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Abstract

During the cell cycle of the fission yeast Schizosaccharomyces pombe, striking changes in the 

organization of the cytoplasmic microtubule cytoskeleton take place. These may serve as a model 

for understanding the different modes of microtubule organization that are often characteristic of 

differentiated higher eukaryotic cells. In the last few years, considerable progress has been made 

in our understanding of the organization and behavior of fission yeast cytoplasmic microtubules, 

not only in the identification of the genes and proteins involved but also in the physiological 

analysis of function using fluorescently-tagged proteins in vivo. In this review we discuss the state 

of our knowledge in three areas: microtubule nucleation, regulation of microtubule dynamics and 

the organization and polarity of microtubule bundles. Advances in these areas provide a solid 

framework for a more detailed understanding of cytoplasmic microtubule organization.

Introduction

Microtubules (MTs) are hollow, cylindrical polymers that are found in all eukaryotic cells 

and are formed by the non-covalent association of tubulin protein molecules [2]. They can 

assume a variety of distributions in cells and are important for many different large-scale 

cellular functions, notably cell division and cell polarity, serving alternatively as structural 

components of major subcellular assemblies and/or as tracks for motor-driven transport of 

subcellular components. Because of the nature of their assembly from α,β-tubulin dimer, 

MTs are polar structures, with two distinct ends. These have been designated “plus” and 

minus” ends, based on polymerization kinetics in vitro [6]; in vivo, the classical picture of 

MT polarity is one in which MT minus-ends are anchored in MT nucleating sites, while MT 

plus-ends are able to add or lose additional tubulin dimer subunits and thus grow or shrink, 

either stochastically or in a regulated manner, depending on their context. In vivo and in 
vitro, MT plus-ends can often undergo repeated rounds of growing and shrinking, a 

mechanistically complex process referred to as dynamic instability [18,56].

While the standard picture of MT organization in higher eukaryotic cells is one in which 

MTs radiate from a perinuclear centrosome, variations on this mode of organization are 
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observed in many types of differentiated cells, such as neurons, muscle cells, or epithelial 

cells [42]. Relatively little is known about the molecular mechanisms underlying such 

variant non-centrosomal organization. In the budding yeast Saccharomyces cerevisiae and 

the fission yeast Schizosaccharomyces pombe, the nucleus-associated spindle pole body 

(SPB) functions as the equivalent of the centrosome. In budding yeast, the SPB is embedded 

within the nuclear envelope and nucleates both intranuclear mitotic spindle MTs from its 

nucleoplasmic face and cytoplasmic MTs from its cytoplasmic face. In fission yeast, the 

situation is more complex. Both intranuclear mitotic spindle MTs and cytoplasmic MTs are 

nucleated by the fission yeast SPB, but additional sites of cytoplasmic MT nucleation also 

exist; the distribution of these sites is dynamic and changes during the cell cycle (see below). 

The difference in cytoplasmic MT organization between budding yeast and fission yeast is 

also reflected in the relative importance of MTs in cell polarity in the two yeasts; in fission 

yeast, MTs play a critical role in establishing positions of sites of polarized growth 

[71,77,78], while in budding yeast they play no such role [38,39].

Cytoplasmic MT organization in fission yeast, with it perhaps tens of MTs, organized in a 

small number of MT bundles (see below), can thus be regarded as being intermediate 

between the more simple MT organization of budding yeast and the much more complex 

organization possible in higher eukaryotic cells, which may have several hundreds of 

individual MTs. Accordingly, understanding MT organization in fission yeast may provide 

useful insights into the mechanisms by which complex patterns of MT organization are 

achieved in higher eukaryotes, especially in differentiated cells. The last 3-5 years have seen 

substantial progress in our understanding of the molecules and mechanisms controlling 

fission yeast cytoplasmic MT organization. In this short review, we will focus on three areas: 

microtubule nucleation, the regulation of microtubule dynamics and the organization and 

polarity of microtubule bundles. We will not address the assembly or function of MTs in the 

the intranuclear mitotic spindle, a complex area in its own right.

Nucleating Microtubules

Nucleation sites

During the vegetative (i.e., non-meiotic) cell cycle in fission yeast, three different modes of 

microtubule organization are present, in succession, nucleated by three different types of 

microtubule-organizing centers (MTOCs; Fig. 1; see [32] for early references). During 

interphase, MTs can be nucleated not only from the spindle pole body (SPB) but also from 

additional sites on the nuclear surface, on microtubules themselves, and in the cytoplasm 

(see, for example, [20,40,76,89]). These non-SPB sites are generally known collectively as 

interphase MTOCs (iMTOCs; see below). During mitosis, the cytoplasmic face of the SPB 

nucleates astral MTs. At the end of mitosis, MTs are nucleated from an equatorial MTOC 

(eMTOC) at the cell division site (the septum), forming a transient structure, the post-

anaphase array (PAA). Neither iMTOCs nor eMTOCs are present in budding yeast 

Saccharomyces cerevisiae. We will first address more phenomenological aspects of MT 

nucleation and then discuss the molecules involved.
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What constitutes an iMTOC?—Ideally, iMTOCs would be defined straightforwardly as 

the sites from which interphase MTs are normally nucleated. While this definition would not 

seem controversial, in reality the practical details of experiments have influenced what 

different workers have termed to be “iMTOCs”, leading to potentially different mechanistic 

interpretations about the nucleation process itself. In early experiments examining MT 

regrowth after cold-shock (which depolymerizes MTs much more effectively than MT-

destabilizing drugs; see, for example, [76,78]), MTs were found to renucleate predominantly 

from the nuclear surface [55], and the general conclusion at the time was that this and/or the 

SPB would be the primary site of iMTOCs [32]. However, characterization of the MT-

nucleation protein mto1p (see below) showed that the high degree of MT renucleation from 

the nuclear surface seen during recovery from cold-shock is due in part to a cold-induced 

redistribution of mto1p to the nuclear surface from other sites, such as MTs themselves, 

where mto1p is normally relatively abundant during steady-state growth [76]. Without 

knowing this, the relative contribution of nuclear envelope-associated iMTOCs to total MT 

nucleation during normal cell growth could be misjudged.

To assay cytoplasmic interphase MT nucleation from MTs themselves is not possible after a 

perturbation such as cold-shock, because all MTs are initially depolymerized. Rather, assays 

of MT nucleation at steady-state require live cell imaging and GFP-tubulin, which, although 

widely used, may be found to introduce its own subtle artifacts when subject to scrutiny 

[75,76]. In addition, it is difficult to observe true nucleation of new MTs from existing MTs 

[40], because of the near-superposition of “old” and “new” signals of GFP-tubulin polymer, 

and thus we still don’t know how many “iMTOCs” are actually present on existing MTs. To 

complicate the issue, there is good evidence that MTs can regrow from the overlap region of 

antiparallel MT bundles in the middle of the cell (see section C, below) [10], but is this true 

nucleation? These extra-stable MT overlap regions, which can be seen as MT “stubs” after 

drug-induced MT depolymerization, have been referred to in the literature as iMTOCs (see, 

for example [10,40]), but it seems likely that the mechanism of MT regrowth from such sites 

is not the same as true MT nucleation de novo, such as appears to occur on the nuclear 

envelope or occasionally in the cytoplasm, free of any nearby MT polymer (see, for 

example, [76]). Finally, other work may refer to “satellites” of γ-tubulin complex proteins as 

“iMTOCs”, or imply as much (see below), even though it has only recently been possible to 

observe MTs being nucleated on existing MTs with any confidence [40], and it is indeed 

possible that only a fraction of these cytologically-defined “satellites” are actually 

competent for MT nucleation.

In spite of the absence of a universally accepted definition of iMTOCs, the different 

operational definitions of iMTOCs now in currency all have their value. Rather than try to 

establish a hard definition for iMTOCs here, we would emphasize that the iMTOC concept 

is still a loose one, reflecting recent rapid progress in the field as well as the diversity of 

experimental approaches taken. It is likely that as our understanding improves over time, any 

differences of opinion over “what is an iMTOC?” will disappear. However, even with a loose 

definition there are still very focussed questions that can be asked. For example, what are the 

relative contributions of nuclear-envelope-associated iMTOCs vs. MT-associated iMTOCs to 

total MT nucleation under steady-state conditions? Are all iMTOCs identical at the 
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molecular level? What localizes them to discrete sites, and by what mechanism are iMTOCs 

associated with MTs? A particularly mysterious question is what links iMTOCs to the 

nuclear surface. Possible candidates of interest include the nuclear rim protein amo1p and 

the TACC homolog mia1/alp7p [68,100].

When do astral MTs appear and what do they do?—It is currently controversial 

whether cytoplasmic astral MTs exist prior to anaphase. Although there is a literature 

arguing that they exist and that they are important for a “spindle-orientation checkpoint” 

(SOC) [27,28,65,72], more recent work suggests that cytoplasmic astral MTs arise only after 

the metaphase-anaphase transition, making them of dubious value in promoting progression 

into anaphase. What have been thought to be pre-anaphase cytoplasmic astral MTs may in 

fact be intranuclear MTs, nucleated from the nucleoplasmic face of the SPB [104], but this 

issue may still not be resolved to everyone’s satisfaction (see [26] for a more complete 

overview). While there is not space to debate the merits of the SOC concept here, at this 

point it seems clear that the concept probably requires at least some revision and/or a critical 

reassessment, as cells without astral MTs have been observed to progress quickly into 

anaphase [76,103] (but see also [93]).

If the SOC concept does turn out to be less useful than initially envisioned, the question still 

remains as to what function astral MTs actually serve. Although it is plausible that astral 

MTs do play an ancillary role in alignment of the spindle with respect to the cell axis, 

several types of experiments indicate that they are not required for anaphase B mitotic 

spindle elongation [53,76,88,93,103]. It is also possible that astral MTs play no significant 

role at all in mitosis, and that they appear only epiphenomenally, for example because MT 

nucleation complexes happen to be at the SPB at this stage in the cell cycle.

The eMTOC and the PAA—The eMTOC has not been intensively studied, but what work 

has been done indicates that its formation involves multiple degrees of control. At a 

regulatory level, eMTOC formation requires both polo kinase plo1p and components of the 

multi-gene Septation Initiation Network [35,45,64]. At a structural level, more recent work 

has demonstrated that nucleation of PAA MTs depends on the prior formation of the 

cytokinetic actin ring (CAR) [67]. Interestingly, this work also demonstrated that the PAA in 

turn has a role in stabilizing the position of the CAR during extended delays in cytokinesis. 

The mechanism(s) by which this occurs are unknown, but they could involve minus end-

directed MT motors transporting CAR-stabilizing components to the cell division site. More 

generally, these experiments highlight the fact that, as with astral MTs, we still don’t know 

the precise function of PAA MTs, as they are completely absent from mto1Δ mutants, which 

are viable (see below). PAA MTs have been hypothesized to play a role in keeping daughter 

nuclei away from each other and from the division site during mitosis, and also to contribute 

to setting up the initial state of MT organization for the next interphase [33].

A separate question relating to the eMTOC is how it is broken down at the end of mitosis, as 

septation proceeds, and how this relates to the appearance of iMTOCs in the next cell cycle. 

Although relatively little is known about eMTOC disassembly, it is likely to involve the 

action of molecular chaperones of the hsp70 family, because mutations in rsp1p, an hsp70-

associated J-domain protein, lead to defects in eMTOC breakdown [105]. J-domain proteins 
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act to promote the function of hsp70 chaperones in disassembling large protein complexes 

[15,95]; accordingly, in rsp1 mutants, large fragments of eMTOC material still capable of 

nucleating MTs leave the cell division site at the end of mitosis and diffuse in the cytoplasm 

in the subsequent cell cycle, with ensuing defects in interphase cytoplasmic MT 

organization.

Specialization in mating and meiosis—While a detailed discussion of cytoskeletal 

reorganization in meiosis is beyond the scope of this review, it is worth pointing out two 

distinct features of MTs in mating and/or meiotic cells. First, in mating cells, there is good 

evidence for a mating-specific MTOC at the tips of mating-projections [70]. The molecular 

basis for this remains largely unexplored. Later, after mating and cell-fusion have produced a 

zygote, the cytoplasmic MTs assume a different organization. Specifically, during meiotic 

prophase, MTs are nucleated exclusively from the SPB and are involved in so-called 

“horsetail” oscillatory movements of the prophase nucleus, which are thought to depend on 

cortical dynein pulling on the MTs [19,97]. Recent work has identified a meiosis-specific 

coiled-coil protein, mcp6p/hrs1p, which is localized to the SPB and is critical for the 

consolidation of MTOC activity to the SPB [74,84]. This will be an interesting area to 

follow.

The molecules of microtubule nucleation

The γ-TuC—While purified αβ-tubulin dimer can assemble into microtubules in vitro, 

microtubule nucleation in vivo nearly always involves the γ-tubulin complex (γ–TuC), a 

large (~2 MDa) specialized complex made up of several distinct proteins, including γ-

tubulin [29,41,62,79]. The γ-TuC is best characterized biochemically in higher eukaryotes, 

where it is known as the γ-tubulin ring complex (γ-TuRC), because in the electron 

microscope it has a lock-washer structure with a diameter roughly that of a microtubule. 

Current models suggest that the γ-TuRC acts as a direct template for microtubule assembly, 

functioning to decrease the critical concentration for tubulin polymerization. The γ-TuRC is 

thought to contain probably six or seven copies of a subcomplex called the γ-tubulin small 

complex (γ-TuSC), which consists of two copies of γ-tubulin and one copy each of the γ-

TuC proteins GCP2 and GCP3 [60,63]. Additional proteins in the complete γ-TuRC include 

the proteins GCP4, GCP5, GCP6 and GCP-WD [21,30,31,34,49,51,59,94,99]. Common 

sequence motifs are found in GCP2, GCP3, GCP4, GCP5 and GCP6, but their function is 

unknown [30,59].

Fission yeast homologs of γ-tubulin, GCP2 and GCP3 are known as gtb1p/tug1p, alp4p and 

alp6p, respectively [37,83,91]. All of these genes are essential for viability, almost certainly 

because of defects in mitotic spindle formation. Inferences relating to their role in 

cytoplasmic MT nucleation are largely derived from phenotypes of temperature-sensitive 

mutants. Such mutants typically show very long bundles of interphase MTs, which often 

curve around the cell tip [66,91]. In instances where MT nucleation has been studied more 

directly, for example, in alp4-1891 heat-sensitive mutants at a semi-permissive temperature, 

nucleation of both cytoplasmic astral MTs and PAA MTs appears to be compromised [103].
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Subsequent work has identified fission yeast homologs of two γ-TuRC-specific proteins 

(i.e., those that are in the γ-TuRC but not the γ-TuSC) [25,93]. The homolog of GCP4 is 

gfh1p and the homolog of GCP6 is alp16p; similar homologs have not been found in 

budding yeast. The sequence similarity of gfh1p and alp16p to GCP4 and GCP6 

(respectively) is remarkably low, in contrast to the high similarity between fission yeast and 

higher eukaryotic components of the γ-TuSC. Interestingly, neither gfh1+ nor alp16+ is an 

essential gene; this not only has implications for how they must be functioning in the γ-TuC 

but also makes it possible to analyze phenotypes of deletion mutants.

In both gfh1Δ and alp16Δ mutants, interphase microtubule organization is altered, with 

longer MTs bundles that often curl around cell tips, in many ways similar to temperature-

sensitive mutants of gtb1+, alp4+ and alp6+. Less is known, however, as to whether these 

proteins have specific functions in MT nucleation. The initial characterization of gfh1Δ 

mutants [93] suggested that astral MTs fall off the SPB in mutants, implicating gfh1p in 

connecting the γ-TuC to the SPB. However, in the lab of one of us, recent work with these 

and other mutants has found no such defect (A. Anders and K.E.S., unpublished data). This 

same work also identified a novel fission yeast gene, mod21+, as a distant homolog of 

higher eukaryotic GCP5, and specifically assayed MTOC activity in gfh1Δ, mod21Δ and 

alp16Δ single mutants as well as triple deletion mutants. Overall, these mutants were found 

to have reduced MT nucleation specifically at iMTOCs, while nucleation of astral MTs and 

PAA MTs remained intact (A. Anders and K.E.S., unpublished data). Whether this reduction 

in iMTOC activity is the primary cause of the abnormal MT distributions observed in these 

mutants is not yet clear (see below).

Mto1p and mto2p—A major challenge in studying cytoplasmic MT organization in 

fission yeast is to understand how different types of cytoplasmic MTOCs can form and/or be 

active at different places and times during the cell cycle. In the last two years, two novel 

proteins, mto1p and mto2p, have been identified by several groups and shown to play a 

critical role in MT nucleation from cytoplasmic MTOCs [40,75,76,92,93,103]. Mto1 may 

have distantly-related homologs in higher eukaryotes [76]. Neither mto1p nor mto2p is 

required for mitotic spindle assembly, and neither is an essential gene, but deletion of either 

gene severely affects cytoplasmic MT organization. In mto1Δ mutants neither astral MTs nor 

PAA MTs are present, and interphase MTs are aberrantly bundled and often curve around 

cell tips (see below). In various assays for MT nucleation in vivo, mto1Δ mutants fail to 

nucleate any MTs in the cytoplasm; in fact, the only reason mto1Δ interphase cells have 

cytoplasmic MTs at all is that MTs nucleated inside the cell nucleus can “escape” into the 

cytoplasm [76,103]. In mto2Δ mutants, there is nearly no PAA, which makes the CAR 

unstable, but there are astral MTs [40,75,92]. This is consistent with observations that 

cytoplasmic MT nucleation can occur from the SPB in mto2Δ mutants in several different 

assays. Because both mto1p and mto2p localize to SPBs, to eMTOCs and to MT- and 

nuclear envelope-associated satellites that are thought to represent iMTOCs (see above), all 

evidence suggests that they act directly at cytoplasmic MTOCs to promote MT nucleation.

Biochemical work has shown that Mto1 and Mto2 physically interact and can co-

immunoprecipitate the γ-TuC, although the efficiency of co-immunoprecipitation is not very 

high [40,75,76,92,93]. Interestingly, Mto1p cannot co-immunoprecipitate the γ-TuC in 
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mto2Δ mutants. Moreover, in both mto1Δ and mto2Δ mutants, the failure to nucleate MTs 

from a given MTOC correlates with a failure to localize the γ-TuC complex to that MTOC 

[40,76,103]. This implies that mto1p and mto2p function by recruiting the γ-TuC to 

prospective MTOCs. Because the in vivo analyses show that mto1Δ phenotypes are more 

severe than mto2Δ phenotypes, it could be proposed that Mto1 may be the “major” protein 

interacting with the γ-TuC, and that Mto2 regulates the ability of Mto1 to interact with the 

γ-TuC [75]. However, such a model also requires that Mto1 at the SPB can function without 

Mto2. It is thought that a likely paralog of mto1p, pcp1p, may play a role analogous to 

mto1p in the assembly of mitoic spindle microtubules [23,76].

How to make an MTOC?

While a flurry of recent work has provided a solid framework for understanding how 

cytoplasmic MT nucleation is regulated in fission yeast, many new questions emerge. In 

particular, if spatially restricted MT nucleation in fission yeast depends on localization 

and/or activity of the γ-TuC, which in turn is recruited to MTOCs by mto1/2, it is now 

important to understand what controls the spatial and temporal localization of mto1p and 

mto2p. In addition, with regard to the γ-TuC itself, the function of gfh1p, mod21p and 

alp16p in regulating γ-TuC architecture and/or activity remains to be elucidated. Here, and 

also in relation to other questions, we need a better understanding of the molecular 

interactions occurring among the different components regulating MT nucleation. 

Particularly important are those interactions involving mto1p, mto2p and the γ-TuC. We 

don’t know whether mto1p and mto2p merely recruit the γ-TuC to prospective MTOCs, or if 

they also activate the γ-TuC, nor do we understand the specific role of mto2p in this process. 

More dedicated biochemical approaches will be important for addressing these questions.

B Regulating Microtubule dynamics at the plus-end

At the other end of MTs, away from MTOCs and MT minus-ends, are MT plus-ends, which 

merit attention for two reasons. First, plus-ends play a role in signalling cell-polarity 

information to the cell cortex, mainly via the protein tea1p, which is deposited at the cortex 

at cell tips after being targetted there by an association with growing MT plus-ends 

[4,55,78,81,82]. The role of tea1p in cell polarity is outside the scope of this review and will 

not be discussed here [14,52,86]. Second, and common to all eukaryotic cells, is that MT 

plus-ends are the main sites where control of MT dynamics takes place, and proper 

regulation of dynamics is necessary for the generation of the stereotyped cytoplasmic MT 

arrays seen in fission yeast.

Dynamic instability and +TIPs

In fission yeast, as in most eukaryotic cells, MTs exhibit a behavior termed dynamic 

instability, with intervals of MT growth and MT shrinkage punctuated by “catastrophe” and 

“rescue” transitions [18]. In wild-type cells, the most commonly observed behavior is one in 

which MTs grow towards cell tips, pause briefly, and then initiate catastrophe and MT 

shrinking [20]. There is some in vivo evidence that in wild-type cells, dynamic instability 

transitions of individual MTs within bundles (e.g., from growth to shrinkage) are 

independent of other individual MTs [73], but for technical reasons this issue has not yet 
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been investigated more exhaustively; further analysis in mutant strains would be particularly 

interesting. For the most part, recent analysis has focused on the dynamic behavior of MT 

bundles rather than that of individual MTs, as this is easier to analyse technically, although it 

may be a slight oversimplification.

In the last few years, many proteins have been identified that are associated with growing 

MT plus-ends, either directly or indirectly; these have been found in a broad range of 

eukaryotic cells and are often referred to as “+TIPs” (plus-end tracking proteins) [1,13]. The 

+TIP designation is conferred purely on the basis of association with MT ends in vivo rather 

than on functional or sequence-specific criteria, and thus +TIPs include several different 

protein families (for example, according to this definition, tea1p qualifies as a +TIP, 

although it is not obviously conserved across eukaryotes). In addition, the mechanisms by 

which +TIPs associate with plus-ends may be diverse, including MT motor-driven transport, 

co-assembly with tubulin dimer and/or binding to specific tubulin conformations at MT plus 

ends, and “hitch-hiking” by binding to other +TIPs [1,13].

In fission yeast, at least two +TIPs conserved in eukaryotic cells have been specifically 

implicated in regulating MT dynamics, most likely acting at a level very close to the MT 

polymer itself. One of these, tip1p, is the fission yeast homolog of mammalian CLIP-170 

[9,69], and phenotypic analysis suggests that tip1p is important for suppressing MT 

catastrophe. In wild-type cells, contact between growing MT plus-ends and the cortex leads 

to catastrophe only when the contact occurs at cell tips, such that MT growth continues 

when a growing MT contacts the cortex in the middle regions of the cell. By contrast, in 

tip1Δ cells, MT-cortical contact leads to MT catastrophe regardless of where in the cell the 

contact is made [9]. As a result, tip1Δ mutants have shorter MT bundles under steady-state 

growth conditions, with deleterious consequences for microtubule-mediated regulation of 

cell polarity. A second protein, mal3p, is the fission yeast homolog of mammalian EB 

proteins [5,43,87]. Phenotypic analysis of mal3Δ mutants indicates that, like tip1p, mal3p 

plays a role in suppressing MT catastrophe. However, the MT-catastrophe phenotype of 

mal3Δ mutants is more severe than that of tip1Δ mutants; in mal3Δ mutants, MTs initiate 

catastrophe even before reaching the cell cortex [10]. Mal3p and tip1p physically interact, 

and mal3 is required for the proper +TIP localization of tip1p. An additional +TIP in the 

system, the kinesin-like protein tea2p, is required for transport of tip1p to MT plus ends 

[7,11]. As a result, tea2Δ cells also have shorter MTs at steady-state [8].

While tip1p and mal3p are likely among the most important +TIPs regulating MT dynamic 

instability, a great deal remains to be learned about how they work at a molecular level, and 

figuring this out will be a challenge. In particular, it is apparent from work in several 

different eukaryotic systems that many of the various +TIPs physically interact with each 

other, and with tubulin, in multiple ways [1]. This suggests that a complete understanding of 

+TIP function will not be represented as a simple linear pathway. Rather, a network model 

of functional interactions may be more appropriate, and this also appears to be the case in 

fission yeast [10,11,22]. In principle, relative to higher eukaryotes, fission yeast might 

represent a simplified system with which the complexities of +TIP mechanisms can be 

unravelled more easily. However, there are several striking differences in the behavior of at 

least some +TIPs in higher eukaryotes relative to the yeasts (both fission yeast and budding 
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yeast, although we do not describe budding yeast here). For example, in higher eukaryotic 

cells, the association of proteins such as CLIP-170 with MTs assumes the form of a “comet 

tail”, often several microns long [69], whereas in fission yeast, the association of tip1p with 

MT plus ends is more punctate [9]. This may reflect not only differences in dissociation 

kinetics after targetting but also differences in how the proteins are initially targeted to plus-

ends. In fission yeast, tip1p association with MT plus-ends is thought to involve primarily 

tea2p kinesin-mediated transport [11], whereas in higher eukaryotes, association of 

CLIP-170 with plus-ends may occur via coassembly with tubulin [1,3,24]. Another 

significant difference is that while both CLIP-170 and tip1p are involved in promoting MT 

growth overall, current evidence suggests that CLIP-170 acts primarily by promoting MT 

rescue [3,44], whereas tip1p acts by suppressing catastrophe [9].

Depending on one’s point of view, such differences might suggest that there is no single 

universal mechanism by which +TIPs regulate MT dynamics, and that apparent +TIP 

“homologs” might regulate MT dynamics in fundamentally different ways in different 

systems. An alternative view, however, would be that in the context of a network of multiple 

protein-protein interactions, at least some apparent differences in the mechanistic roles of 

homologous +TIPs are actually the consequences of quantitative changes in the binding 

constants of individual protein-protein interactions. That is, depending on which specific 

protein-protein interactions predominate in a given experimental system under physiological 

conditions, certain nodes or sub-pathways within a possible universe of pathways could be 

favored at the expense of others. To gain further understanding in this area will require much 

more detailed assessments of how specific protein-protein interactions and/or modifications 

of +TIPs contribute to their function, not only in vivo but also using in vitro reconstitution 

assays involving purified components [3,24]. Finally, a largely unexplored area in the field is 

the exact relationship between the cell-polarity signalling functions of MTs and the control 

of plus-end dynamics by +TIPs, as there is almost certainly molecular “cross-talk” between 

this two phenomena [7,22].

How do nucleation proteins contribute to MT dynamics?

While we know relatively little about the detailed mechanisms by which +TIPs such as tip1p 

and mal3p regulate MT plus-end dynamics, another area of MT dynamic instability 

regulation remains even more mysterious and more difficult to address experimentally. One 

of the most obvious features in many, and perhaps all, mutants affecting MT nucleation is 

that MT dynamics and behavior are altered. MTs often appear more strongly bundled in 

mutants, and bundles can persist in vivo for long periods of time, often curling around cell 

tips, and in some cases this also leads to oscillations of the SPB 

[25,40,54,66,75,76,85,91,92,93,103] (A. Anders and K.E.S., unpublished data). In addition, 

more careful analyses of MT behavior in several mutants have indicated unusual 

“treadmilling” of MT polymer within MT bundles, deviating from conventional dynamic 

instability behavior [40,103].

At present, nearly nothing is known about the mechanistic basis for these differences in MT 

dynamics, and here we would mainly want to point out that quite different views are 

possible. One end of the spectrum could be represented by a “purely phenotype-driven 
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view”, that proteins conventionally thought to act exclusively in MT nucleation also play 

additional, direct roles in modulating bundling and/or plus end dynamics—that is, what is 

observed in vivo is a direct reflection of protein function. While there is no strong evidence 

for this view per se, it is noteworthy that MT-associated iMTOC satellites (see above) are 

motile within cells [40,75,76,103], and thus could be imagined to occasionally associate 

with MT plus ends and regulate dynamic instability transitions. Mechanistically, however, 

this may be hard to envision, because if anything, nucleation proteins might be expected 

specifically to associate with minus-ends rather than plus-ends, as in other systems, the γ-

TuC can bind to and cap the MT minus-end [96].

At the opposite end of the spectrum is what could be termed a “systems-driven view”, that 

the effects on MT behavior observed in nucleation mutants are largely or completely indirect 

and due to a wide range of factors. For example, theoretical considerations suggest that 

under dynamic instability conditions, having a very small number of nucleation sites may 

lead to an increase in the partitioning of total cellular tubulin into tubulin-dimer relative to 

polymer phase [57]. Such an increase could in theory act to suppress catastrophe, although it 

might also be expected to increase growth rates. Another possibility is that factors regulating 

MT plus-end dynamics normally need to be loaded at MT minus-ends during nucleation [7] 

(with subsequent transport to plus-ends; see above), and this might not occur properly in 

nucleation mutants. Yet another mechanism closely linked to nucleation is the possibility 

that in wild-type cells, minus-ends not anchored at the SPB would normally be capped by 

nucleation complexes, and if this were not to occur, minus-ends could be free to further 

elongate and fall under the malign influence of MT bundling factors (see below), becoming 

less likely to undergo catastrophe as a result. Following on from the idea that MT bundling 

might be an indirect route to modulating dynamics, one can imagine more generally that if 

there were only one nucleation site in the cell (for example, the SPB), then all nucleated 

MTs would be near neighbors, and more likely to become overbundled and artificially 

stabilized.

We tend to favor the view that indirect effects may be behind the differences in MT 

dynamics seen in nucleation mutants, if only because there are relatively little data to 

support a direct role for nucleation proteins in regulating dynamics, while there are clearly 

many possible ways to achieve indirect effects. However, to date, both views are ultimately 

derived only from phenotypic observations in vivo, and until such work is complemented by 

more mechanistic studies, it is important to keep an open mind. As with studies on MT 

nucleation and the regulation of MT plus-end dynamics by +TIPs, in vitro systems 

reconstituting MT dynamics may help significantly to illuminate these questions.

Organizing Microtubule Bundles

Here we focus on a third area of cytoplasmic MT organization, the nature of interphase MT 

bundles and their polarity. Interphase fission yeast typically have three to four bundles of 

MTs running along the long axis of the cell [20,89]. The (average) number of microtubules 

per bundle is still uncertain, as definitive determinations require pain-staking electron-

microscopy reconstructions; however, one study of bundle cross-sections suggests 2-5 MTs 

per bundle [12]. This would be roughly consistent with observations of GFP-tubulin 
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fluorescence intensity from many workers, although where microtubules begin and end 

within any given bundle is still an open question, especially as we know that iMTOC 

satellites can be present throughout the length of MTs (see section A, above). The MTs in 

each bundle are generally organized such that the growing plus ends are pointed toward the 

opposite cell tips, and the stable minus ends are bundled together at the cell center 

[12,20,89], effectively leading to an antiparallel and symmetrical linear MT array. In fission 

yeast, this organization is important for two reasons. First, the MT arrays generate opposing 

pushing forces to position the interphase nucleus at the cell center, the future site for the 

placement of the cell division plane [17,89]. Second, as described above, the MT plus ends, 

through regulated delivery of polarity determinants such as tea1p [7,10,11], define the linear 

growth axis of the cell [55,78]. More generally, the organization of interphase MTs into 

antiparallel linear arrays in fission yeast may give insights into how higher-ordered 

cytoskeletal structures can be organized in diverse cell types for different functions. Recent 

work highlights two key molecules involved in the organization of fission yeast interphase 

MT arrays: the MT-associated protein (MAP) ase1p and the kinesin-14 motor klp2p.

Bundlers and sliders

Ase1p, which is conserved in fungi, animals and plants [50,80,102], localizes to the 

overlapping minus ends of fission yeast interphase MT bundles [48,98]. In ase1Δ cells, the 

interphase MTs are disorganized and showed no bundled minus ends at the cell center [48]. 

The kinesin-14 motor klp2p belongs to the class of minus end-directed MT motors (see [47] 

for kinesin nomenclature) and localizes as a relatively small number of motile dots 

(probably 10-15 per cell) along the interphase MT arrays [90]. In klp2Δ cells, no sliding of 

newly created MTs on preexisting MTs can occur, leading to unfocused regions of MT 

overlap at the cell center and deviations from the normal distribution of MT plus-ends 

towards cell tips and MT minus-ends towards the cell middle, as judged by the transport of 

the +TIP tea1p [12]. These results suggest that ase1p serves as a MT bundler and klp2p 

serves as a MT slider, and that the interplay between bundlers and sliders dictates the 

organization of MTs into antiparallel linear arrays. Based on these results and more recent 

unpublished data, a general hypothetical model for how fission yeast builds an interphase 

MT bundle can be proposed (Fig. 2). We discuss implications of this model and some 

possible future directions of research.

According to the model, once γ-TuC satellite iMTOCs have nucleated a new daughter MT 

on a preexisting mother MT [40], mother and daughter MTs would be further organized into 

functional patterns primarily by the concerted action of ase1p and klp2p. Emerging data 

suggests that ase1p could function as a homo-dimer to preferentially bundle mother and 

daughter MTs into an antiparallel linear array—that is, with the mother MT having its minus 

end at the nuclear envelope and its plus end facing one of the cell tips, and the daughter MT 

having its minus end facing one of the cell tips and its plus end pointing toward the mother 

MT minus end (M. Janson and P.T.T., unpublished data). Klp2p would be localized at the 

plus end tip of the growing daughter MT (i.e., acting like a +TIP) and move along the 

mother MT toward its (i.e., the mother’s) minus end, thus “pulling ” the trailing daughter 

MT toward the minus end of the mother MT. Once the klp2p-coupled plus end of the 

daughter MT reaches the end of the (stable) minus end of the mother MT, no further sliding 
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between daughter and mother MTs would occur, and a stable overlapping region between 

mother and daughter MTs would now be defined and fixed at the nuclear region, even if the 

plus-end of the daughter MT were to extend beyond the minus-end of the mother MT. 

Accordingly, in ase1Δ cells, no stable overlapping regions between daughter and mother 

MTs would be established, while in klp2Δ cells, no transport of the daughter MT would 

occur, in which case ase1p might continue to bundle daughter and mother MTs into 

potentially larger antiparallel overlapping regions.

This speculative model raises some interesting points for future experiments and also 

provokes more questions. The first point is that a three-component system involving MT-

nucleation, the bundler ase1p and the slider klp2p may be necessary and sufficient to 

organize antiparallel linear arrays of MTs. Second, the length of the overlapping daughter-

mother MT region would be determined when klp2p reaches the end of the minus end of the 

mother MT. Third, the localization of ase1p to regions of MT overlap would not be 

dependent on MT motors. We discuss these issues below.

Simulating the antiparallel-MT generator—A three-component system is sufficiently 

simple to be amenable to computer modeling and simulation. Past attempts on modeling MT 

arrays have mostly focused on the mitotic spindle, specifically the midzone, where mitotic 

kinesins are localized to organize the bipolar symmetric spindle and to slide the spindle apart 

(see [58] for review). These models did not include possible contribution of MAPs such as 

ase1p. Some recent attempts at simulation suggested that MT-nucleation, bundling, and 

sliding are necessary and sufficient for organizing antiparallel arrays of MTs [61]. Further 

advances on simulation will have to include the contributions of both motors and MAPs, and 

be able to help predict, for example, the average lengths of the overlapped MT regions.

Regulating the overlap zone—Having klp2p at the plus-end of the daughter MT would 

ensure that when the daughter plus-end reaches the minus end of the mother MT, there 

would necessarily be a remaining overlap region between the mother and daughter MTs 

(Fig. 2). However, several questions arise in relation to the length and lifetime of overlap 

zones. For example, as the daughter MT elongates by new tubulin subunit addition (i.e., 

before reaching the mother’s minus-end), progressively more ase1p would be expected to be 

recruited to the mother-daughter MT overlap region. Such an increase in ase1p-dependent 

bundling could potentially counteract the klp2p-driven movement of a daughter MT, slowing 

it down (see, for example, Fig. 8B of [40]. Thus the length of the overlap region might be 

regulated by a complicated interplay between tubulin polymerization kinetics, ase1p 

binding, and the performance of the klp2p MT motor under increased load. Another 

outstanding question is how klp2p would remain attached to the plus-end of a growing 

daughter MT as it elongates, while simultaneously moving the daughter MT as cargo. 

Possible candidates that may play a role in attaching klp2p to the plus end tip of the daughter 

MT include +TIP proteins such as mal3p, tip1p and/or tea1p. Further investigations into the 

physical interactions among +TIPs and how they associate with MT lattice conformations 

may yield more insights into how klp2p could simultaneously bind and pull on a dynamic 

MT. Yet another major challenge would be to understand what regulates the number and 

spacing of daughter MTs on the mother MTs (partly a nucleation question), as well as how 
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turnover of daughter and mother MTs is regulated, especially in the overlap zone. Although 

the general picture of MT dynamic instability involves bi-directional switching between 

persistent states of growth and shrinkage, it is not really clear whether conventional “rescue” 

actually occurs in fission yeast, as some experiments suggest that once a switch from growth 

to shrinkage occurs, MTs shrink completely [9,10,20,89]. While technical limitations to 

imaging make this difficult to judge with complete certainty, such results suggest that there 

would be a constant need for recruitment of daughter MTs to the center of the bundle to 

replace the disassembling mother MTs [40,100]. Thus, the lifetime of a MT bundle could be 

limited by the rate of recruitment of new daughter MTs to the overlap zone, as part of an 

iterative process in which older daughters themselves later become new mothers, etc.

Bundling independent of motors?—It has been proposed for mammalian cells that the 

kinesin-4 motor KIF4 may carry PRC1, the mammalian ase1p homolog, to sites of MT 

overlap at the spindle midzone [46,101]. Emerging work in fission yeast suggest an 

alternative mechanism to the notion that motors carry MAPs to region of interest. 

Specifically, there is evidence that ase1p can by itself find regions of MT overlap, because in 

the absence of klp2p, ase1p still localizes specifically to the mother-daugher MT 

overlapping region (M. Janson and P.T.T., unpublished data). From a structural perspective, 

this could imply that ase1p homo-dimerization creates a relatively rigid molecule, promoting 

mostly antiparallel bundling, and also possibly that binding of ase1p dimer to MTs may be 

cooperative, controlled by allostery. As a MT bundler, perhaps ase1p has the ability to 

quickly scan the MT lattice until it meet two MTs in close proximity, allowing it specifically 

to organize regions of antiparallel MT overlap. Such a scanning or “skating” mechanism has 

been recently proposed for the non-walking kinesin MCAK and for dynein/dynactin [16,36].

Conclusions

It is only in the last few years, since the adoption of new methods such as live-cell imaging 

of GFP-tubulin, that it has been possible to move towards a more complete understanding of 

cytoplasmic MT organization in fission yeast. From this brief survey of proteins involved in 

the three processes of MT nucleation, plus-end dynamics, and bundling, it is clear that the 

systems regulating MT behavior are complex and also closely interconnected. At the same 

time, recent progress suggests that the interesting problems are experimentally tractable. In 

particular, we believe that several of the key molecules in each of the three processes 

discussed have now been identified. In the case of cytoplasmic MT nucleation, mto1p and 

mto2p act to direct the γ-TuC to prospective MT sites. In the regulation of MT plus-end 

dynamics, mal3 and tip1p likely play very prominent roles. In the formation of antiparallel 

MT bundles, ase1p and klp2p appear to be the major players. Further investigations of how 

these proteins work in a physiological context should continue to yield new insights.
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Figure 1. Microtubule organization in the fission yeast cell cycle.
A highly schematic illustration of microtubule (MT) distribution (green) in relation to 

microtubule organizing centers (MTOCs; red) and the nuclear envelope (blue). During 

interphase (A), MTOCs may be associated with the nuclear envelope or with existing MTs 

and may occasionally also be found free in the cytoplasm. MT minus ends (“-“) are 

generally found towards the cell center and MT plus ends (“+”) towards cell tips. During 

mitosis (B), intranuclear MTs form the mitotic spindle and astral MTs are nucleated from 
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the SPBs. At the close of mitosis, during cell division (C), the equatoral MTOCs forms at 

the division site, to nucleate post-anaphase array MTs.
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Figure 2. Model of interphase microtubule bundling in fission yeast.
A representation of how microtubules (MTs), motors, and microtubule-associated proteins 

(MAPs) may be necessary and sufficient to bundle and slide two MTs together into an 

antiparallel MT array. The model includes the following steps: 1) A cytoplasmic γ-tubulin 

complex (γ-TuC) satellite is recruited to the lattice of a preexisting mother MT. The 

mechanism of recruitment is not known. 2) The γ-TuC satellite nucleates a new daughter 

MT. The mechanism for recruitment-dependent nucleation is not known. 3) Ase1p bundles 

and stabilizes the antiparallel arrangement of daughter-mother MTs. Ase1p binding would 

be dynamic, so the bundling and stabilizing activities would still allow for MT sliding. 4) 

Klp2p is recruited to the growing plus end tip of the daughter MT, where it “pulls” the 

daughter MT toward the minus end of the mother MT. Pulling effectively slides the daughter 

and mother MT relative to each other. Sliding is attenuated as daughter MT continues to 

grow and new ase1p is recruited to the growing overlap region between daughter-mother 

MTs. The mechanism of klp2p attachment to the MT plus end tip is not known. 5) When 

klp2p reaches the end of the mother MT, no further sliding occurs, and the length of the 

daughter-mother overlap region is defined. 6) The daughter MT may then continue to grow 

beyond the mother’s minus-end, establishing an antiparallel and symmetric MT bundle with 

minus-ends bundled together at the middle, and plus-ends extending toward the cell tips (see 

Fig. 1).
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