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Abstract. We used the inhibitor nocodazole in con- 
junction with immunofluorescence and electron mi- 
croscopy to investigate microtubule function in the 
yeast cell cycle. Under appropriate conditions, this 
drug produced a rapid and essentially complete dis- 
assembly of cytoplasmic and intranuclear microtu- 
bules, accompanied by a rapid and essentially complete 
block of cellular and nuclear division. These effects 
were similar to, but more profound than, the effects of 
the related drug methyl benzimidazole carbamate 
(MBC). In the nocodazole-treated cells, the selection 
of nonrandom budding sites, the formation of chitin 
rings and rings of lO-nm filaments at those sites, bud 
emergence, differential bud enlargement, and apical 
bud growth appeared to proceed normally, and the in- 
tracellular distribution of actin was not detectably per- 
turbed. Thus, the cytoplasmic microtubules are appar- 
ently not essential for the establishment of cell polarity 

and the localization of cell-surface growth. In contrast, 
nocodazole profoundly affected the behavior of the nu- 
cleus. Although spindle-pole bodies (SPBs) could 
duplicate in the absence of microtubules, SPB separa- 
tion was blocked. Moreover, complete spindles present 
at the beginning of drug treatment appeared to col- 
lapse, drawing the opposed SPBs and associated nu- 
clear envelope close together. Nuclei did not migrate 
to the mother-bud necks in nocodazole-treated cells, 
although nuclei that had reached the necks before drug 
treatment remained there. Moreover, the double SPBs 
in arrested cells were often not oriented toward the 
budding sites, in contrast to the situation in normal 
ceils. Thus, microtubules (cytoplasmic, intranuclear, or 
both) appear to be necessary for the migration and 
proper orientation of the nucleus, as well as for SPB 
separation, spindle function, and nuclear division. 

T 
HE budding yeast Saccharomyces cerevisiae offers an 
opportunity to study the mechanisms of cellular mor- 
phogenesis in an experimentally tractable eukaryotic 

system. In the course of the yeast cell cycle, a series of mor- 
phogenetic events results in the establishment of cell polarity, 
the appropriate positioning of organelles, and the localized 
incorporation of new cell-surface material. These events in- 
clude the following (4, 7, 49, 50, 64). (a) Selection of a non- 
random budding site. Early in the cell cycle, a single bud 
emerges near a pole of the ellipsoidal cell; the choice of poles 
is determined by the mating type of the cell. (b) Organization 
of the budding site. Just before bud emergence, a small ring 
of chitin is formed in the largely nonchitinous cell wall; the 
bud then emerges within the confines of this chitin ring. At 
about the same time, there appears a ring of filaments of ~10 
nm diameter, of unknown biochemical nature. These fila- 
ments encircle the mother-bud neck in close proximity to the 
plasma membrane; they remain in place as the bud grows, 
then disappear just before cytokinesis. (c) Differential 
growth of the bud. Expansion of the cell surface before bud 
emergence appears to be essentially isotropic. Subsequently, 
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however, new cell-surface material is incorporated almost 
exclusively in the growing bud, while the mother cell re- 
mains essentially constant in size. (d) Apical growth of the 
bud. Although very small and very large buds may expand 
isotropically, the bud appears to grow predominantly by the 
incorporation of new cell-surface material at its tip. (e) Nu- 
clear migration and orientation. Before nuclear division 
(during which the nuclear envelope remains intac0, the nu- 
cleus migrates into the mother-bud neck and becomes ori- 
ented such that it extends into both mother cell and bud 
as it elongates. (f)  Cytokinesis and septum formation. A 
chitin-containing septum is formed to separate mother and 
daughter cells; after division, the chitin ring and septum re- 
main on the mother cell as a "bud scar". 

As in other eukaryotic cells, these morphogenetic events 
seem likely to involve the action of various elements of the 
cytoskeleton, such as the actin (15, 41) and myosin (72) sys- 
tem. The actin is present as a complex set of cytoplasmic 
fibers and cortical spots, whose distributions change during 
the cell cycle in ways that suggest a role in the localized in- 
corporation of new cell-surface material (1, 29). This sugges- 
tion is supported by the behavior of conditional actin mutants 
(41). 

Yeast also contains apparently typical eukaryotic microtu- 
bules (4, 28, 36, 40, 47, 58). Electron microscopy and an- 
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titubulin immunofluorescence have shown that these micro- 
tubules are present in both the nucleus and the cytoplasm 
throughout the cell cycle (4, 29) and that they apparently all 
emanate from one or the other face of the spindle-pole body 
(SPB) t, a microtubule-organizing center embedded in the 
nuclear envelope (4, 30, 36). The single SPB of the unbud- 
ded, G1 cell duplicates at the beginning of the cell cycle (4, 
49). The two SPBs then remain juxtaposed in the nuclear 
envelope and connected by a bridge structure (the "double 
SPB" configuration) as DNA replication occurs and the bud 
emerges and grows to a diameter '~0.4× that of the mother 
cell (6). The SPBs then separate rapidly as a short (~0.9 p.m) 
spindle forms. The cytoplasmic face of the double SPB is 
consistently oriented toward the budding site, and the cyto- 
plasmic microtubules extend toward (and generally into) the 
bud (4, 6, 29); this orientation is maintained by one of the 
SPBs (and associated cytoplasmic microtubules) after SPB 
separation (1, 29). The short spindle persists until the bud ap- 
proaches the size of the mother cell and the nucleus migrates 
into the neck. The spindle then elongates rapidly to a final 
length of 6-8 lxm (4, 6, 32, 36, 45), and spindle disassembly, 
nuclear division, and cell division quickly ensue. 

The intranuclear microtubules are presumed to be in- 
volved in mitosis and nuclear division (4, 36, 45, 55), al- 
though the nature of this involvement is unclear (32). The 
roles of the cytoplasmic microtubules are still more problem- 
atic. The consistent association of the SPB and cytoplasmic 
microtubules with the budding sites in normal vegetative 
cells (see above), in normal and centrifugally perturbed 
zygotes (4), and in cdc4 mutant cells (which produce multi- 
ple abnormal buds; 1, 5, 18) has suggested that these micro- 
tubules may be involved in the processes (such as localized 
activation of enzymes and the polarized movement of secre- 
tory vesicles) that allow the determination and organization 
of the budding site and the emergence and differential growth 
of the bud (1, 4, 6, 29). Such a role would be consistent with 
the evidence for involvement of microtubules in vesicle move- 
ment in other system (61, 71). However, it has also been clear 
that the spatial correlations noted above might instead reflect 
an involvement of the cytoplasmic microtubules in nuclear 
migration, spindle orientation, or spindle elongation. 

Thus, to elucidate the actual functions of the yeast micro- 
tubules, it is necessary to specifically block microtubule as- 
sembly or function and assess the effects of such blockage 
on the events of interest. Such blockage might be achieved 
using either mutations (25, 40, 59, 66) or inhibitors. Previous 
studies of yeast using the inhibitor methyl benzimidazol-2- 
yl-carbamate (MBC) have provided some information. MBC 
blocked nuclear and cellular division (16, 53, 76) and caused 
chromosome loss when cells were blocked and then released 
(75), effects that could plausibly be attributed to an interfer- 
ence with intranuclear microtubule function. Indeed, genetic 
and biochemical studies have provided evidence for a direct 
interaction of MBC with yeast tubulin (28, 40, 66), and elec- 
tron microscopy suggested that the drug caused microtubule 
disassembly in vivo (53, 76). The MBC-arrested cells mostly 
had large buds, suggesting that differential bud enlargement 
could continue in the absence of the cytoplasmic microtu- 
bules. However, the difficulty of visualizing these microtu- 

1. Abbreviations used in this paper: ConA, concanavalin A; DAPI, 2,6- 
diamidino-phenylindole; MBC, methyl benzimidazol-2-yl-carbamate; SPB, 
spindle-pole body. 

bules by electron microscopy (6, 36, 39, 53) made it uncer- 
tain how quickly and completely they were lost during drug 
treatment. Indeed, the large residual increase in cell number 
after addition of MBC to growing cultures (53, 76) suggested 
that this drug might be slow acting or incompletely effective. 
The observation that the related drug nocodazole (11, 22) was 
more effective than MBC both in inhibiting the assembly of 
S. cerevisiae tubulin in vitro (28) and in inhibiting division 
of the fungus Wangiella dermatitidis (27), together with the 
development of effective immunofluorescence procedures 
for yeast (1, 29), prompted us to examine the effect of noco- 
dazole on S. cerevisiae cells. As this drug produced a rapid 
and apparently complete disassembly of the yeast microtu- 
bules, we then used it in a systematic investigation of the pos- 
sible functions of these microtubules in the morphogenetic 
events of the cell cycle. Preliminary reports of portions of 
this work have been presented (26, 50). 

Materials and Methods  

Reagents 

Nocodazole (methyl-5-[2-thienylcarbonyl]-l-H-benzimidazole-2-yl-carba- 
mate), Ficoll 400, and FITC-labeled rabbit antiserum to rat IgG were ob- 
tained from Sigma Chemical Co. (St. Louis, MO). FITC-labeled con- 
canavalin A (FITC-ConA) and rbodamine-labeled ConA were obtained 
from E-Y Laboratories (San Mateo, CA) and fluorochrome-labeled phal- 
Ioidins from Molecular Probes (Eugene, OR). Rat mAb to yeast tubulin 
(YOL1/34; reference 31) was a gift from John Kilmartin, Medical Research 
Council Laboratory of Molecular Biology (Cambridge, England), MBC 
(analytical standard grade) was a gift from DuPont Biochemicals (Wilming- 
ton, DE), and Calcofluor White M2R was a gift from American Cyanamid 
(Bound Brook, N J). 

Strains 

Several Saccharomyces cerevisiae strains were used. The wild-type diploid 
C276 (MATa/MATa, prototrophic [73]) was used in most experiments. 
Other strains used were the haploids C276-4A (a MATa prototrophic segre- 
gant from C276) and A364A (MATa add ade2 ural his71ys2 tyrl gall [17]); 
the diploid CP1AB-1AA (MATa/MATa, prototrophic [l]); the tetraploid 
JPQPI (MATa/MATa/MATa/MATa, prototmphic [1]); and the temperature- 
sensitive mutant diploids 314D5 (MATa/MATa cdc4-1/cdc4-1 adel/adel 
ade2/ade2 ural/ural tyrl/tyrl [18l) and 370.2.3D (MATa/MATa cdc2- 
l/cdc24 leul/leul ural/ural, a spontaneous diploid derived from haploid 
strain 370.2.3 [references 8 and 9], obtained from C. Newlon, Dept. of 
Microbiology, UMDNJ-New Jersey Medical School, Newark, NJ). All 
strains were maintained as deep-frozen stocks (51). 

Culture Conditions and Drug Treatments 

Except as noted, all cultures were grown in the rich liquid medium YM-P 
(35), with or without additions as described below. Liquid cultures were in- 
cubated with rotary shaking at 0,150 rpm, either at 36°C (for temperature- 
sensitive mutants incubated at their restrictive temperature) or 23-24°C (all 
other cultures). On the basis of the preliminary experiments described be- 
low, the following standard conditions were adopted for all experimental and 
control cultures described in Results. YM-P medium contained final con- 
centrations of 1% (vol/vol) DMSO (control cultures) or 1% DMSO plus 15 
[ag/ml nocodazole or MBC 2 (experimental cultures). Nocodazole or MBC 
was added to the medium from a freshly prepared stock solution (3.3 mg/ml 
nocodazole or MBC in DMSO), together with sufficient additional DMSO 
to reach the final concentration of 1%. 

2. We report the concentrations of the inhibitors in [ag/ml because we were 
unable to obtain definitive information on their purity. Indeed, our observa- 
tions suggest that different preparations of nocodazole might differ in this 
regard (see Discussion). On the assumption that the drug preparations were 
100% pure, 15 ~tg/ml corresponds to °,50 [aM for nocodazole and 0,80 [aM 
for MBC. For comparison, Quinlan et al. (53) reported using 100 [aM MBC 
and Wood and Hartwell (76) used either 20 or 100 ~tg/ml MBC. 
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Except where noted, the experimental and control cultures were inocu- 
lated with cells from mid-exponential-phase, asynchronously dividing 
populations in YM-P medium. In some experiments, the inocula were 
populations that had been enriched for unbudded cells: cultures that had 
been grown in YM-P medium to late exponential or early stationary phase 
were centrifuged through 4-10% Ficoll density gradients, and the fractions 
containing suitably high proportions of unbudded cells were pooled to use 
as inocula. 

Preliminary experiments with strain A364A indicated that in the absence 
of a solubilizing agent, adding up to 100 ltg of nocodazole powder per mil- 
liliter of culture medium had no noticeable effect on exponentially growing 
cells. Likewise, adding up to 1% DMSO to the medium produced no appar- 
ent effect. However, when the medium contained 1% DMSO plus 10-20 
gg/ml nocodazole (added as a solution in DMSO as described above), cell 
division was arrested for several hours before gradually resuming. At lower 
concentrations, nocodazole produced a much shorter or undetectable arrest 
of cell division. In addition, when nocodazole was added at >~25 o.g/ml tu 
medium containing 1% DMSO, a precipitate formed and the arrest of cell 
division was brief or not detectable. Similar results were obtained in experi- 
ments with strain C276. Some experiment-to-experiment variability in the 
response of the cells to nocodazole was observed, as considered in the Dis- 
cussion. In the experiments reported below, we were careful to determine 
directly that the nocodazole-induced arrest of cell proliferation and loss of 
cellular microtubules were in effect throughout the periods of interest. 

The growth of individual cells was monitored by time-lapse photomi- 
croscopy, essentially as described previously (19). Liquid YM-P medium 
containing DMSO or DMSO plus nocodazole was solidified by the addition 
of 0.3 g agar to 15 ml of medium. The medium was steamed for 3 min to 
dissolve the agar, poured into a plastic petri dish, and used within 12 h. 

Measurement of CeUular Parameters 
Cell numbers and cell morphologies were determined after fixation using 
a Coulter Counter and phase-contrast microscopy, as described previously 
(51); determinations of the proportions of budded and unbudded cells were 
based on counts of at least 300 cells in each sample. Nuclear positions and 
morphologies were determined using either Giemsa stain and bright-field 
optics (1, 19) or 2,6-diamidino-phenylindole (DAPI) and fluorescence mi- 
croscopy (74). For quantitative assessment of nuclear positions, random 
fields of Giemsa-stained cells were photographed with the 35-ram camera 
attachment of a microscope equipped with a 100x objective and a 10x 
camera eyepiece. The negatives were projected and the positions of nuclei 
determined by measurements on the images of all cells with well defined 
nuclei. A reproducible reference point for these measurements was taken 
to be the point of intersection of the bud axis (a line drawn from the middle 
of the mother-bud neck through the apex of the bud) with the presumed 
smooth contour of the mother cell wall before bud emergence. The shortest 
distance from this point to any point on the nucleus and the maximum length 
of the mother cell as measured from this point were determined for each 
cell, and the ratio of these distances was defined as the "nuclear-migration 
index" for that cell. Use of this index helped to correct measurements of 
nucleus-to-neck distances for differences in the sizes of the mother cells. 
The indices determined ranged from 0 (for cells whose nuclei had migrated 
up to the reference point or extended past it into the mother-bud neck) to 
"~0.65 (see Fig. 5, and below). The nuclear-migration index was not defined 
for unbudded cells or for cells in which the nucleus had already divided. 

Fluorescence Staining and Fluorescence Microscopy 
Chitin rings were detected by staining cells with Calcofluor and observing 
them by fluorescence microscopy (65). Tubulin-containing structures were 
visualized by indirect immunofluorescence as described previously (1, 29), 
except that fixation was generally performed by addition of concentrated 
formaldehyde solution directly to the culture medium; the final concentra- 
tion was 3.7% (wt/vol) formaldehyde. Except where noted, the cells were 
then recovered immediately by centrifugation and resuspended in phos- 
phate-buffered formaldehyde (40 mM potassium phosphate [pH 6.5] con- 
taining 3.7% [wt/vol] formaldehyde). Cells were fixed in this solution for 
0.5-12 h before preparation for immunofluorescence. Actin-containing 
structures were visualized using rhodamine- or FITC-conjugated phalloidin 
(1). The growth of bud tips was demonstrated by labeling cells with 
FITC-ConA as described in the legend to Table V. Fluorescence pho- 
tomicrography was performed using a Leitz Orthoplan microscope as de- 
scribed previously (1). 

Electron Microscopy 

Serial-section electron microscopy was performed as described previously 
(l, 6). 

Results 

Rapid Blockage of Cellular and Nuclear Division 
by Nocodazole 
When DMSO was added to an exponential-phase, asynchro- 
nously dividing population, the cells continued to proliferate 
exponentially and there was no change in the distribution of 
unbudded, small-budded, and large-budded cells (Figs. 1, A 
and B, and 2 A). In contrast, when nocodazole was added to- 
gether with the DMSO, population increase ceased ,'~40 min 
after addition of the drug; cell numbers increased '~25 % be- 
fore arrest (Fig. 1 A). After arrest, cell numbers stayed con- 
stant for several hours. Population increase eventually re- 
sumed, but the actual duration of the arrest varied from 
experiment to experiment (see Discussion). After 2-3 h, the 
nocodazole-arrested populations consisted almost exclu- 
sively of large-budded cells (Figs. 1 B; 2 B), suggesting that 
bud emergence and differential bud enlargement could con- 
tinue after cell division was arrested by nocodazole. This is- 
sue is addressed further below. 

Nocodazole also blocked nuclear division. Staining with 
Giemsa revealed that although control cells exhibited a nor- 
mal range of nuclear morphologies (Fig. 2 C), the nocoda- 
zole-arrested cells uniformly contained single, unelongated 
nuclei (Fig. 2 D). In one typical experiment, cells were fixed 
after 3 h of culture in medium containing DMSO or DMSO 
plus nocodazole. Of 520 budded cells examined in the con- 
trol population, 78 contained two nuclei and 46 contained 
single nuclei elongated through the mother-bud necks. In 
contrast, of 500 budded cells examined in the nocodazole- 
arrested population, only five appeared to contain two nuclei 
and only two contained single nuclei elongated through the 
mother-bud necks. 

In Giemsa-stained populations, it was not possible to dis- 
tinguish between mother cells and buds in large-budded 
cells. Thus, it was not clear whether the nuclei in nocoda- 
zole-arrested cells were uniformly in the mother cells, uni- 
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Figure L Cell numbers  (,4) 
and proport ions  of  budded 
cells (B) in cultures of  wild- 
type strain C276 grown in the 
presence (o )  o r  absence (e )  
o f  nocodazole.  Cells from a 
mid-exponential-phase culture 
were subeultured into fresh 
medium at t = 0. 100 min 
later, the culture was split (ar- 
rows); to one hal f  was added 
D M S O  and to the other  hal f  
was added D M S O  plus noco- 
dazole, as descr ibed in Mate-  
rials and Methods.  At the in- 
dicated times, cell numbers  

and cell morphologies  were determined.  The data presented are 
averages from three independent  experiments .  For  the purposes  of  
this graph, doubly budded cells (see text) were simply scored as 
budded cells. 
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formly in the buds, or distributed between the two compart- 
ments. We addressed this problem by staining cells with both 
DAPI (to reveal nuclei) and Calcofluor (to reveal the bud 
scars on mother cells that had budded previously). In a popu- 
lation fixed after 3 h of incubation in nocodazole-containing 
medium, the nucleus was located in the mother cell in each 
of 300 budded cells on which at least one bud scar was seen 
(Fig. 2 E). The apparent effect of nocodazole on nuclear 
migration is addressed further below. 

In arresting predominantly as large-budded, uninucleate 
cells, the nocodazole-treated populations resembled various 
cell-division-cycle (cdc) mutants in which specific steps in 
DNA replication or nuclear division appear to be blocked 
(49). However, the nocodazole-arrested populations were 
not completely homogeneous even at this level of analysis 
(see also below). In particular, ~5 to 10% of the mother cells 
appeared to have two buds (Fig. 2 B, inset). These cells ap- 
peared to have single nuclei located in the mother cells (Fig. 
2 F), but we did not determine definitively whether both 
buds had cytoplasmic connections to the mother cells. Dou- 
bly budded cells were not observed in DMSO-treated control 
cultures. 

Rapid Disassembly of  Microtubules in 
Nocodazole-treated Cells 

As nocodazole is known to interact with tubulins from 
S. cerevisiae and other organisms (10, 22, 28, 33, 42, 68, 
70), we examined the effects of this drug on the yeast micro- 
tubule system. Immunofluorescence observations on cells 
from exponentially growing, DMSO-treated control cultures 
revealed tubulin-containing structures that were indistin- 
guishable from those seen in normal cells; extended fluores- 
cent arrays were detected in >95 % of such cells (Fig. 2 G; 
Table I). In addition, the tubulin-containing arrays seen in 
cells that were fixed concurrently with exposure to nocoda- 
zole (by transferring cells into culture medium that contained 
formaldehyde as well as DMSO and nocodazole) were indis- 
tinguishable from those seen in control populations (data not 
shown). This was true even if the fixed cells were left in the 
nocodazole-containing medium for up to 60 min before re- 
covery and processing for immunofluorescence. Moreover, 
the cells could be left in phosphate-buffered formaldehyde 
for periods of at least 12 h without any apparent effect on the 
immunofluorescence patterns subsequently observed. Thus, 
it appeared that DMSO alone did not affect the yeast micro- 
tubule system, that fixation by formaldehyde occurred rap- 
idly, and that disassembly of microtubules in the fixed cells 
occurred slowly if at all, even in the presence of nocodazole. 

In contrast, the tubulin-containing arrays appeared to 
diminish rapidly and progressively after exponentially grow- 

ing cells were subcultured into nocodazole-containing medi- 
um (Table I). Extended structures resembling the original 
microtubule arrays were rarely detected after 30 min of ex- 
posure to the drug (Fig. 2 I) and almost never after 60 min 
of exposure (Fig. 2 H). Thus, it appeared that exposure of 
growing cells to nocodazole led to rapid disassembly of both 
intranuclear and cytoplasmic microtubules. 

However, it seemed possible that the effect of nocodazole 
might be less drastic than suggested by the immunofluores- 
cence observations. Thus, we also examined samples that 
were fixed with glutaraldehyde and prepared for electron mi- 
croscopy. Cells from exponentially growing, DMSO-treated 
control populations contained apparently normal arrays of 
intranuclear and cytoplasmic microtubules (Fig. 3 A). In- 
tranuclear microtubules were observed in essentially all cells 
in which SPBs were seen (data not shown), and cytoplasmic 
microtubules were observed in slightly more than half of 
such cells (Table II, experiment/). Essentially identical ob- 
servations have been made on cells grown in medium with- 
out DMSO (6; our unpublished observations). The appear- 
ance of these microtubule arrays is consistent with the 
patterns of antitubulin immunofluorescence observed in such 
cells (e.g., Fig. 2 G; Table I; references 1, 29), except that 
immunofluorescence suggests that most or all cells contain 
cytoplasmic microtubules. This discrepancy presumably 
reflects the difficulty of visualizing these microtubules by 
electron microscopy (6, 36, 39, 53; Table II, ~t). 

In contrast, the arrays of intranuclear and cytoplasmic 
microtubules were drastically diminished in nocodazole- 
treated cells (Fig. 3, B-D, F, and H; Table II, experiments 
1 and 2), consistent with the patterns of antitubulin immu- 
nofluorescence observed in such cells. The intranuclear 
microtubules seemed somewhat more persistent in the noco- 
dazole-treated cells than were the cytoplasmic microtubules 
(Table II, §, II, and **), again consistent with the im- 
munofluorescence observations (Table I, §). 

In summary, the immunofluorescence and electron micro- 
scopic observations suggested that the inhibition of cellular 
and nuclear division by nocodazole might be a consequence 
of the rapid disassembly of microtubules. 

Residual Tubulin-containing Structures in 
MBC-arrested Cells 

MBC has also been shown to block cellular and nuclear divi- 
sion in S. cerevisiae, apparently by causing microtubule dis- 
assembly (see Introduction). However, it seemed desirable 
to reexamine MBC-arrested cells using antitubulin immu- 
nofluorescence. Addition of DMSO plus MBC to exponen- 
tially growing cells of strain C276 led to an arrest of division 
and the accumulation of large-budded cells within 3 h (data 

Figure 2. Light micrographs illustrating morphological features of inhibitor-treated cells and of DMSO-treated control cells. Strain C276 
was used. (A-l) Cells derived from experiments like those of Fig. 1. (A-D) Phase-contrast (A and B) and bright-field (C and D; Giemsa- 
stained cells) micrographs of cells fixed 3 h after addition of DMSO (A and C) or of DMSO plus nocodazole (B and D). The inset in 
B shows a doubly budded cell (see text). (E and F) Fluorescence micrographs of cells fixed 3 h after subculture into nocodazole-containing 
medium, then stained with both DAPI and Calcofluor. Arrows denote chitin rings; the small spots of fluorescence visible in some cells 
are due to DAPI staining of mitochondrial DNA (74). (G-l) Indirect antitubulin immunofluorescence micrographs of cells fixed after 60 
min (G and H) or 30 min (I) of incubation in medium containing DMSO (G) or DMSO plus nocodazole (H and I). The numbered cells 
in G and I illustrate the types of tubulin-containing structures defined in Table I. (J) Indirect antitubulin immunofluorescence micrograph 
of cells fixed 3 h after addition of DMSO and MBC (see Materials and Methods) to an exponential-phase, asynchronously dividing popula- 
tion. Bars, 10 Ixm. 

Jacobs et al. Microtubules in the Yeast Cell Cycle 1413 



Table L lmmunofluorescence Observations of Microtubule Disassembly During Treatment with Nocodazole* 

Percentage of cells displaying 

Tubulin-containing Tubulin-containing 
Time of arrays with >/I arrays without long One tubulin- No detectable 
exposure to long element plus elements but with containing bar tubulin-containing 
nocodazole short elements short elements or spot only structures 

min 

0 60 36 4 0 
Controls 60-72 25-36 0-4 0-1 

1 8 57 30 5 
5 3 46 48 3 

10 5§ 21§ 65 9 
20 0 10§ 68 22 
30 0 3§ 67 30 
45 0 1§ 5011 4811 

* Cells from an exponential-phase culture of strain C276 were subcultured into medium containing DMSO or DMSO plus nocodazole. At intervals, samples were 
fixed and processed for antitubulin immunofluorescence as described in Materials and Methods, except that the phosphate-buffered formaldehyde contained 1% 
DMSO. For the initial (0 min) sample, cells were transferred into medium that already contained formaldehyde in addition to DMSO, and then processed as just 
described. The cells from all samples were scored for the presence of tubulin-containing structures including (a) "long elements" (fluorescent structures longer 
than half the length of the mother cell; e.g., cells 1-3 in Fig. 2 G); (b) "short elements" (asymmetric fluorescent structures of significant length, but less than 
half the length of the mother cell; e.g., cells 1-6 in Fig. 2 G. Cells 4-6 contain only short elements); (c) "bars" (isolated, symmetric fluorescent structures with 
well defined ends and length less than half that of the mother cell; e.g., cell 1 in Fig. 2 1 ); and (d) "spots" (point sources of fluorescence at the 1,000x magnification 
used; e.g., cells 2--4 in Fig. 2 1). 
;t The values obtained for the DMSO-treated control culture varied only slightly during the course of the experiment; the ranges observed for each category are 
indicated. 
§ Most of the long and short elements observed in these samples appeared to be intranuclear based on their apparent location within DAPI-stained regions of the 
cells (cf. Table II, notes §, II, and **). 
II In most experiments, >80% of the cells fixed after 45-60 min in nocodazole-containing medium contained no unequivocal tubulin-containing structures, and 
the remaining cells contained only fluorescent spots (e.g., Table II, note II). The particular experiment reported here was scored very conservatively (each point 
of fluorescence within the outline of a cell was scored as a "spot" even if it seemed likely to represent merely nonspecific background fluorescence); the results 
may also reflect the experiment-to-experiment variation in the response to nocodazole treatment (see Discussion). 

not shown). About half of the arrested cells possessed ex- 
tended, tubulin-containing structures even after a 3 h ex- 
posure to the inhibitor, although the structures observed 
(Fig. 2 J )  were often very different from those seen in control 
cells (Fig. 2 G; reference 29). These results suggest that 
MBC may be less effective than nocodazole in producing dis- 
assembly of  yeast microtubules (see Discussion). 

Effects of Nocodazole on SPBs and Spindles 

Electron microscopy also allowed a more detailed character- 
ization of the cell-cycle block in nocodazole-arrested cells 
than was possible with light microscopy alone. In particular, 
it was possible to determine the behavior of the SPBs and 
the mitotic spindle. Examination of exponentially growing, 
DMSO-treated control cells revealed a normal distribution 
of  SPB configurations (Fig. 3 A; Table III, experiment/).  In 
contrast, when exponential-phase populations were treated 
with nocodazole, nearly all cells appeared to arrest with two 
SPBs in one or the other of  two configurations. Most cells 

examined after 60 or 150 min of nocodazole treatment con- 
mined double SPBs (Fig. 3, B and C; Table III, experiment 
/). Except for the absence of  microtubules, these double 
SPBs resembled those seen in cells with small buds during 
the normal cell cycle. However, in the cells treated with 
nocodazole for 150 min, the double SPBs were often located 
on deep invaginations of  the nuclear envelope (Fig. 3 C), and 
the bridge structures sometimes appeared bent (Fig. 3 C) or 
broken (Fig. 3 C, inset; cf. Fig. 3 B and the normal double 
SPBs shown in reference 4). In most cells that did not contain 
double SPBs, the SPBs were distant from each other in the 
plane of the nuclear envelope, yet were opposed in close 
proximity (Fig. 3, D-H; Table III, experiment/).  Each such 
SPB was located on a separate invagination of the nuclear 
envelope. The separation between such SPBs was typically 
~0.2 Ixm (Fig. 3, D-H), in contrast to the •0.95 I~m of the 
normal short spindle (Fig. 3 A; references 4, 6, 39, 45). In 
most cases, no intranuclear microtubules were seen, but an 
unidentified fuzzy material was observed between the op- 

IJ 

Figure 3. Electron micrographs illustrating morphological features of nocodazole-treated and control cells. Cells of strain C276 were fixed 
at various times after subculture of exponentially growing populations into the appropriate media (Table II, experiment 1). (A) Control 
cell fixed after 60 min in DMSO-containing medium, illustrating the typical arrangement of SPBs (arrows) and intranuclear and cytoplasmic 
microtubules in a cell with a short spindle. The spindle in this particular cell is somewhat shorter than average (6, 39, 45; our unpublished 
observations). The bud is on the right; its cytoplasmic connection to the mother cell is out of the plane of section. (B and C) Cells fixed 
after 60 (B) or 150 (C) min in nocodazole-containing medium, illustrating double SPBs (arrows) without detectable intranuclear or cyto- 
plasmic microtubules. In C and its inset (showing two different cells), the double SPBs are at the tips of deep invaginations of the nuclear 
envelopes on the sides opposite the buds, as revealed by examination of adjacent sections. (D-H) Cells fixed after 30 (D) or 60 (E-H) 
rain in nocodazole-containing medium, illustrating closely opposed SPBs (arrows) without detectable intranuclear or cytoplasmic microtu- 
bules. Each SPB is located on a separate invagination of the nuclear envelope (arrowheads in D), as revealed by examination of adjacent 
sections. E-G show one cell in the first, third, and fifth sections from a series; H shows another cell. Bars: (A-D), 500 nm; (E-H, and 
inset in C) 250 nm. 
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Table II. Frequency of Detection of Cytoplasmic 
Microtubules by Electron Microscopy in 
Nocodazole-treated and Control Cells* 

No. cells No. cells 
Time of with detectable without detectable 

Experiment Culture sampling cMTs~ t cMTs* 

min 

1 DMSO only 30 27 20 
DMSO only 60 26 23 
Nocodazole 30 2 36§ 
Nocodazole 60 1 5711 
Nocodazole 150 0 23¶ 

2 Nocodazole 60 1 19"* 
Nocodazole 180 0 30** 

* In each experiment, samples were fixed and prepared for electron microsco- 
py at the indicated times after inoculation of cells into medium containing 
DMSO or DMSO plus nocodazole. Samples were also taken at various times 
for determination of cell numbers, cell morphologies, and the status of micro- 
tubules as judged by immunofluorescence. For experiment 1 (actually a com- 
posite of data from two very similar experiments), the inocula were exponen- 
tially growing cells of strain C276. Cell proliferation continued unimpeded in 
the DMSO-treat~l culture and was arrested throughout the period of observa- 
tion in the nocodazole-treated culture, essentially as in the experiments of Fig. 
1. For experiment 2, the inoculum was a population enriched for small, unbud- 
ded cells (",,91% of the cells were unbudded) from an early stationary-phase 
culture of strain JPQPI (see Materials and Methods). Bud emergence began in 
both the nocodazole-treated and control cultures "~ 100 rain after inoculation; 
by 180 min, "~50% of the ceils in the nocodazole-treated population were bud- 
ded. Cell numbers began to increase in the control culture by 170 min, but 
showed no increase even by 360 min in the nocodazole-treated culture, 
although >92% of the cells were budded. 
* The presence or absence of cytoplasmic microtubules (cMTs) was scored by 
noting the SPBs that were identifiable in a set of serial sections. Each cell in 
which an SPB was found was then examined carefully for cytoplasmic microtu- 
bules both in the sections in which the SPB was visible and in several consecu- 
tive serial sections to either side of these. The detection of cytoplasmic 
microtubules was not always unambiguous, due to their small number and im- 
perfect preservation, the presence of other cellular structures that resembled 
poorly preserved microtubnles, and the variable angles of sectioning relative 
to the orientation of the mierotubules. Each cell was tabulated according to the 
most plausible interpretation of the images. The presence or absence of in- 
tranuclear microtubules was also noted for most cells, but no rigorous quantita- 
tion was performed. 
§ Immunofluorescence showed ,'~45% of the ceils with no visible tubulin- 
containing structures, 48% with one bar or spot only, and 7% with one or more 
short elements (cf. Table I). Electron microscopy revealed short remnants of 
intranuclear microtubules on the face of the SPB in most cells, but microtu- 
bules of appreciable length were observed in only five of the 38 cells examined. 
It Immunofluorescence showed ,',,88% of the cells with no visible tubulin- 
containing structures, 11% with one spot only, and 1% with a bar or short ele- 
ments (cf. Table I). Electron microscopy revealed remnants of intranuclear 
microtubules (mostly as a short "stubble" on the face of the SPB) in about one 
third of the cells. 
¶ Immunofluorescence showed ",,84% of the cells with no visible tubnlin- 
containing structure, 14% with one bar or spot only, and 2% with one or more 
short elements. Electron microscopy revealed unequivocal remnants of in- 
tranuclear microtubules in only one of the 23 cells examined. 
**Immunofluorescence showed >/75 % of the cells with a single tubulin-con- 
raining spot and about 10% with a bar or short elements. (A problem with 
background fluorescence in this experiment made it difficult to get precise 
counts, particularly of the rather dim spots [ef. Fig. 2 I].) Electron microscopy 
revealed residual intranuclear microtubules of appreciable length (although 
much less extensive than in normal cells) in 19 of the 20 cells examined. 
** Immunofluoreseence showed >/75% of the cells with no visible tubulin- 
containing structures, and <6% with structures more extensive than a single 
spot. (See comment in note **.) Electron microscopy revealed unequivocal 
remnants of intranuclear microtubules in only one of the 30 cells examined. 

posed SPBs in favorable sections (Fig. 3 D, F, and H). Such 
opposed SPBs were never observed in control ceils, but were 
seen in cells fixed after as little as 30 min of nocodazole treat- 
ment (Fig. 3 D). 

Somewhat different results were obtained in related ex- 
periments in which populations consisting largely of small 
unbudded cells were inoculated into fresh medium contain- 

ing nocodazole. In one such experiment (using strain JPQPI', 
Table III, experiment 2), nearly all cells examined 60 mir 
after inoculation contained single SPBs (Fig. 4 A), as ex- 
pected given that budding did not begin until ~40 min late1 
(Table II, *). In these cells, cytoplasmic microtubules were 
essentially absent and intranuclear microtubules were drasti- 
cally reduced (Table II). Nonetheless, cells examined 18( 
min after inoculation contained almost exclusively double 
SPBs (Table III). In a similar experiment (using strain C276), 
cells were fixed 240 min after inoculation into nocodazole- 
containing medium. This was --150 min after budding (and 
presumably SPB duplication) had begun, and at least 18( 
min after extended tubulin-containing structures were lasl 
detected. Again, the arrested cells contained almost exclu- 
sively double SPBs (Fig. 4 B), although cells in a parallel 
sample from the DMSO-treated control culture contained 
mostly complete spindles or single SPBs. (The cells with sin- 
gle SPBs presumably had already divided once before fixa- 
tion.) In both of these experiments, many of the double SPB~ 
observed in the nocodazole-arrested cells were located on in- 
vaginations of the nuclear envelope (Fig. 4 B), and theil 
bridge structures sometimes appeared bent or broken, as in 
the experiments using exponential-phase cells. However, 
closely opposed pairs of SPBs (Fig. 3, D-H) were seldom 
if ever observed in the experiments using inocula of small un- 
budded cells (Table III). The few cells in these experiments 
that did appear to contain either opposed SPBs or the rem- 
nants of complete spindles were probably derived from the 
few budded cells that had been present in the original inocula 
(see Table II, *). 

Taken together, these results suggest that SPB duplication 
can occur in nocodazole-treated cells, but that SPB separa- 
tion is then blocked. Thus, microtubules may be necessary 
for SPB separation but not for SPB duplication. In addition, 
the fact that closely opposed SPBs were observed only in ar- 
rested cells derived from asynchronously dividing popula- 
tions suggests that these structures arose by the collapse o! 
spindles that had been present in budded ceils when the 
nocodazole-induced disassembly of microtubules began, as 
considered further in the Discussion. 

Effects of Nocodazole on Nuclear Orientation and 
Nuclear Migration 

The normal orientation of the double SPB toward the bud- 
ding site was not perturbed by the addition of DMSO alone 
to the culture medium (data not shown). In contrast, the dou- 
ble SPBs observed in nocodazole-treated cells were often 
found in orientations inconsistent with the possibility that 
they were facing the bud sites and were sometimes oriented 
almost directly away from these sites (Figs. 3 C and 4 B). 
Most of these observations were made on arrested cells that 
were not strictly analogous to cells in normal populations be- 
cause their buds had grown well beyond the point at which 
the SPBs normally separate. However, even when cells with 
small buds were examined specifically in appropriate sam- 
ples, double SPBs oriented away from the bud sites were 
found frequently. For example, in a sample fixed 60 min 
after subculture of exponentially growing cells into nocoda- 
zole-containing medium (Tables II and III, experiment/), 
double SPBs were detected with reasonable confidence in 
19 cells that had buds less than one third the diameters ot 
the mother cells; in 11 cases, the double SPBs seemed to be 
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Table IlL Configurations of SPBs in Nocodazole-treated and Control Cells 

Configuration of SPB$ 

Time of Single Double Complete Opposed 
Experiment* Culture sampling SPB SPB spindle SPBs Ambiguous 

(m~ 
1 DMSO only 60 17 15 32 0 9 

Nocodazole 60 4 49 9 22 16 
Nocodazole 150 0 12 1 6 4 

2 Nocodazole 60 18 0 1 0 2 
Nocodazole 180 0 24 1 1? 4 

* Experiments 1 and 2 are the same as those described in Table II. 
~: Individual nuclei were examined through sets of serial sections and categorized as containing one of the following configurations of SPBs (see Introduction for 
a description of the normal SPB cycle): (a) one single SPB (e.g., Fig. 4 A); (b) one double SPB (e.g., Figs. 3, B and (7; 4, B and C); (c) a "complete spindle" 
(i.e., two single SPBs that were distant from each other in the plane of the nuclear envelope and separated by .>--0.7 l~m on a direct line through the nucleoplasm 
[e.g., Fig. 3 A]; note that the "complete spindles" observed in nocodazole-treated cells contained at most remnants of the normal complement of spindle microtu- 
boles); or (d) "opposed SPBs" (i.e., two single SPBs that were distant from each other in the plane of the nuclear envelope but separated by <0.5 ~tm on a direct 
line through the nucleoplasm [e.g., Fig. 3, D-H]; see text for further discussion). The numbers tabulated should be regarded only as approximations, as the attempts 
to categorize nuclei in this way encountered nontrival difficulties. In particular, due to imperfect preservation, unfavorable angles of sectioning, or both, some 
putative SPBs were indistinct and difficult to distinguish unambiguously from similarly indistinct nuclear-pore complexes. Thus, it was not always possible to distin- 
guish with confidence single from double SPBs, or a nucleus with one single SPB from a nucleus with two single SPBs at the poles of a "complete spindle". These 
problems were more acute in the nocodazole-treated cells than in the control cells (where the presence of microtubules helped to mark the bona fide SPBs), and 
were more acute in the diploid cells of experiment I than in the tetraploid cells of experiment 2 (where the greater discrepancy in size between SPBs and nuclear-pore 
complexes [see Fig. 4] helped to distinguish these structures). In all experiments, each nucleus was assigned to a category when such assignment could be made 
with even moderate confidence; the other nuclei examined were tabulated as "ambiguous". 

oriented more than 90 ° away from the bud sites (e.g., Fig. 4, 
Cand D). 

In normal budded cells, undivided nuclei tend to be lo- 
cated close to the mother-bud necks and then migrate into the 
necks as spindle elongation begins. This behavior was not 
perturbed by DMSO. In populations growing exponentially 
in DMSO-containing medium, more than 95 % of the bud- 
ded, uninucleate cells had nuclear-migration indices (see 
Materials and Methods) of 0.25 or less and '~10% had nuclei 
actually extending through the mother-bud necks (Fig. 2 C 
and associated text; Fig. 5 A). In contrast, nocodazole- 
arrested cells appeared to have their nuclei positioned essen- 
tially randomly within the mother cells. In several popula- 
tions fixed 3 h after subculture of exponentially growing cells 
into nocodazole-containing medium, only ,x,53 % of the cells 
had nuclear-migration indices of 0.25 or less and <0.5 % had 
nuclei extending through the mother-bud necks (Fig. 2 D and 
associated text; Fig. 5 B), although the buds on these cells 
had grown well beyond the size at which the nucleus nor- 
mally migrates into the neck. Electron microscopic observa- 
tions, though not performed quantitatively, suggested that the 
location of Giemsa-stained material was a generally accurate 
guide to the position of the nuclear envelope in nocodazole- 
arrested cells. 

These observations suggested that nocodazole affected the 
positioning of the nucleus, but they were not entirely con- 
vincing because of the heterogeneity of nuclear position in 
the control populations (Figs. 2 C and 5 A). Thus, we inves- 
tigated this problem further using a cdc2 temperature- 
sensitive mutant strain in which most cells arrest at 36°C 
with large buds and with nuclei adjacent to the mother-bud 
necks (9). As expected, when this strain was incubated for 
3 h at 36°C in DMSO-containing medium, most nuclei were 
very close to the necks (Figs. 5 C and 6 A); '~92% of the 
cells had nuclear-migration indices of 0.10 or less. In con- 
trast, when the cdc2 strain was incubated for 3 h at 36°C in 
nocodazole-containing medium, the nuclei appeared to be 
more randomly distributed within the cells (Figs. 5 D and 

6 B); only ~14% of the cells had nuclear-migration indices 
of 0.10 or less. 

A further question was whether nuclei that had already 
migrated to the mother-bud necks would remain there after 
microtubules were disassembled by nocodazole treatment. 
To address this question, cdc2 cells were incubated for 3 h 
at 36°C to arrest the cells with their nuclei at the necks (cf. 
Figs. 5 C and 6 A). DMSO and nocodazole were then added, 
and the cells were incubated a further 2 h at 36°C. In each 
of two experiments, no extended tubulin-containing struc- 
tures were observed by immunofluorescence in more than 
200 cells examined after 60 min of exposure to nocodazole. 
In each experiment, 'x,81% of the cells had nuclear-migration 
indices of 0.15 or less before the addition of the drug. After 
2 h of nocodazole treatment, the proportions were essentially 
the same (79 and 91%). 

In summary, it appears that nocodazole interferes with the 
ability of the nucleus and SPB to orient toward, locate near, 
and migrate into the mother-bud neck, but does not disrupt 
the mechanisms that retain the post-migration nucleus in the 
neck region. Thus, microtubules are likely to be involved in 
the first three processes, but not in the last. 

Bud Emergence and Bud Enlargement in 
Nocodazole-treated Cells 

As described above, treatment of exponential-phase, asyn- 
chronously dividing cells with nocodazole yielded arrested 
populations that consisted almost exclusively of large- 
budded ceils. The time course of events in these experiments 
suggested that both bud emergence and differential bud en- 
largement could occur normally in the absence of cytoplas- 
mic microtubules. For example, in one of the experiments of 
Fig. 1, ~73% of the cells were budded after 30 min of 
nocodazole treatment, and the buds were of all sizes (as in 
Fig. 2 A). At this point, ~<10% of the ceils appeared to con- 
tain appreciable remnants of their original microtubule ar- 
rays, mostly as intranuclear microtubules in cells that were 
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Figure 5. Histograms illustrating the effects of nocodazole on nu- 
clear position in wild-type (A and B) and cdc2 mutant (C and D) 
cells. The nuclear-migration indices of Giemsa-stained cells were 
determined as described in Materials and Methods; the smaller the 
index for a given cell, the closer was its nucleus to the mother-bud 
neck. The data presented in each panel are the cumulative results 
of several experiments of the same type. (A and B) Cells of strain 
C276 were examined after 3 h of incubation in medium containing 
DMSO (A) or DMSO plus nocodazole (B), in experiments like 
those of Fig. 1. A and B present data for 455 and 482 budded, 
uninucleate cells, respectively. (C and D) Cells of the temperature- 
sensitive strain 370.2.3D were examined after 3 h of incubation at 
36°C in medium containing DMSO (C) or DMSO plus nocodazole 
(D). Essentially all cells in both populations were budded and 
uninucleate; C and D present data for 557 and 519 such cells, 
respectively. Immunofluorescence observations confirmed that the 
loss of microtubules was rapid and essentially complete in these ex- 
periments, as in the comparable experiments involving wild-type 
cells. 

already budded (Figs. 2 1 and 3 D; Tables I and II). During 
the subsequent 150 min, the fraction of cells with detectable 
tubulin-containing structures declined further and remained 
low (Figs. 2 H and 3, B and C; Tables I, II). Nonetheless, 
during this period, the proportion of budded cells increased 
to >90% and essentially all buds approached or equalled 
their mother cells in size (Fig. 2, B and H). 

Interpretation of these experiments was complicated 
somewhat by the large proportions of budded cells present 
initially and by the fact that tubulin-containing structures dis- 
appeared only gradually during the period in which bud 
emergence and bud enlargement were being monitored. 
Thus, we examined these processes also in experiments 
using inocula that had been enriched for unbudded cells. The 
results (Table IV) showed clearly that both bud emergence 
and differential bud enlargement could occur in the absence 

of detectable cytoplasmic microtubules. Very similar results 
were obtained in other experiments (Table II, experiment 2; 
the experiment of Fig. 4 B and associated text) in which elec- 
tron microscopy confirmed that microtubules were essen- 
tially absent during the period of interest. 

To ask whether the selective expansion of bud tips could 
also occur in the absence of cytoplasmic microtubules, we 
used a procedure in which cells are first coated with 
FITC-ConA, then allowed to grow further in medium not 
containing added FITC-ConA. Foci of new cell-wall deposi- 
tion then appear as nonfluorescent patches. To facilitate these 
experiments, we used a cdc4 temperature-sensitive mutant 
strain that forms multiple, abnormally elongated buds when 
incubated at 36°C (18; Fig. 6, Cand D). Most, if not all, of 
these buds contain cytoplasmic microtubules that reach es- 
sentially to their tips, and apical growth of the buds is easily 
demonstrated by the FITC-ConA procedure (1). When cdc4 
cells were incubated at 36°C to express the mutant pheno- 
type, then incubated further at 36°C in the presence of 
nocodazole, they lost cytoplasmic microtubules as judged by 
immunofluorescence (Table V, 0-min samples). Nonethe- 
less, the fraction of buds displaying well-defined apical 
growth during further incubation in the presence of nocoda- 
zole at 36°C was indistinguishable from that of a correspond- 
ing control culture (Fig. 6, C-F; Table V, 30-min samples). 
Thus, apical bud growth was apparently unimpeded by the 
loss of detectable cytoplasmic microtubules. 

Formation of Chitin Rings and Rings of lO-nm 
Filaments in Nocodazole-treated Cells 

Examination of exponentially growing populations that were 
treated with nocodazole suggested that both chitin rings and 
rings of 10-nm filaments could form in the absence of 
microtubules. For example, in the population illustrated in 
Fig. 2 E, chitin rings were observed at the bases of at least 
308 of 314 buds examined, and in experiment 1 of Table II, 
10-nm filaments were detected with reasonable confidence in 
62 of 62 budded cells from the sample taken at 150 min (Fig. 
4, E and F). However, interpretation of these observations 
was complicated somewhat by the facts (a) that many of the 
budded cells examined had already possessed buds (and 
thus, presumably, chitin rings and rings of 10-nm filaments) 
at the time of nocodazole addition and (b) that tubulin-con- 
raining structures disappeared only gradually after noco- 
dazole addition. Thus, we also monitored formation of chitin 
rings and rings of 10-nm filaments in the experiments using 
inocula enriched for small, unbudded cells. As such cells are 
mostly daughter cells that have never budded, they are 
largely devoid of chitin rings and are presumably also devoid 
of rings of 10-nm filaments. Nonetheless, in experiment A 
of Table IV, chitin rings were observed on 98 % of the cells 

Figure 4. Electron micrographs illustrating morphological features of nocodazole-treated cells of strain JPQP1 (A) or C276 (B-F). (A) Rep- 
resentative cell fixed 60 min after inoculating a population of small unbudded cells into nocodazole-containing medium (Tables II and III, 
experiment 2), illustrating a single SPB (arrow) and nuclear-pore complexes (arrowheads). (B) Representative cell fixed 240 min after 
inoculating a population of small unbudded cells into nocodazole-containing medium (see text), illustrating a double SPB (thick arrow) 
lying in an invagination of the nuclear envelope. The 10-nm filaments in the neck region are also visible in cross section (thin arrows). 
(C-F) Cells fixed 60 (C and D) or 150 (E and F) min after subculture of an exponentially growing population into nocodazole-containing 
medium (Tables II and III, experiment 1). (C and D) The first and eighth sections from a series of a single cell, illustrating a double SPB 
(arrow) on the side of the nucleus opposite the bud. (E and F) Sections of two cells, illustrating tangential (E) and transverse (F) sections 
of the 10-nm filaments of the neck region (arrows). Bars, 500 nm. 
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Figure 6, Light micrographs il- 
lustrating the effect of nocodazole 
on nuclear position in cdc2 mu- 
tant cells (A and B), the failure of 
nocodazole to inhibit apical bud 
growth in cdc4 mutant cells (C-F), 
and the failure of nocodazole to 
inhibit chitin-ring formation in 
wild-type cells (G). (A and B) 
Bright-field micrographs of Giem- 
sa-stained cells of strain 370. 2.3D 
after incubation in medium con- 
mining DMSO (A) or DMSO plus 
nocodazole (B), as described in 
the legend to Fig. 5. (C-F) Paired 
phase-contrast (C and D) and 
fluorescence (E and F) micro- 
graphs of nocodazole-treated cdc4 
cells immediately after staining 
with FITC-ConA (C and E) and 
after a further 30-min incubation 
in nocodazole-containing medi- 
um at restrictive temperature (D 
and F). These cells are from the 
experiment described in Table V. 
Each cell in D and F displays one 
or two FITC-ConA-dark foci. 
(G) Fluorescence micrograph of 
Calcofluor-stained cells from a 
sample fixed 240 min after inocu- 
lation of small, unbudded cells 
into nocodazole-containing medi- 
um (Table IV, experiment A). 
Bars, 10 lim. 

in a sample taken at 240 min (Fig. 6 G; only 3 % of the cells 
in the inoculum had chitin rings in this experiment), and in 
the experiment described in Fig. 4 B and the associated text, 
rings of 10-nm filaments were observed in 35 of 35 budded 
cells examined from the sample taken at 240 min (Fig. 4 B). 
Similar results (on both points) were obtained in experiment 
2 of Table II. Given the data presented above on the time 
course of budding and loss of microtubules in these experi- 

ments, it seems clear that both chitin rings and rings of 10- 
nm filaments can form in the absence of microtubules. 

It should also be noted that in these experiments, well 
defined rings of 10-nm filaments were observed in many cells 
that must have been arrested for considerable periods beyond 
the time at which these filaments would normally have disap- 
peared (see Introduction). Thus, it seems that some event 
that is blocked by nocodazole (perhaps nuclear division) is 
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Table IV. Bud Emergence and Differential Bud Enlargement in Nocodazole-treated Cells* 

Percentage of cells displaying 

Time of Percentage of Extended tubulin- One tubulin- No tubulin- 
Experiment sampling budded cells containing structures¢ containing spot:~ containing structures 

A 
rain 

60 1 1 2 97 
180 69§ 0 0 100 
300 9811 0 0 100 

0 25 ND ND ND 
60 60§ 2 7 93 

180 9811 0 1 99 

* Medium containing DMSO plus nocodazole was inoculated with populations enriched for small, unbudded cells from early stationary-phase (experiment A) or 
late exponential-phase (experiment B) cultures of strain C276. At various times after inoculation, the proportions of budded cells and the types of tubulin-containing 
structures detectable by immunofluorescence were determined. Each percentage is based on a count of •200 cells. 
~t These structures are defined and illustrated in Table I and Fig. 2, G-I. For present purposes, "extended tubulin-containing structures" include bars, short ele- 
ments, and long elements. Note that both bars and spots seem generally to correspond to residua of intranuclear microtubules (Table I and II). 
§ These budded cells exhibited a full range of bud sizes. 
II About 90% of these budded cells had buds that approached or exceeded the mother cells in size. 

a prerequisite for the disappearance of the ring of 10-nm fila- 
ments. 

Selection of Budding Sites in Nocodazole-treatecl Cells 

The results presented above suggested that the cytoplasmic 
microtubules are not involved in the organization of the bud- 
ding site or in the emergence and enlargement of the bud. 
However, it remained possible that the microtubules are in- 
volved in selecting the nonrandom sites at which budding 
occurs. To address this issue, we used time-lapse photo- 
microscopy of cells incubated on solid medium containing 
DMSO or DMSO plus nocodazole. Given the results ob- 
tained with liquid cultures (Fig. 1), we expected that 25 to 
30 % of the nocodazole-treated cells would divide once, and 
that both mother and daughter cells would then bud again be- 
fore arresting. Given the relatively long unbudded phases 
displayed by daughter cells (49), we expected that most 
daughter cells would bud again only at times at which the 
nocodazole-induced loss of microtubules would be essen- 

tially complete. Thus, we could ask whether the normal 
mating-type-specific positioning of the daughter cells' first 
buds was perturbed by this loss of microtubules. As shown 
in Table VI, which reports one of several very similar ex- 
periments, these expectations were realized. Moreover, it 
seemed clear from the results that neither DMSO nor DMSO 
plus nocodazole affected the normal positioning of the 
daughter cells' first buds in the MATa/MATa or MATa/MATa 
strains. A MATa haploid strain (C276-4A) behaved like the 
MATa/MATa diploid strain, although the films were more 
difficult to score because of the smaller, more rounded shape 
of the haploid cells. These results suggest that the cytoplas- 
mic microtubules are not involved in the selection of budding 
sites, although an involvement in the positioning of the sec- 
ond and subsequent buds cannot be ruled out. 

The Distribution of  Actin in Nocodazole-treated Cells 

As the cytoplasmic microtubules do not seem to be involved 
in the localized deposition of new cell wall, the burden of 

Table V. Apical Bud Growth in Nocodazole-treated and Control cdc4 Cells* 

Percentage of cells displaying 
Percentage of cells 

Time of displaying />1 FITC-ConA- Extended tubulin- One tubulin- No tubulin- 
Culture sampling dark bud apex~: containing structures§ containing spot§ containing structures 

rain 

DMSO only 0 0 98 2 0 
DMSO only 30 75 97 2 1 
Nocodazole 0 0 0 10 90 
Nocodazole 30 71 0 12 88 

* Cells of strain 314D5 growing exponentially at permissive temperature (23°C) were shifted to restrictive temperature (36°C) and incubated for 150 min. At 
this time, most cells displayed one or two abnormally elongated buds (see text and Fig. 6, C and D). The culture was then split; to one half was added DMSO 
and to the other half was added DMSO plus nocodazole. Incubation was then continued at 36°C for 60 min. One half of each culture was then stained with 
FITC-ConA and the other half with rhodamine-ConA, as described previously (1, 64, 67), except that the cells were incubated with the labeled lectins for 5 min 
at 36°C in buffers containing 1% DMSO or 1% DMSO plus 15 Ixg/ml nocodazole, as appropriate. The stained cells were then reinoculated into medium containing 
DMSO or DMSO plus nocodazole, as appropriate, and incubated further at 36°C. Immediately after reinoculation (time = 0) and 30 min later, a sample of each 
FITC-ConA-stained culture was fixed by addition of concentrated formaldehyde to a final concentration of 3.7% and used to observe staining of the cell wall 
(see text and Fig. 6, C-F), and a sample of each rhodamine-ConA-stained culture was processed for antitubulin immunofluorescence. (When FITC-ConA-stained 
cells were used for the antitubulin immunofluorescence, FITC fluorescence from residual cell wall obscured the staining of tubulin-containing structures by FITC- 
labeled antibodies.) 

Each percentage is based on a count of 200 cells; the remaining cells had only FITC-ConA-bright bud apices (for examples of dark and bright apices, see Fig. 
6, E and F). 
§ See Table IV, note ~. Each percentage is based on a count of 200 cells. 
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Table VI. Selection of Budding Sites in Nocodazole-treated and Control Cells* 

No. cells in 
No. cells which daughter 

Strain Culture examined cells budded* 

Position of daughter cell's first bud 

Distal Proximal Ambiguous 

C276 DMSO only 19 12§ 9 l 2 
Nocodazole 47 1311 11 0 2 

CP1AB-1AA DMSO only 19 18 0 17 1 
Nocodazole 49 131 0 11 2 

* Exponentially growing cells of the MATa/MATa strain C276 and the MATa/MATa strain CPIAB-1AA were plated on medium containing DMSO or DMSO 
plus nocodazole and examined by time-lapse photomicroscopy as described in Materials and Methods. Except as noted, nearly all cells were followed for 5.5 to 
6 h. For each cell that divided and proceeded to form new buds, we determined whether the daughter cell's new bud emerged near the pole distal or proximal 
to the point at which the daughter cell bad been attached to its own mother cell. In some cases (scored as "ambiguous'), rotation of the cells, focus problems, 
or both, made it impossible to determine unambiguously where the new buds had emerged. Three lines of evidence indicated that microtubules were effectively 
disrupted in the nocodazole-treated cells throughout the period of observation. First, subsequent macroscopic inspection of the plates showed that growth of these 
ceils had been grossly retarded relative to that of the cells exposed to DMSO alone. Second, immunofluorescence observations were performed on cells that were 
handled identically to those on which the time-lapse observations were made, except that they were washed off the plates and fixed after 1 or 3 h of incubation. 
For both strains at both time points, the DMSO-treated cells showed the expected arrays of tubulin-containing structures (cf. Fig. 2 G), whereas <10% of the 
nocodazole-treated cells showed any visible tubulin-containing structures (and these mostly just spots of fluorescence). Third, the time-lapse observations them- 
selves showed that whereas essentially all cells in the DMSO-treated populations divided and proceeded at the expected pace into subsequent cell cycles, most 
cells in the nocodazole-treated populations appeared to arrest as large-budded cells. 

In nearly all of these cells, the mother cell had also produced a new bud by the time the daughter cell budded. In the nocodazole-treated populations, all of 
the cells that divided and proceeded to bud again had relatively large buds at the time of plating. Most of the new buds on daughter cells emerged betwen 1.25 
and 3 h after plating. In each population, there were a few additional cells in which the mother cells appeared to bud again but the daughter cells did not. In the 
DMSO-treated populations, these were presumably just cases in which the daughters had not yet formed new buds when the observations were terminated. In 
the nocodazole-treated populations, these may also have been the "doubly budded cells" described above (Fig. 2, B and F, and associated text). 
§ Observations were terminated by an accidental shift of the grid after •3.5 h of incubation. At this time, some daughter cells (derived from cells that had original- 
ly been unbudded or had small buds) had not yet budded. 
II Plus four cells in which only the original mother cell had produced a new bud when observations were terminated. 
ql Plus eight cells in which only the original mother cell had produced a new bud when observations were terminated. 

suspicion falls more heavily on the actin-containing system, 
which has also been suggested to be involved in these 
processes (1, 29, 41). For this reason and to explore possible 
interactions among the cytoskeletal elements, it was impor- 
tant to ask whether the nocodazole-induced loss of microtu- 
bules perturbed the normal distribution of actin in the cells. 
As shown in Fig. 7, there was no evidence for such perturba- 
tion. Cells with small and large buds displayed asymmetric 
and relatively symmetricdistributions of actin "dots", respec- 
tively, and the distribution of actin fibers was generally lon- 
gitudinal, as in normal cells (1, 29, 41). A few large-budded 
cells displayed a concentration of actin in the neck region 
(Fig. 7 B), again as in normal cells. Finally, nocodazole- 
treated cdc4 cells showed a dense clustering of actin "dots" 
at growing bud tips (not shown), as reported previously for 
cdc4 cells not treated with nocodazole (1). 

Discussion 

EJ~icacy of  Microtubule Inhibitors in Yeast 

Disassembly of Microtubules and Inhibition of Cell Divi- 
sion by Nocodazole. Previous reports have shown that noco- 
dazole interacts directly with yeast (28) and other (10, 22, 33, 
42, 68, 70) tubulins, inhibits microtubule assembly in vitro 
(10, 28, 33), and produces microtubule disassembly in vivo 
(11, 56, 62). Our results showed that under the appropriate 
conditions, treatment of living yeast cells with nocodazole 
led to a rapid and essentially complete disassembly of both 
intranuclear and cytoplasmic microtubules, although the 
former appeared somewhat more persistent than the latter. 
These conclusions were based on observations by both elec- 
tron microscopy and antitubulin immunofluorescence. How- 
ever, we cannot altogether eliminate the possibility that a 
small population of microtubules persisted after drug treat- 

ment. The difficulty of visualizing the microtubules (particu- 
larly the cytoplasmic ones) by electron microscopy (6, 36, 
39, 53; Table II) might have allowed such persistent microtu- 
boles to escape detection by this method, and we do not know 
the minimal number of microtubules necessary to yield a de- 
tectable immunofluorescence signal in this system. (It may 
be noted, however, that at least under favorable conditions, 
single microtubules can be detected by immunofluorescence 
[44].) 

Treatment with nocodazole also produced a rapid and es- 
sentially complete inhibition of cell division; only "~25 % of 
the cells in an exponentially growing population were able 
to divide after addition of the drug. The kinetics of arrest 
(Fig. 1) together with time-lapse observations (Table VI) 
made clear that the dividing cells had all been late in the cell 
cycle at the time of addition of the drug; that is, the cells dis- 
played a distinct "execution point" (19, 48) for nocodazole at 
~0.68 in the cell cycle. Effective disassembly of microtu- 
bules and inhibition of cell division in yeast by nocodazole 
have also been observed by others (20, 47). 

Variable Efficacy of Nocodazole Treatment and Escape 
of Cells from Nocodazole Inhibition. The severity and dura- 
tion of the nocodazole effects appear to be influenced by mul- 
tiple factors, including at least one of the following. (a) The 
need for a solubilizing agent (see Materials and Methods). 
The 1% DMSO used here did not itself appear to affect either 
the microtubule arrays or the rate of cell division. (b) The 
surprisingly narrow range of concentrations at which noco- 
dazole was effective. We observed little effect on cell divi- 
sion either at concentrations <10 ktg/ml or when we tried 
to achieve concentrations >125 ~tg/ml (see Materials and 
Methods). (c) Sample-to-sample differences in the quality of 
nocodazole supplied by Sigma Chemical Co. We observed 
that different samples of nocodazole (even samples carrying 
the same lot number) could produce markedly different cel- 
lular responses at nominal concentrations of 15 ~tg/ml. (d) 
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those in which nocodazole-treated cells contained essentially 
no such structures. Similar observations were made by Ha~ek 
et al. (20). The implication that nocodazole is more effective 
than MBC in disrupting yeast microtubule function is consis- 
tent with the observations (a) that nocodazole has a fourfold 
lower Ki than does MBC for inhibition of yeast tubulin as- 
sembly in vitro (28); and (b) that MBC-treated populations 
arrest division more slowly and show a nearly threefold 
greater increase in cell number before arrest than do noco- 
dazole-treated populations (53, 76; Fig. 1 A; Jacobs, C. W., 
unpublished results). Nonetheless, most major conclusions 
drawn in the previous studies appear to be valid, based on 
comparison to the results obtained with nocodazole (this 
study), with tubulin mutants (25, 66), and with karyogamy- 
defective mutants (57). Apparent exceptions are the conclu- 
sions of Quinlan et al. (53) that SPB separation and nuclear 
migration could occur in cells without microtubules (see be- 
low). In addition, the conclusions about order-of-function 
derived from reciprocal-shift experiments using MBC and 
temperature-sensitive cell-cycle mutants (76) should be re- 
evaluated using nocodazole, as misleading results can be ob- 
tained in such experiments if either of the blocks used is 
slow-acting or incompletely effective (48). 

Figure 7. Fluorescence micrographs of FITC-phalloidin-stained 
cells, illustrating the distribution of actin in nocodazole-treated 
cells. Exponentially growing cells of strain C276 were shifted to 
medium containing DMSO plus nocodazole, and cells were exam- 
ined after 1 h (A) or 3 h (B) of incubation. Parallel samples exam- 
ined by antitubulin immunofluorescence revealed essentially no 
tubulin-containing structures in cells from either the 1- or 3-h sam- 
ple. Bars, 10 Ixm. 

Variations in response apparently depending on strain and 
growth conditions (47; our unpublished results). 

Even under ostensibly optimal conditions, the inhibition 
produced by nocodazole was transient. In most of our experi- 
ments, we observed reappearance of microtubules, followed 
by resumption of cell division and new budding, beginning 
5-9 h after the initial addition of nocodazole. A few cultures 
were arrested for even shorter periods and others remained 
arrested for as long as we followed the cultures (up to 12 h). 
Transient inhibition by nocodazole was also observed by 
Pillus and Solomon (47). The mechanism of escape from in- 
hibition has not been investigated in detail, but may involve 
detoxification, as supplementation with fresh nocodazole ap- 
peared to prolong the period of inhibition (47). The tran- 
sience and experiment-to-experiment variability of the 
nocodazole effects emphasize the importance of document- 
ing directly that microtubules are indeed disassembled 
throughout the course of each experiment. 

Relative EJflcacies of Nocodazole and MBC. Most previ- 
ous studies of yeast using microtubule inhibitors (12, 16, 40, 
53, 59, 66, 75, 76) have used MBC or benomyl (which appar- 
ently breaks down to yield MBC as its microtubule-affecting 
stable product [16]). As noted above, the conclusions from 
these experiments about microtubule function were weak- 
ened by the uncertainty as to how effectively the microtu- 
bules had been disrupted by the drug. Indeed, our immuno- 
fluorescence observations showed that MBC-arrested cells 
could contain extensive (albeit apparently abnormal) tubu- 
lin-containing structures under conditions comparable to 

Noninvolvement of Cytoplasmic Microtubules in 
the Establishment of Cell Polarity and Cell-Surface 
Morphogenesis in Yeast 

Reproduction by budding involves the establishment of cell 
polarity and the subsequent localization of cell-surface 
growth. Presumably, the latter process depends on the local- 
ized delivery to the cell surface of vesicles carrying cell- 
surface precursors, enzymes, and enzyme-activating factors 
(4, 13, 52, 60). A variety of striking temporal and spatial 
correlations had suggested that the SPBs and cytoplasmic 
microtubules were involved in the establishment of cell 
polarity and the vesicle-delivery system in S. cerevisiae (1, 
4-6). This hypothesis was consistent with the evidence for 
involvement of microtubules in polarized vesicle movement 
in animal cells (37, 54, 56, 61, 71), in the tip growth of hyphal 
fungi (23, 24), and in the determination of cell-wall shape in 
the fission yeast Schizosaccharomyces pombe (21, 69). How- 
ever, our results with nocodazole-treated cells appear incom- 
patible with this hypothesis-we could detect no effect of a 
loss of cytoplasmic microtubules on the selection of the bud- 
ding site, the formation of the ring of 10-nm filaments and 
chitin ring at that site, or the emergence, differential enlarge- 
ment, and apical growth of the bud. Cytokinesis and septum 
formation did not occur in the nocodazole-treated cells, but 
these effects were probably secondary to the blockage of nu- 
clear division, as all other known inhibitors or mutations that 
block nuclear division in yeast also block cell division (25, 
49). Similar results were obtained with tubulin mutants, 
which undergo bud emergence and bud enlargement and dis- 
play no defect in invertase secretion or in the movement of 
mitochondria into the buds (25, 66). In addition, genetic and 
inhibitor studies with other fungi have also suggested that 
microtubules play no direct role in the growth of buds or 
hyphal tips (27, 43). 

Our conclusions are subject to several caveats. First, as 
noted above, some microtubules might conceivably have es- 
caped both disassembly and detection during nocodazole 
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treatment. Second, we do not know exactly when the cell 
commits itself to a new budding site, or exactly when the ring 
of 10-nm filaments forms. Thus, it is conceivable that these 
processes occurred before the cytoplasmic microtubules 
were fully disassembled in the relevant experiments. Third, 
the occurrence of second buds on some nocodazole-treated 
cells suggests that the loss of microtubules may in some way 
have perturbed the mechanisms that normally restrict a cell 
to one bud per nuclear cycle. Finally, it remains possible that 
the SPB is involved in the establishment of cell polarity or 
the organization of the budding site if it communicates with 
the cell surface by some non-microtubule means. However, 
the frequent misorientation of the double SPB in nocodazole- 
treated cells argues against this possibility. 

If the SPB and cytoplasmic microtubules do not direct the 
polarization of growth in yeast, what does? The spatial and 
temporal associations of actin with regions of cell-surface 
growth (1, 29) and the behavior of actin mutants (41) strongly 
suggest that this protein is involved in the directed movement 
of secretory vesicles in yeast. This hypothesis also finds 
abundant precedents in other systems (3, 61, 63) and is con- 
sistent with our observation that nocodazole does not obvi- 
ously perturb the actin distribution in budding cells. How- 
ever, it is by no means clear whether the asymmetric 
distribution of actin establishes the cell polarity or is a conse- 
quence of an underlying polarity established by some un- 
known element. In this regard, the possible role of ion cur- 
rents in the polarization of cell growth (3, 13, 14, 52) should 
not be overlooked. Studies of the basis for the mating- 
type-specific selection of budding sites may help to resolve 
these issues. 

Involvement of  Microtubules in the Nuclear 
Division Cycle 

In contrast to its lack of effect on events at the cell surface, 
nocodazole had a profound effect on the behavior of the nu- 
cleus. Nuclear divison and apparently also nuclear elonga- 
tion were blocked, presumably as a consequence of the dis- 
assembly of microtubules. As in any inhibitor experiment, 
such inferences are subject to the caveat that the inhibitor 
might have "side effects"; that is, nocodazole might block nu- 
clear elongation or division by some means independent of 
its effect on the microtubules. However, this danger is 
minimized in the present case by (a) the extensive evidence 
from many systems that microtubules have a role in nuclear 
division, (b) the similar results obtained using MBC (16, 53, 
76), and (c) the observations that tubulin mutations can ei- 
ther block nuclear division or confer altered sensitivity to the 
nuclear division blockage otherwise imposed by MBC (25, 
40, 42, 66). 

The microtubules essential for nuclear elongation and di- 
vision presumably include the intranuclear microtubules (4, 
25, 36, 45, 55), but may also include the cytoplasmic 
microtubules (2, 25, 32). A role for the latter would presum- 
ably have to be something more than their apparent involve- 
ment in nuclear migration (see below), as the behavior of 
cdc24 mutants (which can undergo two rounds of nuclear di- 
vision without budding; 49) indicates that nuclear migration 
is not a prerequisite for nuclear division. In this regard, it 
is of interest to consider also the implications of the closely 
opposed SPB configurations that were observed in some 
nocodazole-treated cells (Fig. 3; Table III; and associated 

text). Similar structures, but with the SPBs not so close 
together, were also observed in MBC-treated cells (53). Al- 
though our interpretation is tentative and requires verifica- 
tion (e.g., by examining the effects of nocodazole on syn- 
chronized populations), it appears that these structures arise 
by the collapse of short spindles present at the time of ex- 
posure to nocodazole. (From the nocodazole execution point 
[see above], the relationship between bud size and spindle 
length (6), and our electron microscopic observations (Table 
III), it appears that cells with longer spindles at the time of 
nocodazole exposure generally proceed to divide, although 
some may arrest with two well separated SPBs; the daughter 
cells resulting from such divisions, as well as cells that had 
single or double SPBs at the time of drug exposure, appar- 
ently arrest with unseparated double SPBs). If this interpre- 
tation is correct, then there must be an inward force acting 
on the SPBs, perhaps provided by the chromosomes (34) or 
by spindle matrix components (46). In normal cells, this 
force would be resisted by the intranuclear microtubules 
(34), the cytoplasmic microtubules (2, 32), or both. Interest- 
ingly, the inward force may not depend upon a tension devel- 
oped between two separated SPBs, as double SPBs were also 
often found at the tips of deep invaginations of the nuclear 
envelope in nocodazole-treated cells. The bent or broken 
bridges found in these double SPBs may be a further indica- 
tion of stressful forces. However, it is also possible that the 
presence of double SPBs on invaginations of the nuclear 
envelope reflected mechanisms different from those respon- 
sible for the formation of the "collapsed spindles". For exam- 
ple, continued growth of the nuclear envelope in the absence 
of guidance from microtubules might have resulted in folds 
or invaginations of the envelope. This view is consistent with 
the observation that the nuclear envelopes of nocodazole- 
treated cells often did appear very convoluted, with infold- 
ings that contained single SPBs (in the cells exposed to 
nocodazole for 60 min) or no SPBs, in addition to those con- 
taining double SPBs. It may be relevant that karl mutants, 
which appear to have aberrant cytoplasmic microtubules, 
also display highly convoluted nuclear envelopes and SPBs 
at the tips of deep invaginations of these envelopes (57). It 
is also interesting that SPBs were observed at the tips of deep 
invaginations of the nuclear envelope during studies of nor- 
mal cells by some (36, 39, 53, 55), but apparently not all 
(4-6, 32, 57), previous workers; conceivably, the resultant 
of the inward and outward forces acting on the SPB may vary 
from yeast strain to yeast strain, be affected by the precise 
conditions during fixation, or both. 

The SPBs observed in nocodazole-treated cells appeared 
at least grossly normal in structure, in contrast to the report 
by Quinlan et al. (53) that the SPBs in MBC-trealed cells 
lacked the outer (cytoplasmic) component. Thus, it appears 
that SPB structure can be maintained in the absence of 
microtubules or other tubulin detectable by immunofluores- 
cence. In addition, our data on SPB configurations suggest 
strongly that SPB duplication is microtubule independent but 
that SPB separation depends on the intranuclear microtu- 
bules, the cytoplasmic microtubules, or both. Both conclu- 
sions are weakened somewhat by the difficulties in scoring 
SPB configurations reliably (see Table III, ~t), and the former 
conclusion is subject to the caveat that some remnant 
microtubules might have been present when SPB duplication 
occurred. The latter conclusion is subject to the caveat that 
nocodazole might have non-microtubule-mediated effects, 
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and needs confirmation using the tubulin mutants. In addi- 
tion, our conclusion conflicts with that of previous workers 
(45, 53) that SPB separation is microtubule independent. 
However, Quinlan et al. (53) worked with the apparently less 
effective drug MBC, whereas Peterson and Ris (45) reasoned 
from morphological considerations that overlooked some 
possible modes of microtubule involvement in the process. 

Our data also suggest strongly that microtubules (presum- 
ably cytoplasmic) are involved in the orientation of the SPBs 
(and thus ultimately of the spindle) and in the migration of 
the nucleus into the neck. As noted previously (1, 29), these 
hypotheses provide alternative explanations for the morpho- 
logical correlations that had originally suggested microtu- 
bule involvement in secretory vesicle movement, and they 
imply that the microtubules must interact (directly or indi- 
rectly) with whatever system is responsible for the establish- 
ment of cell polarity. A role for the cytoplasmic microtubules 
in nuclear migration is strongly supported by observations 
on vegetatively growing tubulin mutants (25), as well as by 
the observations that microtubule abnormalities produced by 
drugs (12) or mutations (25, 57) interfere with nuclear migra- 
tion and fusion, but not with cell fusion, during mating. 
Microtubules also appear to be involved in nuclear migration 
or positioning in fission yeast (68, 69, 70), Aspergiilus (42, 
43), and at least some plants (38). The orientation of SPBs 
has not yet been examined in the tubulin mutants, so it re- 
mains possible that the misorientation in nocodazole-treated 
cells is a non-microtubule-mediated effect of the drug. 

Our conclusions that microtubules are essential for nu- 
clear migration and elongation differ from previous conclu- 
sions that non-microtubule forces must be responsible for 
these processes (4, 6, 32, 36, 55). The previous conclusions 
were based on electron micrographs showing that the spindle 
frequently does not lie along the long axis of the nucleus as 
the latter begins to elongate through the mother-bud neck. 
We are not certain how to resolve this paradox, but the fol- 
lowing considerations are relevant. First, it is conceivable 
that the discrepancy is only apparent; more systematic elec- 
tron microscopic observations of nocodazole-treated cells 
might reveal movements of the nuclear envelope that are not 
detectable using DNA-specific stains and light microscopy. 
Second, our own observations of convoluted nuclear enve- 
lopes (see above) and of the failure of cdc2 nuclei to leave 
the necks after microtubule disassembly (see Results) also 
provide some evidence for non-microtubule forces acting on 
the nuclear envelope. Third, it is possible that the ability of 
the putative non-microtubule forces to produce migration or 
elongation of the nuclear envelope might depend on the pres- 
ence of the microtubules or on the prior occurrence of some 
microtubule-dependent event. A plausible model, consistent 
with all of the available data, is that the cytoplasmic microtu- 
bules are responsible for the migration of the nucleus to the 
neck and for the spindle orientation that results in one SPB's 
being in the mother cell and one in the bud. Non-microtu- 
bule forces would then be responsible for anchoring the nu- 
cleus at the neck and for the early stages of nuclear elonga- 
tion through the neck. The final stages of nuclear elongation, 
in which the spindle does define the long axis of the nucleus 
(4, 6, 32, 36, 55), would then again be dependent on microtu- 
bules (intranuclear, cytoplasmic, or both). 
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