost the wild type

o-tubulin plasmid, since 5-FOA kills URAS3" but not ura3 cells. Apac2 or Acin1 strains
that are synthetic lethal with the a-tubulin mutations will be unable to lose the wild-type
a-tubulin plasmid and cannot survive on 5-FOA. However, strains that are viable
without the wild-type a-tubulin allele are able lose this plasmid along with the URA3

gene and form colonies.

Construction of GAL-CIN1

The CIN1 ORF and additional 5’ and 3' UTR was amplified by P.C. R. The 5’
primer (5’-GACACGCGTCATGAACAATATTCGGGCCTTGC) contained a Miul site and
the 3’ primer, (5'-CAGCCGCGGATTATATGTAAAATTTGCCGTTTAC)
contained a Sacll site. The PCR product was ligated into the pT7-Blue plasmid from
Novagen. This DNA was then digested with Miul and Sacll and ligated into the
pRS316-Gal plasmid (Liu et al., 1992). The construct (pJF10) suppressed the

benomyl supersensitive phenotype of cells deleted for CIN1.
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Interactions of a-tubulin mutant alleles with overproduced CIN1

Atub1; Atub3 strains containing mutant alleles of the TUB7 gene on LEU2:CEN

plasmids (listed in Figure 2) were transformed with pJF10 and YCpGAL. These strains
were grown to saturation overnight in SC -ura glucose liquid media. The cultures
were serial diluted in 96 well dishes, and spotted onto SC -ura galactose plates
containing 10ug/ml benomyl and to SC -ura galactose plates incubated at 25°C (a
semipermissive temperature for the growth of tub7-724 mutant strains) as well as to
galactose and glucose plates at 30° as a growth control.

Effect of CIN1 overproduction on excess Pac2p tub1-724 lethality

Atub1:Atub3 strains containing the tub1-724 mutant o-tubulin allele on a LEU2

CEN plasmid were transformed with the following plasmids: pGAL-CIN1 CEN URA3
and pGAL-PAC2 CEN LYS2 (JFY475), pGAL-CIN1 CEN URA3 and pCEN LYS2
(JFY476), or pCEN URA3 and pGAL-PAC2 CEN LYS2 (JFY477). The strains were
grown overnight in SC - lys -ura glucose liquid media. The cultures were serial diluted
in 96 well dishes, and spotted onto SC -lys -ura galactose plates. Cells were also

spotted onto glucose plates as a growth control.

Construction of GAL-CIN1-HA and GAL-CIN1-HA-His,

The 3’ third of the CIN1 open reading frame was amplified using PCR. The &’
primer (5-GATGTAGGACGTCTGGTAAGAATACAGGC) contained an Aatll site. Two 3’
primers were used. To make the GAL-CIN1-HA construct we used the 3’ primer (5’
CTCACCGCGGCTAGCGGCCGCCTAAAGTGATATCAGACTCTAATATATTCGC)

containing a Notl site followed by two stop codons and a Sacll site. To make GAL-
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CIN1-HA-His, we used the 3’ primer (5’
CTCACCGCGGCTAGTGATGGTGATGGTGATGGCGGCCGCCTAAAGTGATATCAGAC
TCTAATATATTCGC) containing 6 in frame histidine residues, a Notl site, two stop
codons, and a Sacll site. The PCR products were ligated into pT7-Blue plasmid
(Novagen). The Aatll Sacll fragments were then ligated into pJF10 to create pJF11
and pJF12 respectively. A 111 bp Notl fragment containing the triple HA epitope from
B2385 (provided by G. Fink, M.I.T.) was cloned into the Not | site of pJF11 and pJF12
to create pJF14 and pJF15 respectfully. pJF14 and pJF15 suppressed the benomyl
supersensitive phenotype of cells deleted for CIN7 to a similar extent as did pJF10.
pJF14 and pJF15 also suppressed the conditional phenotypes of the tub7-724 mutant
as well as the pJF10 construct (as described in results).

In vivo Cin1p-HA-His6 and Pac2p-HA-His6 association experiments

We grew yeast strains overnight in selective raffinose media at 30°C. Galactose
(2%) was added to induce the tagged constructs for ~4 hours. 6.0X10° cells were
harvested by glass bead lysis per experiment in 1.1ml PME buffer plus protease
\

inhibitors. We applied 1ml of protein extract to 25ul Ni-NTA beads. We washed and

eluted the bound proteins as previously described (Magendantz et al., 1995). Eluted

proteins were subjected to SDS-PAGE analysis and probed for a-tubulin, B-tubulin
and HA(12CAS5). For Cin1p-B-tubulin association experiment we used strains JFY470

(pGAL1-10 CIN1-His,-HA CEN URA3)and JFY471 (YCpGAL). For Pac2p-Cin1p
association experiment we used strains LTY564 (pGAL1-10 PAC2-His,-HA CEN
LYS2, YCpGAL), LTY565 (pGAL1-10 PAC2-His;-HA CEN LYS2, pGAL1-10 CIN1

CEN URAJ), LTY566 (pGAL1-10 PAC2-His;-HA CEN LYS2,pGAL1-10 CIN1-HA
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CEN URA3), and LTY567 (pCEN LYS2, pGAL1-10 CIN1-HA CEN URA3). For Pac2p-

a-tubulin association experiments we used strains LTY498 (Acin1 pGAL 1-10 PAC2-
His,-HA CEN URA3), LTY597 (pCIN1 GAL 1-10 PAC2-His;-HA CEN URA3), and

JFY252 (Acin1 YCpGAL).
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Table 3-1. Strains and plasmids

Strair/plasmid “Genotype ~Reterence
Strains
FSY183 MATa his3A200 leu2-3,112 lys2-801 ura3-52 (pA5) ¥Vggi(;|stein and Solomon,
FSY182 MATa his3A200 leu2-3,112 lys2-801 ura3-52 Atub1::HIS3 Atub3: TRP1 (pRB539) Schatz etal., 1988
FSY157 MATa his3A200 leu2-3,112 lys2-801 ura3-52 Atub1::HIS3 Atub3::TRP1 (pRB624) Schatz et al., 1988
JFY3 FSY183 plus pAS This study
JFY4 FSY183 pius YCpGAL This study
JFY5 MATa his3A200 leu2-3,112 lys2-801 ura3-52 erf1-1 (pA5) This study
JFY209 MAT @ his3A200 leu2-3.112 lys2-801 ura3-52 Acini::hisG:URA3:hisG This study
LTY467 MAT @ his3A200 leu2-3,112 lys2-801 ura3-52 Apac2::hisG:URA3:hisG This study
JFY206 MAT@ his3A200 leu2-3,112 lys2-801 ura3-52 Acin1:hisG This study
JFY203 JFY206 with pAS This study
LTY500 MAT@ his3A200 leu2-3,112 lys2-801 ura3-52 Apac2::hisG (pAS) This study
LTYS576 FSY 183 with pGRH This study
JFY252 JFY206 with YCpGAL This study
JFY253 JFY206 with pGRH This study
LTY503 MAT@ his3A200 leu2-3,112 ?/52—801 ura3-52 Apac2::hisG (pGRH) This study
JFY236 MAT@ his3A200 leu2-3,112 lys2-801 ura3-52 Acin1::hisG TUB2-LEU2-GAL-TUB2 (pCT3) This study
JFY238 MAT@ his3A200 leu2-3,112 lys2-801 ura3-52 Acini::hisG TUB2-LEU2-GAL-TUBZ2 (p18C) This study
LTY558 {Mﬁ gg g;'saazoo leu2-3,112 lys2-801 ura3-52 Apac2::hisG TUB2-LEUR-GAL-TUB2 This study
p
LTY559 MAT@ his3A200 leu2-3,112 lys2-801 ura3-52 Apac2::hisG TUB2-LEU2-GAL-TUB2 (pLV63)  This study
JFY474 Mﬁ Tzs hig.g?200 leu2-3,112 lys2-801 ura3-52 Acin1::hisG Atub1::HIS3 Atub3::TRP1 Thus study
{PA1AS1
LTY479 Llljfé;"g gfsaszoo leu2-3,112 lys2-801 ura3-52 Apac2::hisG Atub1::HIS3 Atub3:TRP1 (pTUB3  This study
u)
JFY268 FSY157 with pJF10 This study
JFY269 FSY157 with YCpGAL This study
JFY470 FSY182 with pJF15 This study
JFY471 FSY182 with YCpGAL This study
JFY475 FSY 182 with pJF10 and pJF16 This study
JFY476 FSY 182 with pJF10 and pRS317 This study
JFY4a7r7 FSY 182 with YCpGAL and pJF16 This study
LTY564 FSY182 with pLV63 and YCpGAL This study
LTY565 FSY182 with pLV63 and pJF10 This study
LTY566 FSY182 with pLV63 and pJF14 This study
LTY567 FSY182 with pRS317 and pJFi4 This study
LTY498 JFY206 with pLV56 This study
LTY597 FSY183 with pLV56 This study
Plasmids
YCpGAL CEN URA3
p18C CIN1 CEN URA3 This study
pRS316 CEN URA3 Sikorskr and Hieter,
1989
pAS5 GAL1-10 RBL2 CEN URA3 Archer et al., 1996
pGRH GAL1-10 RBL2-HIS, CEN URA3 Archeretal., 1998
pRB624 tub1-724 CEN LEUZ Schatz etal.. 1986
pRB5339 TUB1 CEN LEU2 Schatz et al., 1986
pJF10 GAL1-10 CIN1 CEN URA3 This study
pJFi14 GAL1-10 CIN1-HA CEN URA3 This study
pJF15 GAL1-10 CIN1-His;-HA CEN URA3 This study
pLve2 GAL1-10 PAC2-His,-HA CEN LYS2 Vegaetal., 1998
pLV56 GAL 1-10 PAC2-His,-HA CEN URA3 Vega etal., 1998
pJF16 GAL1-10 PAC2 CEN LYS2 This study
pRS317 CENLYS2 Sikorski and Hieter,
1989
pRS313 CEN HIS3 Sikorski and Hieter,
1989
PA1AS106 TUB1 CEN URA3 Kirpatnick and Solomon,
1994
pRB316 TUB3 2um URA3 Schatz eta!, 1986
pLVve3 PAC2 CEN HIS3 This study
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RESULTS

Mutations in the CIN genes are sensitive to Rbl2p overproduction

We searched for non-tubulin genes that affect heterodimer stability. Our

strategy was based on the observation that excess Rbi2p kills tub1-724 (Chapter Two

and Archer et al., 1995), which encodes an a-tubulin with relatively weak affinity for B-

tubulin ( Chapter Two and Vega et al., 1998) . This synthetic lethality is probably

explained by depletion of the heterodimer pool in mutant cells, since excess Rbl2p
competes with and displaces the mutant a-tubulin protein.

Accordingly, we mutagenized wild-type haploid cells and screened for mutants
that could not survive when the GAL-RBLZ2 plasmid (pA5) was induced (see
Experimental Procedures). This screen identified one mutant, er/7-1 (for enhancer of
Abl2p fethality), that was unable to live when overproducing Rbi2p. The er/7-1 strain is
cold-sensitive at 11° C and extremely sensitive to benomyl.

By several criteria, we demonstrated that the er/7-1 mutation is an allele of
CIN1. A library plasmid containing the entire CIN1 open reading frame rescued both
the benomyl phenotype of the er/7-1 mutant and the lethality upon RBL2
overexpression. To confirm that loss of cin? function confers the er/ phenotype, we

deleted the entire open reading frame of CIN7 by integrative transformation, and

tested the effect of RBL2 overexpression. As shown in Figure 3-1, Acin1 cells

overproducing Rbl2p start to lose viability ~4 hours after induction, and after ~12 hours
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Figure 3-1. The lethality of RBL2 overexpression is enhanced in CIN1

and PAC2 nulls. Acint1 (open triangles A), Apac2 (open circles O), and wild-type

strains (closed squares M) containing a pGAL-RBL2 plasmid were grown overnight in

selective non-inducing media. Att = Ohr, Rbl2p overproduction was induced by
addition of galactose to 2%. Cell viability is determined as the percentage of cells able

to form colonies on glucose plates.
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fewer than 0.1% of the cells are viable. Finally, we confirmed that er/7-1 is indeed an
allele of CIN1 by both complementation and linkage analysis (see Methods) with a
cin1 null allele originally characterized by Stearns and colleagues (Stearns et al.,

1990).

Several previous results connect CIN7 to microtubule function. It was first
identified in genetic screens for mutations that result in chromosome instability (Hoyt et
al., 1990) or supersensitivity to benomyl (Stearns et al., 1990). Mutations in cin7 are

synthetically lethal with loss of either CIN8 - a mitotic motor (Geiser et al., 1997) - or of

PAC10 - which regulates the a- to B-tubulin ratio and which is itself synthetically lethal
with Arbl2 (Alvarez et al., 1998; Geissler et al., 1998). Finally, cofactor D, a vertebrate
homolog of Cin1p, participates in the in vitro mediated folding of B-tubulin (Tian et al.,

1996).

The chromosome instability and drug sensitivity screens that first identified CIN7
also identified CIN2 and CIN4 (Hoyt et al., 1990; Stearns et al., 1990). The
phenotypes of the double and triple CIN1, 2 and 4 mutants suggest that these three
genes act as components of a complex or in a common pathway (Stearns et al., 1990).
Although the er/ screen did not identify mutations in cin2 or cin4, we directly tested
strains bearing null alleles of each (Hoyt et al., 1990; Stearns et al., 1990) for the er/
phenotype. Over-expression of Rbi2p is lethal in both cin2 and cin4 null strains,
although to a lesser extent than for cin1 nulls (data not shown). This result supports

the conclusion that the common microtubule-related functions of these three CIN

genes is affected by Rbi2p levels.
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Deletion of PACZ2 is sensitive to Rbl2p overproduction

Cin1p and Rbi2p are two of the four yeast homologues of vertebrate protein
cofactors involved in a tubulin folding assay (see Introduction). We tested the other
two components for interaction with excess Rbl2p. One of the components, Pac2p, is
homologous to mammalian cofactor E (Hoyt et al., 1997). Figure 3-1 demonstrates
that cells deleted for pac2 rapidly lose viability upon over-expression of RBL2. In vivo,

Pac2p binds to a-tubulin and its over-expression, like that of Rbi2p, kills tub1-724 cells
- probably by binding the a-tubulin of the unstable heterodimer and thus generating
toxic levels of free B-tubulin (Chapter 2 and Vega et al., 1998) . The other homolog,
Alf1p, is related to the vertebrate cofactor B which binds to a-tubulin (Tian et al., 1997).

There is no effect of over-expressing RBL2 in Aalf1 cells (data not shown).

Under normal growth conditions CIN1, PAC2, and RBL2 are not essential. In
addition, pairwise combinations of Arbl2 with Acin1 or Apac2 are viable (unpublished
results; Hoyt et al., 1997). Thus, these pairs of genes do not define an essential
function. However, in the context of RBL2 overexpression, PAC2 and CIN1 function
become essential for viability.

Rbi2p-B-tubulin formation and microtubule depolymerization in pac2 and cin1 nulls

overexpressing RbI2p

The effect of overexpressed Rbl2p in cin1 or pac2 mutants suggests that the

functions of those two genes may affect the state of the tubulin heterodimer. We know
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that the lethality of excess Rbi2p in tub1-724 cells is accompanied by enhanced
formation of Rbl2p-B-tubulin complex, and presumably concomitant depletion of
heterodimer (Vega et al., 1998) . Therefore, we determined if the same reaction
occurs in Acin1 and Apac2 mutant strains. Extracts were prepared from galactose
grown Acin1, Apac2 or wild type cells transformed with a plasmid encoding His,-Rbl2p
under the control of the galactose promoter. His,-Rbl2p and bound proteins were
specifically purified by incubation with nickel-agarose beads and elution with
imidazole. Immunoblot analysis (Figure 3-2 (A, B) demonstrates that the amount of B-

tubulin associated with the His,-Rbi2p fraction was 2-5 fold higher in Apac2 and Acin1

cells. There is no significant binding of a-tubulin to His,-Rbl2p in any of the strains.
In tub1-724 cells, an additional consequence of RBL2 overexpression is the
loss of microtubule structures (Chapter two and Vega et al., 1998) . Figure 3-3
demonstrates that Rbl2p overexpression has the same consequence for both Acin1
and Apac2 cells. After Rbl2p overproduction for 3 hours, microtubule staining in wild-

type cells is normal; 78% of the cells have intranuclear microtubules, 18% show a dot

representing the spindle pole body, and 4% have no detectable staining. In contrast,

only 25% of either Acin1 or Apac2 cells overexpressing Rbl2p have short or long
spindles; the remainder have either no staining at all (28% for Acin1, 38% for Apac2)

or single dots. Thus, a common feature of mutations that enhance Rbl2p
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Figure 3-2. Enhanced B-tubulin binding in CINT and PAC2 nulls. (A)

Protein extracts from Acin1, Apac2 , and wild-type strains containing a pGAL-RBL2-

HIS, plasmid were obtained from cells grown three hours in selective inducing media.
The tagged Rbl2p and bound proteins were purified using nickel-agarose. Nickel

eluates were analyzed by immunoblotting with antibodies to a-tubulin, B-tubulin and
Rbl2p. (B) Quantitation of the Rbl2p-B-tubulin complex formed from Acin1, Apac2,

and wild-type strains as in (A). The amount of Rbi2p and B-tubulin signal was

quantitated by densitometry and normalized to Rbl2p signal. The values are
expressed as fold increase above the wild-type control. Error bars represent the

standard deviation of three independent trials.
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Figure 3-3. Microtubule staining in Acin1 and Apac2 cells

overexpressing RBL2. After three hours of ABL2 overexpression, Acinl1, Apac2
and wild-type cells were processed for immunoflouresence. Cells were stained using

an anti- B-tubulin antibody to detect microtubule structures and with DAPI to stain

nuclei.
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overexpression lethality is the facilitation of Rbi2p-B-tubulin complex formation and the

concomitant loss of microtubules.

Effects of PAC2 and CIN1 levels on B-tubulin lethality

Sensitivity to B-tubulin overexpression is affected by both an excess of or a
deficit in of two B-tubulin binding proteins, Rbi2p and a-tubulin (Archer et al., 1995). At
one extreme, overexpression of either of these B-tubulin binding proteins dramatically
decreases lethality of B-tubulin overexpression. The in vitro tubulin folding assay

demonstrates that B-tubulin binds the mammalian homolog of Cin1p (cofactor D). It

also provides indirect evidence for but does not demonstrate directly a complex

containing B-tubulin, a-tubulin, cofactor D, and the mammalian homolog of Pac2p,

cofactor E (Tian et al., 1997). Therefore, we tested whether overexpressed Cin1p or

the combination of Cin1p and Pac2p could rescue cells from the lethality associated
with excess B-tubulin. A diploid yeast strain (JAY47) that contains a third integrated
copy of the B-tubulin gene, TUB2 under the control of the galactose promoter grows
normally on glucose, but only 0.01% of JAY47 cells can form colonies when plated to
galactose. Co-overexpression of galactose promoted a-tubulin or Rbl2p raises plating
efficiency on galactose to about 70% (Archer et al., 1995). However, overexpression
of Pac2p or Cin1p, separately or together, does not rescue cells from the excess 8-

tubulin lethality (data not shown). Similarly, over-expression of CINT does not rescue
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the microtubule phenotypes of a Afub3 strain which has a constitutive excess of B- to

a-tubulin (data not shown).
At the other extreme, Arbl2 cells are supersensitive to B-tubulin overexpression

(Archer et al., 1995). We also assayed the effects of deleting PAC2 or CINT on cells’

ability to survive excess B-tubulin poisoning. We made derivatives of wild type haploid

cells containing an integrated GAL-TUBZ allele and a deletion of either PAC2 or CIN1.

We induced f-tubulin overexpression with galactose and monitored the viability of the

cultures. As seen in figure 3-4 (A)(B), cells deleted for either PAC2 or CIN7 are more

sensitive to B-tubulin overexpression than are the control strains. This result suggests
that, although overexpression of neither gene rescues cells from B-tubulin lethality,
their function does participate in protection against excess B-tubulin lethality.
Consistent with that conclusion, both Apac2 and Acin1, as well as Arb/2, are lethal in
combination with a deletion in pac10 (Alvarez et al., 1998). Pac10p affects the o/

tubulin ratio, and in Apac10 cells there is a constitutive excess of B-tubuiin(Alvarez et

al., 1998; Geissler et al., 1998). We conclude that the functions of CIN7 and PAC 2

become essential in the presence of such an imbalance in the tubulin polypeptides.
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Figure 3-4. Deletions of CIN1 or PAC2 make cells more sensitive to f3-

tubulin overproduction. Haploid strains with an integrated copy of GAL-TUB2
containing either deletions of CIN1 (A) or PAC2 (B) were grown and analyzed for

viability as in Figure 3-1. (A): Acin1 cells with a pCIN1-CEN covering plasmid are
represented by closed squares (M), and Acin1 cells with a control plasmid are
represented by open triangles (A). (B): Apac2 cells with a pPAC2-CEN covering
plasmid are represented by closed squares (W), and Apac2 cells with a control

plasmid are represented by open circles (O). Data represent results from four

independent determinations.
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Absence of Cin1p or Pac2p is lethal with specific a-tubulin mutants

Previous work established that RBL2 becomes essential in specific a-tubulin

mutants {Archer et al., 1995). We asked whether Acin1 and Apac2 have similar

interactions. Strains bearing cin7 and pac2 null alleles, and carrying a plasmid

bearing wild-type a-tubulin (marked with URA3) as their major source of a-tubulin
were transformed with one of 12 different tub7 mutants (marked with LEU2) and plated
to medium containing 5-FOA. Acin1 and Apac2 strains that require the wild type o-
tubulin gene can not lose the plasmid marked with URA3 and thus are unable to grow
on 5-FOA. Five of the twelve a-tubulin mutations tested are synthetic lethal with both

Apac2 and Acin1 (Table 3-2). Significantly, four of these five mutants are also

synthetically lethal with Arb/2 (Archer et al., 1995). Several other a-tubulin alleles do

not interact with rbl2, cin1, or pac2. The results suggest that PAC2, CIN1 and RBL2

affect related functions.

Overexpression of CIN1 suppresses the phenotypes associated with tub1-724
Over-expression of either RBL2 or PAC2 in cells expressing Tub1-724p as their

sole a-tubulin was previously shown to cause microtubule disassembly and cell death

(Archer et al, 1995; Vega et al., 1998). This lethality is explicable because the mutant

o-tubulin forms a weaker heterodimer. Thus, excess Rbi2p, a B-tubulin binding
protein, or Pac2p, an a-tubulin binding protein ( Chapter Two and Vega et al., 1998) ,

deplete the heterodimer in tub1-724 cells below the level needed for viability.
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Table 3-2. o-tubulin alleles synthetic lethal with nulls in RBL2, CIN1, and PAC2.

n.d. = not determined

Viability

Arbl2*  Acint Apac2

tub1-724, -728, -738, -759 - - -

tub1-735 nd. - i}
tub1-704, -714, -744, -750  + + .
tub1-727, -730, -733, -741, nd. + +
-746, -758

* (Archer et al., 1995)

122 Tubulin Heterodimerization in vivo



Moreover, the formation of a Pac2p-a-tubulin complex (Chapter Two and Vega et al.,

1998) likely produces free B-tubulin, which is toxic.

The effect of excess Cin1p in tub1-724 cells yields a dramatically different result
from that of Rbi2p or Pac2p. We transformed the plasmid pJF10, containing CIN1
under control of the GAL promoter, into the tub7-724 mutant strain, and monitored cell
growth under various conditions. Cin1p overproduction suppresses both the lethality
of the tub1-724 mutant strain at 25°C (semi-permissive temperature), as well as the

benomyl supersensitivity (Figure 3-5 A). The suppression activity is specific, since

CIN1 overexpression has no effect on the other a-tubulin alleles listed in Table 3-2.

Furthermore, we find that excess Cin1p partially suppresses the deleterious
consequences of overproduced Pac2p in tub1-724 cells (Figure 3-5 B).

We show below that Cin1p is a B-tubulin binding protein. However, the
suppression by excess Cin1p of tub1-724 does not represent a B-tubulin sequestering
activity, since excess Cin1p does not rescue either 3-tubulin overexpressers or cells

deleted for the minor a-tubulin, tub3.
The ability of excess Cin1p to prevent disruption of the mutant heterodimer by

the a-tubulin binding protein Pac2p, may be due to a direct interaction between Pac2p
and Cin1p that prevents the formation of a Pac2p-a-tubulin complex, or from the

formation of another complex that overcomes Pac2p sequestration of a-tubulin.

Biochemical experiments described below help to distinguish between these

possibilities.
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Figure 3-5. Overexpression of CIN1 is able to rescue conditional
phenotypes of the tub7-724 mutant. (A) Saturated cuitures of tub7-724 mutant

cells containing either pGAL-CIN1 or a YCpGAL control plasmid were serial diluted
(one sixth dilutions for the 25°C plate, one fourth for the benomyl plate) and spotted to
selective galactose plates containing 20 ug/ml benomyl and to selective galactose
plates incubated at 25°C. (B) Saturated cultures of tub1-724 strains containing two

plasmids each: either pGAL-CIN1 or YCpGAL control plasmid and either pGAL-PAC2
or the pRS317 control plasmid were serial diluted (one fourth dilutions) and spotted to

selective galactose plates.
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Physical interactions of Cin1ip

To assay for protein complexes between Cin1p and the tubulin polypeptides
suggested by the in vitro work and the in vivo results above, we constructed a modified
form of CIN1 under control of the inducible GAL promoter, that contains both an HA

epitope tag and a Hisg,-sequence at its carboxy terminus (pJF15). This allele of CIN1

rescues the benomyl phenotype of Acin1 cells, and suppresses the tub1-724

phenotypes like the unmodified CINT. Extracts prepared from wild-type cells
transformed with pJF15 or a YCpGAL control plasmid and grown for three hours in
galactose were fractionated by nickel-agarose chromatography to purify the tagged

Cin1p and proteins bound to it. The proteins were eluted and resolved by SDS-PAGE
followed by immunoblotting. In five independent trials we found that B-tubulin
specifically co-purifies with the tagged Cin1p. A representative blot is shown in
Figure3-6. In contrast, there is no detectable enrichment of a-tubulin among the
proteins eluted with Cin1p. Formation of the Cin1p-B-tubulin containing complex is
independent of Pac2p (data not shown). This result suggests that Cin1p can bind
directly or indirectly to B-tubulin but not a-tubulin in vivo, similar to Rbi2p. However,

unlike Rbl2p, the Cin1p-B-tubulin interaction does not suppress the phenotypes of

excess B-tubulin.
The in vitro assay of tubulin folding demonstrates a complex between the Cin1p

homolog cofactor D and B-tubulin (Tian et al., 1997). Those experiments also infer a

complex containing both Cin1p and Pac2p homologs along with both tubulin
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polypeptides. To test for such a complex in vivo, we transformed cells with piasmids
encoding various tagged forms of both CIN1 and PAC2 under control of the GAL
promoter. For these experiments, we used either a GAL-CIN1 construct that contains
three HA epitopes in tandem at the extreme carboxy terminus of the open reading

frame (pJF14) or a Gal-CIN1-HA-HIS,; construct. Both of these alleles are
indistinguishable from wild type CIN1 as assayed by overexpression in both Acin1 and
tub1-724 cells (data not shown). The GAL-PACZ2 construct contains three carboxy-
terminal, tandem HA epitopes followed by a His, sequence (Vega et al., 1998) or a
version of GAL-PAC2 -HA that lacks the His, tag. Figure 3-7 (A) shows that Cin1p and
Pac2p co-purify from extracts of cells over-expressing both proteins.

We find that small amounts of o and B-tubulin co-purify with the tagged Pac2p-
HA-His, when it is overproduced; as shown in Figure 3-7 (B), the level of this complex
increases when Cin1p is co-overexpressed in the same cells. The relative amount of

co-purifying B-tubulin is significantly greater than the amount of co-purifying a-tubulin

in both strains. The ability of overexpressed Pac2p-HA-His, to bind some B-tubulin is
apparently due to an interaction with endogenous Cin1p; when Pac2p-HA-His, is
overexpressed in Acin1 cells, neither tubuiin polypeptide is associated with it. A

representative blot from four independent trials is shown in Figure 3-7 (C).
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Figure 3-7. Pac2p, Cin1p and tubulin. (A) FSY182 cells containing two
plasmids as indicated: lane 1, pGAL-PAC2-HA-His, and pGALCIN1-HA; lane 2,
pRS317 (control vector) and pGAL-PAC2-HA-His,; lane 3, pGAL-PAC2-HA and
YCpGAL (control vector); lane 4 pGAL-CIN1-HA-His, and pGAL-PAC2-HA; Cells
were harvested after 4 hours of induction in galactose containing media. The tagged
Pac2p or tagged Cin1p was purified and analyzed before. The results shown are
representative blots from six independent trials where Cin1p co-purifies with His,
tagged Pac2p (lanes 1, 2), and two independent trials showing that Pac2p co-purifies
with His, tagged Cin1p ( lanes 3, 4). (B) Enhanced binding of Pac2p to tubulin in the
presence of excess Cin1p. FSY 182 cells containing two plasmids as indicated: lane
1, pGAL-PAC2-HA-His, and YCpGALcontrol vector ; lane 2, pGAL-PAC2-HA-His, and
pGAL-CIN1; lane 3, pRS317 control vector and pGALCIN1-HA; control were harvested

after 4 hours of induction in galactose containing media. The tagged Pac2p was

purified and analyzed as above. (C) Extracts from wild-type and Acin? strains

containing either pGAL-PAC2-HA-His, or YCpGAL control plasmid were obtained after
four hours growth in inducing media. The tagged Pac2p and bound proteins were

purified and analyzed as above.

130 Tubulin Heterodimerization in vivo



1 2 3 4

PGAL-PAC2-HA-His, 4+ = PGAL-CINI-HA-Hiss = 4
PpGAL-CINI-HA + + PGAL-PAC2-HA 4+ +
-l

Cinlp —» o

Pac2p —» &
123
pGAL-PAC2-HA-His, + + -
pGAL-CINI-HA -~ - +
PGAL-CIN] = + =

B-tubulin -ndl) —

a-tubulin ey —

P2p 4D

pGAL-PAC2-HA-His,

B-tubulin e EE— ——

o-tubulin v« =

Pac2p “



DISCUSSION

The data presented here identify genes that affect tubulin dimer formation in

vivo. Mutations in these genes render cellis sensitive to overexpressed Rbl2p, a B-

tubulin binding protein that depleted tubulin dimers. Consistent with that finding, two

of these mutants, Apac2 and Acin1, are synthetically lethal with a mutant a-tubulin that

destablizes heterodimers. Overexpression of Cin1p rescues that same mutant. Since
Cin1p is not a stable ligand of the o-p tubulin heterodimer, the rescue is likely a

consequence of Cin1p’s ability to promote the formation of heterodimer rather than
stabilize heterodimer. We also show that Pac2p and Cin1p interact with one another,
in complexes that can contain the tubulin polypeptides. Taken together, the results
demonstrate catalyzed tubulin heterodimerization in vivo. These findings demonstrate
the extent to which activities of an in vitro tubulin folding assay described by Cowan
and colleagues pertain to the in vivo situation. That these activities are not essential
for tubulin assembly or function suggests that they may have other roles in cell
physiology.

Consequences of Rbl2p overproduction in cin? and pac2 nulls

Rbl2p over-expression in wild type cells confers only moderate phenotypes.
However, induction of GAL-RBLZ2 in tub1-724 cells rapidly causes microtubule

disassembly and cell death (Chapter Two and Archer et al., 1995). By several criteria,
the Tub1-724p a-tubulin binds less tightly to B-tubulin than does wild type o-tubulin

(Chapter Two and Vega et al., 1998) . That property allows excess Rbl2p to bind more
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B-tubulin in the mutant than in wild type cells, leading to depletion of the heterodimer,

loss of assembled microtubules and loss of viability.

These properties of tub1-724 cells are shared by Acin? and Apac2 cells.
Induction of RBL2 overexpression causes loss of microtubule structures and cell death
in both strains. Strikingly, the Rbl2p-8-tubulin complex forms much more readily in
these mutant strains than in wild type cells. These results suggest that the tubulin
heterodimer in Acin1 and Apac2 cells is also destabilized relative to wild type.
However, the underlying mechanism of this destabilization must differ from that of
tub1-724 cells, since neither Cin1p or Pac2p are stably associated with the bulk of
tubulin heterodimers and therefore would not be expected to stabilize the heterodimer

directly. Instead, it is more likely that these two proteins participate in reactions

leading to heterodimer formation, and that their absence makes those reactions less

favorable or less efficient. As a result, Acin1 and Apac2 cells might have lower levels

of heterodimer and higher levels of free tubulin polypeptide chains. An excess of a B-
tubulin binding protein could further deplete the pool of heterodimer. Alternatively,
these mutants may have a diminished ability to convert Rbi2p-B-tubulin into

heterodimer, an exchange reaction which occurs both in vivo and in vitro (Archer et al.,

1998; Archer et al., 1995).
Effects of Cinip and Pac2p levels in tubulin mutants

Null alleles of cin1, pac2 and rbl2 are lethal in combination with the same four

mutant a-tubulins, suggesting that they affect related functions. Each of the relevant
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tub1 mutations falls into class 1 - they are cold-sensitive and lose microtubules at the

restrictive temperature (Schatz et al., 1988). However, not all class 1 mutants are

lethal in combination with Acin1, Apac2 or Arbl2. We have characterized the

molecular defect in one of these mutations - tub1-724 - as a weakened heterodimer.

We rationalized the inability of tub1-724 celis to live without Rbl2p as a consequence

of excess B-tubulin released by dissociation of the weaker heterodimer combined with

loss of the ability of RbI2p to sequester excess B-tubulin. The results suggest that this

subclass has a common defect exacerbated by mutations that affect heterodimer

formation.

Similar to RbI2p, the absence of Cin1p and Pac2p makes cells more sensitive

to B-tubulin over-expressicn. However, it is unlikely that Cin1p and Pac2p act in
exactly the same way as Rbl2p - by binding and sequestering -tubulin. In particular,
Rbl2p overproduction but not Cinip overproduction suppresses the phenotypes
associated with genetic conditions that produce an excess of B-tubulin - either GAL-
TUB2 or Atub3 strains (Archer et al., 1995; Hoyt et al., 1997). Conversely,

overproduction of Cin1p suppresses the phenotypes of tub1-724 cells, while

overproduction of Rbi2p kills that mutant.

The conditional phenotypes of the tub7-724 strains are due to the release of

free B-tubulin by dissociation of the unstable mutant heterodimer (Chapter Two and

Vega et al., 1998) . Why does excess Cin1p rescue these phenotypes but not the

phenotypes associated with excess B-tubulin in Atub3 or B-tubulin over-producing
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strains? A significant difference among these situations is that the tub7-724 mutant
contains a pool of undimerized a-tubulin, while the TUB2 over-expressing strain and
the Atub3 strain do not. This analysis suggests that Cin1p acts to promote the

formation of the heterodimer.
Binding partners of Cinip and Pac2

Fractionation experiments performed using Cin1p and Pac2p have allowed us

to characterize the complexes these proteins form in vivo. Here, we show that B-tubulin

can co-purify with Cin1p in wild-type cells when Cin1p is overexpressed. That
complex is detected in the presence or absence of Pac2p. In addition, we show that

Cin1p is able to copurify with Pac2p when both proteins are overexpressed. The

association of Cin1p with Pac2p also includes both a— and B- tubulin. Interestingly the
amount of B-tubulin that copurifies is greater than the amount of a-tubulin. This may
imply that there is a complex containing only Pac2p, Cin1p, and B-tubulin. Alternatively
the a-tubulin present in this complex in vivo may be easily lost during purification.

We reported that over-expressed Pac2p binds a-tubulin but not B-tubulin when

either tubulin is co-overexpressed (Vega et al., 1998) . We now find, using a

substantially more sensitive assay, that both B-tubulin and a-tubulin are associated

with Pac2p when it is over-expressed in wild type cells. The binding of both tubulin

polypeptides to Pac2p is dependent on Cin1p in this assay. However, we do detect a

diminished level of Pac2p-a-tubulin complex in cin1 nulls co-overexpressing Pac2p

and o-tubulin (L. Vega unpublished resuits). Therefore, it appears the Pac2p-a-
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tubulin complex can form in the absence of Cin1p, but the binding is enhanced by

Cin1p. Taken together, the results are consistent with interactions between Pac2p and

both a-tubulin and Cin1p, which in turn can bind B-tubulin.

Tubulin assembly pathways, in vivo and in vitro

A series of in vitro experiments by Cowan and colleagues identified factors in
addition to chaperones required for incorporation of B-tubulin and a-tubulin into
exogenous heterodimer (Gao et al., 1992; Gao et al., 1993; Tian et al., 1996; Tian et
al., 1997). In that assay system, B-tubulin released from the chaperone is bound

independently by cofactors A or D, and a-tubulin is bound by either cofactor 8 or E.

The B-tubulin released from cofactor A and the a-tubulin released by cofactor B fail to

exchange into exogenous dimer directly. Instead, the pathway to heterodimer requires

the - and B-tubulin monomers to bind cofactors D and E, respectively. Cofactors D
bound to B-tubulin and cofactor E bound to a-tubulin form a quaternary complex and

finally, cofactor C mediates the release of the a—f tubulin heterodimer.

Four of these mammalian cofactors are homologous to yeast genes: Cofactor D
shows 21% identity with Cin1p (Hoyt et al., 1997); cofactor E is 30% identical to Pac2p
(Hoyt et al., 1997). Cofactor A is structurally and functionally homologous to Rbi2p
(Archer et al., 1995), and cofactor B is 32% identical to Alf1p (Tian et al., 1997). In the
in vitro assay, cofactors D and E are essential. However, none of the homologous

yeast genes are essential, even in various combinations (Hoyt et al., 1997;
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unpublished results). There may be redundant functions in yeast specified by genes
as yet undetected, or the in vivo tubulin folding could follow an different pathway.
Some of the functional interactions we detect in vivo among these proteins are

also consistent with the in vitro model. For example, the ability of excess RblI2p to kill

Acin1 or Apac2 cells is readily explained by the in vitro pathway (detailed above).
Also, the ability of excess cofactor E (with cofactor B) to sequester a-tubulin from

preexisting heterodimer (Tian et al., 1997) reflects the ability of excess Pac2p to kill
tub1-724 cells (Chapter Two and Vega et al., 1998).

However, other results demonstrate differences between the in vivo and in vitro

situations. Most important, suppression by excess Cin1p of a mutant a-tubulin with

lowered heterodimer stability is not consistent with the in vitro model. The data
suggest that Cin1p in vivo acts differently than cofactor D does in vitro. The ability of

Cin1p to suppress the tub1-724 mutant contrasts with the in vitro data that show

cofactor D can interact with and disrupt the heterodimer forming a cofactor D-B-tubulin

complex. Other evidence indicates that Cin1p has an activity that does not require
stoichiometric Pac2p. First, overexpression of Cin1p alone is sufficient to suppress

tub1-724. Second, overexpression of Cin1p is able to rescue the benomyl

supersensitive phenotype of Apac2 strains (Hoyt et al., 1997). Therefore, it appears
Cin1p does more than bring B-tubulin into a quaternary complex containing Pac2p
and a-tubulin. The suppression mechanism in tub1-724 cells may involve Cin1p

presenting B-tubulin to a-tubulin and thus keeping the free B-tubulin from acting as a

137 Tubulin Heterodimerization in vivo



poison in the cell. Perhaps Cin1p provides the function of cofactor C in the in vitro
system, given that no S. cerevisiae homolog of that gene exists.

Many but not all of the protein complexes we identified in vivo are predicted by

the in vitro tubulin folding assay (Tian et al., 1996; Tian et al., 1997). The Cin1p -
tubulin complex demonstrated here, the Rbl2p-B-tubulin complex (Archer et al., 1995),
and the Pac2p a-tubulin complex (Vega et al., 1998) , are all detected in vitro.
However, our results demonstrate that the binding of a-tubulin to Pac2p is at least

partially dependent on Cin1p in vivo. This may explain why the a-tubulin - cofactor E

(Pac2p homolog) complex in vitro is detectable only after chemical crosslinking {Tian

et al., 1997).

There are further differences with respect to the protein-protein complexes
detected. The in vitro data suggest that B-tubulin can exchange directly between

cofactor A (Rbi2p) and cofactor D (Cin1p). However, the very different activities of

these B-tubulin binding proteins in vivo with respect to excess B-tubulin suggests that
they either bind different forms of the protein or that the resulting complexes have
different activities. We have also shown that Rbl2p can bind to B-tubulin both before
and after it binds to a-tubulin (Archer et al., 1998); the second finding is inconsistent
with the in vitro model. Finally, the in vitro data suggest that o-tubulin binds to cofactor

B (Alf1p) or cofactor E (Pac2p) (Tian et al., 1997). However, unlike overexpressed
Pac2p, we have found that excess Alf1p is not lethal when overexpressed in tub1-724

cells (data not shown).
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Figure 3-8. Genes that affect tubulin dimer formation in vivo. The tub1-

724 mutation affects the stability of the heterodimer directly and render cells sensitive

to overexpressed Rbl2p. The properties of tub1-724 celis are shared by Acin1 and

Apac2 cells. Since neither Cin1p nor Pac2p is associated with the bulk of tubulin

heterodimers, Cin1p’s ability to rescue tub1-724 mutant cells is likely a consequence
of Cin1p’s ability to promote the formation of heterodimer rather than stabilizing
heterodimer directly. Pac2p and Cin1p interact with one another in complexes that
can contain the tubulin polypeptides. Taken together, in vivo Cin1p and Pac2p work

together to promote tubulin heterodimerization.
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Conclusion

The experiments presented here demonstrate that proteins which interact with
individual tubulin polypeptides can influence the formation of heterodimer in vivo.

Especially in the case of Cin1p, the relationship between protein activity and

expression levels suggests that this protein acts catalytically to promote a-B-tubulin

complex formation. Such an activity will require coupling to a highly exergonic step, in
order to make the reaction act as if it were unidirectional. A candidate for that coupling
factor is Cindp, which has a predicted GTP binding motif (Hoyt et al., 1997) and which
likely acts either in the same pathway or in a complex with Cin1p.

The in vivo data also demonstrate differences and similarities between the
activities of tubulin interacting proteins in vivo and the activities of their vertebrate
homologs in vitro. Most striking is the fact that the proteins are not essential in vivo.
Screens for genes involved in a parallel pathway redundant with the one defined by
these proteins have not been successful, raising the possiblity that the primary and
sufficient tubulin heterodimerization pathway is uncatalyzed. In that circumstance, the
activities described here may become important only under special conditions - for
example, in mediating fluctuations in the pool of unassembled tubulin heterodimer and

its dissociation products.
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CHAPTER FOUR:

Identification and characterization of overexpressed

cDNAs that confer benomyl resistance



INTRODUCTION

Yeast microtubules are sensitive to microtubule depolymerizing drugs,
such as benomyl and nocodazole. The consequence of drug treatment is the
failure of microtubuie mediated processes such as nuclear division, nuclear
migration and nuclear fusion (Delgado and Conde, 1984; Jacobs et al., 1988).
Thus, altered sensitivity to benomyl is a phenotype associated with impaired
microtubule function in S. cerevisiae and is often used as evidence that a gene
product is involved in a microtubule related process. A number of mutations

defining several complementation groups are known to be supersensitive to

benomyl (Ben®). Both a-tubulin genes, TUB1 and TUBS3, as well as the B3-

tubulin gene, TUB2, can be mutated to confer a Ben® phenotype (Reijo et al.,
1994; Schatz et al., 1988; Stearns and Botstein, 1988).

In addition to the tubulin encoding genes, other components of the mitotic
apparatus may be mutated to benomyl hypersensitivity. But only a few genes,
other than the tubulin genes, have been identified that confer supersensitivity to
very low concentrations of benomyl (10 ug/ml) a concentration of benomy! that
has little effect in wild-type cells. Extreme sensitivity to benomyl seems to be
correlated with mutations in genes that affect tubulin assembly. These genes
include CIN1, 2 and 4 which were identified in a genetic screen for benomyl
supersensitive mutants (Stearns et al., 1990). These three genes were also
identified in an independent screen for chromosome instability mutants (Hoyt et

al., 1990). In addition, mutants in pac2 are super-sensitive to very low
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concentrations of benomyl and have defects in microtubule functions (Hoyt et
al.,, 1997). PAC2 is required in cells deleted for cin8, which encodes a kinesin-
related protein that participates in anaphase (Geiser et al., 1997).

Other benomyl hypersensitive mutants include genes whose products
have been implicated in a mitotic checkpoint control which monitors spindle
formation and requires that microtubules be intact for mitosis to proceed. The
MAD (mitotic arrest defective) genes and the BUB (budding uninhibited by
benomyl) genes were isolated as mutants that fail to arrest when challenged
with high concentrations of benomyl (Hoyt et al., 1991; Li and Murray, 1991).
Indeed mutations in almost every aspect of microtubule assembly have been
identified that confer a Ben® phenotype.

In contrast, mutations in S. cerevisiae that confer resistance to benomyl

(Ben®) are rare. Most of them map to TUB2; the gene encoding B-tubulin (Reijo

et al., 1994; Thomas et al., 1985). In addition to mutations in B-tubulin, COP1

nulls which require centromere binding factor | (Cbf1p) for viability also show
increased benomyl resistance. cdp7 cells display unusually long cytoplasmic
microtubules and show increased frequencies of chromosome loss (Foreman
and Davis, 1996). Alleles of SACS3, isolated as a suppressor of act7-1, are also
benomyl resistant (Bauer and Kolling, 1996).

We found that overexpression of either a-tubulin or Rbl2p in wild-type

cells confers a reproducible, benomyl! resistant phenotype (Archer et al., 1995;

Schatz et al., 1986). a-tubulin is a component of the tubulin heterodimer and
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RBL2 is a B-tubulin monomer binding protein in vivo (Archer et al., 1995). o-
tubulin and Rbl2p share another feature: overexpression of either gene
rescues the effects of B-tubulin overexpression, microtubule depolymerization
and cell death (Archer et al., 1995; Weinstein and Solomon, 1990). We
reasoned that we might identify other B-tubulin binding proteins by screening for

gene products whose overexpression confers increased resistance to benomyl
and nocodazole but not to unrelated compounds. Alternatively, overexpressed
genes that confer increased resistance to benomyl might be general stabilizers

of microtubules that can overcome the destabilizing effects of benomyl and

excess fB-tubulin. We designed a genetic screen in wild type celis for galactose-

induced cDNAs that confer resistance to benomyl.
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MATERIALS AND METHODS

Strains, Plasmids, and Media

All yeast strains are derivatives of FSY185 (Weinstein and Solomon,
1990). We used standard methods (Sherman, et al., 1986; Solomon, et al.,
1992). We used a yeast cDNA (CEN) library from pool 10A (Liu et al., 1992).
For pLV6, a 3.7 kb fragment containing the entire ADE3 gene flanked by Not |
sites was generated by P.C.R. using the primers 5’ primer -(D41524)
5ATAAGATAGCGGCCGCTAAAGGATCCGGAGTACTTACGTGAGC and 3’
primer-(D41484)-5’AAGGAAAAGCGGCCGGTGGTTATAGATTTGGATACTTG
and ligated into the SK- Bluescript vector. pLV8 and pLV10 contain the Not |
ADES3 fragment inserted into the Not | site of pAS or p4C respectively. pLV127
was constructed by P.C.R. of the 3’ end of pPBROS5 (pGAL-LBO1) using the 5’
primer -(D50266)
5AAATCCTTAAGGAGGTACCCATACGACGTCCCAGACTACGCTTAGACGAA
CTATTTGAAACC which included a single HA epitope and the 3’ primer
(D50267) 55TAGACGAACTCTTTGAAACCAATT. The P.C.R. product digested
with Afl lI-Not | and cloned into the Afl [I-Not | site of pBRO5. pET15 containing
pGAL-LBO2 with a triple HA epitope tag, was constructed by using P.C.R. The
5' primer, 5'-
AAAATTGTTGAGATTGATAATCCCAGCATTTTGGGTGATTTCACAAGGGAAGA
TCGCGCGCGCTGACCGGCTATATCAATGCACCTAAAT introduced a Not | site

at the 3'- end of LBO2 coding sequence and the 3’ primer (D52016) 5'-
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GAATTGGAGCGCCACCGCGGTGGCGACCGCCC was to the vector but
deleted a Not | site on the pRS316-GAL1 vector. The 111 bp triple HA epitope
cassette from B2385 (Fink Lab) was then cloned into the Not | site. pLV21 was
constructed by subcloning a 2.3 kb EcoR | fragment containing the entire LBO2
genomic sequence from pLV17 into the EcoR ! site of the pCT3 vector. pLV15
contains the 5’ and 3’ flanking region flanking the LBO2 ORF. The 5’ flanking
sequence of LBO2 was amplified by P.C.R. of genomic DNA using the 5’ primer
(D50983)-KOBPAAT &’
AGCGTGACGTCCAGGAACATTGGTATTCTTATCATGTTGAG and the 3’ primer
(D50981) 5-GAAGATCTTTCTTATTCTTGTTAACTTCGTCCT and cloned into
the Aatll-Bg! Il site of pNK51; the resulting plasmid was digested with Sal i-
BamHI| and 3’ sequence of LBOZ2 ,amplified using 5’ primer (D50982) 5'-
CGGGATCCGACCGGCTATATCAATGCACCTAAATTCAGAACA and the 3’
primer 5-ACGCGTCGACAGTCAGACACCTATCTAACTTTCATTAAATTATC
was inserted into the Sal I-BamH |. A similar approach was used to construct
LBO1 disruption construct, pLV19. The 5’ flanking region of LBO1 was
amplified by P.C.R. using the primers (D500265) 5'-
AAGATGACGTCGATCTTTCTCATTCCTTCATTTAAAGTTCG and (D50626) 5'-
GAAGATCTTGTAGTTATAATGGAAGGAGGGGGTG and inserted into the Aat II-
Bgl Il site of pNK51 to make pLV14. The 3’ flanking region of LBO1 was
amplified by P.C. R. amplified using
5CGCGGATCCACGAACTATTTGAAACCAATTTTTTTCAATATAGATTTTGGC

and
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ACGCGTCGACCCGCCATAAACTTGCAAAGCAGCATTGGACATAGTTATAC
and cloned into the BamH | -Sal | site of pLV14 to make pLV19.

pLV25(GAL- YDR066C) containing the LBO2 homologue under the control of
the galactose promoter was constructed by P.C.R. using 5’ primer
5’ACGCGTCGACGGAGGCATTCTGGAAAAATTGCAGCS' the 3' primer was
5’ACATCGGCCGTACGCCAAACGGTTGACACTATTCAGS'. The P.C.R. product
was digested with Sal I-Eag | and ligated into the Sal I-Eag | of pRS316-GAL1.
pLV28, disrupts the entire coding sequence of YDR066C. A 430 bp of 5’
YDRO066C flanking sequence with an additional Xba | site added was amplified
by P.C.R. using the 5’ (D61131) primer- &’
ACCGTGCGATATATTGCAAGGACAGCC and the 3’ (D61130) primer-
STGCTCTAGATATGGCTTGCGTTGCTCCTGTCC and 658 bp of 3' YDR066C
flanking sequence with Xma | and Sac | sites added was amplified by using the
primers 5’ (D61129) primer
5TCTCCCCGGGTAGGTAGTATAATTAAATCGTCTTCATCAGG and the 3'
primer (D61128) primer-5’
TCAAAGAGCTCTATGGTTTGTTCGGTCAATTAACAAGGGC and by P.C.R.
pLV29 containing the YDR066C 5’ and 3' UTR around LEU2 in JH-L2 was
constructed by cloning the 5° UTR P.C.R. product of YDR066C digested with
HinDIll and Xba | and the 3’ UTR P.C.R. product digested with Sacl and Xmal

into JH-L2.

Sectoring Assay
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We transformed ade2,ade3 yeast with either a CEN-URA3-ADE3-GAL1-
RBL2 plasmid or with a CEN-URA3-ADE3-GAL contrcl plasmid and plated cells
to low adenine glucose plates, low adenine galactose plated and to low
adenine galactose plates containing 30 ug/ml benomyl at 30°C. Growth was

monitored by visual inspection.

Screen

Wild-type diploid cells containing were transformed with a URA3 marked
cDNA library (Liu et al., 1992). We transformed pool 10A into FSY185 and

obtained (X). We grew the transformants in selective glucose media to

saturation and plated approximately 4.0 X 104 transformants onto SC galactose
plates containing 26, 30, and 35 ug/ml. We made a slurry of galactose survivors
and re-plated these cells onto SC -ura glucose. We tested 534 benomyl
survivors for plasmid dependence by selecting for loss of the URA3 plasmid on
5-FOA, then checking for loss of benomyl resistance. After isolation of the
library plasmid, we identified plasmids containing TUB1, TUB3 or RBL2 by a
combination of restriction digests, colony hybridization, and DNA sequencing.
The isolated plasmids were re-transformed into FSY 185 and checked for their
ability to confer survival on galactose benomyl plates.
ntitation of Phen

Diploid celis containing galactose promoted RBL2, TUB1, LBO1, LBO2 or
YCpGAL were plated to, galactose plates and to galactose plates containing
various concentrations of benomyl 0-50 ug/ml. We determined the ratio of the

number of colonies that grew on the various galactose benomy! plates relative
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to the galactose plate without benomyl. Alternatively diploid strains containing
the indicated plasmid were grown to saturation overnight in SC -ura glucose
liquid media. The cultures were serial diluted in 96 well dishes, and spotted
onto SC -ura galactose plates containing various concentrations of benomyi
and to SC -ura glucose plates incubated at 30°C.
Construction of KO constructs

The 5’ flanking sequence of LBO2 was amplified by P.C.R. of genomic
DNA using the 5’ primer (D50983) and the 3' primer (D50981) and cloned into
the Aatll-Bgl Il site of pNK51; the resulting plasmid was digested with Sal |-
BamHI. The 3’ sequence of LBOZ2 ,amplified using 5' primer (D50982) and the
3 primer 5'-~ACGCGTCGACAGTCAGACACCTATCTAACTTTCATTAAATTATC
was inserted into the Sal I-BamH | site to generate pLV15. pLV15 was digested
with Pvu Il and Sal | to release was the disruption fragment and the fragment
was isolated (Quiax Il from Quiagen) after electrophoresis on a 1% agarose gel.
This DNA was then transformed into FSY 185 to create a disruption of the entire
LBO2 open reading frame. The disruption was confirmed by Southern blot
analysis of the diploids and of their haploid segregants, and by the phenotypic
analysis of the haploid segregants. A similar approach was used to construct
LBO1 disruption construct, pL.V19. The LBO1 5' (600 bp) and 3’ (300 bp) UTR
was amplified using the polymerase chain reaction and inserted around the Bgl
ll-BamHiI site of hisG-Ura3- hisG of pNK51 using the primers described above.
The 4.5 kb LBO1 disruption fragment was released by digesting pLV19 with

BstXl and Sal |. The purified knockout fragment was used to transform FSY185
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and transformants were selected on sc -ura. As before, putative heterozygotes
and haploid segregants were confirmed by Southem blot analysis. To knock
out the YDRO066C coding region we digested pLV28 containing 5’ and 3’ UTR
flanking YDR0O66C around the LEU2 gene in JH-L2 with Apal and Sacl to
release the knockout fragment. We purified this fragment as before and used it
to transform FSY185. The disruption wés confirmed by Southern Blot analysis
of the diploids and of their haploid segregants.

Viability measurements and Immunofluorescence

Cell containing the indicated plasmids were grown overnight in SC -ura
raffinose media. Log phase cells were then induced with 2% galactose and at
various time points aliquots of cells were taken and counted using a
hemacytometer. Known numbers of cells were then plated to SC -ura glucose
plates. Cell viability was measured as the percent of cells counted able to form
colonies on the SC -ura glucose plates. At time points indicated cells were fixed

for immunofluorescence in 3.7% formaldehyde. Anti B-tubulin staining was

done with #206 (Bond et al., 1986) at 1/2000 in phosphate buffered saline
containing 0.1% bovine serum albumin.

To measure the effect of high temperature on A/bo2 , cells containing the

indicated plasmids were grown overnight in SC -ura glucose media at 30°C. At
the T=0 the cells were shifted to 37°C or were maintained at 30°C. At various
time points aliquots of cells were taken and counted using a hemacytometer.
Known numbers of cells were then plated to SC -ura glucose plates. Cell

viability was measured as the percent of cells counted able to form colonies on
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the SC -ura glucose plates at 30°C. For some experiments, cells were fixed for
immunofluorescence in 3.7% formaldehyde and stained with anti B-tubulin

antibodies as described above. For other experiments the bud size distribution
of fixed cells was determined for the indicated time points. The size of the bud
was determined as unbudded cells, small/medium budded cells (the size of the
bud was less than the size of the mother), large budded celis (the cells were
close to or equal the size of the mother.

FACS Analysis

Cells were grown under the desired conditions to early log phase. For each
analysis, between 5 x10° to 1 x107 cells were used. Cells were pelleted in IEC
(1000 rpm). Cells were fixed in 66.5% EtOH at 4°C overnight. Fixed cells were
pelleted as before washed in 5 mis of 50 mM NaCitrate (pH7.4). After washing,
the cells were pelleted again and resuspended in 1 ml of 50 mM NaCitrate
(pH7.4) plus 0.25 mg/MI RNase A and incubated for one hour at 50°C.
Proteinase K is added to a final concentration of 1 mg/ml and the cell are
incubated for an additional hour at 50°C. Finally, 1 ml of 50 mM NaCitrate
(pH7.4) containing 16 ug/ml of propidium iodide is added and the cells are
incubated overnight at 4°C wrapped in tin foil. The samples were sorted by
FACS analysis.

Immune techniques

Immunoblots: We used standard procedures (Solomon, et al., 1992).
For '?°| detection we blocked blots for 15-30 min. in TNT, 0.05% Tween. Primary

antibodies were incubated overnight in TNT, 0.05% Tween at 1/3500 (#206 or
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#345) or at 1/1000 (12CAS5) ( Babco) and then washed 5 (5 min. each) in TNT,
0.05% Tween. Bound antibody was detected by '*| Sheep Anti-mouse Ig
(SAM) (NEN).

Immunoprecipitations - Antibodies 206 or 345 were affixed to Affigel-10
beads (BioRad). Yeast strains grown up at 30°C. Total protein was harvested
by glass bead lysis in PME (0.1M Pipes, 2mM EGTA, 1 mM magnesium
chloride, pH 6.9) plus protease inhibitors (Solomon, et al.,, 1992) and added to
antibody beads for a one hour incubation with rotation at 4°C. We washed the
beads eight times with PME + protease inhibitors. Bound proteins were eluted
by boiling is SDS sample buffer and resolved by SDS-PAGE analysis.

Protein A sepharose beads were used to immunoprecipitate HA tagged
proteins. To prepare beads, protein A beads were blocked in 10% BSA, 0.05
M Tris pH 8.0, 0.1% NaN, for 1 hour at 4°C then washed 7X with PME +
protease inhibitors. For 12CAS5, 40 ul of antibody was added to 200 ul protein
extract prepared as above. After one hour 300 ul of the protein A in PME was
added to the 12A5 containing extract and incubated for an additional hour with
rotation at 4°C. The Beads were then washed as above and bound proteins

were eluted by boiling is SDS sample buffer and resolved by SDS-PAGE

analysis.
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RESULTS

Plasmid Segregation and Benomyl Resistance

We tried to identify cDNAs that confer a Ben® phenotype directly by
picking colonies that grew on galactose benomyl containing plates. However,
the background was very high, many of the colonies that arose were not
reproducibly benomyl resistant. The reason for the high background remains
unclear. To make the screen feasible, we required improved methods for
detecting the Ben® colonies from the background colonies.

Based on previous work from others, we expected that cells resistant to
the effects of benomyl would segregate a CEN plasmid more faithfully than the
background colonies that are able to grow on benomyl. In S. cerevisiae the
frequency of chromosome loss is about 1 in 10° per cell division (Guthrie and
Fink, 1991). For CEN plasmids, the frequency is higher--1% plasmid loss per
generation (Guthrie and Fink, 1991). However, in the presence of benomyl the
frequency of chromosome loss and plasmid loss increases (Jacobs et al.,
1988).

To test whether overexpression of Rbl2p could reduce benomyl induced
plasmid loss, we used the ADE2, ADE3 sectoring assay in S. cerevisiae. ade2,
ade3 mutant cells are white. If ADE3 is present in an ade2 mutant
background, the cells accumulate a pigmented metabolite, and are red. Loss of
the ADE3 plasmid gives rise to a white sector on the red colony background

(Hieter et al., 1985; Elledge and Davis; 1988).
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We transformed ade2,ade3 yeast with either a CEN-URA3-ADE3-GAL 1-
RBL2 plasmid (figure 4-1 C, D) or with a CEN-URA3-ADE3-GAL1 control
plasmid (figure 4-1 A, B) and plated cells to low adenine glucose plates (A, C)
and to low adenine galactose plates containing 30 ug/ml benomyl (B, D). As
shown in figure 4.1 cells containing a CEN-URA3-ADES3-GAL control plasmid
lost the plasmid early in colony growth: most of the colonies on the benomyi
containing plates are white (B). In contrast, the CEN-URA3-ADE3-GAL1-RBL2
plasmid was selectively maintained when cells were plated to galactose-
benomyl plates (D). This increased rate of plasmid loss was benomyl
dependent. At lower concentrations of benomyl, the plasmid was maintained in
both the experimental and the control (data not shown). These experiments
demonstrate that, despite the high background, it is possible to identify over-
expressed genes that confer benomy! resistance.

Revised screen

There is no ADE3 -marked yeast cDNA library available that would
enable us to have a color assay for plasmid maintenance in the presence of
benomyl; however, we can use any library marked with a selectable marker to
identify benomyl resistant colenies that maintained the library plasmid by
plating the benomyl survivors to selective plates.

We transformed the pRS316-GAL1 cDNA library (Liu et al., 1992) into
wild-type cells. Transformants were selected in liquid media containing glucose
as the carbon source but lacking uracil. To select and enrich for galactose

induced cDNAs that conferred benomyl resistance, we plated the transformants
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Figure 4-1. Overexpression of RbI2p increases plasmid
maintenance on benomyl plates. ade2, ade3 cells containing a CEN-
URA3-ADE3-GAL control plasmid (A, B) or CEN-URA3-ADE3-GAL-RBL2 (C, D)
were plated to low adenine glucose plates (A, C) and to low adenine galactose
plates containing 30 ug/ml benomyl (B, D) and incubated at 30°C. Colonies

were visually inspected for the ability to sector.
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onto plates containing galactose, benomyl and uracil. The cells were allowed
to form colonies. From our previous experiment, we knew that the colonies that
grew up at this point could be background survivors as well as bona fide Ben”
survivors. We expected colonies containing galactose regulated cDNAs that
confer Ben® to maintain the URA3 library plasmid.

We scraped the survivors off of the benomyl plates and we plated a slurry
of these cells to ura- plates to select for the library plasmid. This would enable
us to distinguish between background growth that had lost the plasmid and
Ben® colonies that maintained the library plasmid. We picked Ura+ colonies
from individual plates to characterize further.

To determine if any of the Ura+ cells contained library plasmids that
confer a plasmid dependent Ben® phenotype, we picked individual colonies
and restreaked these cells onto plates containing uracil to allow the URA3
plasmid to be lost. Then we selected for absence of the URA3 plasmid by
growing the cells on 5-FOA plates. We compared colonies derived from the
same original benomyl survivor with and without the URA3 containing plasmid
on benomyl! plates by serial dilution. Yeast cells requiring the CEN library
plasmid to grow on galactose-benomyl plates were identified. A summary of the

results of this screen are shown in Table 4-1.
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Table 4-1 LB reen R It

Number of Cells Plated to Galactose Benomyi 4.0x 10°

Number of Colonies Tested for Ben® 534

Number of Putative Plasmid Dependent Ben® 18

Number of Plasmids that Retranformed 5

cDNA indentity Number of
isolates

TUB1 1

RBL2 1

LBO1 1

LBO2 2
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As expected we found plasmids encoding Rbl2p and one of the a-

tubulins (Tub1p) but not the other. We also identified two additional cDNA’s
which allow cells to Live on Benomyl when Qverexpressed LBO’s 1 and 2. An
example of wild type cells retransformed with the LBO 1 or LBO2 cDNA is
shown in figure 4-2. Gal-P4 in figure 4-2 is an example of a cDNA that failed to
increase benomyl resistance upon retransformation. That we only identified
one isolate for each of the cDNA'’s that conferred benomyl resistance, suggests
that our screen was not saturated.

Gene products that act to suppress the benomyl sensitivity of wildtype
cells might do so in various ways. Suppressors could include gene products
involved in transport of the drug. For example, expression of the C. albicans
genes CDR1 and BENT, which encode potential drug efflux pumps, confers a

multiple drug resistance phenotype in S. cerevisiae (Cannon et al., 1998; Ben-

Yaacov, et al. 1998). We previously showed that neither Rbl2p nor a-tubulin

overexpression is capable of conferring a multiple drug resistance phenotype

(Archer et al., 1995). We tested whether yeast cells overexpressing LBO1 or

LBO2 for resistance to cycloheximide and ethidium bromide and found that they

did not confer resistance to these other compounds (data not shown).
uantitation of th heno

Cells containing extra a-tubulin or extra Rbl2p show both quantitative

and qualitative differences relative to control cells when plated to benomyl
containing plates--more colonies form and these colonies are larger than

colonies that grow up on control plates. To characterize the ability of LBO71 and
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Figure 4-2. Overexpression of LBOs confer increased benomyl
resistance. Wild-type diploid cells were retransformed with plasmids
containing GAL-LBO2, GAL-LBO1, GAL-P4, GAL-RBL2 or YCpGAL. Serial
(four-fold) dilutions of saturated cultures were plated to SC-ura: glucose,

galactose and galactose benomyl as indicated and incubated at 30°C.
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LBO2 to increase the benomyl resistance of wild-type yeast cells we performed
a quantitative plating experiment. Diploid cells containing galactose promoted
RLB2, TUB1, LBO1, LBO2 or YCpGAL were plated to, galactose plates and to
galactose plates containing various concentrations of benomyl. We determined
the ratio of the number of colonies that grew on the various galactose benomy!
plates relative to the galactose plate without benomyl. As shown in figure 4-3
overexpression of Rbl2p was the best at protecting cells from the effects of
benomyl even at the highest concentrations of benomyl. LBO’s 1, and 2 were
slightly better than TUB1 at the highest concentrations (50 ug/mi) of benomyl.
Overexpression of LBO’s in benomyl supersensitive mutants

We were interested to know whether we could identify mutants in which
the overexpression of LBO genes did not increase benomyl resistance. Such a
situation would suggest that the benomyl resistant phenotype depended on the
presence of the wild-type function of the mutant gene product. We tested
whether the overexpressed LBO genes also increase the benomy! resistance of

various mutants stains that are supersensitive to benomyl. In all the

backgrounds tested -Atub3, Acinl, Acin2, Arbl2, and tub2-590 - the LBO were

able to confer increased resistance benomy! (data not shown).
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Figure 4-3. Quantification of the LBO phenotype. Wild-type diploid
cells containing GAL-LBO1, GAL-LBO2, GAL-TUB1, GAL-RBL2 or YCpGAL
were plated to galactose plates and to galactose plates containing increasing
concentrations of benomyi. The ratio of the number of colonies that grew on the
various galactose benomyl plates relative to the galactose plate was

determined.
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Overexpression of LBQ'’s in wild type cells.

cDNAs encoding proteins that interact along the length of microtubules or
at the ends of rnicrotubules might stabilize the microtubules and confer
resistance to microtubule depolymerizing drugs. For example, a KAR3-lacZ
hybrid protein, containing the microtubule binding domain of a kinesin heavy
chain related protein that is essential for karyogamy in S. cerevisiae, stabilized
pre-formed cytoplasmic microtubules to hocadazole mediated depolymerization
(Meluh and Rose, 1990). A similar observation was made for cells expressing a
fusion protein of another gene, CIK1 (Chromosome Instability and Karyogamy)
(Page and Snyder, 1992). Thus, proteins that bind to microtubules may confer
at least a transient resistance to benzimidazole-mediated microtubule
depolymerization. Perhaps the presence of microtubule-associated proteins on
the yeast microtubule alters the binding capacity for the drug. In the absence of
benomyl, we might expect overexpressed proteins that hyperstabilize
microtubules would cause a growth phenotype in wild type cells. For example,
the cells may not be able to transit though the cell cycle since hyperstable
mictotubules may interfere with microtubule dynamics.

We examined the effect of galactose induced overexpression of LBO1
and LBOZ in wild-type yeast cells at 30°C. Yeast cells containing GAL-LBO1,
GAL-LBOZ2 or containing YCpGAL were induced with 2% galactose at 30°C. At
various times the cells were counted and a dilution plated to non-inducing
plates to determine viability. As shown in figure 4-4, overexpression of LBO1 is

toxic. The viability of the culture is down to about 3% after 20 hours. In contrast
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Figure 4-4. Viability of cells overexpressing LBOs.

Diploid cells containing YCpGAL (+),GAL-LBOT1 (circles), orGAL-LBO2
(squares), were grown overnight in selective non-inducing media at 30°C. At
T=0 overexpression of the indicated gene was induced in log phase cultures by
the addition of 2% galactose. At various time points aliqucts of the cells were
taken and counted by hemacytometer. Known numbers of cells were plated to
SC -ura glucose plates and incubated at 30°C. Cell viability was measured as
percent of counted cells able to form colonies on SC -ura gluccse plates. Two

separate GAL-LBO1 and GAL-LBO2 transformants were monitored.
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overexpression of LBOZ2 is only moderately toxic in wild-type cells: the viability
is ~50% after 20 hours in galactose. However, we found that anti-tubulin
immunofluorescence of cells overexpressing either LBO1 or LBO2 was
indistiguishable from control cells. We could not detect increased amounts of
microtubule polymerization. This suggests that, the growth defect i~ cells
overexpressing LBOT or LBOZ2 is probably not due to a gross hyperstablization
of the microtubule cytoskeleton. Perhaps a more sensitive test will be
necessary to determine if the microtubules in cell overexpressing LBOT or

LBO2 are hyperstabilized.

Identification of LBO1
We established the identity of the LBO1 plasmid by dideoxy sequencing

of the insert cDNA. The LBO17 cDNA is 3.85 kb and the full length cDNA
encodes a previously identified yeast protein SCP160 for Sacchromyces
Control of Ploidy (Wintersberger and Karwank, 1992). The carboxy-terminus of
Scp160p contains 14 K homology (KH) domains (Castiglone Morelli et al.,
1995; Delahodde et al., 1986; Siomi et al., 1993). KH motifs are evolutionary
conserved and have been shown to bind to RNA in vivo [Dejgaard, 1996
#1908; Urlaub, et al., 1995). SCP160p shares significant homology, particularly
within the KH motifs, with the conserved vertebrate RNA binding protein, vigilin
(Webber et. al, 1997).

BQO1/SCP160 nul

Strains deleted for SCP160 are viable; however, Wintersberger and co-

workers (Wintersberger et al., 1995) reported that deletion of parts of the
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SCP160 gene resulted in decreased viability, abnormal morphology and
increased DNA content of the mutant strains. We disrupted the complete open
reading frame encoded by SCP160 in wild type diploids. Diploids containing a
disruption allele at the correct chromosomal location were identified by
Southern blot analysis and were sporulated and dissected on YPD at 30°C. As
shown in figures 4-5 (A, B) cells deleted for the entire coding sequence of
LBO1/SCP160 are viable. We tested tetrads for various conditional phenotypes
-temperature sensitivity at 15°C, 18°C, 25°C, 37°C and benomyl sensitivity- and

found that no conditional phenotype co-segregated with Albo1/scp160::URAS3.

Marker analysis on 40 complete tetrads showed 2:2 segregation of
URA+:ura- in 37 of 40 tetrads examined. Three of the tetrads analyzed were 1:3
for URA+: ura3-. 39 of the 40 tetrads showed the correct 2:2 segregation for

ADE+:ade-. As show in figure 4-5 (C), Southern blot analysis on the tetrads

showed 2:2 segregation of the Albo1/SCP160 disruption allele in 3 of the 4

tetrads tested. One of the four segregants (4b) from tetrad #4 was heterozygous
for the disruption allele even thought this tetrad showed normal 2:2 Ura+:ura-
segregation. This particular tetrad was also the only one that showed aberrant
segregation of ADE+: ade-.

ocalization of 1p- 1

We generated an allele of LBO1/SCP160 tagged at the carboxy
terminus with a single HA epitope tag. The tagged construct is as effective as
the untagged version in conferring benomyl resistance. As shown in figure 4-6,

the epitope tagged protein runs as a single band of about 160 kD on SDS
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Figure 4-5. Cells deleted for LBO1/ SCP160 are viable. Diploid cells
heterozygous for theAlbo1/scp160::hisG-URAS3-hisG disruption allele were

sporulated in 1% potassium acetate, dissected on YPD and incubated at 30°C
for 2 days. (A) and (B) are two independent heterozygous diploids. (C)

Southern blot analysis of 4 of the tetrads generated from the above dissection.

A indicates the Albo1/scp160::hisG-URA3-hisG allele; WT indicates the wild-

type LBO1 allele.
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PAGE gels from extracts of cells overexpressing Lbo1p/Scp160p-HA (G). This
protein band not present in extracts from uninduced cells (R) . By
immunofluorescence microscopy we found that Lbo1p/Scp160p-HA the
localizes to the nucleus and to what appears to be the ER (data not shown).
However, we did not compare this localization with a nuclear or ER marker
since our result is similar to the localization that has been previously reported
(Wintersberger et al., 1995). We tested whether overexpressed

Lbo1p/Scp160p-HA shows any direct interaction with either «-or B-tubulin.

However, co-immunoprecipitation experiments with the anti-tubulin monoclonal
antibodies or with the anti-HA failed to show any direct interactions with tubulin
(data not shown).
LBO2

The LBO2 sequence is 0.96 kb in size and encodes a novel yeast ORF,
with a predicted molecular weight of 22.6 kD and a predicted p! of 4.81. LBOZ2
protein sequence contains a P-loop motif commonly found in ATP/GTP binding
proteins. In addition, LBOZ2 sequence shares 65% similarity and 46% identity

with another hypothetical yeast ORF, YDR066C (BLAST).

Charaterization of Albo2 cells

To determine the loss of function phenotype of LBO2 we generated an
LBO2 disruption construct by P. C .R. that deletes the entire predicted open
reading frame of YER139C. The 5'- and 3'- flanking region of LBO2 was cloned
around hisG-URAS3-hisG in pNK51. Diploids transformants were selected on

SC -ura and putative heterozygotes wera analyzed by Southern blot. We
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Figure 4-6. SDS PAGE analysis of epitope tagged Lbo1p/Scp160-
HA. Two independent st-‘ns containing GAL-LBO1/SCP160-HA were grown
overnight in SC -ura raffinose media. 2% galactose (G ) was added to log
phase cultures to induce Lbo1p/Scp160-HA or 2% raffinose (R ) was added to
the control culture. Total protein was harvested by glass bead lysis in PME plus
protease inhibitors then boiled in SDS sample buffer. Samples were run on
7.5% SDS PAGE, transferred to nitrocellulose, probed with the monoclonal
antibody 12CA5 and detected with I'>> SAM (NEN). A single band of about 160

Kd is detected.
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Figure 4-7. Cells deleted for LBO2 are viable. Diploid cells
heterozygous for theAlbo2::hisG-URAS3-hisG disruption allele were sporulated

in 1% potassium acetate, dissected on YPD and incubated at 30°C for 2 days.
Three independent heterozygous diploids were tested however only one

diploid is shown.
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sporulated and dissected diploids containing the disruption allele at the correct
chromosomal location. Tetrad analysis showed that AlboZcells are viable at
30°C (shown in figure 4-7).

However, as shown in figure 4-8, we found Lbo2p function is required for
growth at 37°C . A/bo2 containing a control plasmid ( pCT3, open figures) or
covered with a low copy genomic plasmid containing LBO2 (pLV21, closed
figures) were grown at 30°C (squares) or were shifted to37°C (circles). We
counted cell number and plated cells to monitor the viability of the cuiture at
various times. Figure 4-8 (A), shows that the cell deleted for LBOZ2 stop dividing

after about 2 doublings at this temperature. Moreover, prolonged incubation of

Albo2 cells at 37°C results in loss of viability. As shown in figure 4-8 (B), after
20 hours at 37°C only about 0.1% of the Albo2 cells are viable (open squares).

Guring the course of our analysis Smith et al., (1996) performed a systematic
functional analysis of the genes on yeast chromosome V by genetic footprinting.
They reported that Ty1 transposon insertions in YER139C reduced the fitness of
S. cerevisiae at elevated temperatures (Smith et al., 1996).

To determine if cells deleted for LBOZ2 arrest at a specific point in the cell

cycle we quantitated the bud size distribution of Albo2 cells or wild-type cells

after a 9 hour shift to the non-permissive temperature. As shown in figure 4-9

(B), we found that the percentage of unbudded cells increased 2-fold for Albo2

cells relative to ‘he control when held at the non-permissive temperature for 9
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Figure 4-8. Lbo2p is required for growth at 37°C. (A) A/bo2 haploid

cells containing a genomic copy of LBO2 on a CEN plasmid, pLV21 (filled
figures), or with a control plasmid, pCT3 (open figures), were grown overnight in
SC -ura media. At T=0, the cultures were shifted to 37°C (circles) or were
maintained at 30°C (squares). Cell number was monitored by hemacytometer

counts. At 37°C cells deleted for LBOZ stop dividing after 2 doublings. (B) At
various time points after shifting to 37°C aliquots of the A/lbo2 haploid cells
covered with pLV21(filled squares) or with a control plasmid, pCT3 (open
squares) were taken and counted by hemacytometer. Known numbers of cells
were plated to SC -ura glucose plates and incubated at 30°C. Cell viability was
measured as percent of counted cells able to form colonies on SC -ura glucose

plates.
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Figure 4-9. Incubation at 37°C alters the bud size distribution of

Albo2 cells. Two independent Albo2 haploids (LTY161, LTY162) covered

with pLV21 or with the pCT3 control plasmid were grown at 30°C (A) or at 37°C
for 9 hours (B). We determined the bud size distribution of cells by visual

inspection and we processed cells for FACS analysis as described in materials

and methods. After 9 hours at 37°C A/bo2 cells containing pCT3 showed an
increase in the percent unbudded cells. (A): Albo2 #1, ( n=119); WT #1, (n=98);
Albo2 #2, (n=154); WT #2 (n=127). (B): 4/bo2 #1, (n=122): WT #1 (n=125);

Albo2 #2, (n=150); WT #2 (n=122).
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hours. However, we found that the percentage of cells in G1/S did not increase

when measured by F.A.C.S. analysis (data not shown).

To test whether cells deleted for LBOZ2 also have a defect in microtubule

assembly, we performed anti-tubulin immunofluorescence analysis of Albo2

cells shifted to 37°C for 9 hours. As shown in figure 4-10 (A), the unbudded

Albo2 show very elaborate cytoplasmic microtubule arrays for unbudded cells.

By DAPI staining the DNA in Albo2 celis appears enlarged and somewhat

disorganized at 37°C. In contrast wild-type cells do not show this phenotype
when subjected to these same conditions (figure 4-10 (B)). The microtubules of
wild type, unbudded cells usually look like dots or small asters.
Localization and Immunoprecipitation experiments with Lbo2p-HA.

As previously mentioned, we found that overexpression of LBOZ2 is toxic
in yeast cells (figure 4-4); however, we failed to find any gross alteration of the

microtubules in LBOZ2 overexpressing cells by immunofluorescence. Because
of the elaborate microtubule arrays in A/bo2 cells we were interested to see if
the wild-type Lbo2p co-localized with microtubules or whether Lbo2p showed
any discrete localization in vivo. Therefore, we generated both a galactose-
promoted and a genomic-promoted version of Lbo2p with a triple HA epitope
tag at the extreme carboxy terminus. We tested genomic Lbo2p-HA constructs
for the ability to complement the temperature sensitivity of 4/bo2 cells at 37°C
and the GAL-promoted constructs for the ability to confer benomy! resistance

when overexpressed. We found that both the genomic and the galactose
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Figure 4-10. Albo2 cells exhibit aberrant microtubule morphologies
at 37°C. Anti B-tubulin immunofluorescence and DAPI staining of a/bo2 cells
containing pCT3 (A) or covered with pLV21 (B) after 9 hours at 37°C. Albo2

cells appear enlarged and show aberrant tubulin staining.
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tagged versions of Lbo2p-HA were fully functional (data not shown). As shown
in figure 4-11, Lbo2p-HA runs as a single band above the 31 kd marker. Thus,
Lbo2p-HA runs slightly larger on SDS PAGE than the predicted molecular
weight of Lbo2p (22.6 kd) plus the triple HA tag (~4 kd). We used both the GAL-
promoted and the Genomic promoter versions of Lbo2p for immunolocalizaticn
experiments. Neither version of Lbo2p-HA showed any discrete localization in
vivo, rather, Lbo2p-HA showed diffuse staining in both the nucleus and the
cytoplasm (data not shown).

Rbl2p binds to B-tubulin monomer and its overexpression like, Lbo2p,

confers benomyl resistance in wild-type cells (Archer et al., 1998; Archer et al..
1995). However, Rbl2p does not give a discrete localized signal by
immunofluorescence microscopy; thus, it does not appear to co-assemble into
microtubule polymer in vivo (Archer et al., 1995). We tested whether Lbo2p.
like Rbl2p, showed any physical interaction with the individual tubulin chains by

co-immunoprecipitation with the anti-tubulin monoclonal antibodies or with anti-
HA. However, we did not find any direct interaction of Lbo2p with either o or f3-

tubulin (data not shown).

YDRO is an LBO2 homologue by sequence but is not a functional

homologue.
LBO2 shares sequence similarity with YDRO66C, a hypothetical yeast

ORF of 196 amino acids. As shown in figure 4-12, YDRO66C shares 46%

identity to Lbo2p over 105 amino acids (BLAST). Unlike LBO2, YDR066C does
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Figure 4-11. SDS PAGE analysis of epitope tagged Lbo2p-HA.
Yeast strains containing GAL-LBO2-HA or YCpGAL (control) were grown
overnight in SC -ura raffinose media. 2% galactose was added to log phase
cultures to induce the expression of Lbo2p-HA. Total protein was harvested by
glass bead lysis in PME plus protease inhibitors then boiled in SDS sample
buffer. Samples were run on 7.5% SDS PAGE, transferred to nitrocellulose,
probed with the monoclonal antibody 12CA5 and detected with I'>® SAM ( NEN).

A band of about 35 Kd is detected.
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Figure 4-12. Lbo2p is homologous to a hypothetical yeast ORF,
YDRO066C. Sequence alignment of Lbo2p and YDR0O66Cp shows that they

share 46% identity over their entire length.
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not contain a P-Loop motif. In addition YDR066C has mitochondrial energy
transfer protein signature motif (DATABASE).

To test whether the loss of function phenotype of YDR066C was similar to
that of Albo2 cells we disrupted the ORF encoded by YDR066C. Briefly, we
cloned 5’ and 3’ flanking region of YDR0O66C, 225 and 658 bp respectively,
around LEUZ in pJH-L2. The disruption fragment was transformed into a wild-
type diploid and transformants were selected on SC leu-. Putative
heterozygotes were checked by Southern blot analysis. Diploids containing the
disruption allele at the correct chromosomal location were sporulated and
dissected on YPD at 30°C. We found that cells deleted for YDRO66C are viable
(data not shown and figure 4-13). The tetrads were serially &iluted and plated
to different growth conditions to test for sensitivity to benomyl, various

temperatures, and auxotrophies. We were unable to detect any growth

phenotype for the conditions tested. In addition, we tested whether A/bo2,

AYDRO066C double mutants were viable. As shown in figure 4-13 the double
mutant is viable. We found that double mutant cells show the same temperature
sensitivity as the single A/lbo2 mutant (data not shown).

In order to determine if the protein encoded by YDR0O66C was also a
functional homologue of Lbo2p we cloned the YDR066C sequence under the
control of the galactose promoter. We transformed wild-type cells with pGAL-

YDRO066C and plated cells to galactose benomyl plates. We found that
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Figure 4-13. Albo2; AYDG066C mutants are viable. +/A/bo2::URA3

hisG, +/AYDGO066C::LEUZ2 double heterozygous diploid cells were sporulated in

1% potassium acetate, dissected on YPD and incubated at 30°C for 2 days. (x)

indicates double mutant cells.
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galactose overexpression of YDR0O66C did not confer increased benomyi
resistance in wild-type cells. Since we did not have a functional assay for

YEROG66C it was not possible to determine if the protein encoded by construct

was expressed.
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DISCUSSION

Our laboratory showed that overexpression of the B-tubulin binding

proteins, a-tubulin or Rbl2p confers increased resistance to benomyl in wild-

type cells (Archer et al., 1995; Schatz et al., 1986). We have screened for other
cDNAs that allow cells to Live on Benomyl when Overexpressed (LBO). Gene
products with this property may provide valuable information about microtubule
assembly and perhaps about the response of animal cells to chemotherapies.

In this chapter, we describe the identification and initial characterization

of two such genes LBO7 and LBO2. Like RIb2p and a-tubulin, overexpression

of either LBO1 or LBOZ2 in wild-type cells confers increased resistance to
microtubule depolymerizing drugs but not to other unrelated compounds. We
found that in the absence of benomyl overexpression of either gene product is
slightly toxic. However, we were unable to identify a defect in microtubule
assembly in cells overexpressing either LBO71 or LBOZ2. Further analysis will be
necessary to determine the mechanisms by which cells overexpressing LBO
gene products confer increased resistance to microtubule depolymerizing

drugs. Unlike RbI2p and a-tubulin which we know interact with B-tubulin, we

did not find that either LBO71 or LBO2 can interact with the individual tubulin

chains by co-immunopreciptiation.
Neither LBO1 nor LBOZ2 are essential under standard conditions;

however, the LBOZ2 gene product is required for viability at high temperature
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(this study and (Smith et al., 1996). We found that celis deleted for LBOZ2 stop
dividing after about two doublings at the restrictive temperature. Aibo2 cells
accumulate as unbudded cells and have aberrant microtubule staining. Further
analysis will be necessary why Lbo2p is required for viability at elevated

temperatures.

LBO1 and KH domain proteins

Lbo1p/Scp160 shares homomlogy to a family of conserved proteins
containing KH domains (Siomi et al., 1993). Some KH domain containing
proteins are clinically important. These include: the FMR1 protein, involved in
human fragile X syndrome and Nova-1, an autoantigen in paraneoplastic
opsoclonus myoclonus ataxia (POMA), a disorder associatd with breast cancer
and motor dysfunction (Buckanovich et al., 1993; Buckanovich et al., 1996; Burd
and Dreyfuss, 1994; Siomi et al., 1993). In some cases KH domain proteins
have been shown to bind to RNA in vivo and in vitro [Dejgaard, 1996 #1908;
Urlaub, et al., 1995; Burd, 1994 #1911; Buckanovich, 1997 #1915] however, the
details of how KH domain containing proteins interact with RNA are not known.
And KH domains have been shown to be involved in the regulation of RNA
synthesis and RNA metabolism (Buckanovich and Darnell, 1997; Burd and
Dreyfuss, 1994). Interestingly, koc mRNA, encoding a KH domain containing
protein overexpressed in cancer, was found to be highly overexpressed in
various human cancer cells (Mueller-Pillasch et al., 1997). However, the precise
role of koc in human tumor cells is unknown. It will be interesting to determine if

Lbo1p/Scp160p is also an RNA binding protein in vivo. Work by Weber and
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colleagues suggests that Scp160 binds various types of nucleic acids non-
specifically including ribohomopolymers; rRNA, ssDNA and dsDNA (Weber et
al., 1997). Perhaps Lbo1p/Scp160 can interact with and stabilize specific
RNAs. For example, it may be that excess Lbo1p/Scp160p (either specifically

or non-specifically) binds and stabilizes TUB71 or TUB3 mRNA which in turn

leads to more a-tubulin and increased benomyl resistance. Recent work in our
laboratory by Adelle Smith and Margaret Magendantz suggests that perhaps
the a-tubulin message is unstable in certain genetic backgrounds. We are now
testing whether excess LBO1 causes an increase in o-tubulin levels in vivo.
Parallels between benomyl and excess B-tubulin

Both excess B-tubulin and benomyl lead to loss of microtubules, large

budded cell-cycle arrest and cell death. This parallel is supported by the

consequences that changes in the level of either Rbi2p or a-tubulin have for

both of these microtubule poisons. Overexpression of either gene rescues cells
\

from the effects of B-tubulin overexpression (Archer et al., 1995; Weinstein and

Solomon, 1990) and deletion of Rbl2p renders cells more supersensitive to

excess B-tubulin (Archer et al., 1995). Extra Rbl2p or a-tubulin produced by the
galactose induction confers resistance to benomyl, while the absence of Rbl2p

or a modest decrease in the a-tubulin levels produced by disruption of the

TUB3 gene renders cells more sensitive to the drug (Archer et al., 1995; Schatz

et al., 1986). The mechanisms by which extra a—-tubulin or extra Rbl2p mediate
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resistance to benomyl is not still not clear. However, the benomyl resistant
phenotype together with the other interesting properties of a-tubulin and Rbi2p

may indicate that resistance to benomyl occurs via a microtubule related

process.

201 cDNAs That Confer BEN"®



BIBLIOGRAPHY

Archer, J., Magendantz, M., Vega, L., and Solomon, F. (1998). Formation and
function of the Rbi2p-B-tubulin complex. Molecular and Cellular Biology 78,
1757-1762.

Archer, J. E., Vega, L. R., and Solomon, F. (1995). Rbi2p, a yeast protein that
binds to g-tubulin and participates in microtubule function in vivo. Cell 82, 425-

434.

Bauer, A., and Kolling, R. (1996). The SAC3 gene encodes a nuclear protein
required for normal progression of mitosis. J Cell Sci 109, 1575-83.

Buckanovich, R. J., and Darnell, R. B. (1997). The neuronal RNA binding protein
Nova-1 recognizes specific RNA targets in vitro and in vivo. Mol Cell Biol 717,
3194-201.

Buckanovich, R. J., Posner, J. B., and Damell, R. B. (1993). Nova, the
paraneoplastic Ri antigen, is homologous to an RNA-binding protein and is
specifically expressed in the developing motor system. Neuron 171, 657-72.

Buckanovich, R. J.,, Yang, Y. Y., and Darnell, R. B. (1996). The onconeural
antigen Nova-1 is a neuron-specific RNA-binding protein, the activity of which is
inhibited by paraneoplastic antibodies. J Neurosci 16, 1114-22.

Burd, C. G., and Dreyfuss, G. (1994). Conserved structures and diversity of
functions of RNA-binding proteins. Science 265, 615-21.

Castiglone Morelli, M. A, Stier, G., Gibson, T., Joseph, C., Musco, G., Pastore,
A., and Trave, G. (1995). The KH module has an alpha beta fold. FEBS Lett 358,

193-8.

Delahodde, A., Becam, A. M., Perea, J., and Jacq, C. (1986). A yeast protein HX
has homologies with the histone H2AF expressed in chicken embryo. Nucleic
Acids Res 74, 9213-4.

Delgado, M. A., and Conde, J. (1984). Benomyl prevents nuclear fusion in
Saccharomyces cerevisiae. Mol. Gen. Genet. 793, 188-189.

Foreman, P. K., and Davis, R. W. (1996). CDP1, a novel Saccharomyces
cerevisiae gene required for proper nuclear division and chromosome
segregation. Genetics 144, 1387-97.

Geiser, J. R., Schott, E. J., Kingsbury, T. J., Cole, N. B., Totis, L. J.,
Bhattacharyya, G., He, L., and Hoyt, M. A. (1997). Saccharomyces cerevisiae

202 cDNAs That Confer BEN"®



genes required in the absence of the C/IN8-encoded spindle motor act in
functionally diverse mitotic pathways. Mol. Biol. Cell. 8, 1035-1050.

Guthrie, C., and Fink, G. (1991). Guide to Yeast Genetics and Molecular
Biology, Volume 194 (New York: Academic Press).

Hieter, P., Mann, C., Snyder, M., and Davis, R. W. (1985). Mitotic stability of
yeast chromosomes: A colony color assay that measures nondisjunction and
chromosome loss. Cell 40, 381-392.

Hoyt, M., Steams, T., and Botstein, D. (1890). Chromosome instability mutants
of Saccharomyces cerevisiae that are defective in microtubule-mediated
processes. Molec. Cell. Biol. 70, 223-234.

Hoyt, M. A., Macke, J. P., Roberts, B. T., and Geiser, J. R. (1997).
Saccharomyces cerevisiate PAC2 Funcitons With CIN1, 2 and 4 in a Pathway
Leading to Normal Microtubule Stability. Genetics 146, 849-857.

Hoyt, M. A., Totis, L., and Roberts, B. T. (1991). S. cerevisiae genes required for
cell cycle arrest in response to loss of microtubule function. Cell 66, 507-517.

Jacobs, C. W., Adams, A. E., Szaniszlo, P. J., and Pringle, J. R. (1988).
Functions of microtubules in the Saccharomyces cerevisiae cell cycle. Jour.
Cell Biol. 707, 1409-1426.

Li, R., and Murray, A. W. (1991). Feedback control of mitosis in budding yeast
[published erratum appears in Cell 1994 Oct 21;79(2):following 388]. Cell 66,
519-31.

Liu, H., Krizek, J., and Bretscher, A. (1992). Construction of a GAL1-regulated
yeast cDNA expression library and its application to the identification of genes
whose overexpression casues lethality in yeast. Genetics 132, 665-673.

Meluh, P., and Rose, M. (1990). KARS3, a kinesin-related gene required for yeast
nuclear fusion. Cell 60, 1029-1041.

Mueller-Pillasch, F., Lacher, U., Wallrapp, C., Micha, A., Zimmerhacki, F.,
Hameister, H., Varga, G., Friess, H., Buchler, M., Beger, H. G., Vila, M. R., Adler,
G., and Gress, T. M. (1997). Cloning of a gene highly overexpressed in cancer
coding for a novel KH- domain containing protein. Oncogene 74, 2729-33.

Page, B. D., and Snyder, M. (1992). CIK1: a developmentally regulated spindle

pole body-associated protein important for microtubule functions in
Saccharomyces cerevisiae. Genes Dev 6, 1414-29,

203 cDNAs That Confer BENF



Reijo, R. A., Cooper, E. M., Beagle, G. J., and Huffaker, T. C. (1994). Systematic
mutational analysis of the yeast beta-tubulin gene. Mol Biol Cell 5, 29-43.

Schatz, P., Solomon, F., and Botstein, D. (1988). Isolation and characterization
of conditional-lethal mutation in the TUB1 a-tubulin gene of the yeast
Saccharomyces cerevisiae. Genetics 120, 681-695.

Schatz, P. J., Solomon, F., and Botstein, D. (1986). Genetically essential and
nonessential a-tubulin genes specify functionally interchangeable proteins.
Mol. and Cell. Biol. 6, 3722-3733.

Siomi, H., Matunis, M. J., Michael, W. M., and Dreyfuss, G. (1993). The pre-
mRNA binding K protein contains a novel evolutionarily conserved motif.
Nucleic Acids Res 21, 1193-8.

Smith, V., Chou, K. N., Lashkari, D., Botstein, D., and Brown, P. O. (1996).
Functional analysis of the genes of yeast chromosome V by genetic footprinting.
Science 274, 2069-74.

Stearns, T., and Botstein, D. (1988). Unlinked noncomplementation: isolation of
new conditional-lethal mutations in each of the tubulin genes of
Saccharomyces cerevisiae. Genetics 179, 249-60.

Stearns, T., Hoyt, M., and Botstein, D. (1990). Yeast mutants sensitive to
antimicrotubule drugs define thee genes that affect microtubule function.
Genetics 124, 251-262.

Thomas, J. H., Neff, N. F., and Botstein, D. (1985). Isolation and characterization
of mutations in the b-tubulin gene of Saccharomyces cerevisiae. Genetics 112,

715-734.

Weber, V., Wernitznig, A., Hager, G., Harata, M., Frank, P., and Wintersberger,
U. (1997). Purification and nucleic-acid-binding properties of a Saccharomyces
cerevisiae protein involved in the control of ploidy. Eur J Biochem 249, 309-17.

Weinstein, B., and Solomon, F. (1990). Phenctypic consequences of tubulin
overproduction in Saccharomyces cerevisiae: Differences between alpha-
tubulin and beta-tubulin. Mol. Cell. Biol. 10, 5295-5304.

Wintersberger, U., and Karwank, A. (1992). A gene of Saccharomyces
cerevisiae probably involved in the coordination of chromatin replication and
cell division. In DNA Replication: The Regulatory Mechanisms, P. Hughes, E.
Fanning and M. Kohiyama, eds. (Berlin: Springer-Verlag), pp. 59-71.

204 c¢DNAs That Confer BENP



Wintersberger, U., Kuhne, C., and Karwan, A. (1995). Scp160p, a new yeast
protein associated with the nuclear membrane and the endoplasmic reticulum,
is necessary for maintenance of exact ploidy. Yeast 71, 929-44.

205 cDNAs That Confer BENR



CHAPTER 5:

Future Directions



Prospects for further studies

-How does free B-tubulin poison celis.

Many experiments in our laboratory and in this thesis stem from the observation
made by Brant Weinstein when he was a graduate student that free excess B-tubulin
poisons microtubule assembly and results in cell lethality. We have used the activity of
free B-tubulin to examine cellular mechanisms controlling microtubule assembly.
However, we still do not understand the mechanism by which B-tubulin kills cells.

Despite many attempts by several people in the laboratory we have been

unable to identify the lethal target of excess B-tubulin. The original RBL screen

(Rescue Beta-tubulin Lethality) developed by Julie Archer and continued by Pablo

Alvarez employed high copy suppression of a galactose-promoted B-tubulin gene.
This approach did not identify the lethal target of B-tubulin but rather led to the
identification of RbI2p, a B-tubulin monomer binding protein. Adelle Smith and Kate
Compton tried to identify mutations that suppress B-tubulin lethality in cells
overexpressing B-tubulin from the galactose promoter. However, they found that in

each of several cases the ability to suppess B-tubulin lethality does not segregate in

genetic manner. Kate Compton is trying to understand the epigenetic phenomenon

involved in rescue of B-tubulin overexpression. Finally, Alice Rushforth has tried to

identify biochemically components that bind to overexpressed B-tubulin. By using

mass spectroscopy analysis she has identified candidate tubulin binding proteins,
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inciuding some hsp70 family members. But none of the proteins identified thus far are
specific for B-tubulin over a-tubulin; rather, these proteins are enriched in cells
overexpressing either tubulin chain.

Perhaps an analysis of genetic interactors with tub1-724 will uncover other
genes that affect B-tubulin lethality. We showed (in Chapter Two and (Vega et al.,
1998) ) that the cold sensitivity of tub71-724 is semi-dominant in cells heterozygous for
the mutant allele of a-tubulin. The semi-dominant cold sensitive phenotype in these
cells is suppressed by overexpression of Rbl2p. This result argues that these cells die
due to the free B-tubulin produced by dissociation of the mutant heterodimer or by
newly translated B-tubulin which is unable to dimerize with the mutant «-tubulin at the
restrictive temperature. Our work suggests that suppressors of the conditional
phenotypes of tub1-724 heterozygous cells may be useful to identify genes that affect
heterodimer formation or that affect B-tubulin lethality.

For example, we could create wild type haploid cells that contain a plasmid
copy of tub1-724 on a genomic promoter (CEN or 2um). If, as we suspect, these cells

have a significant cold sensitive phenotype we could mutagenize these cells and look

for mutations in genes that either enhanced or suppressed the conditional
phenotypes. This would allow us to look at cells with very modest levels of free 8-

tubulin. It is likely that genes that are involved in heterodimer formation would be

identified in this manner.
In addition, we could perform a high copy suppressor screen to identify genes

that when overexpressed are able to rescue tub1-724/TUB1 and/or the tub1-724
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haploid phenotype. From this type of analysis we could identify genes that interact

with the B-tubulin monomer and/or that promote heterodimer formation such as RBL2,
CIN1, and a-tubulin. We might also be able to identify the essential target of B-tubulin.

By overexpressing the essential target of B-tubulin, the modest levels of free B-tubulin

generated as a result of dissociation of the mutant heterodimer would no longer be in

excess over the target. This screen has the advantage over the original RBL screen

that the amount of free B-tubulin should be substantially less than the free B-tubulin

generated from the galactose promoter. Thus, the kinetics of B-tubulin lethality should

be slower, allowing the cells more time to establish suppression. In addition,

depending on the library used, the target gene product could be available prior to

shifting the cells to the non-permissive temperature that generates free p-tubulin.
Quantitatively, the ability of a gene product to rescue acute B-tubulin poisoning from
GAL-TUB2 may differ from its ability to rescue the chronic amounts of free B-tubulin in
tub1-724/TUBT cells. For one thing, it may be that the essential target of B-tubulin is

itself toxic or lethal when it is highly overexpressed. Because the levels of free [3-

tubulin are less in the tub1-724 mutant cells than in cells containing a galactose
promoted TUB2, we may screen for high copy suppressors using more moderate
levels of overexpression (2um library).

It may be useful to mutagenize B-tubulin (or the HIS6 tagged B-tubulin) to

identify mutant B-tubulin alleles that are unable to poison microtubule assembly. If we
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do this in a tub2-590 strain we can quickly eliminate mutants that fail to express the -

tubulin using dot blot western analysis of protein extracts. Cells that express the non-

poisonous B-tubulin can then be screened for the ability to interact with a-tubulin in the
o/B heterodimer by co-immunopreciptiation with B-tubulin antibodies. In addition we

can use indirect immunoflourescence with anti-B-tubulin to detect whether these -

tubulin alleles are still competent to incorporate into microtubules. It will be interesting

to see if we can recover any alleles of 3-tubulin that are no longer able to poison
microtubule assembly but that are still able to interact with «-tubulin either at the level
of a-B heterodimer polymer or formation. Using the available crystal structure for
tubulin we would map residues important for f-tubulin poisoning onto the B-tubulin
structure. We could then mutagenize cells containing the benign form of B-tubulin and
try to identify mutant genes that can restore the excess B-tubulin lethality.

Are we looking at folding?

Another interesting question is; what is the fate of the dissociated tubulin in
tub1-7247? s the free monomer degraded or is there a system to recycle the
unpartnered tubulin chains into new heterodimer? Perhaps one clue comes from Jim

Fleming's work on overexpression of CIN1 in tub1-724 cells. Overexpression of

Cin1p, which he shows to be a B-tubulin binding protein, suppresses the phenotypes
of tub1-724 cells but has no effect in either Atub3 or GAL-TUB2 overproducing strains.

A significant difference among these situations is that the tub7-724 mutant cells
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contain a pool of a-tubulin large enough to bind all of the free B-tubulin, while the

TUB2 over-expressing strain and the Afub3 strain do not. That excess Cin1p rescues

the tub1-724 mutant phenotype suggests that the dissociated heterodimer can be
recovered at least to some extent.

We can look at the in vitro tubulin folding assay (Tian et al., 1997) from the
perspective of these data. The in vitro assay for tubulin folding requires the addition of
exogenous heterodimer. The output of this assay is the ability of the newly folded
tubulin chain to exchange into pre-existing heterodimer. Perhaps the “folding”
reaction is not assaying folding but rather factors that are important for exchange of
newly folded subunits with pre-existing heterodimer. Cofactors D and E are required
in this assay, however, in S. cerevisiae the corresponding genes, Cin1p and Pac2p,
are non-essential and have relatively minor phenotypes in wild-type cells. We and
others have identified situations in which some of the S. cerevisiae homologues of the
mammalian co-factors become essential: in the cold, with microtubule depolymerizing
drugs, with mutations that affect o to B tubulin ratios, or in combination with mutations
in tubulin encoding genes (including tub1-724). We think that fub1-724 cells require
CIN1, PAC2 and RBLZ2 for viability because the heterodimer is less stable in these
cells. Under these circumstances, a salvage pathway to recycle unpartnered tubulin
chains may be essential. In wild-type cells this pathway is not important because most
of the heterodimer remains intact. Cold temperatures, or microtubule depolymerizing
drugs, may affect the stability or the structure of the tubulin heterodimer. In our

analysis we found several alleles of a-tubulin that are lethal in combination with
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deletions in PAC2, CIN1, and RBL2. All of the alleles fall into the class of mutant a-

tubulins that arrest with no microtubules at the non-permissive temperature. It will be

of interest to see if any of these a-tubulin mutants also affect heterodimer formation

and/or stability.

We presume that heterodimer breathing occurs in vivo. Yet to our knowledge
no one has tested whether this occurs. We have in the laboratory reagents to test

whether heterodimer exchange occurs --antibodies to two distinct forms of B-tubulin.

By using & strain that contains wild-type versions of both TUB1 and TUBZ2 and in
addition contains an inducible copy of tub2-590 we can test whether newly
synthesized monomers can exchange into pre-existing heterodimer. The cellular
tubulin can be radiolabelled with S**methionine under non-inducing conditions. After
chasing the with cold methionine we could briefly induce tub2-590 expression.
Antibody #339 is specific for tub2-590 , and can be used to immunoprecipitate tub2-

590 heterodimer. We could determine whether the newly synthesized tub2-590 is

able to associate with the labeled a-tubulin. If we find that heterodimer exchange

occurs in vivo, we could look at genetic configurations that affect this exchange. Or
look for a change in the rate of exchange. For example, we could look in cells deleted

for Cin1p or overexpressing Cin1p to see if Cin1p affects this process.

How does RblI2p rescue cells from B-tubulin lethality?

We know much about the properties of Rbi2p. However, the mechanism by

which Rbl2p rescues cells from B-tubulin poisoning remains unclear. Preliminary work

by Julie Archer, shows that the percentage of cells rescued by Rbl2p depended on the
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amount of Rbi2p. The plating efficiency of B-tubulin overexpressing cells containing

Rbl2p under the control of the galactose promoter is an order of magnitude higher that

cells containing a genomic copy or Rbi2p. Kate Compton has extended this analysis

and has found that more subtle changes in RbI2p levels affects the ability of B-tubulin

rescue by Rbl2p.

The ability of Rbi2p to rescue excess B-tubulin lethality likely requires binding of
B-tubulin in vivo. Kate Compton has found that in vivo, only a small amount of Rbi2p is
complexed to B-tubulin in cells overexpressing both proteins. Only in tub1-724 cells

does she find a large pool of the Rbl2p-B-tubulin complex. Kate Compton has
preliminary evidence which suggests that Rbl2p appears to be unstable in vivo, when
it is not complexed to B-tubulin. She also finds that rescue of B-tubulin overexpression
by RbI2p requires that Rbl2p must be co-translated with B-tubulin, perhaps because

the unpartnered Rbl2p is degraded.

The question remains, how does RIb2p act to rescue cells from free B-tubulin?

RblI2p might be part of a buffering system that prevents accumulation of significant,
toxic amounts of undimerized B-tubulin. We know that even a slight excess of 3-
tubulin affects essential functions. Those imbalances can be generated by
perturbations in expression levels or as a consequence of o-p tubulin dissociation
such as in cells expressing the mutant a-tubulin, tub7-724. We are investigating
whether cells encounter such imbalances under normal circumstances as well . A

recent comprehensive study of cell-cycle regulated genes in S. cerevisiae shows that
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tubulin message may be cell cycle regulated (Spellman et al., 1998). This study found
that TUB2 message peaks in G2. In addition, they found TUBT? also peaks in G2 albeit
to lower levels than TUB2, and TUB3 showed little to no difference throughout the cell
cycle (Speliman et al., 1998). We are interested to know whether Rbi2p levels
increase in response to alterations in the ratio of o to B tubulin. Will Chen and | are
looking at whether Rbl2p is upregulated in cells with alterations in tubulin levels or in
response to microtubule depolymerizing drugs. It will be interesting if indeed Rbl2p

levels are upregulated in vivo. Perhaps, Rbl2p activity might be important during -

heterodimer breathing or during heterodimer degradation.

What does benomyl do to microtubules in vivo.

Mutations in many of the genes that affect microtubule function in vivo, are
supersensitive to the microtubu'e depolymerizing drug, benomyl. In many organisms,

mutations that confer resistance to benomyl map to the B-tubulin encoding gene.
Since both B-tubulin overexpression and benomyl toxicity are rescued by
overexpression of either a-tubulin or Rbi2p (Schatz et al 1988; Archer et al 1995), we
hypothesized that perhaps benomyl caused the a-B heterodimer to dissociate and

release free B-tubulin. Some experiments not described in this thesis suggest that

benomy! does not cause the heterodimer to fall apart in wild-type cells (unpublished

results). However, it is still possible that the interaction of benomy! with tubulin causes

a more subtle effect on the conformation B-tubulin.
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Summary

Genetic configurations resulting in high ratios of g-tubu-
linto a-tubulinare toxic in S. cerevisiae. causing micro-
tubule disassembly and cell death. We identified three
ron-tubulin yeast genes that, when overexpressed,
rescue cells from excess p-tubulin. One, RBL2, res-
cues p-tubulin lethality as efficiently as does a-tubulin.
Rbi2p binds to -tubulin in vivo. Deficiencies or ex-
cesses of either Rbi2p or a-tubulin atfect microtubule-
dependent functions in a parallel tashion. Rbl2p has
functional homology with murine cofactor A, a protein
important for in vitro assays of f-tubulin folding. The
results suggest that Rbi2p participates in microtubule
morphogenesis but not in the assembled polymer.

Introduction

Cytoskeletal structures are constructed trom a few basic
polymers that are notable for the stringent and detailed
conservation of their ultrastructure Those polymers oc-
cur, however, in arrays with a wide range of geometries
and functions. For example. microtubule orgamzations dif-
fer dramatically among cell types Even in a single cell
type. the microtubule arrays can vary in form and extent
of assembly during development or upon passage through
the cell cycle. An unresclved ssue i1s an understanding
of how cells specify the quantitative and qualitative vana-
tions in cytoskeletal assembly

Regulation of microtubule assembly could occur at any
of several places along the pathway D:vergent domainsin
the primary sequence of tubulin subunits could be crucial
(Fuller et al., 1987). The amount of the individual subunits
(Cleveland et al., 1981) and folding of the polypeptides to
form assembly-competent dimers (Yaffe et al., 1992) may
also be important. A variety of expernments demonstrate
that activities that nucleate microtubule assembly (Oakley
et al.. 1990) and that stabilize microtubules by binding
along therr lengths (Caceres and Kosik, 1990, Dinsmore
and Solomon, 1991) can contribute to microtubute func-
tion. The precise role and detailled mechanism of action of
each of these factors are not yet well understood, nor 1s their
contribution to the regulation of microtubule structure

Genetic approaches provide valuable tools to identify
important steps and essential components of morphoge-
netic pathways in vivo. A standard tool 1s the analysis of
interacting mutations An early and successful application
of this sort of analysis 1s crucial to our understanding of

phage assembly. Isolation of second-site revertants of mu-
tant components identified interacting structural partners
such as genes 7 and 5 in bacteriophage P22 (Jarvik and
Botstemn, 1975). For microtubules, second-site revertants
of tubulin mutants identified y-tubulin, a presumably ubig-
uitous and essential component of the microtubule-organ-
izing center (Zheng et al., 1991), as well as proteins that
may act along the length of microtubules (Pasqualone and
Huffaker, 1994). This approach has been particularly use-
ful in identifying genes that affect actin assembly in yeast
(Adams and Botstein, 1989; Adams et al., 1989). These
suppression events are iikely to represent physical inter-
actions.

An alternative genetic approach to a qualitative suppres-
sion analysis derives from quantitative considerations.
The assembly of complex structures can require coordi-
nated participation of multiple elements, some at interme-
diate steps and some in the final product. Again, phage
studies demonstrate that successful assembly of complex
structures may be sensitive to the relative levels of those
components and require precise stoichiometries; an ab-
normal stoichiometry can lead to formation of aberrant
and poisonous intermediates. For example, amber muta-
tions in the T4 taii fiber gene 78 resultin a lowered expres-
sion level of product, and mature phage progeny are not
produced. Suppressors of this defect include amber al-
leles of interacting components (tail base plate genes) that
result in lower, balanced levels of expression of the two
components (Floor, 1970) This interaction is interpretable
if one considers that the two gene products ordinarily inter-
act and that a deficit in one of them leaves the other free
to form otherwise forbidden interactions that lead to de-
fects in assembly Normal assembly, then, depends not
on the absolute ievel of the gene products but rather a
balance of components (Floor. 1970; Sternberg, 1976).
The same sort of reasoning explains the requirement for
balanced expression of histone proteins to produce nor-
mal chromosome segregation in the yeast Saccharo-
myces cerevisiae (Meeks-Wagner and Hartwell, 1986).

The details of tubulin expression in yeast present an
opportunity to apply this analysis to microtubule assembly
(Weinstein and Solomon, 1992). Genetic configurations
thatresultin anincrease in the ratio of B-tubulin to a-tubulin
relative to wild-type cells are either toxic or lethal (Burke
et al., 1989; Katz et al., 1990; Schatz et al., 1986). When
f-tubulin 1s overproduced using an inducible galactose
promoter on a 2u (multicopy) plasmid, celis lose their mi-
crotubules within 1.5 hr, as assayed by immunofiuores-
cence. Only 1% of the cells are viable after 4 hr, at which
time the B-tubulin protein levels have only increased 2- to
4-fold. In contrast, the galactose-mediated induction of
a-tubulin on a high copy plasmid does not affect microtu-
bule assembly and becomes modestly toxic only after
many hours and much higher levels of expression. How-
ever, restoration of the baiance between a- and B-tubulin
levels, by simultaneous overexpression, rescues both the
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microtubule and cell lethality phenotypes associated with
excess B-tubulin (Weinstein and Solomon, 1990).

It is not clear why B-tubulin in the absence of its normal
partner. a-tubulin, affects microtubules ana, presumably
as a result, causes cell death. It may compete with af3-
tubulin heterodimers for growing ends of microtubules or
for microtubule-associated proteins. it aiso may poison the
nucieation site: shortly after the microtubules disappear in
cells overexpressing B-tubulin, small toci of anti-B-tubuiin
but not anti-a-tubulin staining appear near the nucleus
(Weinstein and Solomon, 1990); those dots colocalize with
spindie pole body staining, using the anti-30 kDa spindle
pole body component descrnbed by Rout and Kilmartin
(1991) (M. Magendantz and F. S., unpublished data). By
sequestering stabilizing factors or biocking nucleation
sites, B-tubulin poiypeptides may preciude native microtu-
bule structure.

To identify proteins that interact with §-tubulin, we de-
signed a screen to find genes whose products suppress
the lethality associated with f-tubulin overexpression. Our
rationale was that the overproduction of the target of
B-tubulin, or more generally any -tubulin-binding protein.
would titrate the excess polypeptide and so allow poiymer
assembly and cell viability. We have identified three genes
encoding proteins other than a-tubulin whose overexpres-
sion suppresses excess $-tubulin toxicity. One of them,
here called RBL2 (for rescues excess f$-tubulin lethality),
encodes a protein that rescues the excess f-tubulin phe-
notype as efficiently as does a-tubulin Rbi2p s a B-tubulin-
binding protein (the second identified, after a-tubuhn). Its
properties in vivo are similar to those of a-tubulin, and its
levels affect microtubule functions Rbi2p 1s a structural
and functional homolog of cofactor A, a protein identified
as necessary for an in vitro assay of tubulin folding (Gao
etal., 1993, 1994). The results are consistent with an activ-
ity for Rbi2p in microtubule assembly at a step after folding
but before dimerization. .

Results

A Screen for Non-Tubulin Components of the
Microtubule Assembly Pathway
To identify gene products that interact with -tubulin, we
screened for cDNAs that when overexpressed allowed
cells to grow in the presence of excess f}-tubulin JAY47
1s a diploid strain into which we integrated a third copy of
the TUB2 gene under control of the galactose promoter
This strain is ingistinguishable from its wild-type parent
in glucose, but in galactose it rapidly loses microtubule
staining, arrests as large-budded cells, and dies with a
half-life essentially identical to strains bearing pGAL-TUB2
on a 2u plasmid (Weinstein and Solomon, 1990) We trans-
formed a pGAL1-10-promoted yeast cDNA iibrary (Liu et
al., 1992) into JAY47 and selected colonies that were able
to survive on plates with galactose as their sole carbon
source (see Expenmental Procedures) We isolated the
plasmids from the suppressed JAY47 cells and sequenced
the cDNA inserts.

The suppressing cDONAs encoded both ot the yeast a-tubu-

lins, Tub1p and Tub3p, and three other proteins. We have
named the non-tubulin genes RBL1, RBL2, and RBL3. We
evaluated their effectiveness as suppressors by compar-
ing the number of colonies that arise on galactose (induc-
ing) plates versus those on glucose (noninducing) plates
(Table 1). For JAY47 cells containing a control plasmid,
that ratio is 0.01%. By this assay, RBL2 is as good a sup-
pressor as either a-tubulin gene, TUBT or TUB3 (Table
1); 70% of the RBL2-suppressed JAY47 cells can form
colonies on galactose. The colonies are robust and uni-
form in size. Both RBL7 and RBL3 confer intermediate
values of suppression (1% and 3%, respectively), and in
both cases there is some variability in the size of the colo-
nies. These characteristics of RBL suppression argue
against a model in which there is a constant probability of
death at each cell division, since that circumstance would
predict a high percentage of colonies when growing on
galactose, aithough small in size. An alternative explana-
tion is that cells plated in galactose could face an early
event at which the suppressed state can be established
and thereafter maintained. In this sense, the effectiveness
of the suppressors reported in Table 1 is a measure of
their ability to establish suppression at early times.

The Sequences of the RBLs Suggest

Different Functions

We cloned the genomic version of each of the RBL cDNAs
and determined that each represented its full-length tran-
script. RBL 1 bears no homology to any sequence available
In the database. The sequence of ABL3 was entered in
the database during the course of this study under the
names T/F3 (Altmann et al., 1993) and STM1 (Coppolec-
chia et al., 1993). The gene product of RBL3 is similar to
human transiation factor elF4-B, although a direct assay of
initiation activity is not yet available. Rbl2p s 32% identical
and 619% similar at the level of predicted amino acid se-
quence to mouse cofactor A (Figure 1) Cofactor Ais a
necessary but not sufficient component required for a- and
B-tubulin release from the chaperone t-complex polypep-
tide 1 (TCP-1) in a form competent for exchange into exog-
enous bovine tubulin dimer (Gao et al., 1993, 1994).

Table 1 RBL1, RBL2, and RBL3 Suppress JAY47 Lethalty

Colonies on Galactose

Plasmid Number of Isolates Colonies on Glucose
YCpGAL NA 0 0001
TUBT and 95 07
TUB3
ABL1 1 001
RBL2 31 07
RBL3 1 003

Of 81 x 10% JAY47 cells contaning the pGAL cDNA library plated
on galactose medwum. 950 survived to grow into colomes Of these,
194 were plasmid dependent. and we have 1solated 146 of these plas-
mids The number of isolates column lists the representation of TUB?
and TUB3andRBL1, RBL2, and RBL3 among the plasmids recovered
The remaiming 18 fail to suppress when retranstormed into JAY47
Upon retransformation of the TUB and RBL plasmids. we determined
therr extent of suppressior: by plating cells to galactose (inducing) and
glucose (noninducing) plates and comparing colony-forming units
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Figure 1. Yeast Rbl2p and Murine Cotactor A Are 32% Identical

Comparison of predicted complete amino acid sequences of Rbl2p
and cofactor A by the Genetics Computer Group program BESTFIT.
Sequences are 32% identical ana 61% similar across their entire
lengths.

Effect of Overexpressing ABL Genes
on Tubulin Levels
A potential mechanism for suppression of $-tubulin lethal-
ity is diminished accumulaticn of excess B-tubulin poly-
peptide due to effects at any point in its synthesis or on
its stability. None of the RBLs appear to actn this manner,
Protemn samples harvested from galactose-induced JAY47
cells suppressed with each of the RBL plasmids contain
anincreased level of 8-tubulin relative to noninduced cells,
as judged by Western blot (Figure 2A). The result suggests
that overproduced RBL gene products act by rendering
the excess B-tubulin protetn nontoxic to the cells. The
a-tubulin levels remain constant for RBL 1 and RBL2, but
increase modestly in cells with RBL3 (Figure 2B). How-
ever, in wild-type cells, overexpressing RBL3 does not
increase steady-state levels of a-tubulin (data not shown),
so we do not know whether 1t represents a direct effect
on a-tubulin synthesis

Our preliminary characterization suggests that the three
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Figure 2 Levels of B- and a-Tubuhn :n Suppressed JAY47 Celis
JAYA47 cells (aiplords with an integrated pGAL-TUB2) containing pGAL-
TUB1, pGAL-RBL1, pGAL-RBL2. or pGAL-RBL3 CEN plasmids were
platea to galactose or glucose piates We harvested colonies from
galactose plates after 2 5 days or trom glucose plates after 1 5 days
and prepared total protein exiracts Samples representing 2x and
1 x loads normahized to cell number were analyzed on 7 5% SDS-
polyacrylamide gels Aftertranster to nitroceliufose. i- (A) and a-tubulin
(B) levels were assessed by Western blot using the polycional antibod-
1es 206 and 345. respectively

ARBL genes may act in quite different ways. We have cho-
sen to focus on RBL2, which is as effective a suppressor
as a previously known B-tubulin-interacting gene, TUB7.

Specificity of Genetic and Physical interactions
between Rbi2p and Tub2p
Excess Rbi2p does not act as a general suppressor of
lethality resulting from the overexpression of other cy-
toskeletal genes. In particular, overexpression of Rbl2p
does not rescue cells overexpressing either ACT71 (encod-
ing actin) or TUBT (a-tubulin; data not shown). This speci-
ficity and the similarity between the efficiency of suppres-
sion displayed by Rbi2p and a-tubulin suggest that Rbl2p
may interact physically with the p-tubulin polypeptide.
The specificity of the genetic interaction is recapitulated
by the results of immunoprecipitations from celis overex-
pressing RbI2p and either a- or B-tubulin. We prepared
total cell protein extracts from cells overexpressing both
RBL2 and either TUBZ (JAY286) or TUB1 (JAY381). We
see Rbl2p expression increase by approximately 30-fold
when induced behind a galactose promoter (data not
shown). Each extract was incubated with antibodies
against a- or 8-tubulin or against Rb!2p, and the resulting
precipitates were analyzed by immunoblots with antibod-
ies against all three proteins (Figure 3). The antibodies
against each of the tubulin pclypeptides bring down the
other chain with high efficiency. The results also demon-
strate that approximately 5%-10% of total Rbi2p coim-
munoprecipitates with B-tubulin when both are cverex-
pressed in the same cells. In contrast, only 0.5% or less
coprecipitates with anti-a-tubulin antibodies when those

B-!ubuhn RBL2

- Al - =) - = Al-
uﬁRT{aBRT af RThBRT af RT' afRT

O -tubulin

.

«
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Figure 3. Rbi2p Coimmunoprecipitates with -Tubulin

Cells containing inducible RBL2 (CEN plasmid) and either inducible
TUB2 (JAY286) or TUB1 (JAY381) on 2y plasmids were grown in ratfi-
nose and then shifted to 2% galactose for 8 hr. Total protein extracts
and relevant immunoprecipitates were analyzed by immunoblotting
after resolution on three parallel 12% polyacrylamide gels. §-Tubulin,
a-tubulin, and RBL2 indicate the antibodies used for blotting; GAL-p
and GAL-a are the strains co-overexpressing either Rbi2p and g-tubulin
or Rbl2p and a-tubulin, respectively. Lanes contain protein precipi-
tated with anti-a-tubulin (a), anti-B-tubutin (B), or anti-Rbi2p (R). Lane
T contains total cell protein, representing one-tourth the matertal in
the immunoprecipitates
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Figure 4 Synthetic Interaction of RBL2 Overexpression with tub1-724
(A) Haploid cells contain two plasmids each etther TUB1T or tub1-724
on a CEN plasmid as their only source of a tubulin and either inducible
RBL2 or YCpGAL (control) CEN plasmd These strains wers grown

two proteins are overexpressed. The same specific associ-
ation is apparent when anti-Rbl2p antibodies are used.
Much more B-tubulinthan a-tubulin is present in anti-Rbi2p
precipitates from the respective overproducing strains.
We precipitate the same specific compiax, although with
lower efficiency, in strains overexpressing only Rbi2p but
none of the tubulin genes. In strains not overexpressing
RbI2p, we fail to detect coimmunoprecipitation, probably
because endogenous levels of Rbl2p are so low.

We can detect no colocalization of Rbi2p with assem-
bled microtubule structures in cells. In both wild-type cells
and in strains overproducing Rbl2p, antibodies against the
protein do not give a discretely localized signal by immu-
nofluorescence microscopy (data not shown). !nstead,
anti-Rbl2p antibodies do stain Rbl2p-overexpressing cells
very brightly, suggesting that the antibodies can recognize
cellular Rbi2p after fixation. We conclude that the failure
to detect a discrete signal probably reflects a diffuse local-
ization of the protein. Therefore, the apparent association
of Rbl2p and B-tubulin is likely to occur with unassembled
tubulin chains rather than assembled microtubules.

Microtubule Defects Are Sensitive

to the Level of Rbi2p

The overproduction of Rbl2p in wild-type cells leads to a
modest loss of viability. After 10 hr of induction, about
80% of the cells are not viable, but the effect levels off
at that point. However, overexpression of Rbi2p in some
backgrounds with compromised microtubules greatly en-
hances this lethality. For example, we previously de-
scribed a panel of a-tubulin mutants (Schatz et al., 1988),
several of which are conditional lethals that arrest with no
microtubules at low temperature and are supersensitive
to the microtubuie-depolymerizing drug benomyl at per-
missive temperatures. Overexpression of Rbi2p at permis-
sive temperature in one such mutant strain, tub1-724,
causes rapid and nearly compiete cell Jeath (Figure 4A).
One other tub7 allele, tub1-728, shows a similar loss of
viability when Rbl2p is overexpressed, while several tub1
alleles show no such interaction (Table 2). This lethalinter-
action also causes a dramatic loss of microtubules. Figure
4 also shows immunofluorescence micrographs of tub1-
724 1n the absence (Figure 4B) or presence (Figure 4C)
of excess Rbi2p for 5 hr.

The phenotype of RBL2 overexpression is recapitulated
by RBL2 null alleles. RBL2 is not essential for mitotic
growth, but it has a synthetic lethal phenotype in combina-
tion with four tub7 alleles, but not with four others (Table
2). Two of those four alleles that do interact genetically
with the (1RBL2 null, tub1-724 and tub1-728, are the ones
that enhance the lethality of excess Rbi2p.

overnight in selective rathnose media at 30°C Att = 0 hr, galactose
was added to 2% Cell viability equals the number of colonies arising
on glucose piates divided by cell number count~d in a hght microscope
(8 and C) Att = 5 hr in galactose, tub1-724 cells containing etther
contro! (B) or pGAL-RBL2 (C) plasmids were fixed and processed for
immunofiuorescence with anti--tubulin antibody 206 In control cells,
there are a vanety of tubuhn staining patterns in cells overexpressing
Rbi2p, large-budded cells contain hitle or no localized staimng
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Table 2. Synthetic Lethality of RBL2 Overexpression and
Nult Strains

RBL2

Allele Overexpression ARBL2

tub1-724 and twb-728 - -
tub1-736 and tub-759 e -
tub1-704, tub-714, + +
tub-744, and tub-750
tub1-727, tub-730, tub-733,
tub 741, tub-746.
and tub-758

Ability of mutants to grow at permissive tempaeratures upon induction
of pGAL-RBL2 or in ABL2 nulis. ND, not determined.

ND

+

Thatboth excess and absence of the RBL2 gene product
affect viability and probably microtubule assembly in these
different genetic backgrounds suggests that it acts as a
structural rather than catalytic element in microtubule as-
sembly. In addition, the allele specificity of the interaction
with mutant tub7 alleles indicates that the combinatorial
defect represents a more proximal functional interaction
than simply two defects in unrelated processes.

The Stoichiometry of Rbi2p to Tubulin is Critical

As noted above, any genetic configuration that results in
an excess of B-tubulin over a-tubuhin 1s toxic. Changes in
the level of RbI2p expression affect the phenotypes associ-
ated with changes in a-to-f§ tubulin ratios. Overexpression
of Rbi2p suppresses excess B-tubulin lethality; similarly,
when overexpression of B-tubulin 1s induced in strains
bearing a deletion in RBL2, the cells lose viability with
more rapid kinetics than strains wiid type for RBL2 (Fig-
ure 5A).

In the converse direction, extra Rbl2p also rescues the
phenotypes produced by creating a modest deficit in
a-tubulin. Strains bearing a deletion of the quantitatively
minor a-tubulin gene, TUB3, are viable but benomyl super-
sensitive (Schatz et al., 1986). The enhanced sensitivity
to this microtubule-depolymerizing drug 1s suppressed by
a modest increase in Rbl2p (Figure 58). This result fulfills
our expectation that excess B-tubulin is iethal because of
its stoichiometry relative to a-tubulin rather than its abso-
lute level. Therefore, Rbl2p levels appear to compensate
for the defects associated with either too much B-tubulin
or too liftle a-~tubulin.

Rbi2p Levels Affect Celluiar Sensitivity to the
Microtubufe-Depolymerizing Drug Benomyi
Inasense, the phenotypes of excess B-tubulin mimic those
of benomyl; both lead to loss of microtubules, cell cycle
arrest as large-budded cells, and death. This parallel is
supported by the consequences that changes in the level
of either Rbi2p or a-tubulin have on either poison. Extra
Rbl2p or a-tubulin (Schatz et al.. 1986) produced by galac-
tose induction confers resistance to benomyl (Figure 6A).
Conversely, the absence of Rb!zp renders cells more sen-
sitive to the drug (Figure 65). A modest decrease in a-tubutin
levels produced by disruption of the TUB3 gene also pro-
duced supersensitivity to benomyl (Schatz et al., 1986).
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Figure 5. Phenotypic Consequences of Altered Stoichiometry be-
twoeen Rbi2p and Tubulin

(A) Effacts of Rbi2p levels on sensitivity to B-tubulin overexpression.
Hapiloid cells with an integrated copy of inducible pGAL-TUB2 (deriva-
tives of JAY47) either wild type for ABL2 or bearing a null allele were
grown and analyzed for viability as described in Figure 4.

(B) Effects of excess Rbi2p on the benomyl! sensitivity of celis with a
deficrt in a-tubulin. 4TUB3 haploids (FSY21) containing either control
(minus) or genomic RBL2 (plus) on a CEN plasmid were serially diluted
on plates containing 10 ng/mi benomyl. Dilutions were by halves, be-
ginning at 10* cells per milliliter in the first two columns and at 107
cells per miililiter 1n the second two columns.

The phenotypes of RBL2 overexpression do not appear
to be manifestations of multidrug resistance because they
do not include resistance to several other drugs, such as
cycloheximide and ethidium bromide (data not shown).
This phenotype is further remarkable because it is uncom-
mon; enhanced resistance to this drug suggests a degree
of speciticity for microtubule function not inhserent in en-
hanced sensitivity.
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Figure 6 Levels of RbI2p Affect Growth on Benomyl. a M:crotubule-
Depolymerizing Drug

(A) Diploids celis containing control (YCpGAL). pGAL-RBL2. or pGAL-
TUB1 CEN plasmids were serally diluted on selective galactose plates
with 20 ug/ml benornyl Dilutions were by halves. beginning at 10’
celils per millihiter.

(B) 4RBL2 haploid cells containing controt or genomic RBL2 CEN
plasmids were serially diluted as in (A) on 0 and 20 ug/ml benomyl
plates

Rbi2p Is Important for Meiosis

Although RBL2 is not essential for mitosis, 1t is necessary
for cells to complete sporuiation and meiosis successfully.
We made diploids that were heterczygous or homozygous
for ARBL2. Both grew normally. However, the 4RBL2 ho-
mozygotes sporulate abnormally; they produce asci with
only slightly reduced efficiency, but substantially fewer of
those asci contain four spores (Table 3). Those spores
vary significantly in size and are arranged in a disorderly

fashion. In contrast, the heterozygotes sporuiate compa-
rably to wild-type diploids. We examined this defect with
an assay for haploid spores, using the difference in cJlor
between ADE2 and ade2 colonies. We sporulated strains
that were heterozygous at the ADE2 locus. Colonies from
either ADE2 haploids or unsporulated ADE2/ade?2 diploids
are white; ceils bearing only the ade2 aliele are red. We
recovered no red colonies from the homozygous RBL2
nulls. The same strain containing ABL2 on a iow copy
plasmid produced red colonies at an efficiency indistin-
guishable from wild type (35%-~40%).

A Functional Homology between Rbi2p

and Murine Cofactor A

The predicted protein sequence of Rbi2p is approximately
30% identical to mouse cofactor A across their entire
lengths (see Figure 1). Cofactor A is thought io participate
in chaperonin-mediated folding of B-tubulin in vitro (see
Discussion). To determine the relationship between Rbl2p
and cofactor A, we expressed mouse cofactor A in yeast.
Like excess Rbi2p, overexpression of this sequence in
yeast cells confers substantial resistance to excess B-tubulin
lethality (Figure 7A); the efficiency of suppression is ap-
proximately 5%, compared with 70% for the yeast protein.
In addition, murine cofactor A suppresses the benomyl
supersensitivity associated with deletions of RBL2 (Figure
78). These results suggest that cofactor A performs over-
lapping functions with Rbi2p.

Discussion

We identified Rbl2p in a screen for proteins that, when
overexpressed, protect cells from the deleterious effects
of B-tubulin overexpression. We envisioned at least two
possible sorts of suppressing elements that would answer
this screen. One might be a protein with which excess
B-tubulin interacts to cause microtubule disassembly,
which might include associated proteins or nucleating ele-
ments, but also might include tubulin itself. For example,
y-tubulin acts as a nucleator of microtubules and interacts
genetically with B-tubulin (Oakiey and Oakley, 1989). How-
ever, overexpression of the presumptive yeast y-tubulin
TUB4 (L. Marschall and T. Stearns, personal communica-
tion) does not rescue B-tubulin lethality (data not shown).
Another suppressor might be a protein with which undi-
merized B-tubulin interacts normally, as part of the mor-
phogenetic pathway. The interaction between actin mono-

Table 3 .1RBL2/1RBL2 Cells Have a Detect :n Sporulation anc Meiosis

Spores per Ascus

Strain Plasmid Percent Asci Four Three ’ ;r;vo ) bne 29!0
Wild type None 7 69 9 9 2 A
ARBL2/JRBL2 RBL2 56 47 13 12 4 24
JRBL2/IRBL2 Control 49 18 24 18 12 28

After 4 days in sporulation media (1% potassium acetate [pH 7)) at room temperature, each population was scored for the number of spores within
asci. We designated cells as asci based on thewr rounded shape and thickened cell coat and counted the number of spores contained within The
category of zero spores per ascus met the critena for an ascus but looked either empty or murky inside. The strains are either wild type (FSY 185)
or ARBL2/.ARBL2 homozygotes containing either a RBL2 genomic or control CEN plasmid We counted >300 cells for each.




A B-Tubulin-Binding Protein in Vivo
431

Ccofactor A Control

Control

Figure 7 Overexpression ot Murine Testes Cotactor A Has Pheno-
types Reminiscent of RbI2p in Yeast

(A) JAYA7 cells containing pGAL cofactor A (CEN piasmid) are sup-
pressed relative to those containing controt CEN plasmid on galactose
plates

(B) ARBL2 haplowds transtormec with pGAL cotactor A (plus)or control
(minus) CEN plasmid senally ailuted on gaiactose penomyl (25 ug/
ml) plates by haives. beginning at 10 cells per muthiiter

mers and profiin may serve as a precedent (Magdolen et
al.. 1993). The experiments descriped above suggest that
Rbl2p may be in the second class of potential suppressors.
The suppression and immunoprecipitation data argue for
an intimate interaction between Rbi2p and §-tubuln The
binding of Rbl2p to B-tubulin probably explains the sup-
pression of excess B-tubutin by Rbl2p The aggregate ge-
netic evidence suggests that Rbi2p acts along the microtu-
bule assembly pathway But the tact that Rbi2p cannot
be detected in the end product of this pathway, assembled
microtubules, implies that it participates in some interme-
diate along the pathway

Scaffolding Proteins and Surveillance Functions

Assembly of bacteriophage proceeds through intermed-
ates that can contain scaffolding proteins. elements that
participate in the maturation cf the particle. but which are
not incorporated into the final structure For instance, the
prohead of P22 grows around a core of gp8 molecules
that are later replaced by DNA while the coat proteins

expand to arrange themselves as the head (King et al.,
1973). Some properties of Rbi2p suggest that it may act
as a scaffolding protein in microtubule assembly. For ex-
ample, the stoichiometry of a scaffolding protein would be
predicted to be important tor ensuring proper assembly.
Although Rbl2p 1s not essential for mitosis, aberrant levels
of the protein are deleterious when microtubule integrity
is impaired: genetic backgrounds bearing mutant a-tubulins
or in the presence of benomyl. However, there is no evi-
dence that scaffolding proteins are required in the forma-
tion of microtubule polymer from an aff heterodimer. No
intermediates involving transiently associated proteins
have been dentified, and, at least in vitro, tubuiin hetero-
dimers can self-assemble. Perhaps, then, Rbl2p acts be-
tween the synthesis of the B-tubulin polypeptide and its
incorporation into active dimer. The physical interaction
with B-tubuhin and the spectificity of the suppressor activity
of excess Rbl2p for B-tubulin are consistent with Rbl2p
binding to the B-tubulin monomer. Aiternatively, Rbi2p
could act transiently duning remodehling of microtubules
among different organizational states. In any of these sites
of action, Rbi2p might mediate progress through the as-
sembly process, like a phage scatfolding protein.

Another possibility 1s that the screen that identified
Rbl2p represents its function in ceils: RbI2p might actas a
B-tubulin ligand to suppress deleterious interactions under
aberrant conditions in which B-tubulin monomers occur.
Such a surveilllance function could quite adequately be
executed by a-tubulin nself. However, significant ex-
cesses of a-tubulin are deleterious and do not persist (Katz
et at, 1990. Weinstein and Solomon, 1990). In addition,
a role for a B-tubulin-binding protein may become more
important under spectal crrcumstances, for exampie,
when the a-tubulin gene product is compromised in mutant
tub? strains

Functional Similarities between Rbl2p

and a-Tubulin

We find striking similanties between the properties of
Rbi2p and a-tubulin in vivo (Figure 8). The ability of Rbl2p,
like a-tubulin, to bind B-tubulin is itself strong evidence of
function. An excess of either protein suppresses B-tubulin
lethality and confers resistance to the microtubule-depoly-
menzing drug benomyi. Deficiencies of either enhance
sensitivity to benomyl! (Schatz et al., 1986). Extra Rbi2p
can actually compensate for a quantitative defect in
a-tubulin: cells lacking the minor a-tubulin gene are super-
sensitive to benomyl, but are rescued by genomic RBL2
on a low copy plasmid. Finally, the phenotypes of a-tubulin
mutants are strongly aftected by levels of RbI2p. In sum,
Rbi2p 1s a B-tubulin-binding protein in vivo, and that bind-
ing is detectable both physically and functionally.

The benomyl resistance could be expiained if that drug
acts by promoting dissociation of the apf dimer to release
free B-tubulin that poisons the microtubules in the cell.
However, two other suppressors of excess f-tubulin, RBL1
and RBL3, fail to confer benomyl resistance. Another pos-
sibility is that the binding of benomyl to tubulin creates
toxic drug~-dimer complexes analogous to those that may
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LEVEL OF RbI2p OR 1 1UBULIN EAPRESSION

NORMAL
DEFICIENCY ¢ OMPLEMEN] EXCESY

Condition:

Y .

NORMAL < = <
tubl <* = <’
SOVEREXEFRESSION <’ = >°
ubd n.d. = >
HENOMYI. <* = >*

Figure 8 Alterations in the Level of RbI2p or u Tubulin Have Similar
Effects on Cell Growth Under a Variety ot Conaiions

The lesser-than symbol denotes nhibiion o* 5rowth By a change n
the level of Rbi2p relative to the normal complemert the greater-than
symbol represents better growth The asterisk genotes those circum-
stances in which changes inthe level of n-lubulin nave the same ettects
as RbI2p The carat indicates those experiments not done (n d ) with
a-tubulin

be the active species in inhibition of microtubule assembly
by colchicine (Skoufias and Wilson 1'392) These toxic
complexes might be sequestered by the activty of excess
Rbi2p or a-tubulin

The meiotic requirement for Rbl2p may be due to a
greater rellance on events that are in fact common to both
meiosts and mitosis. Cells undergoing mitosis even in the
absence of Rbl2p may be safely above a threshold for an
essential component, for example, an assembly-competent
tubulin dimer or a RbI2p functionat homotog. whereas mei-
0sis may change that threshold so that the contribution
of Rbi2p becomes required Cells may be more sensitive
to free fB-tubulin during meiosis Alternatively. Rbi2p may
perform an essential meiosis-specific function We note
that although cofactor A mRNA i1s present in many mouse
tissues, it 1s most abundant in testes iGao et al . 1993)
Although this observation originally was explamned as re-
flecting a role for cofactor A in constructing sperm flagel-
lae. instead 1t may reflect an increased dependence on
mouse cofactor A in meiosis tself

A Comparison with Cofactor A

Cofactor A 1s a polypeptide that, together with a fraction
called cofactor B, is necessary for the release of u- and
B-tubulin from the chaperone TCP-1 in a form competent
for exchange into exogenous bovine tubulin heterodimer
(Gao et al., 1993, 1994). TCP-1 alone can bind both un-
folded actin and y-tubulin polypeptides and release them
in a form that migrates normally on a native gel. TCP-1
and TCP-1-like proteins may play an important role in actin
and tubulin function in vivo. Complexes containing TCP-1
and actin or tubulin can be isolated from amimal cells
(Sternhicht et al., 1993). Strains bearing mutant alleles of
TCP-1 homologs can exhibit microtubule and actin pheno-
types in yeast (Chen et al., 1994; Vinh and Drubin, 1994)
In the 1n vitro assay, proper tubulin folding 1s assayed not
by the measure of folded monomer, but instead by tncorpo-
ration of the monomer into tubulin dimers. It requires the
addition of native tubulin dimers. The presence of cofactor
A results in the appearance of B-tubulin dissociated from
TCP-1; in contrast, cofactor A does not have the same
effect on a-tubulin dissociation from TCP-1 The specificity

for B-tubulin strongly implies that cofactor A is not involved
in common protein folding pathways. if TCP-1 acts asdoes
GroEL (repetiive binding of unfolded forms until they do
fold properly in solution [Weissman et al., 1994]), Rbi2p
could act after the release step. to capture and stabilize
folded B-tubulin. That model is consistent with our results,
with the failure of cofactor A to promote a-tubulin release
from the same TCP-1, and with the failure of others to
detect any direct interaction between cofactor A and
TCP-1 (Gao et al., 1994).

In summary, a screen for overexpressed wild-type
genes that restore balance to the components of microtu-
bule assembly identified a stoichiometrically acting com-
ponent that behaves like a scatfolding element. Changes
in the level of RbI2p exacerbate circumstances that com-
promise microtubule assembly, suggesting that it may act
at a crucial and regulatory step in microtubule morpho-
genesis

Experimental Procedures

Strains, Plasmids, and Media

All yeast strains are dervatives of FSY 185 (Wenstein and Solomon.
1990) with the exception of the tud 1 mutants (Schatz et al , 1988) We
used standard methods (Sherman et al , 1986. Solomon et al , 1992)
We used a yeast cONA (CEN) ibrary from pool 10A provided by H
Liu (Lw et al, 1992) pJA10 was constructed with the Pvuli-Eagl
(PGAL-RBL2) tragment of pAS into the Pvul!-Eag! backbons of YEp13
{LEU2. 2u) pJA34 was constructed by 1solating mouse cofactor A from
a FVB mouse adult testes cONA iibrary (provided by D Page) by PCR
anc cioning the fragment into the Sali-Notl backbone of the pGAL-
LEN fibrary ptasmud (Liu et al . 1992)

Screen for Suppressors of §-Tubulin Lethslity

We transformed 10A into JAY47 and obtained approximately 6 8 x
10* oniginal transtormants We grew the transformants in selective
glucose mea:a to saturation (expansion of >10%fold) We tested 950
galactose survivors for dependence on the plasmid by selecting for
loss of the URAJ plasinid on 5-FOA and then checking for loss of
suppression After isolation of the library plasmid. we identified those
that contained either TUBT or TUB3 by a combination of restriction
digests, colony hybnidization. and DNA sequencing The isolated plas-
mids were retransformed into JAY47 and checked for their ability to
confer survival on galactose plates

DNA Sequencing

DNA sequencing on both the cDNA inserts and genomic versions was
pertormed using modified T7 DNA polymerase Sequenase with the
dideoxy chatn termination method (U. S Biochemical Corporation).
The genomic clones were isolated either from 2u yeast genomic librar-
1es RB378 and 380 (Carlson and Botstein, 1982) or from a CEN yeast
genomic library prepared by C Thompson and R. Young (Massachu-
setts Institute of Technology [MIT]). The genomic clones and cDNAs
match exactly, indicating that both contain the entire open reading
frames

Immune Techniques

Antibody Production and Puritication

A glutathione S-transferase-Rbi2p fusion protein was overexpressed
using pGEX-5X (Pharmacia) in Escherichia colt, purified and injected
intothree rabbits, and boosted at 2, 4, and 6 weeks. Anti-Rbl2p anubod-
1es (248, 249, and 250) were affimty purified against the fusion protein.
Rabbit antisera against f-tubulin (206) and a-tubulin (345) are de-
scnbed elsewhere (Weinstein and Solomon, 1990).
Immunotiuorescence

We used standard procedures (Solomon et al., 1992). Secondary ants-
body was fluorescetn isothiocyanate~conjugated goat anti-rabbit IgG
(Cappel). For Rbl2p staining, we also tried extracting fixed celis after
attaching to the shides with 0.5% NP-40 in PM2G followed by using
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a 0.1% BSA blocking step (M Magendantz ana F S . unpublished
data), by using methanol/acetone fixanon (Rout ang Kitmartin, 1991),
and by varying the tme in formaldehyde (10 min to 2 hr) or in first
antibody (1-16 hr). DAPI (4'.6-a1amidino-2-phenyhindole dihydrochio-
nde; Boehringer Mannheim) was used to visualize DNA
immunobiots

We used standard procedures (Solomon et at . 1992) After gel electro-
phoresis and transfer to nitroceliuiose membranes. blots were blocked
blots 3% BSA, PBSA, sodium azide for 30~120 min Primary antibod-
188 were incubated for >12 hr at 1/3500 (206 or 345) or at 1/100 (250)
and then washed five tc seven times (5 min each) in 2% hemogiobin.
0.1% SDS, 0.05% NP-40. Bound ant:pody was detected by ['>1]protein
A (New England Nuclear).

Immunoprecipitations

Antibodies were affixed to Athgel-10 beaas (Bio-Rad) Yeast strains
JAY286 and 381 are FSY 185 transformants with two 2u plasmids.
PGAL-RBL2 (pJA10) and either pGAL-TUB2 (pBWS4) or pGAL-TUB1
(PQX3). Total protein was harvestec by French Press in PME (0 1 M
PIPES,. 2 mMEGTA. 1 mM magnes:um chionge |pH 6 9]) plus protease
inhibitors (Solomon et at . 1992) ang aaded 1o anubody beads for a
1 hrincubation with rotation at 4°C We washed the beads eight imes
with PME pius protease inhibitors

Genetic Analyses
Construction of ARBL2
We replaced SnaBl-Xho! of pA21A (genomwc RBL2 plasmud). which
compietely removes the RBL2 open reading frame. with Sspi-Sail ot
pNKY51 (Alam et al . 1987). which contains URA3 flanked by hisG
repeats for efficient loopout We usea an Sspl-Muni aisrupting frag-
ment to create a heterozygous knockout in FSY185. confirmed by
Saouthern blot analysis We sporutated and d:ssected the heterozygote
to produce haploid JABL2 cells conhrmeq by Southern and Western
biot analysis.
Synthatic Lethality
For RBL2 overexpression FSY 185 1wia-type awplowd) or haploid strains
containing tub? alleles were transtormea with pAS Transtormants
were grown overnmight in selective ratinose media. and then galactose
was added. Viability was assessed at varous times by comparing ceil
number by hemocytometer count {0 colony-forming units on glucose
plates. Aiternatively, differences could also be assessed by plating
stramns to galactose plates anc comparnng cell number and size
The ARBL2 JAY 422 strain (.1RBL2 haplod) was crossed to haplod
tub? mutants The diploids were scorulaled and dissected Synthetic
interactions were judged by two critena percent of dead spores and
marker analysis (inability 10 recover tud 1 allele plus JRBL2 products)

Asasys for Meiosis

JAY472 and 474 are transformants of a heterozygous ADE2/ade2,
homozygous ARBLY/ARBL2 stran (JAY428) with A21A (RBL2 geno-
mic CEN plasmid) or with a control CEN ptasmid JAY472, JAY474,
and FSY 185 (wild-type) celis were grown to midlog. washed with water,
and shifted to 1% potassium acetate (pH 7} Sporulating cells were
incubated rotating at room temperature By visual inspection at 4 days,
we scored the presence ot asci containing zero to four spores The
crtena for an ascus were rounded shape and thickened cell wall
JAY474 has spore sacs that usualiy contain fewer than four spores
For quantitation of appearance of ade2 cells. we allowed strains 1o
sporulate, digested the cell walls with Zymolyase- 100, and plated After
3 deys we counted the number of red colones and the number of total
colonies.
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The mechanistic analysis of cytoskeletal function in cell
morphology began with a senes of formative drug inter-
ference experiments. Several types of amimal cells grow
in cuiture with a relatively symmetnc morphology but
can be induced to take on their charactenstic differenti-
ated shape by changes in their growth media. Drugs
that depolymerize microtubules inhibit the acquisition
of differentiated morphology or. in celis that have estab-
lished morphology, the drugs cause loss of asymmetry.
That phenomenology fits weil with the typical geometry
of the microtubule network in many cells —a radial pat-
tern extending toward the penphery—since it is the pe-
riphery of the cell where the motile events that underfie
shape change occur.

A straightforward prediction of these resuits 1s the
exisience of molecules that are responsible for motile
specializations at the cell penphery and whose localiza-
tion depends upon intact microtubules. In fact, very few
such molecules have been identified. Instead, the pre-
dominant cytoskeletal participant in determinants of cell
motility and associations with penpheral molecules is
the actin cytoskeleton. For example, bud site selection
and growth in S. cerevisiae occur as if they are essen-
tially independent of microtubule functions (Jacobs et
al., 1988); rather, they are strongly associtated with
F-actin structures and functions (Chant and Pringle,
1991). An analysis by Mata and Nurse (Mata and Nurse,
1997 [this issue of Cell])‘of teal, a gene in Schizosac-
charomyces pombe, helps bring microtubuies back into
the picture. The details of the molecule they are studying
present a potentially intriguing parallel ‘vith microtubule-
associated activities in animal ceils.

Control of Growth Morphology

in Fission Yeast

The cells of S. pombe elongate at their tips, in a manner
that depends upon the stage of the cell cycle (see Nurse,
1994, for a review). At their birth, new daughter cells
grow only at the “old end” —the end that existed in the
mother cell. After passage through part of the cell cycie,
growth initiates at the “new end” as well. This bipolar
elongation continues until the onset of mitosis, when it
stops at both ends. Thus, the precise temporal and
spatial controls on cell growth in S. pombe are inte-
grated with the cell cycle. Both microtubules and micro-
filaments contribute to cell growth. The position of actin
patches during the cell cycle correlates with the posi-
tions of cell growth: first at the old end, then at both the
old and new ends, and finally in mitosis at the midline
where the new septum will form. Further supporting this
correlation, the actin inhibitor cytochalasin D blocks cell
wall formation. The spatiai correlation is less direct with
respect to cytoplasmic microtubules. The microtubules

extend along the major axis of the cell during interphase,
then depolymerize to form the intranuclear spindle. Dis-
ruption of microtubules, either by drugs or by mutations
in tubulin genes, causes abnormal growth, bending, and
even branching.

The phenotypes of mutations that affect growth pat-
temns fall into morphological classes and can be ranked
by the extent to which they lose organization (Verde et
al., 1995). The orb mutant cells are spherical, suggesting
total loss of control over the localization of growth. tea
mutants can initiate a third discrete growth zone, form-
ing T-shaped cells. The ban mutants curve like bananas,
which could represent disproportionate lengthening of
one side, although the cells still elongate at two posi-
tions. The microtubule and microfilament cytoskeletons
in all three classes are abnormal.
tealp, Growth Zones, and Microtubules
Cells bearing a disruption of tea? (for tip elongation
aberrant) display the curved ban phenotype at 25°C, but
some cells show elongation at a third tip at 36°C. As
shown by immunofluorescence, tealp localizes primar-
ily to the ends of cells. However, unlike actin, its distal
position persists whether or not there is growth at the
tip; tealp's presence s not sufficient to specify a growth
zone.

Over-expression of tealp substantially reproduces
the null morphological phenotypes of bent or three-
tipped cells, and the protein is no longer restricted to
the growth zones. The morphological defect in over-
expressers could be due to this mislocalization of tealp.
However, since localization is not sufficient to specify
a growth zone, excess tealp could disrupt organization
by titrating out other relevant components. The cells also
apparently regulate tealp levels to meet physiological
requirements. Pheromone response in S. pombe relaxes
the restriction of precise antipodal tip growth so that
cells can bend toward a mating partner. Treating cells
with pheromone causes down-regulation of tealp.

The authors note two structural features of interest in
the 127 kDa teatp gene product. First, the amino-termi-
nal domain contains 6 intemnal repeats like those in
kelch, a protein associated with the ring canals of Dro-
sophila that mediate transport of nurse ceil cytoplasm
to the oocyte (Xue and Cooley, 1993). The keich repeats
are believed to be indicative of actin-binding proteins,
and the ring canals are themselves associated with actin
filaments. Second, the carboxy-terminal domain is pre-
dicted to form coiled-coil structures. From sequence
comparisons, the authors find two predicted open read-
ing frames in S. cerevisiae containing these same two
motifs.

Despite the predicted actin association and the ob-
served colocalization with actin patches, cells bearing
mutations in either of two actin-associated proteins, and
which have substantially disrupted actin pattems, show
normal localization of teaip. Normal localization of
tealp, however, is dependent upon intact cytoplasmic
microtubules. Depolymerization of microtubutes in-
duces delocalization of tealp from growth zones, per-
haps with a slight lag. Reassembly of the depolymerized
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microtubules to their normal length by removing the
drug induces concomitant relocalization of teaip. The
intermediates are intriguing: shortly after repolymenza-
tion commences, but before the microtubuies return to
their original length distribution, tealp is in bnght spots
throughout the cell, most of which colocalize with distal
ends of microtubules. Indeed, even in untreated cells,
many of those dots of tealp that are not at growth zones
co-localize with microtubule ends.

The microtubule cytoskeleton's interactions with
teaip are reciprocal. In a sub-population of null cells.
some microtubules grow long enough to curl around the
ends of cells. These same extra-long microtubules are
seen in the pheromone-treated celis that have reduced
levels of tea1p. in contrast, the microtubules are signifi-
cantly shorter in cells that over-express tealp.
Models of tealp Function
Mata and Nurse (1997) conclude that tealp I1s required
for correct placement of growth zones. aithough 1t 1s
neither sufficient nor necessary for growth. But how are
the interactions with microtubules to be interpreted?

One possibility proposed by the authors i1s that tealp
is a regulator ot microtubule length—a capping activity
analogous to those observed for F-actin modulators.
The length of microtubules could depend inversely upon
the levels of teaip in the cell, or on the proportion of it
that localizes to the celi tips. In this view, the delivery
of the growth machinery to the appropnate location in
the cell is accomplished by producing microtubules of
appropriate length and relying on the constraints of the
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cell's geometry to point the microtubules in the right
direction. In addition to the consequences of aitered
expression levels on cytoplasmic microtubules, other
results also fit such a model. For example, the results
show that tealp can bind to microtubule ends without
interacting with the cell surface, but that it does not
remain at the cell surface without microtubules. And
the authors report that their efforts to clone tealp by
compiementation were defeated by plasmid loss; per-
haps levels of tea1p affect microtubule organization in
the spindle as well. Among the aiternative models is the
possibility that tealp localization at the growth zones
is important for stabilizing microtubules that reach those
positions or for recruiting the growth machinery itself.
tealp rould associate with the cell surface in these
domains, stabilized there by the dual interactions with
microtubules and some cortical element.

The present data do not distinguish among these and
other possibilities raised by the reciprocal effects of
tealp levels and microtubule length. However, possible
roles for teal p—or the teal p complex—should be testa-
ble by in vitro assays of microtubule assembly dynamics,
identification of proteins that cofractionate with it, and
a search for other binding partners. Of particular interest
will be testing the prediction from sequence compari-
sons that tealp can associate with actin.

As noted above, microtubules have no apparent influ-
ence on either bud site selection or growth in the bud-
ding yeast, S. cerevisiae; instead. their participation in
morphogenesis may be limited to determining nuclear

®
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Figure 1. Localization of tealp and ERM to the Cortical Actin Cytoskeleton Depends upon intact Microtubules
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position and orientation of the spindle. Perhaps the roles
of the homologs of teatp in this organism will modify
that view. Interestingly, this distinction between these
organisms extends to mechanisms for distribution of
mitochondria, which are independent of microtubules
in S. cerevisiae but are strongly affected by mutations
in both tubulins in S. pombe (Yatfe et al., 1996).

An Animal Cell Parallel

The properties of tealp are reminiscent of a family of
proteins studied in animal cells. Eznn was first identified
as a component of the intestinal microwvillar actin cy-
toskeleton (Bretscher, 1983). It and the other members
of the ERM family, radixin and moesin, iocalize to subdo-
mains of the cell cortex —nonmotile structures such as
microvilli and adherens junctions, and motiie elements
including the leading edges of migrating cells and cleav-
age furrows. Some in vitro assays suggest that ERM
proteins bind to F-actin, but at least in vivo, they colocal-
ize with only a small subset of the cells’ actin structures
(Tsukita et al., 1997).

Of particular interest is a companson between the
properties of tealp with those of ERM proteins in cul-
tured hippocampai neurons {Goslin et al., 1989). Anti-
ERM antibodies stain these cells at their growth cones
almost exclusively. The staining pattemn is very similar
but not identical to that of the F-actin in growth cones.
It is entirely distinct from that of microtubules that are
prominent along the length of the process but barely
detectable if at all in the growth cones themselves.
These neurites can attach along their length to the solid
substratum upon which they are grown, so that they do
not retract for long periods after addition of microtubule
depolymerizing drugs. Those drugs do cause the micro-
tubules along the length of the neunte to depolymerize
rapidly, in ordered, distal-to-proximal fashion. During
the period when the neuntes remain in place but the
microtubules are receding, all of the anti-ERM staining
leaves the domain of the growth cones. Initially, the
delocalized ERM appears in the process, always distal
to the receding tubulin staining. Eventually, when no
assembled tubulin is detectable, the ERM staining also
disappears. Even at this point, staining of two other
growth cone markers, GAP43 and F-actin, remain in
place. Depolymerization is readily reversible by washing
out the drug, and the microtubules regrow along the
length of the neurite, in proximal-to-distal fashion. ERM
staining reappears, but only in the growth cone and only
when microtubule reassembly is complete to the end of
the neurite.

Thus, the cortical localizations of tealp in S. pombe
growth zones and of ERM in growth cones occur in
pattems similar to that of F-actin. in fact, both may be
actin binding proteins. However, their normal localiza-
tions are dependent upon intact microtubules. Unlike
tealp, ERM proteins have not yet been detected in close
apposition to the ends of the shortened microtubules;
and although ERM proteins are not among the teatp
homologs identified by Mata and Nurse (1997) in a
search of the database, the two proteins do show signifi-
cant similarity (Figure 1 and Table 1). That similarity is
not in the keich repeat regions, but rather is dispersed
throughout the protein. Perhaps tealp and ERM depend
upon different motifs for their close association with
F-actin in situ.

Table 1. Homology among tealp, Human Ezrin, and Keich
(BESTFIT)

Identity (%) Similarity (%)
tealp and keich 205 40.8
tealp and ezrin 233 47.6
Keich and ezrin 153 358

The exact role that ERM proteins play in assumption
and maintenance of cellular asymmetry is not known.
Depletion experiments using antisense strategies cause
significant defects in cell attachment and in morphologi-
cal differentiations at the cell surface, but these pheno-
types may be indirect consequences of disrupting the
cortical actin cytoskeleton by removing one of its com-
ponents (Takeuchi et al., 1994). There is also evidence
that ERM proteins interact with Rho in a phospholipid-
dependent fashion (Hirao et al., 1996) and with integral
membrane proteins (Tsukita et al., 1994), strengthening
their possible role as connectors between cytoskeleton
and the plasma membrane.

Morphogenesis in Yeast and Animal Celis

There are of course other circumstances in animal celis
where microtubules are required to maintain asymmetry
at the molecular level. A role for the microtubuie cy-
toskeleton in sorting of proteins to the apical and baso-
lateral domains of epithelial cells is suggested by
drug interference experiments, an interpretation that is
strengthened by specific depletion of microtubule mo-
tors (Lafont et al., 1994). Yet there remains a significant
difficulty in comparing the effects of microtubules on
morphology in yeasts to their role in animal cells. In
animal cells, the loss of microtubules mearns the loss of
asymmetry. Obviously yeasts have other mechanisms
that can replace microtubules. Perhaps the yeast cell
wall may circumvent a structural role for microtubules
in supporting asymmetry as it is formed.

Microtubules apparently participate in fine tuning of
the global organization in S. pombe. Their effect is more
subtle in S. cerevisiae, but detailed analysis of mutant
phenotypes do suggest that microtubules and microfila-
ments interact, for example to orient the nucleus in mat-
ing projections (Read et al., 1992). In fact, the notion
that the elements of the cytoskeleton function in concert
has arisen from several descriptive experiments. The
identification of tealp and other proteins that act as if
they engage mor= than one of those elements may lead
us to mechanisms that will make sense of those obser-
vations.
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The yeast protein Rbl2p suppresses the deleterious effects of excess B-tubulin as efficiently as does a-tubulin.
Both in vivo and in vitro, RbI2p forms a complex with B-tubulin that does not contain a-tubulin, thus defining
a second pool of B-tubulin in the cell. Formation of the complex depends upon the conformation of -tubulin.
Mewly synthesized B-tubulin can bind to Rbl2p before it binds to a-tubulin. Rbl2p can also bind $-tubulin from
the a/B-tubulin heterodimer. apparently by competing with a-tubulin. The Rbi2p-f-tubulin complex has a
half-life of —2.5 h and is less stable than the o/B-tubulin heterodimer. The results of our experiments explain
both how excess Rbi2p can rescue cells overexpressing $-tubulin and how it can be deleterious in a wild-type
background. They also suggest that the Rbl2p—-tubulin complex is pa2— of a cellular mechanism for regulating

the levels and dimerization of tubulin chains.

Much of the work on microtubules has tocused on the as-
sembly reactton from o;-tububin heterodimer to polymer.
This reaction is well charactenzed in vitro. and genetic and
pharmacological studies demonstrate its importance and pos-
sible in vivo mechanisms for its regulation. Less well under-
stood are the steps leading to the formauon of the heterodimer
in the cell. There is now considerable evidence that these steps
are themselves subject to cellular controls crucial for microtu-
bule function.

The proper folding of the tubulin chains 1n vivo ( ) and
in vitro (6, 12, 26) apparcntly requires the action of chaperone
complexes (variously abbreviated as TriC.CCT TCP/c-cpn).
Unlike other proteins that are TriC substrates. however, a- and
B-tubulin require other proteins 1n vitro to exchange into ex-
ogenous heterodimers, as assayed by native gel electrophoresis
(2. 7. 8). The extent to which this in vitro reaction is applicable
to the in vivo situation is unknown. beginming as it does with
fully denatured protein rather than newly svnthesized protein
(5). Comparison of elements of the 1n vitro reaction with cel-
lular activities reveals both simgilanties and differences. For
example, ycast strains with altered forms ot TCP-1 genes do
exhibit cytoskeleton defects (3. 15. 22-24). On the other hand.
a protein that is required for the in vitro rcaction is the ho-
.nolog of a yeast protein, Cinlp. that 1s not essential in vivo but
which may be involved in microtubule functions (10, 20, 21).

A recent study of the in vitro folding rcaction identified
cofactor A, which promotes the recovery of B-tubulin. as a
monomer from the chaperonin (7). However. in this assay, the
form of B-tubulin released by cofactor A does not exchange
into exogenous dimer. A genetic analysis of cellular responses
to B-tubulin levels identified RbI2p as a veast structural ho-
molog of cofactor A; RbI2p 1s a nonessential protein that
suppresses the lethality associated with overexpression of B-tu-
bulin (1). The murine cofactor A was shown to partially replace
Rbi2p in this in vivo assay (1). Although results of the in vitro
assay first suggested that cofactor A was a co-chaperonin, the
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veast experiments demonstrated that RbI2p interacts with
B-tubulin directly. rather than with TCP-1. Results of a revised
version of the in vitro assay agree with the observation that
Rbl2p/cofactor A interacts with B-tubulin rather than with
TriC and that Rbi2p is not essential for 8-tubulin folding (21).
More recently, Melki and collcagues (14) have shown that
cofactor A. like Rbi2p, binds noncovalently to B-tubulin. This
cofactor A-$-tubulin complex elutes from a gel filtration col-
umn in a position consistent with it being a 1:1 heterodimer.

To analyze the function of Rbi2p in the cell, we have isolated
and characterized a stable complex of Rbl2p and B-tubulin,
formed both in vivo and in vitro, that lacks a-tubulin. The data
suggest that Rbl2p binds to a folded form of B-tubulin and
predict possible roles for Rbl2p in the regulation of tubulin
assembly.

MATERIALS AND METHODS

Plasmids, strains, and media. pQE-6(/RBL2 was used to produce rccombi-
nant His,-Rbl2p in Eschenchia coli. This plasmid was constructed by PCR to add
Neol and Bglll sites 10 the RBL2 gene just before the start codon and just after
the penulumate codon. respectively. The PCR primers were S'TAGGACACC
ATGGCACCCACATAATTGY and S’AATCTGAGATCTTTTACAATCGA
GTAATTC3’ The PCR product was cloned nto the Neol and Bglfll sites of
Qiagen vector pQE-60

pGRH allows inducible expression of His,-Rbl2p in Saccharomyces cerevisiae.
pQE-60/RBL2 was digested with Hindlll, blunted. and then digested with Mfel.
This fragment was cloned into pAS (URA3 CEN GAL1-10 promoter [1]) that had
been digested with Norl, blunted. and then digested with Mfel. pMM111sa 2-um
plasmid encoding His,-Tub2p under control of the GAL1-10 promoter. Starting
with the vector pBW47 containing the 3° half of TUB2 (25). we used PCR to
generate a fragment containing an Neol site 5° of codon 291 and a Bglll site just
after the penuitimate codon. The §° primer was 3’*CCGGACACCATGGCAGC
AAATGTTTGAT3'. The 3* primer was S'CAATCTTAGATCTTTCAAAATT
CTCAGTGAT?'. This fragment was cloned into the Ncol and Bglll sites of
pQE-60. placing six histidine codons at the carboxy terminus followed by a stop
codon. A Sall-Hindlll fragment was cut from this construct and cloned into
pBWS4 (25) from which the Sall-Sacl fragment had been removed.

All yeast strains used in this study arc dervatives ot FSY 182, -183. or -185 (25).
JAY47 1s a diploid containing a third copy of the TUB2 gene integrated at the
TUB2 locus and under control of the GAL promoter (1). JAY6141s FSY 185 plus
pGRH. JAYS70 is JAY47 plus pGRH. FSY820 1s a derivative of FSY182 con-
taining a deletion of the chromosomal RBL2 locus (1). This strain was trans-
formed with a CEN plasmid (marked with URA3) beanng rub2-590 under control
of the GAL promoter (25) and with a CEN plasimid (HIS3) encoding His,-Rbi2p
under control of the RBL2 promoter. The latter plasmid was created by cutting
pGRH with Mfel and Pvull and subcloning the fragment into pJA33, a plasmid
containing the entirc RBL.2 gene (1) from which the Mfel-EcoRV fragment had
been removed. FSY821 is simitar to FSY820 except that 1t consututively ex-
presses wh2-590 and contans TUB2 under control of the GAL promoter. We
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crossed FSY 127 (1b2-590 [11]) with FSY 611 (A2 L R U s W dentihed
sporulated segregants beanng the marker tor the Arbl2 slicie thy the E RS pene)
and the b2-590 allele by Western blotung These segregants were plated on
S-fluoro-orotic acid. and cells that had looped out the TR AT scquence were
recovered Finally, these cells were transtormed swith plasmids pBW 83 contan-
mg GAL-TUR2 (25), and pJA33. a CEN plismid encoding His -RbIZp under
control of the RBL2 promoter LTY 333 contans the pMMI plasmud in FSYINZ
(bl Mub3 PRBS39) (16) LTY292 18 FSYINI plus pGRH (1)

W e used standard methods and media (18 1)

Purification of His,-tagged proteins. The Ni-mitnilotriacetic acid (NTA) slurn
and column matenals were trom Quagen We used protocols that are shight
modifications ot both those described carhier 113y and those recommended by the
manutacturer  Immunohlot signals were quantificd trom muttiple burns within
the hincar range m using the 1S-1000 Diital Imaing Swstem ¢Aphy Innotech
Corporation)

In vivo association experiments. Wc grew | 1Y 292 inernight in selectine
raffinose medium and then induced expression with galactose tor 1010 16 b We
harvested protein by glass bead smash (19, using approvimateds 4 = 107 cells per
expenment We used a volume of PME butfer plus protease inhibitors ( 19) equat
1o the vofume of the cell pellet After centntugation (13000 < ¢, 30 min), S0 ui
of extract was mixed with 130 il of Ni-NTA sturny that had been preincubated
with buffer I (20 mM imdazole. 300 mM NaCL >0 mM sodium phosphate buffer
[pH 80]) After a I-h mcubation ar 4°C we washed the Na-NTA beads three
times with 10 mi of buffer I plus 107 gheerol Bound proteins were cluted by
incubation with an cqual volume ot buffer [ contaning 300 m\ imidazole or with
2« get sampie buffer (477 sodium dodeavt suttate (SODN 0 2 M diiothrestol.
2077 glycerol)

In vitro association experiments. Wo hancsicd proten trom FSYINS (wild-
type) cells After breaking the cells in PME butler wah 4 Erench press. we
immedtately added 300 to 300 pd ot bacteriad hsate contasmine recombinant
His,-RbIZp and then proceeded as described abone The heate was prepared
from £ colt cells contaiming pQE-60 RBL2 shich had been induced with 1so-
propyi-8-n-thiogalactopyranoside for 6 h Approumately 23 ml ot packed cells
were opened by sonication in 20 mi of buffer I tollowed by cuntntugation at
31.000 x g for 20 min. To assay denatured protems. we brought T mt of extract
1o a final concentration of 6 M guamdine hsdrochionde tor 3 mm at °C We
diluted the sample (or untreated control) 100-fold into PNE butter plus protease
nhibitors plus 500 ui of recombinant His,-RbBI2p ¢ 11 1 mg ml). incubated the
muxture for 1 h at 4°C. and then isolated the compley as deseribed tor the invno
association expenments

Dissociation experiments. We prepared His, RbiZp-@3-tububin complex trom
JAYS70 protein extracts. and His,—1 B-tubulin beterodimer trom LTY 333 pro-
tem extracts Cells were opened in PME: buticr v Freneh press as described
above, and the extracts were centrifuged wt 11X - ¢ und then mined with
Ni-NTA slurries aiso as described above L nbound protemns were washed away
by three washes (15 ml per 130 wl ot resint. and we resuspended the samples in
PME buffer plus protease inhibitors (25-fofd difutions At sunous tmes. we
centnfuged aliquots of the samnies, removed the supernatant and cluted bound
proteins with butter I contaming 300 mM ainndazole or with 2« gel sample butfer

RESULTS

Characterization of a His,-RbI2p—f3-tubulin complex formed
in vive. Previous work demonstrated that Rbl2p can form a
complex with B-tubulin but not a-tubulin in vivo. demonstrat-
ing the cxistence of a second pool of B-tubulin in the cell in
addition to that of the o/B-tubulin heterodimer (1). We orig-
inally isolated this complex by immunoprecipitation with anti-
B-tubulin or anti-Rbl2p antibodics. However. this isolation
method has drawbacks. First. the monoclonal anti-a-tubulin
antibody has only a modest level of attinitv. so the immuno-
precipitates are somewhat unstable. Sccond. on SDS-polvacryl-
amide gels, the sizes of the tubulin polypeptides are similar to
those of the immunoglobulin G heavy chains, which are abun-
dant in the precipitate and interfere with analvses.

To avoid these problems in analyses of the RbI2p—B-tubulin
complex. we constructed a version of the RBL2 gene encoding
a form of the protein with six histidines at its carboxy terminus.
By scveral criteria, this modified form of RbI2p has the same
activitics as does the unmodified form.

First, overexpressed His,-Rbl2p suppresses the lethality as-
sociated with overexpression of -tubulin with an efficiency of
49%. under conditions where only 0.017% of cells containing
the YCpGAL control plasmid survive. This value is only slight-
ly less than the 70% efficiency achicved with unmodified Rbl2p

(n).
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FIG 1 The His,-Rbi2p-8-tubulin complex formed in vivo 1s devoid of a-tu-
bulin LTY29Z cells carnving a plasmid-borne gene specifying His,,-Rbl2p under
control of the AL promoter were grown tor 2 h in medium containing raffinose
(umnduced) or galactose (induced). The His,-Rbi2p was separated from extracts
hy using Ni-NTA beads The whole-ceil extracts (W C.E.) and bound proteins
were analvzed by immunoblotting for 8-tubulin. a-tubuhin. and Rbi2p as shown.
The bottom film was exposed six times longer than the top two. The presence of
B-tubulin in the bound proteins requited expression of His,-Rbi2p, but no
a-tububin was detected i the bound proteins under either condition.

Rbi2p

Second. like RbI2p. His,-RbI2p overexpression confers re-
sistance to the microtubule-depolymerizing drug benomyl.

Third. protein binding to His-Rbl2p is similar to that of
unmodified Rbi2p. We mixed extracts of cells that inducibly
overexpress His,-RblZp with Ni-NTA beads (see Materials and
Methods). B-Tubulin binding to the beads strictly depended
upon His,-Rbl2p expression (Fig. 1). This complex, like the
one previously characterized by immunoprecipitation. contains
no detectable a-tubulin.

The level of RbI2p-B-tubulin complex increases when both
of its components are co-overexpressed (data not shown), al-
though we detected no increase in RbI2p levels when B-tubulin
alone was overexpressed. Analysis of extracts from the co-over-
expressing strains by gel filtration identitied a peak containing
B-tubulin and Rbi2p which cluted at an apparent molecular
mass of ~60 kDa (3a). consistent with the finding by Melki and
colleagues that cofactor A and B-tubulin form a 1:1 hetero-
dimer (14). As shown in Fig. 2 below. we also detected this
complex in extracts of wild-type cells. but the level of the
complex was extremely low. To estimate the relative sizes of
the two pools. we used immunoprecipitation to measure the
proportion of the cellular B-tubulin not associated with a-tu-
bulin. The anti-a-tubulin antibody was covalently attached to
beads and was incubated with wild-type extract. Under condi-
tions where that antibody leaves ~1%% of the total a-tubulin in
the supernatant. we found that <2% of the B-tubulin also
remained. We can therefore place a limit on the proportion of
B-tubulin associated with Rbi2p as being no greater than 2% of
the total B-tubulin.

Ordering the formation of Rbi2p—B-tubulin complex and
a/B-tubulin heterodimer in vivo. To order the formation of
these two B-tubulin complexes with respect to one another. we
constructed veast strains that would allow us to monitor the
compartmentalization of newly synthesized B-tubulin relative
to that of the steady-state pool. In FSY820 cells, the only
source of Rbl2p is a low-copy-number plasmid that constitu-
tively expresses His,-Rbi2p under the control of the RBL2
promoter. On the chromosome the constitutively expressed
B-tubulin gene is wild-type TUB2. An inducibly expressed B-tu-
bulin gene. rub2-590. is on a second plasmid under control of
the GAL promoter. The product of that gene. Tub2-590p, is a
fully functional B-tubulin protein. Because it lacks the carboxy-
terminal 12 amino acids, we could distinguish between the
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e Distnbution of B-tubuhin between the RbIZp and a-tububin pools in FSY 820 cells is shown. (A)

Immunaoblots of whole-cell extracts (W € 1 ). st o tebutn immunopreapitates (1 P ). and protains bound to His,-RbIZp cither at steady state (s.s.) or after a brief
(galactose tor 10 min tollowed by glucose tor 60 mary aduction ot Tub2-5%p (pulse) are shown The blots were probed with annbodies specific for cither wild-type
Tuh2p (206) or the taster-migrating Tub2 X o3 Sampic volumies and exposure times were adjusted to give detectable signals trom all fractions. (B) Analysis ot

the data shown in panel A The ratios represant ooy

s orettons of the iduced B-tubulin (Tub2-590p) relative o the constitutne B-tubulin (Tub2p) present as the

e B-tubulin heterodimer or associated with RMp tare dnducad cedis (steady state) and after a bricf induction ot Tub2-5%0p expression (pulse).

B-tubulin proteins by using o antibodics 1200 and 339) that
hind spectfically to the wild-type and truncated torms, respec-
uvely (11). In addition. Tub2-390p nuzrates taster on SDS-
polvacrvlamide gels than the wild-tvpe Tub2p

To cxamine the partitioming ot pewh santhesized B-tubulin,
a culture of FSY820 cells grown in rathnose was exposed 10
galactose for 10 min and then to glucose tor an additional 10
min. We fracuonated extracts ot these cetls with anti-a-tubulin
antibodies to isolate the o B-tubulin heterodimers and with
NI-NTA beads to bind the Hisg-RbI2p-B-tubulin complexes.
As a steady-state control. an identical culture of ratlinose-
grown FSY820 cells was shifted to glucose tor 20 min. The
distributions of the two B-tubulin proteins in whole-cell ex-
tracts and in the two fractions were assaved by SDS-polvacryl-
amide gel electrophoresis followed by immunoblotting,

Results from a representative experiment are shown in Fig.
2A. The different fractions are represented by sery different
exposures because they are so different in ubundiance. Some
Tub2-590p. the induced B-tubulin proten. s detectable n the
steady-state cell extracts because the ({1, promaoter is weakly
expressed in raffinose medium.

To monitor the newly synthesized B-tubulin, we recovered
the fractions associated with «-tubulin and with Rbi2p and
normalized the recoveries using the consututively expressed
Tub2p. Figure 2B presents an analyvsts ot the results shown in
Fig. 2A. The short exposure to gafactose increased the level of
Tub2-5390p approximately fourtold. while the levels of wild-
tvpe B-tubulin were unaffected. The ratuo of Tub2-590p to
Tub2p associated with RbI2p increased about 5 4-fold after the
induction. In contrast. the ratio for the two $-tubulin proteins
present as a/B-tubulin heterodimer increased only about 1.6-
fold.

This difference in partitioning ot pewly svnthesized B-tubulin

1s not the consequence of a subtle diffcrence in the proper-
ties of the two proteins. We repeated this experiment using
FSY821 cells. in which the constitutive and inducible B-tubulin
genes are switched. In this experiment. the levels of the induc-
ible Tub2p increased sixfold after the same induction protocol.
After the induction, the relative proportion of this newly syn-
thesized B-tubulin protein to the constitutive Tub2-590p was
10-fold higher in the Rbl2p pool but only about 1.5-fold higher
in the asB-tubulin heterodimer (data not shown).

These data demonstrate that newly synthesized B-tubulin
can bind to Rbl2p before it incorporates into a/B-tubulin. If
the opposite were true. i.c.. if -tubulin could bind to Rbl2p
only after it had been in heterodimer. we would not detect any
enrichment for the induced protein in the Rbl2p pool. since
the heterodimer pool is at least 50-fold larger than the Rbl2p
pool. It is important to note, however. that this result does not
demonstrate that this order is obligatory (see Discussion).

Formation of Rbi2p-$-tubulir in vitro. To determine if
RbI2p could bind only to newly synthesized B-tubulin or if
instead it could bind to B-tubulin that had previously been in
a/B-tubulin heterodimers. we used an in vitro assay. We ex-
pressed His,-RbI2p in E. coli and incubated it with extracts of
wild-tvpe veast cells and then assaved for bound proteins by
using Ni-NTA beads. We found that Rbl2p bound B-tubulin in
a time-dependent fashion (Fig. 3). Like the complex formed in
vivo, this in vitro complex contained only a trace amount of
a-tubulin. which amount did not increase with time. Therefore.
it is likely that the a-tubulin detected represents adventitious
binding.

The time course demonstrates a linear rate of association
between RbI2p and B-tubulin for at least 4 h. Extrapolated
back to zero time. the kinetics give evidence for a small but
reproducible initial burst of complex formation. One interpre-
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tation of this biphasic time course 1s that it represents reaction
with two distinct 1in vitro pools ot 3-tubuhin. The low rate at
which the majoriny ot the compley forms may represent o
rate-determuming release of tree 3-tubuhn trom the hetero-
dimer. by far the predominant population o1 tubuhin in the
extract. The mmtial burst could represent the ditfusion-con-
trolled reaction ot a small cquilibrium population of undimer-
1z¢d B-tubuhin in the yeast extracts. which shouid bind to Rbl2p
at the diffusion-controlted hmit. The devel ot B-tubuhin that
reacts at this high rate fits well with our estimate ot the level of
B-tubulin not assoctated with a-tubulin i extracts (see above).

Thesce results suggest that RbIZp can interict with 8-tubulin
molecules that hin e previoustly been dimenized and hence com-
pletely folded. Conversely. the ability ot B-tubulin to bind o
Rbl2p in vitro 1 abohished by denaturation. We treated wild-
type veast protein extracts with 6 M guamdine hyvdrochlonde
and then diluted the protein into solutions contiming His, -
Rbi2p. Convenuonal chaperone binding and tolding assays
often make use of substrates that are denatured by treatment
with 6 M guanidine hyvdrochlonde. Relative 1o the control
reaction muxtures that were diluted but not exposed to denaturing
agent. the amount of B-tubulin bound to RbiZp was oniv barely
detectable (Fig, 43 In contrast. virtually nov bound a-tubulin
way detected in cnther the denatured or untreated samples.
Immunoblots of these samples with anti-RbI2p demonstrated
that the amounts of Rbi2p bound to beads were the same in
the treated and untreated samples. This result s consistent
with the failure of B-tubulin denatured in this tashion to bind
the murine Rb12p homolog. cofactor AL in the in vitro wstem
(7. 8.

Stability of the Rbi2p-f-tubulin complex. The in vitro ex-
perniment deseribed above suggests that B-tububin can transfer
from «a-tubulin to RbI2p. The in vivo experiment suggests that
B-tubulin can interact with RbI2p betore 1t interacts with a-tu-
bulin. A crucial issuc for understanding RbIZp tunction s how
these two complexes of B-tubulin compare to one another.
Accordingly. we measured their stabilities in vitro,

We isolated the His,-RbI2p-g-tubulin compleny from ex-
tracts of yeast cells that overproduce both proteins and then
measured the dissociation of the complex by monitoring the
loss of B-tubulin from the Ni-NTA beads (sce Maternials and
Methods). Under the conditions ot this experniment. the His, -
RbI2p protein does not dissociate trom the beads. As shown in
Fig. 5. the RbI2p-B-tubulin complex dissociates exponentially
through about wo half-lives. These results are consistent with
a simple dissocauon reaction with a halt-hife ot about 2.5 h,
corresponding to a dissociation rate constant. A, ot 8 < 10 °

i
S .

The stability of this complex should be compared to that of
the «,B-tubulin heterodimer with which 1t can nteract. The
cqutlibrium dissociation constant for that heterodimer 1s re-
ported to be -8 < 10 7 M (4). We cannot measure the com-
parable constant for the Rbl2p~B-tubulin compiex. cither di-
rectly or indirectly (by measuring tts association rate constant),
since we do not have a source ot native monomeric B-tubuhin,
However, the bimolecular association constants tor molecules
of similar s1zes are on the order ot 107 to VM "¢ P (9). It
we choose the conservative value ot 10° M "¢ ' the RbI2p-
B-tubulin complex would have a K, of 10 "', That value
would make the Rbl2p-B-tubulin complex significantly more
stable than the a B-tubulin heterodimer. To compare the sta-
bilitics of the complexes more directly by sinutar assavs, we
prepared a:f3-tubulin heterodimer trom cells expressing His,,-
Tub2p (sec Materials and Methods). We isolated this complex
on Ni-NTA beads and then monitored 1ts dissociation by as-
saving for loss of the a-tubulin polypeptide. The rate of a-tu-
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FIG 3 Formanon ot His -RbI2p-f-tubulin compley in sitro Bactenal ex-
tract contaming His,-RbI2p was incubated with wild-tvpe veast cell extracts at
4 C At vanous umes. an abiquot was removed and added to Ni-NT A beads for
15 min The beads were washed. and the bound proteins were assaved by elution
tollowed v immunoblotting wath anti-tubulin anttbodies. The data are reported
as pereent B-tubulin and a-tubulin bound as a function ot time

bulin loss from the beads is low. consistent with a half-life for
the heterodimer of about 10 h (Fig. 5). Therefore. by using
essentally the same method to assay the stabilities of the two
complexes, it can be concluded that the a/B-tubulin hetero-
dimer dissociates much more slowly than docs the Rbi2p-$3-
tubuhn complex.

DISCUSSION

That B-tubulin can interact specifically with a protein other
than «-tubulin suggests several possible functions for such a
complex. The results presented above characterize the forma-
tion and properties of the Rbi2p-B-tubulin complex.

The results demonstrate that the formation in vitro of the
Rbl2p-B-tubulin complex is dependent upon the conformation
of B-tubulin. Although there may be conformational alter-
ations of B-tubulin prior or subsequent to binding Rbi2p. the
form of B-tubulin that binds RbI2p is at least in equilibrium

WCE - +

B-tubulin ¢pPr—
o-tubulin ¢

FIG. 4 Rbi2p does not hind to denatured B-tububin, Extracts trom wild-tvpe
ceils (W C E ) were incubated either with control buffer (=) or with 6 M gua-
mdine hvdrochloride (+) tor 5 mun. diduted 100-told. and then incubated with
His-REAZp plus Ni-NTA beads. The specitically bound proteins were cluted
from the heads and assaved tor the presence ot both B-tubulin and a-tubulin by
immunoblotting The binding of B-tubulin to Rbi2p wis essentiallv abolished by
the pretncubation with denaturing agent. No bound a-tubulin was detected
under either condition
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with the form that binds «-tubulin Dt canthe imyno and in
virro complexes are essentrally devesd or o tubuhn argues that
RbIZp competes with a-tubulin tor tindie s w B-tubuling per-
haps because both ligands bind to siantae <ies on B-tubulin,
These characteristics of the Rb2p-i-tabuiin compiex are con-
sistent with the comparable etficienacs <o RBIZp and a-tubuhlin
in rescuing cells from B-tubulm lethalite I cedl extracts, it s
clear that much more B-tubulin v assocated with a-tubuhn
than with Rbi2p. reflecting not only 1clatne stabilities but also
the hikelthood that there 1s much kess RbiZo than a-tubulin in
wild-tspe cells. We note that the overproauction ot Rbi2p s
modestly toxie (1), a phenotype that mas be explained by the
ability of high levels to compete successtuliy with a-tubulin and
S0 to sequester B-tubulin.

Two results are consistent with o 1ode tor Rbl2p n the
pathway leading to heterodimer tormanion iest. the in vitro
data suggest that the a/B-tubulin heterodimer s more stable
than the RbI2p-f-tubulin complex. OF course this comparison
15 of dissociation rates that need not retlect conditions in vivo.,
For example. that the tubulin heterodimer can have an alter-
native fate to dissociation. 1.e.. polvmernization, may affect 1ts
apparent stabihty in the cyvioplasm In addition. there may be
cffectors that modify the stabihity of cither B-rubulin complex.
Sceond. the pulse induction expenment shows that -tubulin
can mteract with RbI2p before it imteracs with a-tubulin. This
result as consistent with the interactions in atro reported for
the retolding ot completely denatured 3 tbulin (21, which
suggest that the murine homolog of Rbi2p, cotactor A, hinds
B-tubulin shortly after ity release trom the Tep-l complex.
However. at steady state the amount of a-tabubin avarlable for
dimerization with the newly svnthesized matenat may be lim-
iing. Under that circumstance. the induced B-tubulin may be
torced into association with uncomptened Rbi2p. Theretore.
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this experiment does not permit us to conclude that this se-
quence of formation of the two B-tubulin complexes is oblig-
atory or that B-tubuhn ordinarily passes through the Rbl2p
complex as part of dimer formation. The experiment does
establish that RbI2p mav be on the pathway of heterodimer
formation tor newly synthesized B-tubulin.

Thesce results do encourage further comparisons with the in
vitro assav for Rbi2p cofactor A in heterodimer formation. We
show here that RbI2p can bind to B-tubulin that has been in the
a/B-tubulin heterodimer. In contrast. Gao et al. originally re-
ported that B-tubulin bound to cofactor A fails to exchange
into exogenous heterodimer in the in vitro reaction (7). That
result could mean that the formation of RbI2p~3-tubulin from
tubulin heterodimer 1s not reversible. Alternatively. the inabil-
ity to detect this exchange reaction may reflect the slow disso-
claton of B-tubulin from the RbI2p complex relative to the
length of the in vitro assayv. [t may also reflect the fact that the
level of a-tubulin avalable to bind the released B-tubulin in
that assay may be very low. limited by the rate of dissociation
from the heterodimer.

What might RbI2p do n cells? We can consider here two
possible roles. First. the demonstration that Rbl2p—8-tubulin
can form from newly synthesized protein. before that B-tubulin
15 ncorporated into heterodimer. demonstrates that Rbl2p
mav participate as a scaffolding protein for g-tubulin in the
assembly of the tubulin heterodimer. If so. it obviously does
not define the sole pathway for formation of this essential
protemn. since RBL2 1« uself not essential in wild-type cells.
Alternatively. Rbi2p could serve as a buffer to sequester free
B-tubulin. Even modest excesses of B-tubulin are deleterious to
the cell. For example. strains deleted for the TUB3 gene. and
so lacking about 137 ot their normal a-tubulin complement.
show distinct microtubule phenotypes (17). which are com-
pletely suppressed by an extra copy of RBL2 under control of
its own promoter (1). Experimentally. the extreme toxicity of
B-tubulin 1s best remedied by two proteins that bind to it
specifically. a-tubulin and RbI2p. The cell could find an advan-
tage in using Rbl2p rather than excess a-tubulin in this role.
Increased levels of a-tubulin would have the consequence of
changing the level of heterodimer. which in turn could affect
the balanced dynanucs hikely to be an important part of suc-
cesstul microtubule function.

In some geneue backgrounds. including those carrying mu-
tations in «-tubulin genes. RBL2 function ts essential (1). De-
tarled analvsis of these situations may provide more insight
both into Rbl2p function and into cellular mechanisms for
regulating tubulin assembly.

ACKNOWLEDGMENTS

We thank R. Wilhams (Vanderbilt Universuty)y and M. Caplow (Uni-
versity of North Carohina) tfor discussions of heterodimer dissociation
and the members of our {aboratory for entical contributions.

JE.A. was supported in part by an NSF predoctoral fellowship.
L.R.V was supported in part by a predoctoral fellowship from HHMI
This work was supported by a grant from the NIH to F.S.

REFERENCES
1 Archer. J. E.. L. R. Vega. and F. Solomon. 1905 RbI2p. a veast protemn that
hinds to B-tubulin and participates m microtubule tunction i vive Cell 82:
42544
Campo, R.. A, Fontalba, L. Sanchez and J. Zabala. 1994 A 14kDa release
tactor 1s imolved 1in GTP-dependent heta-tubulin tolding. FEBS Lett 353:
162-166
2 Chen, \.. D. Sullivan, and T, Huffaker. 1993 Two vcast genes with similaruy
to FCP-1 are required tor mucrotubule and actin tunction myno Proc Natl
Acad Scr USA 9191 11-0115
3a Compton, K.. and F. Solomon. Unpublished results
4 Detrich, H. W.. and R. (. Williams. 1978 Reveruble dissociation ot the

-



1762

»

>

1N

. Lewis. V., G. Hynes, D. Zheng. H. Sathil. and K. Willisoa. J902

ARCHER ET AL

alpha-beta dimer ol tubulin trom bovine bram Brochenusine 17:3900-3907
Frydman, J.. and F. Hartl. 1990 Principies of Juaperone-assisted protemn
folding  difterences between in viro and a0 vino medhamsm Scienee 272:
1497-1502

Frvdman. J.. E. Nimmesgern. H. Erdjument-Bromage. J. Wall. P. Tempst.
and F.-L. Hartl. 1992 Function in protan tolding ot TRiC o avtosolic ring
compley contamming TCP-1 and strudturally ralated supunus EMBO S L
47674778

Gao. Y., R. Melki, P. Walden. 5. Lewis, C. Ampe. H. Rommelaere. J. Vande-
herckhove. and N. Cowan. 1994\ noscd cochaporonm that moaulates the
ATPase activity of avtoplasmuc chaperomn €l 123980 -09n

Gao, Y.. L. Vainberg, R. Chow. and \. Cowan, , "3
vtoplasmic chaperonsm are required tor the teldime o a-and 8 turuling Mol
Cell Biol 13:2178-2485

Halford. S. E.. and N. P. Johnson. 1953
restriction endonuclease Biochem ) 211405 442

Hoyt. ML T, Stearns, and D. Botstemn. | 7+ ( hiromosome instability mutants
ot Succharomces cerevistae that are datectne i microtubulc-micesdted pro-
cesses Mol Cell Biol, 10:223-232

Katz. W.. and F. Solomon. (95N Docran anong § tubuline

termunal domain of yveast B-tubulin s not ossential invivo Mol Cedl Biol
8:2730-2736

fwo cotactors and

Ningle turnosers of the EcoRlE

4 carboxv-

I-complex
polspepude-1 s a subumit of the hotcromane punde m the Cukanotic
avtosol Nature 358:240-252

Magendantz. M., M. Henry. . Lander. and b, Solomon. 1995 inter-domam
mteractons of radian i saro 5 Biol Chom 2700230429327

Melki. R.. H. Rommelaere. R. Leguy. J. Vandeherchhove, and C. \mpe. 1996
Cofactor A\ v a molecular chaperone raamrcd tor bota-tubuiin tolding
tunctional and structural characierization Hiodhonusin 331042210435
Miklos, D.. 5. Caplan, D. Mertens. G. Hyvnes, /. Paitluh. Y. Rashi, K. Har-
rison-Lavoie, 5. Stevenson, C. Brown, B. Barreil. A\, Horwich, and K. Willi-
son. 1994 Primany structure and tunciion of o scoond ossential member ot

I

1

20

MotL. CeLL. BioL.

the heterooligomene TCPL chaperomn complex of yeast. TCP1 beta. Proc.
Natl Acad. Se1 USA 91:2743-2747

Schatz. P.. F. Solomon, and D. Botstein. Y88 lsolation and characterization
ot conditonal-lethal mutation in the TUBI a-tubuhin gene ot the veast
Saccharomyces cerevisiae Geneties 120:681-693

Schatz. P. J.. F. Solomon, and D. Botstein. 1986 Geneucally essential and
nonessential a-tubulin genes specitv tunctionally interchangeabie proteins,
Mot Cell Biol 6:3722-3733

. Sherman, F.. G. Fink, and J. Hicks. [Ysh Laboratory course manual tor

methods i yeast geneties. Cold Spring Harbor Laboratons. Cold Spring
Harbor. NY

Solomon, F.. L. Conneil. D). Kirkpatrich. V. Praitis, and B. Weinstein. 1992,
Methods tor studving the veast cvtoskeleton p 197-2220 In K. Carraway and
C Carraway (cd ). The cvtosheleton Oxtord University Press, Oxford.
United Kingdom

Stearns, F., M. Hoyt. and D. Botstein. 1990 Ycastl mutanis sensitive to
antimicrotubule drugs define three genes that affect microtunule funcuon.
Geneties 124:251-262,

Tian, G.. Y. Huang, H. Rommelaere. J. Vandekerckhove, C. Ampe, and N.
Cowan. 1996 Pathway leading to correctiy tolded 3-tubuhin. Cell 86:287-296
Ursic. D.. and M. Culbertson. 1991 The yeast homolog to mouse Tep-/
aftects microtubule-mediated processes Mol Cell. Biol. 11:2629-2640.

. Ursic, D.. J. Sedbrook. K. Himmel. and M. Culbertson. 1994 The essential

veast Tepl protemn affects actin and microtubules. Mol Biol. Cell 5:1065-
1080

Vinh. D.. and D. Drubin. 1994 A scast TCP-1-hike protein s required for
actin tunction 1o Proc Natl Acad Sa USA 91:9116-9120.
Weinstein, B., and F. Solomon. 1990 Phenotvpic consequences of tubulin
overproduction in Sdaccharemyees cerev e ditferences between alpha-tubu-
lin and beta-tubuling Mol Cell Biol 10:3293-5304

Yaffe. M., ;. Farr, D. Miklos, A. Horwich. M. Sternlicht, and H. Sternlich.
1992 TCP-1 compley s a molecular chaperone in tubulin brogenesis Nature
358:245-248



Molecular Biology of the Cell
Vol. 9, 2349-2360, September 1998

An a-Tubulin Mutant Destabilizes the Heterodimer:
Phenotypic Consequences and Interactions with
Tubulin-binding Proteins

Leticia R. Vega, James Fleming, and Frank Solomon*

Department of Biology and Center for Cancer Research, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139

Submitted March 25, 1998; Accepted June 12, 199
Monitoring Editor: Tim Stearns

Many effectors of microtubule assembly in vitro enhance the polymerization of subunits.
However, several Saccharomyces cerevisiae genes that affect cellular microtubule-depen-
dent processes appear to act at other steps in assembly and to affect polymerization only
indirectly. Here we use a mutant a-tubulin to probe cellular regulation of microtubule
assembly. tub1-724 mutant cells arrest at low temperature with no assembled microtu-
bules. The results of several assays reported here demonstrate that the heterodimer
formed between Tub1-724p and B-tubulin is less stable than wild-type heterodimer. The
unstable heterodimer explains several conditional phenotypes conferred by the mutation.
These include the lethality ot tubl-724 haploid cells when the B-tubulin-binding protein
Rbi2p is either overexpressed or absent. It also explains why the TUB1/tub1-724 heterozy-
gotes are cold sensitive for growth and why overexpression of Rbl2p rescues that
conditional lethality. Both haploid and heterozygous tubl-724 cells are inviable when
another microtubule effector, PAC2, is overexpressed. These effects are explained by the
ability of Pac2p to bind «-tubulin, a complex we demonstrate directly. The results
suggest that tubulin-binding proteins can participate in equilibria between the het-

erodimer and its components.

INTRODUCTION

Microtubules participate in a variety of specific func-
tions crucial for morphological differentiation, cell
growth, and cell movement. The diversity of these
functions requires that microtubules assemble into
quite different structures even within the same cell.
Many of those structures are dynamic. allowing them
to disassemble rapidly and thus provide the compo-
nents necessary to form another microtubule or-
ganelle. Possible mechanisms for regulation of these
processes can be envisioned at several levels: primary
sequences of tubulin genes (Joshi and Cleveland, 1989;
Hoyle and Raff, 1990), message stability (Pachter et al.,
1987), folding and dimerization of the protein sub-
units (Ursic and Culbertson, 1991; Chen ¢t al., 1994),
properties of the polymer (Mitchison and Kirschner,
1984; Saxton et al., 1984), and the interaction of the

r
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polymer with non-tubulin proteins (Caceres and Ko-
sik, 1990; Dinsmore and Solomon, 1991).

Recently, several diverse experimental approaches
have identified proteins that may participate in tubu-
lin heterodimer formation. In vitro assays for proper
folding of denatured a- and B-tubulins require several
protein cofactors that transiently interact with the in-
dividual polypeptide chains (Melki et al., 1996; Tian et
al., 1996, 1997). These complexes of tubulin polypep-
tides with cofactors may be intermediates that form
between release of tubulin polypeptide from the
TCP1-containing ring complex and its incorporation
into preexisting heterodimers by exchange. In at least
some cases, those polypeptides form binary or higher-
order complexes with the tubulins that are stable
enough to be isolated but are still reactive (Tian et al.,
1997).

Homologues of these cofactors (except cofactor C)
are identified by diverse screens for mutations that
affect microtubule processes in budding yeast. The
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processes affected include sensitivity to microtubule-
depolvmerizing drugs (Stearns ¢t ai., 1990), fidelity of
mitotic chromosome transmission (Hovt ¢t al., 1990),
response to overexpression of B-tubulin (Archer ¢t al.,
1995), and interactions with mitotic motors (Geiser ¢t
al., 1997). Although most of these cotactors are essen-
tial for the in vitro assay, none of their Saccharomyces
cerevisiae homologues are essential for viability. There-
fore, they may participate in the folding and het-
erodimerization of tubulin poiypeptides, but there
must be pathways that do not depend on them.

The genetic data alluded to above suggest that there
may be multiple steps in tubulin assembly subject to
cellular control. Analysis of tubulin mutants can pro-
vide access to those steps. A panel of o-tubulin
mutants cold sensitive for growth arrest at their re-
strictive temperature with diverse microtubule pheno-
types (Schatz et al., 1988). Some of the mutants arrest
with no microtubules (class 1), some with a normal
complement of microtubules (class 2), and the rest
with an apparent excess of microtubules (class 3). This
variability suggests that the conditional defects in
these mutant a-tubulin proteins can affect different
aspects of microtubule assembly and function. Certain
of these mutations are suppressed by specific muta-
tions in B-tubulin (Schatz ¢t al., 1988) and others by
extra copies of the mitotic check point BUB genes
(Guénette ¢t al., 1995) or by veast homologues of the
mammalian checkpomt gene RCC1? (Kirkpatrick and
Solomon, 1994). However, there 1s too little structure-
function information for tubulin to permit an under-
standing of the phenotype in terms of the tubulin
mutation itself.

Another distinction among the (bl mutants is un-
covered when they are assaved in the presence of
varving Rbi2p levels. RbI2p binds 3 tubulin to form a
1:1 complex (Melki ¢t al., 1996; Archer ot al., 1998).
Rbi2p binding to B-tubulin excludes a-tubulin binding
to B-tubulin. Four class 1 «- ‘tubulin mutants are svn-
thetically lethal with deletion of rbl2. Two of those are
also svnthetlcallv lethal with overexpression of RBL2,
but several other class 1, 2, or 3 mutants show no such
interactions (Archer ¢f al., 1995).

The present study analyzes and evploits the prop-
erties of one of those two mutants. The tubl-724 mu-
tation fails to support growth at 18°C and only par-
tially supports growth at 25°C but grows as well as
wild-type cells at 30°C (Schatz ¢t al., 1988; sce Figure
5). The lethality and loss of microtubules at the non-
permissive temperature is not a consequence of deg-
radation of a-tubulin; the steadv-state a-tubulin levels
in these cells is the same as that in an isogenic wild-
tvpe control (our unpublished resuits). Upon induc-
tion of GAL-RBL2, tubl1-724 cells at permissive temper-
ature rapidlv lose assembled microtubule structures,
and within 20 h <0.1% of the cells are viable (Archer
et al., 1995).
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The data presented here demonstrate that tubulin
heterodimer containing this mutant a-tubulin protein
is less stable than the wild-type heterodimer. We use
this property to analyze interactions between fub1-724
and altered levels of two of the cofactor homologues
mentioned above. The results provide a structure—
function correlation for tubulin as well as insight into
the cellular activities of the g-tubulin-binding protein
Rbi2p and the putative a-tubulin-binding protein
Pac2p.

MATERIALS AND METHODS

Strains, Plasmids, and Media

All yeast strains are derivatives of FSY185 (Weinstein and Solomon,
1990) with the exception of the tubl mutants (Schatz et al., 1988)
(Table 1). We used standard methods for veast manipulations (Sher-
man ¢t al , 1986; Solomon ¢t al., 1992).

Viability Measurements and Immunofluoresence

LTY374, LTY8, LTY376, and LTY11 were grown overnight in SC-
Ura-Leu raffinose media. Log phase cells were then induced with
2% galactose, and at various time points aliquots of cells were taken
and counted using a haemocytometer. Known numbers of cells
were then plated to SC-Ura glucose plates. Cell viability was mea-
sured as the percent of counted cells able to form colonies on the
SC-Ura glucose plates. At various time points cells were fixed for
immunofluorescence in 3.7% formaldehvde. Anti-B-tubulin staining
was done with #206 (Bond ¢t al., 1986) at 1.2000 in PBS containing
0.1% BSA.

Phenotypes of TUB1 or tub1-724 Heterozygous
Diploids

Atubl, Atub3 strains containing tub1-724 or TUB1 gene on LEU2:CEN
plasmids were crossed to FSY183 (wild tvpe) containing YCpGAL,
pPA45, or pAS5. The diploid strains were grown to saturation over-
night in SC-Ura-lLeu-His glucose hquid media. The saturated cul-
tures were seriallv diluted in 96-well dishes and spotted onto SC-
Ura glucose and SC-Ura galactose plates.

Rescue of JAY47

IAY47 (Archer ot al., 1995) was transformed with genomic CEN.
UURA3 plasmuds containing TUBI, tubl alleles or with CEN:URA3:
RBL2. Cells were plated to SC-Leu-Ura glucose plates at 30°C and to
5C-Leu-Ura galactose plates 30, 18, and 15°C. The number of colo-
nies on galactose relative to glucose was measured.

DNA Sequencing

DNA sequencing was performed using modified T7 DNA polymer-
ase Sequenase with the dideoxy chain termination method (United
States Biochemucal, Cleveland, OH).

Immune Techniques

Immunoblots. Standard procedures were used (Solomon et al.,
1992) After gel electrophoresis and transfer to nitrocellulose mem-
branes, we blocked blots with TNT (0025 M Tris, 0.17 M NaCl,
0.05% Tween 20, pH 7.5) for 30-120 min. Primary antibodies were
incubated for >12 h at 1:3500 (#206 or #345; Weinstein and Solomon,
1990) or at 1:100 (#250; Archer ¢t al., 1995) and then washed five
times (5 min each) in TNT Bound antibodv was detected by '*°I-
protein A (New England Nuclear, Boston, MA) or (for 12CA5)
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135[-sheep anti-mouse immunoglobulin G (New England Nuclear).
Commercial preparations of anti-HA were used (Boehrninger Mann-
heim, Indianapolis, IN).

Immunoprecipitations. The procedure described previously (Ar-
cher et al. 1995) was used with shght moditications The monoclonal
antibodies A1BG7 (anti-a) and BIBE2 (anti-f3), rased agamnst the
carboxyl-terminal 12 amino acids ot Tublp and Tub2p, respectively,
were affixed to Affigei-10 beads (Bio-Rad. Hercules, CA)L Yeast
strains F5Y157 and FSY182 were grown up at 30 C. Total protein
was harvested by glass bead lvsis in I'ME (0 1 M piperazine-NN'-
bxs{Z-ethanesulfomc acid}, 2 mM EGTA. I mM magnesium chlonde,
pH 6.9) plus protease intubitors and was added to antibedy beads
for a 1-h incubation with rotation at 4 C \\ ¢ washed the beads eght
times with PME plus protease inhibitors Bound proteins were
eluted by boiling 1n SDS sample butter and resobved by SDS-PAGE
analysis.

Purification of Hisz-tagged Proteins

The Ni-NTA nickel slurry and column materials were from Qiagen
(Chatsworth, CA). We used protocols trom the Qragen handbook
and modifications of this protocol that have been previousiv de-
scribed (Magendantz ¢t al, 1995)

In Vivo Hisg-RbI2p-B-Tubulin \ssociation
Experiments

Yeast strains LTY291 and LTY292 are FSY 157 and FSYIS2 transtor-
mants with a CEN pGAL-RBL2-HIs_ (pGHRY We grew LTY291 and
LTY292 overmght at 30°C in selective media containing rattinose to
about 2 ¥ 10” cells per expenment CGalacteme (270) was added to
induce His,-RBL2 expression. Atter ¢ 1. and I h, protein was
harvested by glass bead lvsis in 1 ml ot PME buffer plus protease
mhibitors. We applied 0.85 ml of protein extract to 130 pl of Ni-NTA
beads. We washed and eluted the bound proteins as previouslv
described (Magendantz et al , 19951 Fluted proteins were subjected
to SDS-PAGE analysis and probed tor a-tubulin, g-tubuhn, and
Rbl2p and quantitated by densitometny

In Vivo HIS,-(HA)-Pac2p-a-Tubulin Association
Experiments

We grew veast strains LTYS539, [ TY 341, 1 1NV 439, and LTY 3440 over-
night 1n selective rattinose media at 30 C Gulactose (270) was added
to induce Pac2p-(HA)-His, and a-tubulin or s-tubuhin expression.
Cells (60~ 10%) were harvested bw glass bead [vsis per experiment
in 1.1 ml of PME buffer plus protease inhibitors We applhied 1 mi of
protein extract to 25 pl of Ni-NTA beads We washed and eluted the
bound proteins as previously descnibed (Magendants of af | 1995)
Eluted proteins were subjected to SDS-PAGE analveis and probed
for a-tubulin, B-tubulin, and HA(12C AR For Pac2p, the bead elu-
ants represent 120 times the load ot s hole-cell extract For o- and
B-tubuhin, the bead eluants represent 300 ttmes the load of whole-
cell evtract.

RESULTS

Characterization of Cold-sensitive tubl Mutants

The conditional loss of assembled microtubules in
class 1 a-tubulin mutants could anse from cold sensi-
tivity of any of several steps in microtubule morpho-
genesis. However, the synthetic lethality ot Tubl-724p
with both RbI2p deletion and overexpression suggests
that the mutant defect arises trom a weaker het-
erodimer (Figure 1). If the heterodimer tormed by the
Tub1-724p dissociates more readily than does wild-
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type heterodimer, the increase in free, undimerized
B-tubulin could be toxic in the absence of the B-tubulin
binding capacitv provided by Rbl2p. Conversely, an
excess of Rbl2p, which has only minor phenotypes in
a wild-tvpe cell, could compete effectively with the
mutant a-tubulin protein for B-tubulin and so dimin-
ish the level of tubulin subunits to cause loss of mi-
crotubules and cell death. The experiments described
below present tests of this model.

The only difference between the primary sequences
of TUBI and tubl-724 genes predicts substitution of
threonine for arginine at codon 106 {AGA becomes
ACA). Arginine-106 is a highly conserved residue
among a-tubulins. The possible significance of this
mutation for heterodimer stability is presented in DIS-
CUSSION.

Coimmunoprecipitation of a- and B-Tubulin from
Wild-Type and tub1-724 Mutant Cells

We assessed the stability of the wild-type and mutant
a-B heterodimers by coimmunoprecipitation. Extracts
from tubl-724 mutant cells (FSY157) and wild-type
cells (FSY182) grown at 30°C were incubated with
antibodies to either a-tubulin or B-tubulin coupled to
Affigel beads. The beads were washed extensively to
remove adventitiously adhering proteins, and specif-
icallv bound proteins were released by SDS. The tu-
bulin chains in the immunoprecipitates were analyzed
by immunoblotting (Figure 2). From extracts of wild-
tvpe cells, antibodies against each of the tubulin
polvpeptides coprecipitate the other chain with high
efficiency; the ratio of the tubulins in the coprecipitates
1s comparable to the original extracts. This result sug-
gests that under the conditions of tubulin immunopre-
cipitation, normal heterodimer largely remains intact.
From extracts of tubl-724 cells, however, the anti-
tubulin antibodies complex efficiently with the specific
tubulin chain against which they are directed but pre-
cipitate the other tubulin chain only poorly.

Because we recover only a small fraction of Tubl-
724p heterodimer by immunoprecipitation, we cannot
directly compare the stability of the mutant and wild-
type heterodimers. We previously established that at
least 98% of the B-tubulin in wild-type cells is in the
form of a-B heterodimer (Archer ¢t ai., 1998). Because
tubl-724 cells grow normally at 30°C, presumably
most of the tubulin in those cells is in heterodimer in
vivo. Thus, the dissociation of the heterodimer likely
occurs in the course of the immunoprecipitation itself,
which exposes the heterodimer to large dilutions at
low temperature (4°C). Under similar conditions, the
wild-type heterodimer has a half-life of ~10 h (Archer
et al., 1998).
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Table 1. Strains and plasmids

Reference

Strain/plasmid Genotype
Strains
FSY185 afe; ura3-52/ura3-52. leul-3.1124cu2-3.112. lus32200/his32200. lys2-801/lys2-801, ade2/ADE2  Weinstein and Solomon, 1990
FSY183 a; ura3-32; lew2-3.112, ls 33200, [u=2-301 Weinstein and Solomon, 1990
FSY157 a; ura3-52; leu2-3.112; hus32200 [y~2-301. Atubl::HIS3. Atub3::TRP1 [pRB624}] Schatz ¢t al., 1988
FSY182 a; ura3-32; leu2-3,112, us33200. {u=2-301: Mtubl::HIS3, Atub3::TRP1 [pRB539] Schatz et al., 1988
LTYS FSY157 plus YCpGAL Archer et al., 1995
LTY11 FSY182 plus YCpGAL This study
LTY291 FSY157 plus pGHR This study
LTY292 FSY182 plus pGHR This study
LTY374 FSY157 plus pPA45 This study
LTY376 FSY182 plus pPA45 This study
JAY47 afa, ura3-52fura3-32. leu2-3.1127cu2-3.112. 11s32200/1s33200. lys2-801/1ys2-801, Archer et al., 1995
ade2/ADE2, TUB2/TUB2-1.EU2-GAL-TUB2
LTY319 JAY47 plus YCp50 This study
LTY321 JAY47 plus A21A This study
LTY323 JAY47 plus pLV32 This study
LTY325 JAYA47 plus pA1A5106 This study
LTY338 JAY47 plus pLV30 This study
LTY340 JAY47 plus pLV38 This study
LTY343 JAY47 plus pLV36 This study
LTY345 JAY47 plus pLV37 This study
LTY392 a/a; ura3-52/ura3-52: lew2-3,112/1en2-3.112. lus33200/s32200; 1ys2-801/1ys2-801; This study
TUB1/Atubl::HIS3. TUB3/Atub3 TRP1. [pRB539, pA5]
LTY393 like LTY392 but with pPA45 rather than pAS5 This study
LTY395 like LTY392 but with YCpGAL rather than pA3 This study
LTY396 a/a; ura3-52/ura3-52, leu2-3.112lcu2-3.112. is3A200/mis37200; 1ys2-301/1ys2-801; This study
TUB1/Atubl::HIS3.TUB3/Atub3 TRPI. [pRB624, pPA45]
LTY397 like LTY396 but with pA35 rather than pA45 This study
LTY440 JAY47 plus YCpGAL This study
LTY439 JAY47 plus pLV56 This study
LTY399 like LTY396 but with YCpGAL rather than pA45 This study
LTY539 FSY183 plus pJA3 and pLV6e2 This study
LTY541 FSY183 plus pJA3 and pRS3IT This study
LTY540 FSY183 plus YCpGAL and pLVe2 This study
Plasmuds
YCp50 CEN-URA3 Kirkpatrick and Solomon, 1994
pAlA5106 TUBI-CEN-URA3 Kirkpatrick and Solomon, 1994
PA21A RBL2-CEN-URA3 Archer ¢t al., 1995

pAS GAL 1-10-RBL2-URA3

Archer et al., 1995
Archer et al., 1998

pGHR GAL 1-10-HIS,-RBL2 URA3

pRB624 tubl-724-CEN-LEUZ Schatz ¢t al., 1988
pRB539 TUBI-CEN-LEU2 ' Schatz et al., 1988
pPA45 GAL 1-10-PAC2-CEN-LIRA3 Alvarez et al., 1998
YCpGAL  GALI-10-CEN-URA3 Archer ¢t al., 1995
pLV30 tub1-704 in YCp50 This study

pt V32 tub1-724 in YCp50 This study

pLV36 tub1-737 in YCp50 This study

pLV37 tub1-747 in YCp50 This study

pLV38 tubl-714 in YCp50 This study

plV56 GAL 1-10-PAC2-HA-HIS - CEN-UIRA3 This study

pLV62 GAL1-10-PAC2-HA-HIS,.-CEN-1.Y S2 This study

pRS317 CEN-LYS2 Sikorski and Hieter, 1989

Formation of RbI2p-B-Tubulin Complex in Wild-
Type and tub1-724 Mutant Cells

Rbl2p is complexed with B-tubulin in vivo, and the
level of that complex increases as the cellular level of
Rbi2p increases (Archer et al., 1995, 1998). The model
presented in Figure 1 predicts that overexpressed
Rbi2p will form a complex with B-tubulin more
readily in tub1-724 cells than in wild-tvpe cells. To test
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that possibility, we introduced a plasmid encoding
His¢-Rbi2p under the control of the galactose pro-
moter into wild-type TUBI cells or tubl-724 mutant
cells. The transformants were grown at the permissive
temperature for the mutant in noninducing medium
and then were shifted to inducing medium containing
galactose for 1 or 2 h. We used nickel-agarose beads to
purify the His,-Rbi2p-B-tubulin complex. The bound
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SYNTHETIC LETHAL INTERACTIONS BETWEEN tub7-724 AND ALTERED LEVELS OF RBL2P

In wild type cells:

Rbi2p
af — a+ B

RBL2:

A——

in tub1-724 cells:

*
aP =>4 B ——

RBL2:

arbl2: B> ox+ B

Rbi2
GAL-FBL2: o' > a* + B -—&Rblz p-B

—

BOI2B Rbi2p B+ Brnes

Rbi2p B WILD TYFE

MODERATELY INCREASED [Blrree
BENOMYL SUPERSENSITIVITY

INCREASED [B]sreE
CH.L DEATH

DEPLETION OF HETERODMER
CELL DEATH

Figure 1. Synthetic lethal interactions between tubl-724 and altered levels of RbI2p: a model. Celis expressing tubl-724 as their sole source
of a-tubulin die when Rbl2p is either absent or overexpressed. Those relationships are explicable if the heterodimer formed by the Tub1-724p
(a*B) dissociates more readily than that formed by the wild-type Tublp (af). In the presence of a normal complement of RBL2, the mutant
cells would have a high concentration of free g-tubulin (B,..), which may be responsible for the conditional phenotypes of the mutant (e.g.,
benomyl supersensitivity). In the absence of RbI2p, the activity of B would increase to toxic levels. In contrast, an excess of RbI2p could
bind to B-tubulin and so enhance dissociation of the mutant heterodimer, promoting dissociation to levels below those necessary for viability.

proteins were eluted and analvzed by immunoblot-
ting with antibodies against «-tubulin, g-tubulin, or
RbI2p. As expected, the levels of His,-Rbl2p-B-tubulin
complex increase upon induction in both control and
mutant cells, but three- to fivefold more complex
forms in tub1-724 cells relative to wild type (Figure 3).
In these experiments, we ‘detect only a trace of a-tu-
bulin bound to the nickel columns, and its level does
not increase with time in galactose (Archer et al., 1998;
our unpublished results). This result suggests either
that Rbl2p competes more efficiently with Tub1-724p
than with wild-type a-tubulin for binding to B-tubulin
in vivo, or that there is a greater pool of free g-tubulin
available for binding to Rbl2p in the tub1-724 mutant
(see DISCUSSION). Either possibility is consistent
with Tub1-724p forming a less stable heterodimer
with B-tubulin than wild-type a-tubulin.

Rescue of B-Tubulin Lethality by Wild-Type and
Mutant a-Tubulins

An excess of either a-tubulin or Rbl2p rescues cells
from B-tubulin lethality (Archer ¢t al., 1995; Alvarez et
al., 1998); the rescue likely depends on the ability of
these two proteins to bind B-tubulin. Even a modest
excess of a-tubulin, expressed under the control of its
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own promoter from a low-copy plasmid, increases the
survival of cells overproducing B-tubulin by two to
three orders of magnitude. If Tub1-724p binds B-tu-
bulin with low affinity, we would expect it to rescue
B-tubulin lethality poorly. To test this hypothesis,
wild-type or mutant alleles of a-tubulin were intro-
duced into JAY47, a diploid strain with a normal
complement of tubulin genes plus a third, integrated
copy of the B-tubulin gene TUB2 under the control of
the galactose promoter. We measured the percent sur-
vivors on galactose relative to glucose at both the
permissive (30°C) and the nonpermissive (18°C) tem-
peratures (Table 2). Rescue of B-tubulin lethality by
tubl-724 is substantially less efficient (0.84%) than by
wild-type TUB 1 (15.4%). The efficiency of rescue is
further diminished at the nonpermissive temperature
for the mutant: at 18°C, tubl-724 rescues B-tubulin
lethality (0.06%) to essentially the same extent as the
negative control (0.03%). In contrast, four other mu-
tant a-tubulins rescue at levels comparable to that of
the wild type, and their efficiency is unaffected by the
temperature of growth. In fact, the activity of those
alleles persists even at 15°C (our unpublished results).
These results are consistent with the conclusion that
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tub1-724

TUB1

a- tubulin
423 SR
. Y o ipr
B - tubulin ’
Figure 2. a- and B-Tubulin coimmunoprecipitate with low effi-

aency from tubl-724 ceils. Immunoblots with anti-a-tubulin (top
row) and anti-B-tubulin (bottom row) ot whole-cell extracts (WCE)
and the precipitates with the two antibodies 1aIP and BIP) from
wild-tvpe TUBI or mutant tubl1-724 cells

Tub1-724p binds B-tubulin with lower affinity than
does wild type a-tubulin.

Cold Sensitivity of TUB1/tubl1-724 Heterozygotes
and Their Suppression by Excess Rbi2p

The tub1-724 phenotype is not completely suppressed
in a heterozygote with TUBI. A diploid strain contain-
ing only single chromosomal copies of TUBI and
TUB3 plus a low-copy plasmid expressing tub1-724 is
cold sensitive for growth at 18°C. In contrast, het-
erozygotes containing TUBI and other tubl mutants
show the same temperaturg sensitivity as do wild-
tvpe cells (our unpublished results). The conditional
growth of TUB1/tub1-724 heterozvgotes must reflect a
property of the mutant heterodimer, rather than a
deficiency in tubulin levels, because diploid cells with
only 50% of their wild-type complement of tubulin are
wild type for growth at low temperatures (Katz et al.,
1990).

We hypothesized that the cold sensitivity of these
TUB1/tubl-724 heterozygous cells is due to the free
B-tubulin produced by dissociation of the mutant het-
erodimer. Consistent with that explanation, the cold
sensitivity of the heterozygotes is substantially sup-
pressed by overexpression of RBL2 from the galactose
promoter (Figure 4). The presence of excess Rbl2p can
bind the free B-tubulin and so protect the cell from its
deleterious consequences. This result is in striking
contrast to the lethal effect of GAL-RBL? in cells ex-
pressing tubl-724 as their sole source of a-tubulin (see
aboze).
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Figure 3. The Rbl2p-B-tubulin complex in vivo is enhanced in
tub1-724 cells. Cells growing in raffinose (0 h) were induced with
galactose to express His,-Rbi2p for 1 or 2 h. His,-Rbl2p was isolated
by affinity chromatography of the whole-cell extracts, and the levels
of B-tubulin in the original extract and bound to RbI2p were assayed
by immunoblotting. The results are the averages of two indepen-
dent experiments for each strain and time point with the ranges
indicated by error bars. In both of these experiments, the wild-type
strain produced slightly more His,-Rbl2p upon induction (our un-
published results). Solid bars, TUBI cells; cross-hatched bars, tubl-
724 cells.

Overexpression of PAC2 in tubi-724 Cells

Pac2p is a candidate for an a-tubulin-binding protein
in yeast. It is the homologue of cofactor E in the in
vitro system described above. Cofactor E plays an
essential role in this assay: it is believed to bind to
a-tubulin after its release from the TCP1-containing

Table 2. Rescue of excess B-tubulin lethality by a-tubulin alleles

Plasmid 30°C 18°C
04 .03
RBL2 6.8 7.2
TUB1 12.0 154
tub1-724 84 .06
tubl1-704 109 189
~-714 14.0 20.0
~737 4.1 8.5
~747 11.8 21.0

JAYA47 cells, which contain an integrated GAL-TUB2 gene, carrying
the indicated a-tubulin alleles on plasmids were plated to media
containing either galactose or glucose and incubated at either 30 or
18°C. Rescue is reported as the percentage of cells that form colonies
on galactose plates compared with glucose plates.

Molecular Biology of the Cell
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Figure 4. Overexpression of RBL2 cuppresses TUBI/tubl-724 het-
crozvgous cells. Senal (fourfold) ditutions ot <aturated cultures
were plated to galactose-contaiming media and allowed to grow at
18°C. The cells were either wild-tvpe diplods or TUBT/tub1-724
cells, carrving either YCpGAI or CFN Gl RBI2

ring complex (Tian et al. 1997). This binary complex is
then thought to form a quaternary complex with co-
factor D and B-tubulin. The cofactor E-a-tubulin com-
plex is rather unstable and is detectable on native gels
only after it is stabilized by glutaraldehvde fixation.
The Schizosaccharomyces pombe homologue of cofac-
tor E is essential in vivo (Hirata ¢t al., 1998). In bud-
ding yeast PAC2 is not essential, but mutations in pac2
affect microtubule functions. pac2 mutations are super-
sensitive to benomyl (Hoyt ¢t al. 1997). It is required in
cells deleted for cin8, which encodes a kinesin-related
protein that participates in anaphace (Geiser et al.,
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1997), or deleted for pac10 (Alvarez et al., 1998), which
affects ratios of a-tubulin to B-tubulin (Alvarez et al.,
1998; Geissler et al., 1998).

If Pac2p is an a-tubulin-binding protein, we would
predict that at elevated levels it would be deleterious
to cells containing the unstable tub1-724 heterodimer.
As shown in Figure 5, induction of GAL-PAC2 in
haploid tub1-724 cells grown at permissive tempera-
ture (30°C) causes rapid loss of viability, down 10-fold
in ~3 h. In contrast, GAL-PAC2 has only a modest
effect on the viability of wild-type cells (Figure 5). In
that time, the induction of GAL-PAC2 causes microtu-
bule disassembly in the mutant but not in wild-type
cells; representative micrographs are shown in Figure
6. From such fields, we find that overexpression of
PAC2 increases the proportion of fubl-724 cells that
have no microtubules by 10-fold (53.2 vs. 5.4%) but
has no effect on wild-type cells (10.1% for both
strains).

Both phenotypes of elevated Pac2p levels on tubl-
724 haploid cells are the same as produced by elevated
levels of Rbi2p (Archer et al., 1995). Therefore, these
results could represent Pac2p binding to either B-tu-
bulin or a-tubulin. However, the effect of GAL-PAC2
expression in TUBT/tub1-724 heterozygotes does dis-
tinguish between these two possibilities. As shown in
Figure 7, overexpression of PAC2 in the heterozygotes
causes a significant loss of cell viability at the permis-
sive temperature. This result contrasts with that
shown in Figure 4 above, showing that overexpression
of RBL2 actually suppresses the phenotype of the
TUB1/tub1-724 heterozygotes.

These results are explicable if the Tub1-724p-B-tu-
bulin heterodimer is relatively unstable (Figure 1). The
increased levels of an a-tubulin-binding protein
might be expected to increase free S-tubulin to toxic
levels in both tubl-724 haploids and TUBI/tub1-724
heterozygotes. This outcome is in contrast to the effect
noted for excess RbI2p in the heterozvgotes, where the
increased capacity to bind B-tubulin would be ex-
pected to reduce its levels and so suppress the TUB1/
tub1-724 phenotypes. Taken together, these results
suggest that Pac2p can bind to a-tubulin in vivo and
so are consistent with the conclusion of the in vitro
experiments (Tian ¢t al., 1997).

Isolation of a Pac2p-a-Tubulin Complex

To demonstrate directlv a Pac2p-a-tubulin complex,
we used a form of Pac2p that contains the HA tag
followed by 6 histidines at its carboxyl terminus. This
modified allele is functionally indistinguishable from
wild type Pac2p in both Apac2 and tub1-724 cells (our
unpublished results). We can isolate a complex con-
taining a-tubulin and Pac2p-(HA)-His, from extracts
of cells overexpressing both proteins (Figure 8, lane ¢);
no B-tubulin is detected in this complex. We cannot
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SYNTHETIC EFFECTS OF PAC2p OVERPRODUCTION IN tub1-724 CELLS

TUBI (YCpGAL)

=8 (ubl-724 (YCpGAL)

—s TUBI(GAL-PAC2)

.
-
Adaaal

VIABLE CELLS (LOG)
=

Figure 5. Overexpressing
PAC2 is lethal in tubl-724
cells. tub1-724 (triangles) and
wild type (squares) containing
either control plasmid (open
symbols) or GAL-PAC2 (filled
symbols) cells growing at
30°C were shifted to galactose-
containing media at zero time,

tubl-724 (GAL-PAC2)

T T T T

o 3 8 9 12 18 1‘. 21
TIME IN GALACTOSE (HOURS)

.

.001

detect this complex unless both Pac2p and a-tubulin
are overexpressed. In contrast, overexpression of both
Pac2p and B-tubulin does not produce a complex be-
tween those two proteins (Figure 8. lane g). These
results support the conclusion that Pac2p can bind
a-tubulin in vivo. Overexpression ot Pac2p-(HA)-His,,
alone in tub1-724 cells does not produce measurable
levels of the Pac2p-a-tubulin complen (our unpub-
lished results).

v

DISCUSSION

A Tubulin Mutation That Affects Heterodimer
Stability
tub1-724 is one of a set of a-tubulin mutants generated
by chemical mutagenesis and selected on the basis of
their conditional growth at low temperature. Because
of the familiar cold lability of microtubules evident
both in vivo and in vitro, a reasonable prediction
might have been that mutants so selected would arrest
because their microtubules were especially cold labile
at temperatures permissive for wild-type cells. In-
stead, only a subset of the mutants arrest with no
microtubules; the others have at least normal comple-
ments of assembled tubulin.

Here we have characterized the properties of the
protein encoded by one of the mutants that arrest with
no microtubules, tub1-724. We previously showed that
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y and aliquots were taken at in-
tervals and scored for total
cells and viable cells.

cells expressing only this a-tubulin allele are dead
when Rbl2p is either overexpressed or absent. Because
Rbi2p is a B-tubulin-binding protein, we hypothe-
sized that these lethal interactions could reflect an
unstable heterodimer formed by Tub1-724p (Figure 1).
Several of the experiments presented above demon-
strate that the mutant heterodimer does act as if it
were unstable relative to wild type. The mutant het-
erodimer does not remain intact in vitro during im-
munoprecipitation. Similarly, in vivo the mutant het-
erodimer reacts more readily’ with excess Rbl2p to
produce Rbl2p-B-tubulin. An alternative measure of
Tub1-724p binding to B-tubulin is manifest in its in-
ability to rescue cells from B-tubulin overexpression
even at permissive temperature for the mutant (Table
2); success in that assay most likely depends on the
ability of the a-tubulin protein to bind B-tubulin.
These results indicate that Tub1-724p has a reduced
affinity for B-tubulin. However, the normal growth of
the mutant cells requires that most of its tubulin be in
heterodimers, rather than as free a- and $-tubulin. We
previously showed that the microtubules in 50% of
cells overproducing B-tubulin are completely depoly-
merized when B-tubulin levels are 1.4-fold greater
than wild type (Weinstein and Solomon, 1990).

A weaker heterodimer could readily explain the
arrest phenotype of tub1-724 cells. At the restrictive
temperature, increased dissociation of the mutant het-
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Figure 6. Microtubule disassemblv in rurl 724 cells
overexpressing  PAC2. Anti-tububin immunotiuores-
cence ot tubl-724 cells containing the control plasmid
YCpGAL (A) or a CEN-GAL-PAC2 (B) and wild-tvpe
cells contaning a CEN-GAL-PAC2 plasmud +Cr Cultures
were grown in galactose tor 35 h betore hation tor
immunofluorescence.

erodimer could be lethal either by decreasing the level bly and cell death even at modest excess (Katz et al.,

of heterodimer below that necessarv to maintain mi- 1990; Weinstein and Solomon, 1990).

crotubules or by increasing the level ot undimerized The single mutation in Tub1-724p predicted from

B-tubulin, which in turn causes microtubule disassem-  the DNA sequence is loss of a positive charge at po-
2357
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TUBl/
tub1-724

TUBIl/
TUBI

GAL-PAC2 - 4+ = +

GAL 30°C

Figure 7. Overexpression of PAC2 1s lethal in TUB1/tubl1-724 het-
crozygous cells. Senal (fourfold) dilutions ot <aturated cultures
were plated to galactose-containing media and allowed to grow at
30°C. Stramns were wild-tvpe diploids or TUB1/tub1-724 cells con-
taining either YCpGAL or CEN-GAL-PAC2.

£

sition 106. Based on the structure of tubulins reported
by Nogales ¢t al. (1998), this residue occurs in the
region between the B3 and H3 loops that contact the
phosphates of the nonexchangeable GTP. That site is
at the postulated interface between «- and B-tubulin in
the heterodimer. The wild-type arginine at this posi-
tion probably contributes to phosphate binding and so
may indirectly participate in a-f3 interactions. Further
analysis to understand the physical properties of mu-
tations in this region are under way.

This analysis of Tub1-724p provides insight into the
primary molecular defect that ew.plains the mutant
phenotypes. In general, the defects of mutant tubulins
are largely understood in terms of the arrest pheno-
type rather than their execution point. For example,
mutations in yeast B-tubulin can selectively affect a
subset of microtubules (Sullivan and Huffaker, 1992)
or cause cells to become benomy! dependent (Huf-
faker et al., 1988). Similarly selective tubulin mutations
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Figure 8. Binding of a-tubulin to Pac2p-(HA)-His, in double-over-
expressing cells. Whole-cell extracts (lanes a, b, e, and f) and eluants
from nickel-agarose beads (lanes ¢, d, g, and h) were analyzed by
SDS-PAGE and immunoblotting for HA-tagged Pac2p, a-tubulin,
and B-tubulin. The fractions were from cells overexpressing Pac2p-
(HA)-His, and a-tubulin (a and c), Pac2p-(HA)-His, and B-tubulin
(e and g), a-tubulin alone (b and d), and B-tubulin alone (d and h).
For Pac2p, the bead eluants represent 120 times the load of whole-
cell extract. For a- and B-tubulin, the bead eluants represent 500
times the load of whole-cell extract.

have been identified in other organisms as well (Oak-
ley and Morris, 1980). However, the precise molecular
basis for the defective arrest phenotype is not yet
understood. A possible exception is the distruption
produced by substitution of lysine for the highly con-
served glutamate at position 288 in the Drosophila 2
protein; this mutation causes an apparent packing
defect, so that the protofilaments do not close to form
a tubule (Fuller ¢t al., 1987). However, the same sub-
stitution in yeast B-tubulin has no apparent effect
(Praitis et al., 1991). The generalizability of the muta-
tion found in Tub1-724p also requires further testing.

Genetic Interactions between tub1-724 and PAC2

Instability of the Tubl-724p-B-tubulin heterodimer
predicts that overexpression of an a-tubulin-binding
protein should be deleterious to tubl-724 cells, per-
haps by producing more toxic free B-tubulin in the
mutant cells. The work of Tian ¢t al. (1997) suggests
that the vertebrate homologue of the yeast protein
Pac2p binds w-tubulin. As predicted, overexpression
of PAC2 is lethal in tub1-724 cells and causes loss of all
assembled microtubules. Consistent with this result,
we can recover a complex containing Pac2p and a-tu-
bulin from double-overexpressing cells. These results
demonstrate for the first time that Pac2p can bind
a-tubulin in vivo. This result does not distinguish
among many possible functions for PAC2. It may act
as does cofactor E in the in vitro assay, facilitating the
incorporation of a-tubulin into heterodimers (Tian ct
al., 1997), but it is not essential for that reaction, be-
cause PAC2 is not an essential gene in vivo (Hoyt et al.
1997). Apac2 is synthetically lethal with other microtu-
bule mutants: Acin8 (Geiser ¢t al., 1997), Apac10 (Al-
varez ¢t al., 1998), and tubl-724 (Vega, unpublished
results).
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Regulating Microtubule Function

The first analyvses of microtubules at a molecular
level focused on protein factors that could be re-
sponsible for assembly in an in vitro reaction. It is
striking that so many of the genes that appear to
affect microtubules in vivo almost certainly do not
participate in the polymerization reaction itself. In
this sense, the CIN genes (Hovt ¢t al., 1990; Stearns et
al., 1990), the PAC genes (Geiser ¢t al., 1997), the
GIM genes (Geissler et al., 1998), and the RBL genes
(Archer et al., 1995), although identified—in some
cases more than once—-by a wide variety of ap-
proaches, have fundamental properties in common.
They are not essential for cell viability in budding
yeast, and their deletion does not confer a quantita-
tive defect in microtubule assembly. Conversely,
their overexpression does not increase the level of
assembly, as could be expected for a modulator of
microtubule assembly. For only one of these pro-
teins, alpl, a CIN1 homologue 1n fission veast, is
there evidence suggesting that 1t binds along the
length of the microtubule (Hirata ¢t al., 1998).

A role for these proteins arses from the in vitro
system for incorporating separated tubulin chains into
heterodimer. Alone among proteins that have been
analyzed in such assays, the tubulin polypeptides ap-
pear to require factors that act after release from the
chaperonin. Without those tactors, there is no ex-
change of newly folded polyvpeptide with the exog-
enously added heterodimer. Some of the protein fac-
tors are homologous to gene products in S. cerevisiae
and S. pombe that affect microtubule functions, and in
S. pombe some of them are essential (Hirata et al., 1998).
That they are not essential in 5. ceretisiae, however,
suggests that there must be other mechanisms for
folding tubulin and forming heterodimer in those
cells.

These proteins may also have alternative functions.
Rbi2p levels affect how cells survive alterations in the
ratios of a- to B-tubulin (Archer ¢t al., 1995). Levels of
Pac1Op and the GIM genes affect those ratios (Alvarez
et al., 1998; Geissler et al., 1998) It is clear that yeast
cells are sensitive to those ratios These proteins may
participate in maintaining proper balance of the tubu-
lin components, which may become an important
step, especially under times ot stress. Such a role could
help explain why expression of RBL2 mRNA increases
when cells are incubated with a microtubule-depoly-
merizing drug (Velculescu ¢f al., 1997), although there
is no evidence that the tubulin chains themselves are
expressed in greater amounts. The results from these
several approaches suggest that the carly steps of
microtubule morphogenesis mav be crucial for cell
function.
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