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Abstract. Nuclear DNA movement in the yeast, Sac- 
charomyces cerevisiae, was analyzed in live cells using 
digital imaging microscopy and corroborated by the 
analysis of nuclear DNA position in fixed cells. Dur- 
ing anaphase, the replicated nuclear genomes initially 
separated at a rate of 1 /~m/min. As the genomes sepa- 
rated, the rate of movement became discontinuous. In 
addition, the axis defined by the segregating genomes 
rotated relative to the cell surface. The similarity be- 
tween these results and those previously obtained in 

higher eukaryotes suggest that the mechanism of 
anaphase movement may be highly conserved. Before 
chromosome separation, novel nuclear DNA move- 
ments were observed in cdc13, cdc16, and cdc23 cells 
but not in wild-type or cdc20 cells. These novel nu- 
clear DNA movements correlated with variability in 
spindle position and length in cdc16 cells. Models for 
the mechanism of these movements and their induction 
by certain cdc mutants are discussed. 

C 
HROMOSOME movement and spindle morphogenesis 
have been characterized in the budding yeast, Sac- 
charomyces cerevisiae, by the cytological analysis of 

fixed cells (7, 24). In the mother cell, a short spindle forms 
between the spindle pole bodies (SPBs) ~ embedded in the 
nuclear envelope. After DNA replication, the nucleus mi- 
grates from its location in the mother cell to the isthmus, or 
"neck," between the mother cell and the bud. The spindle and 
'nuclear envelope elongate through the neck into the bud, and 
one genome moves into the bud while the other remains in 
the mother cell. Once the genomes move to the distal regions 
of the mother cell and bud, the spindle breaks down, the nu- 
cleus divides, and cytokinesis is completed. 

A virtue to studying chromosome movement in S. cere- 
visiae is the ability to isolate mutants that perturb mitosis. 
The molecular genetic analysis of these mutants may greatly 
expedite the identification and characterization of the cellu- 
lar components necessary for chromosome movement. In 
this regard, temperature-sensitive mutations in cdc13, cdc16, 
cdc20, and cdc23 genes are particularly interesting. At the 
nonpermissive temperature, these mutants arrest at a stage 
in the cell cycle after DNA replication: the nucleus has 
migrated to the neck between the mother cell and a large bud, 
and a short spindle has formed (24). The inability to dis- 
criminate individual mitotic chromosomes in yeast precludes 
directly assessing whether sister chromatids are still juxta- 
posed in these mutants (14). However, since the nuclear 
DNA appears as a single mass and the spindle fails to elon- 

1. Abbreviations used in this paper: DAPI, 2,6,-diamidino-phenylindole; 
DIM, digital imaging microscopy; SPB, spindle pole body. 

gate extensively, these mutants are apparently defective in 
some step before or early in anaphase. Currently, it is un- 
clear whether these mutants inhibit anaphase directly by 
affecting cellular components necessary for chromosome 
movement or indirectly by affecting other cellular processes 
that must be completed before yeast cells enter into ana- 
phase. 

A disadvantage to studying chromosome movement in 
yeast is the lack of a sensitive assay for studying chromosome 
movement in wild-type cells and potentially interesting mu- 
tants such as cdcl3, cdc16, cdc20, and cdc23. Though the 
analysis of fixed cells has led to the identification of the major 
landmark events of mitosis, this approach has insufficient 
resolution for studying changes in chromosome position that 
occur within short intervals. Clearly, a more sensitive assay 
for chromosome movements involves following changes in 
chromosome position in live cells. In higher eukaryotes, 
chromosome movement can be followed in live cells with 
video microscopy because their chromosomes are visible 
with phase microscopy. Unfortunately, the inability to visu- 
alize yeast chromosomes with phase microscopy precludes 
this approach. 

In this paper, we used digital imaging microscopy (DIM) 
(19) to follow the movement of fluorescently labeled nuclear 
DNA in live yeast cells. This new approach has allowed us 
to elucidate features of chromosome movement during 
anaphase of exponentially growing cells that were similar to 
those of higher eukaryotes. In addition, it revealed novel 
chromosome movement before anaphase in cdc16 mutants. 
The distribution of nuclear DNA relative to the mother cell 
and bud in fixed cdc16 cells not only confirmed the live cell 
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observations but provided us with a simple assay for deter- 
mining that this novel chromosome movement also occurred 
in cdc13, cdc20, and cdc23 mutants. The mechanism for 
generating the novel movement in cdc16 cells was addressed 
by additional cytological studies. 

Materials and Methods  

Reagents 

Rabbit anti-alpha and anti-beta tubulin were gifts from Dr. Frank Solomon 
(Massachusetts Institute of Technology, Cambridge, MA). FITC-conju- 
gated goat antiserum to rabbit IgG was obtained from Cappel Laboratories 
(West Chester, PA). Calcofluor white M2R (Cellufluor) was obtained from 
Polysciences, Inc. (Warrington, PA), and 2,6,-diamidino-phenylindole (DAPI) 
was obtained from Boehringer Mannheim Biochemicals (Indianapolis, IN). 
Nocodazole (methyl-5-[2-thienylcarbonyl] -l-H-benzimidazole-2-yl-carba- 
mate) was obtained from Aldrich Chemical Co. (Milwaukee, WI), and 
Zymolyase ( 1 ~  was purchased from ICN lmmunobiologieals (Lisle, IL). 

Strains 

All S. cerevisiae strains were diploids and were isogenic with the strain 
A364A (15). The genotype of the wild-type strain was MATa/MATu 
Ieu2/LEU2 his7/his7 hom3/HOM3 ADE2/ade2 ADE3/ade3 caM/caM 
sap3/sap3 CYC2/cyc2. Four homozygous, temperature-sensitive, cell divi- 
sion-cycle mutants were used: cdcl3-1, cdcl6-1, cdc20-1, and cdc23-1. Their 
genotypes were MATa/MATc~ LEU2/leu2 his7/his7 hom3/HOM3 ADE2/ade2 
ADE3/ade3 caM/caM sap3/sap3. 

DIM 

Chromosomal DNA can be observed when cells are stained with the DNA- 
specific fluorescent dye, DAPI. Cells exposed to room light grow at normal 
rates in the presence of DAPI; however, when cells are exposed to light from 
a 100-W mercury arc lamp, they stop dividing. By attenuating the amount 
of light from the mercury lamp to 1-3 % of its normal intensity with neutral 
density filters and then amplifying the weakly emitted light by DIM (19), 
we were able to obtain time-lapse images of DNA movement in live cells. 
To prepare cells for microscopy, 25 ml of complete medium were inoculated 
with 1:1,000 vol of the appropriate saturated culture and grown overnight 
at 23°C to a density of 7 x 106/ml. DAPI was added to a final concentra- 
tion of 2.5 #g/ml. 30 rain after the addition of the stain, 18 p.1 of ceils were 
placed on a flat slide and covered with a No. 1, 22-ram 2 coverslip. To ana- 
lyze cdcl6-1 cells recovering from arrest, cells were grown at 23°C to a den- 
sity of 7 x 106/ml and then shifted to 36°C for 3 h. They were then al- 
lowed to recover for 10 min by returning them to 23°C, DAPI was added, 
and the stained cells were grown at 23°C for an additional 20 min. Cells 
were mounted on a slide as described above. Changes in nuclear DNA were 
observed using a 40x Neofluar objective (Carl Zeiss, Inc., Thornwood, 
NY) on a Universal microscope (Carl Zeiss, Inc.) equipped with epifluores- 
cence optics suitable for DAPI-stained samples. A KS-1380 image inten- 
sifier (Videoscope International, Ltd., Washington DC) coupled to a New- 
vicon camera (Dage-MTI Inc., Michigan City, IN) was used to obtain video 
images of the cells. Exponentially growing cells with all the nuclear DNA 
in the mother and cdcl6-1 cells recovering from arrest with the nuclear DNA 
all on one side of the neck were chosen for observation. Typically, both 
phase and fluorescence images were obtained at 2-5-min intervals. To mini- 
mize exposure, excitation light only illuminated the sample during image 
collection ('~0.5-1 s/exposure). Four to eight video images were digitized 
and then boxcar-averaged using an IP-512 image processing system (Imaging 
Technology, Inc., Woburn, MA). Contrast was improved by removing back- 
ground fluorescence from each fluorescence image followed by histogram 
equalization (13). 

Cell Fixation and Culturing for Microscopy 
Fresh cultures ofcdc mutants were grown from saturated cultures that were 
diluted 1:1,000 in YPD medium (27). Cells were grown at the permissive 
temperature (23°C) to a density of 4 × 106/ml, and then an aliquot of these 
asynchronously growing cells was fixed immediately (23°C sample). To ar- 
rest cells, an aliquot was shifted to 360C for 3 h, and the cells were examined 
with phase microscopy. For all mutants, >90% of the cells were arrested. 

An aliquot of these cells was fixed (23/36°C sample). The remaining cells 
were returned to the permissive temperature, allowed to recover for 30 min, 
and then fixed (23/36/23°C sample). Since wild-type ceils continue to di- 
vide at 36°C, they were shifted to 36"C at a lower cell density (106/ml) to 
ensure that the cells were fixed at the same density as the cdc mutants. Cells 
were fixed for fluorescence, indirect immunofluorescence, and electron mi- 
croscopy using a protocol that removed the cell walls (spheroplasting) be- 
fore fixation. For each strain, 5 mi of cells were spun at 2,000 rpm for 2 
min, resuspended in 1 ml of SCEM medium (1 M sorbitol, 10 mM sodium 
citrate, 60 mM EDTA, 0.1% 2-mercaptoethanol, pH 7), and spheroplasted 
for 5 min at 23°C with zymolyase (final concentration 30 t~g/ml). Cells were 
fixed for 10 min by adding formaldehyde to a final concentration of 3.7% 
(wt/vol), spun at 5,000 rpm for 30 s, and rinsed with 1 ml of SK medium 
(1 M sorbitol and 50 mM KH2PO4). Cells were spun again, the supernatant 
was removed, and the pellet was resuspended in 70 #1 of SK medium. Since 
cells that were arrested at 36°C were kept at 23°C for 7 min during 
spheroplasting, we also fixed cells at 36°C before spheroplasting. The nu- 
clear morphology was similar for both treatments (data not shown). 

Position of Nuclear DNA in the Mother Cell and Bud 

Fixed cells were stained with calcofluor (50 #g/ml) to visualize the bud scar 
and DAPI (1 #g/ml) to visualize nuclear DNA. Both dyes were observed 
simultaneously with the same filter combination on an Axiophot micro- 
scope (Carl Zeiss, Inc.) with a 100x Neofluar objective (Carl Zeiss, Inc.). 
We defined three distinct nuclear staining patterns: the nuclear DNA was 
either (a) in the mother cell or the bud; (b) positioned approximately equally 
in the isthmus (neck) between the mother cell and the bud; or (c) had al- 
ready segregated, with one genome in the mother cell and the other in the 
bud. Since both the bud scar and nuclear DNA were observed simultane- 
ously, we focussed through the entire cell to ensure that we were scoring 
the structures properly. Between 50 and 300 cells per strain were scored, 
and representative cells were photographed with a 35-ram camera (Carl 
Zeiss, Inc.) with "hypered" Technical Pan film (Microfluor, Ltd., Stony 
Brook, NY). 

Position of Microtubules and Nuclear DNA 

Tubulin structures were visualized in cdcl6-1 cells that were fixed while 
recovering from arrest using indirect immunofluorescence with an anti- 
tubulin antibody (21). Cells were also stained with DAPI and calcofluor as 
described above. In these experiments, cells were allowed to recover for 
only 15 min; however, the distribution of nuclear DNA was identical to that 
observed in the previous experiment. The position of the spindle in relation 
to the nuclear DNA and cell surface was scored in 100 cells. Although our 
fixing procedure also stained cytoplasmic microtubules, the spindle was dis- 
cernable from cytoplasmic microtubules because it either appeared thicker 
or was positioned between the SPBs. The SPBs were observed as brightly 
stained spots that had microtubules radiating out toward the cell periphery. 
Spindle lengths were measured from enlargements of 35-mm negatives. 

Electron Microscopy 

Electron microscopy was performed on aliquots of the cdcl6-1 cells that had 
been processed for indirect immunofluorescence microscopy (see above). 
After the formaldehyde fix, 50 #l of cells were mixed with an equal volume 
of t.5% low melting-point agarose in SK medium, and the agarose was al- 
lowed to solidify at 4°C for 10 rain. The agarose plugs were fixed in 2% 
glutaraldehyde in SK medium for 3 h at 23°C, rinsed twice in 0.1 M cac- 
dodylate buffer, pH 7.2, and placed in 1% OsO4 plus 0.5% K3Fe(CN)6 in 
cacdodylate buffer for 3 h at 23°C. Plugs were rinsed twice in 0.5 M maleate 
buffer and placed in 0.5% aqueous uranyl acetate in 0.5 M maleate buffer 
overnight at 4°C. After dehydration in a graded series of ethanol, the plugs 
were embedded in Epon plus nadic methyl anhydride/Quetol plus noneny! 
succinic anhydride (6:4 ratio). Thin sections were stained with lead citrate 
and observed in an electron microscope (100s; JEOL USA, Peabody, MA). 

Results  

Nuclear DNA Movement in Exponentially 
Growing Cells 
The movement of nuclear DNA in exponentially growing S. 
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cerevisiae cells was examined using DIM (see Materials and 
Methods). Cells were stained with the DNA-specific fluores- 
cent dye, DAPI. Changes in the bud size and in the position 
of DAPI fluorescence were observed by recording phase and 
fluorescence images every 2-3 min. Two wild-type cells 
grown at 23°C, eight wild-type cells grown at 36°C and then 
shifted to 23°C, and seven cdcl6-1 cells grown at the permis- 
sive temperature (23°C) were analyzed by this method. All 
these cells had similar chromosome segregation patterns. 

From both the phase and fluorescence images of these 
cells, several general features of chromosome segregation 
were evident. The nuclear DNA appeared as a large mass 
(Fig. 1). During chromosome separation, the segregating 
nuclear genomes appeared slightly more punctate (Fig. 1, 
l-K), which may reflect clusters of partially condensed chro- 
mosomes. Additional small dots of fluorescence were ob- 
served around the bulk of the nuclear DNA. These dots are 
likely to be mitochondrial DNA, though a fraction of them 
may be small clusters of chromosomal DNA. During the 1-2 
h of observation, the bud size increased (compare Fig. 1, A 
with C), indicating that bud growth continued under the cov- 
erslip. Furthermore, 16 of the 17 cells examined completed 
chromosome segregation. By these criteria, the physiology 
of the cells did not appear to be grossly affected by growth 
conditions under the coverslip or by the brief exposures to 
attenuated ultraviolet light necessary to produce fluores- 
cence images. However, by the time nuclear segregation was 
completed, the bud size was often larger than what is nor- 
mally observed in a population of fixed cells. Therefore, in 
these cells, the onset of anaphase may be delayed in relation 
to bud growth. 

We determined the rate of chromosome segregation by 
measuring the distance between the centers of the segregat- 
ing nuclear DNA masses as a function of time (Fig. 1, E-O). 
In two typical cells, the initial rate of separation was 0.6-1 
#m/min, but, with time, the rate of separation appeared to 
decrease. In addition, the nuclear DNA appeared to pause 
several times, indicating that chromosomes may move in a 
discontinuous manner during anaphase (Fig. 2). However, 
we cannot exclude the possibility that when the DNA ap- 
peared to pause it was actually moving in a direction perpen- 
dicular to the focal plane. 

We also assessed changes in the orientation of the axis of 
segregation (a line connecting the centers of the segregating 
genomes) relative to a reference axis bisecting the mother 
cell and bud (Fig. 1, P-T). In 70% of the cell divisions, the 
segregation axis was parallel to the reference axis as the nu- 
clear DNA passed through the neck (Fig. 1 P)  and then ro- 
tated to an oblique orientation (Fig. 1 Q). Occasionally, the 
segregation axis would oscillate between parallel and oblique 
orientations (Fig. 1, R and S) but, by the end of all mitoses, 
it was always parallel to the reference axis (Fig. 1 T). In the 
remaining cells, the segregation axis appeared to be parallel 
to the reference axis throughout anaphase. However, changes 
in the orientation of the segregation axis in these cells may 
have been obscured if the segregation axis rotated perpendic- 
ular to the plane of focus. 

Nuclear DNA Movement in cdc16-1 Cells 

When exponentially growing cdc16-1 cells are shifted from 
their permissive temperature (23°C) to the restrictive tem- 

perature (36°C) for 3 h, >90% of the cells arrest with large 
buds. When these cells are then shifted back to the permis- 
sive temperature, >95 % of the cells recover and reenter the 
cell cycle. However, in recovering cells, the frequency of 
chromosome nondisjunction increases (Palmer, R. E., and 
D. Koshland, manuscript in preparation). This result 
prompted us to use DIM to examine nuclear DNA move- 
ments in 18 cdcl6-1 cells that were recovering from arrest 
(see Materials and Methods). 

While 15 of the 18 cells completed chromosome segrega- 
tion, only 10 cells segregated their genomes in a pattern sim- 
ilar to exponentially growing cells. Seven cells exhibited 
novel nuclear DNA movements, where all, or nearly all, of 
the nuclear DNA passed from one side of the neck to the 
other (top cell in Fig. 3, B-E). In some cells, the nuclear 
DNA passed into the neck (bottom cell in Fig, 3 C) and then 
returned back to the side of the neck from which it started 
(bottom cell in Fig. 3 G). We refer to these movements as 
nuclear DNA transits. Nuclear DNA transits were not ob- 
served in either the eight wild-type cells exposed to the same 
temperature shift regime or the seven cdc16-1 cells grown at 
23°C. This result suggests that the nuclear DNA transits 
were induced by the combination of the cdc16 mutation and 
the temperature shift. Several nuclear DNA transits were ob- 
served in a given cell, indicating that the DNA could move 
across the neck either from the mother cell to the bud or vice 
versa. For a typical nuclear DNA transit, the DNA moved 
~2  #m within 3-6 min. In the seven cells where nuclear 
DNA transits were observed, five cells subsequently entered 
into anaphase and completed chromosome segregation. The 
rate of chromosome separation in these cells (data not shown) 
was similar to that in exponentially growing wild-type or 
cdc16-1 cells (Fig. 2). Thus, nuclear DNA transits did not 
preclude subsequent completion of chromosome segregation 
or dramatically alter the rate of chromosome movement dur- 
ing anaphase. 

Distribution of Nuclear DNA in Fixed Cells 

To ensure that the observed nuclear DNA movements were 
not induced by DIM or by the growth conditions under the 
coverslip, we examined the distribution of nuclear DNA be- 
tween the mother cell and bud in large numbers of fixed cells 
stained with both calcofluor and DAPI. Calcofluor stains chi- 
tin rings found at the neck of all dividing cells (16) and addi- 
tional rings, bud scars, that are found exclusively on the sur- 
face of mother cells that have undergone previous divisions. 
Therefore, the distribution of the nuclear DNA between the 
mother cell and bud was determined unambiguously in fixed 
cells where a bud scar(s) was evident. 

The distribution of nuclear DNA was similar for an ex- 
ponentially growing population of wild-type cells, grown un- 
der three different temperature regimes, and an exponen- 
tially growing population of cdc16-1 cells, grown at 23°C 
(Table I). In budded cells, nuclear DNA was found predomi- 
nantly on one side of the neck (58 %) or segregated into both 
the mother cell and bud (38%) but rarely (4%) spanning the 
neck (Table I, part A). The doubling time for an exponen- 
tially growing population of cells is 150 min. We observed 
nuclear DNA passing through the neck in 2-3 min with 
DIM. Therefore, the fraction of cells with DNA spanning the 
neck should be '~1-2% (2/150), a value consistent with the 
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Figure 2. The segregation of nuclear DNA was followed in two ex- 
ponentially growing cells using DIM (see Materials and Methods). 
The distance between the center of the two segregating genomes 
was measured from each fluorescence image. The separation of nu- 
clear DNA was followed in one wild-type cell grown at 36°C then 
shifted to 23°C (dotted line) and one cdcl6d cell grown at 23°C, 
its permissive temperature (solid line). 

fixed-cell result. In addition, only 1% of the budded cells 
with bud scars had the bulk of their DNA in the bud (Table 
I, part B). Therefore, nuclear DNA transits from the mother 
cell to bud are rare in exponentially growing cells as 
predicted from DIM. 

We then examined the distribution of nuclear DNA in a 
population of budded cdc16-1 cells recovering from arrest 
(see Materials and Methods). 65 % of these cells had virtu- 
ally all of the nuclear DNA on one side of the neck (Table 
I, part A, and Fig. 4, b-d). However, unlike the exponen- 
tially growing population of cdc16-1 cells, half of the cells 
recovering from arrest had their nuclear DNA in the bud (Ta- 
ble I, part B, and Fig. 4, c and d), indicating that at least 
one nuclear DNA transit had occurred. Therefore, the frac- 
tion of total cells that had undergone at least one nuclear 
DNA transit before fixation was ~33 %. This value was simi- 
lar to that observed by DIM. Also, the fraction of cells with 
nuclear DNA spanning the neck was significantly higher in 
cdcl6-1 cells recovering from arrest compared with exponen- 
tially growing cdcl6-1 cells (data not shown) or wild-type 
cells (Table I, part A). This increase was predicted by DIM 
analysis where the DNA was frequently located in the neck 
as a result of nuclear DNA transits. Thus, the position of nu- 
clear DNA in fixed cdc16-1 cells recovering from arrest cor- 
roborates the nuclear DNA movements observed in these 
cells with DIM. 

Nuclear Envelope and Spindle Structure in cdc16 Cells 
Recovering from Arrest  

Nuclear DNA transits in cdc16-1 cells might occur by the 
movement of the nucleus across the neck or by the movement 
of chromosomes within the nucleus. We used electron mi- 
croscopy to examine the morphology of the nuclear envelope 
in cdc16-1 cells recovering from arrest. The morphology of 
the nuclear envelope was scored in longitudinal sections 
where both the mother cell and bud were of equal size to en- 
sure that the plane of section was through the middle of the 
cell. The nucleus was unambiguously stretched across the 
neck in 26 of 27 cells examined (Fig. 5 c), suggesting that 
during a nuclear DNA transit chromosomes migrate across 
the neck within an extended nucleus. 

The role of the spindle in generating nuclear DNA transits 
was examined in cdcl6-1 cells that were fixed while recover- 
ing from arrest. The position of the spindle in 100 cells was 
examined by indirect immunofluorescence using an anti- 
tubulin antibody. The spindle had three basic configurations: 
either it spanned the neck (Fig. 4 e), crossed the neck at an 
angle (Fig. 4 f ) ,  or was retained completely in the mother 
cell or bud (Fig. 4 g). The first two configurations were also 
observed in several electron micrographs (Fig. 5 b; data not 
shown). Therefore, in cdcl6-1 cells recovering from arrest, 
the position of the spindle was variable. In cells with all of 
the nuclear DNA in the mother cell, the spindle either crossed 
the neck directly or at an angle 90% of the time and was en- 
tirely within the mother cell the remaining 10%. Similarly, 
when the nuclear DNA was in the bud, the spindle spanned 
the neck 70% of the time and was entirely in the bud the re- 
maining 30%. When the nuclear DNA spanned the neck, the 
spindle did also. The spindle and nuclear DNA were never 
observed in different parts of the cell. Thus, the colocaliza- 
tion of the spindle with the nuclear DNA is consistent with 
the idea that the spindle is responsible for directing DNA 
movement during nuclear DNA transits. 

We measured the length of the spindle in cells recovering 
from cdcl6 arrest (see Materials and Methods). The spindle 
exhibited variable lengths whether it spanned the neck or 
was confined entirely in the mother cell or bud (Fig. 6). 
Spindles spanning the neck were longer (4 + 0.1 #m) than 
spindles contained entirely in the mother cell or bud (2.8 5= 
0.07 #m). A small amount of this variability may result from 
the spindle being tilted relative to the plane of focus. How- 
ever, the majority of spindles were measured from images 
where both SPBs were in focus. Given the narrow depth of 
field for the 100x objective, the maximum error in spindle 
length resulting from focusing artifacts would be 20%, 
which could not account for the 200% difference in spindle 
lengths observed. Thus, in cells recovering from cdc16-1 ar- 
rest, the length and the position of the spindle were variable, 

Figure 1. Time-lapse images of chromosome segregation in exponentially growing S. cerevisiae using DIM. Images are of cdcI6-1 cells 
growing at their permissive temperature, 23°C. A and C are phase images taken at the beginning (0 rain) and end (70 min) of image collec- 
tion, respectively. B and D are the fluorescence images of A and C, respectively. E-O are fluorescence images taken at the following time 
points: 0, 30, 32, 36, 40, 42, 44, 48, 52, 58, and 70 rain, respectively. To view the movement of DNA relative to the periphery of the 
ceil, a template of the periphery of the cell was made from each phase image (like those in A and C) and superimposed upon the correspond- 
ing fluorescence image. Arrows point to the nuclear DNA. P-Tare the same images as G, H, J, L, and O, respectively; however, a reference 
axis (dotted line) and a segregation axis have been added. Bar, 1 #m. 
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Table L Position of Nuclear DNA 

(A) position of nuclear DNA (B) Position of nuclear DNA in budded cells 
with nuclear DNA on one side of the neck 

On one side Through 
Strain Temp of neck the neck Segregated Cells examined Mother cell Bud Cells examined 

°C % % % n % % n 

Wild type 23 59.4 3.9 36.6 303 98.9 1.1 180 
23/36 55.6 3.6 40.6 300 98.8 i ,2 167 

23/36/23 59.4 2.8 37.7 281 98.8 t.2 167 

cdcl6- I 23 . . . .  99.1 0.9 104 
23/36 64.0 19.5 16.5 600 46.7 53.3 295 

23/36/23 63.3 22.2 14.5 600 49.9 51.1 90 

cdc13-1 23 . . . .  99.1 0.8 210 
23/36 73.4 26.3 0.3 300 24.1 75.9 369 

23/36/23 81.7 17.3 1.0 300 24.7 75.3 142 

cdc23-1 23 . . . .  99.0 1.0 100 
23/36 67.6 20.4 11.5 139 40.8 59.2 54 

23/36/23 70.2 21.7 8.1 161 37.0 63.0 46 

cdc20-1 23 . . . .  96.2 3.8 52 
23/36 88.8 3.1 8. ! 320 96.6 3.4 265 

23/36/23 53.5 5.7 40.8 314 95.3 4.7 64 

The position of the nuclear DNA was determined in fixed cells that were stained with DAPI to visualize DNA and calcofluor to visualize chitin. Cells with cdc 
mutations were fixed from an exponentially growing asynchronous population (23°C), from an arrested population (23/36°C), and from a population that was 
arrested and then allowed to recover from arrest for 30 rain (23/36/23°C), Exponentially growing wild-type cells were subjected to the same temperature regimes. 
The nuclear DNA was located in three positions in the celt: on one side of the neck; through the neck between the mother cell and the bud; or segregated, with 
one genome located in the mother cell and the other in the bud (part A), In the cells where the nuclear DNA was on one side of the neck, we determined if the 
DNA was in the mother cell or the bud (see Materials and Methods) (part B). 

which suggests that the spindle may exhibit dynamic move- 
ments within the elongated nucleus. 

Nuclear DNA Transits in Other cdc Strains 

To determine whether the induction of nuclear DNA transits 
was cdc16 specific, the position of nuclear DNA in other cdc 
mutants was examined. We initially analyzed cdc13, cdc20, 
and cdc23 mutants because they arrest with the same mor- 
phology as cdc16 mutants (24). Cells were fixed while grow- 
ing exponentially (23°C), while arrested (23/36°C), or while 
recovering from arrest (23/36/23°C), and the position of the 
nuclear DNA in the mother cell and bud was determined by 
staining with both calcofluor and DAPI (Materials and 
Methods). 

The nuclear DNA morphology in cdc13-1 or cdc23-1 cells 
was similar to what had been observed in cdc16-1 cells (Table 
I, part B). Exponentially growing cultures, independent of 
the cdc mutation, had a small fraction of budded cells with 
the nuclear DNA entirely in the bud (1%). However, like 
cdc16-1 cells, >50% of cdc13-1 and cdc23-1 cells that were 
arrested or recovering from arrest had all the nuclear DNA 
in the bud (Table I, part B). These results suggest that nu- 
clear DNA transits are enhanced when cells with these muta- 

tions are arrested or allowed to recover from arrest. In addi- 
tion, '~20 % of these cells had nuclear DNA through the neck 
(Table I, part A). As suggested above, the abundance of cells 
in this class may reflect the frequent passage of DNA into the 
neck during nuclear DNA transits. 

On the other hand, cdc20-1 cells that were arrested or 
recovering from arrest had significantly different distribu- 
tions of nuclear DNA than cdcl3, 16, or 23 cells. The fraction 
of cdc20-1 cells with all or nearly all of the nuclear DNA in 
the bud was only 4% in exponentially growing cells and did 
not increase in arrested cells or cells allowed to recover from 
arrest (Table I, part B). Furthermore, the fraction of cells 
with nuclear DNA through the neck did not increase (Table 
I, part A). These results suggest that arresting cells with this 
cdc20 mutation does not induce nuclear DNA transits. 

Discuss ion  

We used DIM to examine chromosome movements in live 
yeast cells stained with the DNA-specific fluorescent dye, 
DAPI. This technique enabled us to determine the rate of 
chromosome separation and to observe subtle features of 
chromosome movement during anaphase, including changes 

Figure 3. Time-lapse images of  ch romosome  segregation in cells recovering from cdcl6 arrest using DIM. cdcl6-1 cells were grown at 
23°C, shifted to 36°C for 3 h to arrest cells, and then returned to 23°C to release cells from arrest.  A is a phase image of  the cells taken 
at the end of  the observation period.  Phase images taken at the beginning or  at intermediate points (not shown) were indistinguishable. 
B - 1  are f luorescence images taken at the following t ime points: 0, 3, 12, 18, 36, 39, 40, and 70 min,  respectively. To view the movement  
o f  DNA relative to the per iphery o f  the cell ,  a template o f  the periphery of  the cell was made from the phase image in A and super imposed 
upon the fluorescence images. Arrows point to the nuclear DNA.  Bar, 1 #m.  
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Figure 4. Fluorescence images of cdcl6-1 cells grown at 23°C, shifted to their restrictive temperature, 36°C, for 3 h, and then released 
from the arrest by returning them to 23°C for 15 min. Cells in a-d were fixed and stained with DAPI to visualize the nuclear DNA (black 
arrowheads) and calcofluor to visualize chitin (white arrows). Cells were observed with either the nuclear DNA passing through the isthmus, 
or neck, between the mother cell and bud (a); being retained in the mother cell, distinguished by chitin bud scars present on the cell surface 
(b); or being retained completely, or nearly completely, in the bud, determined by the absence of a bud scar (c and d). Cells in e-g are 
indirect immunofluorescence images of tubulin structures stained with anti-tubulin antibodies as described in Materials and Methods. The 
spindle is the structure observed between the SPBs, which are discernable in each cell as two brightly stained regions with cytoplasmic 
microtubules radiating out to the cell surface. The spindle was observed spanning the neck from mother cell to bud (e), spanning the neck 
at an angle (f), or located completely in the mother cell or bud (g). Bar, 1 #m. 

in the orientation of the segregation axis and pauses in chro- 
mosome movement that were not previously identified in 
analyses of fixed cells. In addition, the analysis of cells 
recovering from cdc16 arrest revealed novel nuclear DNA 
movements (nuclear DNA transits) in which all, or nearly 
all, of the nuclear DNA moved from mother cell to bud or 
vice versa. Certain aspects of chromosome movement ob- 
served in wild-type and cdcl6-1 cells led to specific predic- 
tions about the distribution of nuclear DNA in fixed popula- 
tions of these cells; these predictions were all substantiated, 
indicating that the DIM analysis reflects the normal, in vivo, 
state of the cells. The successful use of DIM to analyze wild- 
type and cdcl6 cells suggests that this approach should be ex- 
tremely helpful in analyzing other yeast gene products that 
may be required for chromosome movement during mitosis, 
karyogamy, or meiosis. Finally, if the punctate pattern of the 
nuclear DNA observed with DIM (Fig. 1) reflects small 
clusters of condensed mitotic chromosomes, then DIM may 
facilitate the analysis of chromosome morphogenesis in mi- 
totic yeast. 

Chromosome Movement in Exponentially 
Growing Cells 

The kinetics of chromosome movement in exponentially 
growing yeast cells revealed several striking similarities to 
mitosis in higher eukaryotes. The rate of separation of the 
yeast genomes, 1 ttm/min, is similar to that (1-3 #m/rain) in 
PtK kangaroo rat cells (26) and in newt lung epithelial cells 
(NLC) (4). From our preliminary analysis, sister genomes 
did not separate from each other at a continuous rate; rather, 
several pauses appeared to occur. It is interesting to note that 
discontinuous movement of chromosomes has also been sug- 
gested in anaphase of NLC cells (4, 25). 

During anaphase in yeast, the orientation of the segrega- 
tion axis (a line between segregating genomes) changed rela- 
tive to an axis through the neck. Several lines of evidence 
suggest that changes in the orientation of the segregation axis 
reflect changes in the orientation of the spindle. In exponen- 
tially growing cultures, the spindle of some cells is oriented 
in positions that are similar to the locations of the segregation 
axis (Palmer, R. E., and D. Koshland, unpublished results). 
In addition, the rotation of the spindle has been observed 
during prometaphase in NLC ceils (4), during metaphase in 
other fungi (1, 2), and during telophase in guard mother ceils 
ofAllium cepa (22). Interestingly, these changes in the orien- 
tation of the yeast spindle during anaphase may not be ran- 
dom. In the 70% of cells where the orientation of the segre- 
gation axis changed, the axis (and presumably the spindle) 
always rotated during or just after the DNA crossed the neck. 
This specific reorientation of the segregation axis may not 
have been observed in 30% of the cells because in these cells 
rotation occurred in a plane perpendicular to the plane of focus. 
Programmed reorientation of spindles is a common feature 
of mitosis in other fungi (1), stomatal differentiation in AUium 
cepa (22), and embryogenesis in Caenorhabditis elegans (18). 

Morphological differences between yeast and higher eu- 
karyotic cells during mitosis suggest that some aspects of mi- 
tosis differ between these cell types. For example, during mi- 
tosis in yeast, the nuclear envelope does not breakdown, 
and the spindle has very few kinetochore or pole-to-pole 
microtubules (23). However, recent experiments suggest that 
a high degree of structural and functional similarity exists 
between the maturation-promoting factor of Xenopus laevis, 
the cdc2 + gene product of Schizosaccharomyces pombe, 
and the CDC28 gene product of Saccharorayces cerevisiae. 
This fact suggests that molecules that regulate the cell cycle 
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Figure 5. Electron micrographs 
of cdcl6-1 cells that were 
shifted to their restrictive tem- 
perature, 36°C, for 3 h to ar- 
rest them and then released 
from their arrest by returning 
the cells to 23°C for 15 rain. 
a and b are different cells where 
the nucleus (n) is stretched 
across the neck between the 
mother cell and bud. c is an 
enlargement ofb. Note invagi- 
nation (l) of the nuclear en- 
velope where the SPB is at- 
tached to the nuclear envelope. 
The spindle (S) almost com- 
pletely crosses the nucleus. 
Bar: (aandb) I tan; (c) 3.5 tan. 
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Figure 6. Spindle lengths of cdcl6-1 cells that were shifted to their 
restrictive temperature, 36°C, for 3 h and then released from the 
arrest by returning the cells to 23°C for 15 min. Lengths were mea- 
sured from enlargements of 35-mm negatives only from cells in 
which both SPBs were discernable. The spindle lengths were classi- 
fied into two groups: those spindles that crossed the neck from the 
mother cell to bud (solid bars) and those cells where the spindle 
was retained completely in the mother cell or bud (stippled bars). 

are highly conserved (3, 5, 6, 10-12). Furthermore, from the 
data presented in this study, the three most striking observa- 
tions of yeast anaphase are the absolute rate of chromosome 
separation, the pauses in chromosome separation, and the 

apparent rocking of the spindle. All of these features have 
precedents in anaphase of higher eukaryotes, suggesting that 
the mechanism of chromosome movement during anaphase 
may be conserved between yeast and higher eukaryotes. 

Nuclear DNA Transits 

We observed nuclear DNA transits in cells recovering from 
cdc16-1 arrest. Any hypothesis on the mechanism of these 
transits must take into account the morphological features of 
cells undergoing these transits, including the presence of an 
elongated nucleus extending into both the mother cell and 
bud, variability in the length and position of the spindle, and 
colocalization of the nuclear DNA with the spindle. Since 
the nucleus is elongated between the mother cell and bud, 
nuclear DNA transits are occurring by a mechanism that 
moves chromosomes within the nucleus. It is reasonable to 
suggest that the spindle directs chromosome movement dur- 
ing nuclear DNA transits given the observed colocalization 
of the spindle and chromosomes and the apparent role of the 
spindle in moving chromosomes within the nucleus during 
anaphase (17). We propose two models to explain how the 
position of the spindle and the associated chromosomes may 
change (Fig. 7). In model I, the spindles may undergo a se- 
ries of asymmetric expansions and contractions that cause 
them to move to a new position within the nucleus. Changes 
in spindle microtubule lengths have been associated with 
oscillatory movement of individual chromosomes during 
prometaphase/metaphase in higher eukaryotes (4, 25). Al- 
ternatively (model II), the spindles may have fixed lengths 
and their positions in the nucleus may change by extranu- 

Figure 7. Mechanism of nuclear DNA transits. Two models to explain the role of the spindle in nuclear DNA transits are presented. In 
model I, the right SPB (solid triangle) expands through the neck. As the spindle expands, the nuclear DNA moves into the neck. When 
the left spindle pole collapses toward the neck, the nuclear DNA moves into the bud. Alternatively, when the right pole collapses toward 
the neck, the nuclear DNA moves back into the mother cell. In model II, the spindle is fixed in length. Nuclear DNA transits occur by 
migration of the whole spindle to the neck. When the spindle continues to migrate into the bud, nuclear DNA moves into the bud. Alterna- 
tively, when the spindle migrates back into the mother, nuclear DNA migrates back into the mother. In this figure, the cytoplasmic microtu- 
bules and the nuclear envelope are omitted for clarity. It should be noted that the extensive elongation of the nuclear envelope into the 
mother and bud (Fig. 5) does not appear to constrain the position of the SPBs in the cell. In particular, the SPBs can occupy a position 
proximal to the neck by sitting on invaginations of the nuclear envelope (see Fig. 5). 
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clear forces, perhaps exerted through cytoplasmic microtu- 
bules that emanate from the SPBs. This model has been pro- 
posed for prometaphase/metaphase nuclear DNA movements 
in other fungi (2). We prefer model I because it explains the 
observed variability in spindle lengths; however, we cannot 
exclude the possibility that cdc16 cells arrest with variable 
spindle lengths that remain fixed until the onset of anaphase. 

The position of nuclear DNA in fixed cells indicated that 
nuclear DNA transits are rarely seen in wild-type cells but 
are enhanced in cdc13, cdc23, and cdcl6 strains that were ar- 
rested or allowed to recover from arrest. It is possible that 
these mutants all induce transits because they affect proteins 
directly required for proper chromosome movement. In fact, 
the products of CDC16 and CDC23 share amino acid homol- 
ogy and may be functionally related (Sikorski, R., and P. 
Heiter, personal communication). However, genetic analysis 
of the CDC13 gene suggests that its product may be required 
tbr DNA metabolism (Weinert, T., and L. Hartwell, per- 
sonal communication). Furthermore, nuclear DNA transits 
occur in cdc17cells (Palmer, R. E., and D. Koshland, unpub- 
lished results) that have a defect in DNA polymerase (9). 
Therefore, it seems unlikely that all these mutants induce nu- 
clear DNA transits because they are defective in some com- 
ponent of the segregation apparatus. 

As an alternative model, nuclear DNA transits in some of 
these mutants may result from the oscillation of chromo- 
somes that occur normally during prometaphase and meta- 
phase. In fact, in other eukaryotes, chromosome oscillation 
has been observed during these stages of mitosis (1, 2, 4, 25). 
We suggest two explanations why these oscillations frequently 
give rise to nuclear DNA transits in cells arrested before 
anaphase but infrequently in exponentially growing cells. 
One possibility is that prometaphase and metaphase are suffi- 
ciently short in exponentially growing cells that these cells 
usually enter anaphase before an oscillation results in a nu- 
clear DNA transit. On the other hand, cells arrested before 
anaphase have ample time to complete transits. Alternatively, 
the magnitude of chromosome oscillation in exponentially 
growing cells may be insufficient to cause a transit. However, 
prolonged arrest of cells before anaphase may cause the mag- 
nitude to become sufficiently exaggerated to generate nuclear 
DNA transits. 

Cells arrested by a cdc20 mutation fail to undergo nuclear 
DNA transits. In addition, cells arrested with the microtu- 
bule-depolymerizing drug, nocodazole, also fail to undergo 
nuclear DNA transits (our unpublished results and reference 
20). The failure to observe nuclear DNA transits in nocoda- 
zole-treated cells is not surprising since the nucleus cannot 
migrate to the neck and, thus, remains entirely in the mother 
cell (20). The failure to observe nuclear DNA transits in a 
cdc20 mutant is more interesting since this mutant, like 
cdc16, cdc13, and cdc23, arrests before the onset of anaphase 
with the nucleus spanning the neck and a short spindle (8). 
In addition, our preliminary results suggest that cells released 
from cdc20 arrest appear to commence chromosome separa- 
tion immediately, suggesting a direct involvement between 
the CDC20 gene product and the movement of chromosomes 
during anaphase. One possibility is that the cdc20 cells may 
arrest at a stage in the cell cycle after nuclear DNA transits 
can take place but before the onset of anaphase. Alternatively, 
the CDC20 gene product may be directly required for chro- 
mosome movement: e.g., a component of the spindle that 

directs proper assembly of microtubules, a component of the 
kinetochore necessary for microtubule binding, or a compo- 
nent of a mitotic motor. To address if the gene product has 
any of these functions, we are analyzing other mutant alleles 
of the CDC20 gene as well as cloning the wild-type gene. 
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