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Abstract. During mitosis in cultured newt pneumo-
cytes, one or more chromosomes may become posi-
tioned well removed (>50 um) from the polar regions
during early prometaphase. As a result, these chromo-
somes are delayed for up to 5 h in forming an attach-
ment to the spindle. The spatial separation of these
chromosomes from the polar microtubule-nucleating
centers provides a unique opportunity to study the ini-
tial stages of kinetochore fiber formation in living
cells. Time-lapse Nomarski-differential interference
contrast videomicroscopic observations reveal that late-
attaching chromosomes always move, upon attachment,
into a single polar region (usually the one closest to
the chromosome). During this attachment, the
kinetochore region of the chromosome undergoes a
variable number of transient poleward tugs that are
followed, shortly thereafter, by rapid movement of the
chromosome towards the pole. Anti-tubulin im-
munofluorescence and serial section EM reveal that
the kinetochores and kinetochore regions of nonat-
tached chromosomes lack associated microtubules. By

contrast, these methods reveal that the attachment and
subsequent poleward movement of a chromosome
correlates with the association of a single long
microtubule with one of the kinetochores of the chro-
mosome. This microtubule traverses the entire distance
between the spindle pole and the kinetochore and of-
ten extends well past the kinetochore. From these
results, we conclude that the initial attachment of a
chromosome to the newt pneumocyte spindle results
from an interaction between a single polar-nucleated
microtubule and one of the kinetochores on the chro-
mosome. Once this association is established, the
kinetochore is rapidly transported poleward along the
surface of the microtubule by a mechanism that is not
dependent on microtubule depolymerization. Our
results further demonstrate that the motors for
prometaphase chromosome movement must be either
on the surface of the kinetochore (i.e., within the co-
rona but not the plate), distributed along the surface of
the kinetochore microtubules, or both.

molecular mechanism by which kinetochores attach

to and orient toward the poles of the forming spindle.
Chromosome micromanipulation experiments and structural
studies have clearly demonstrated that this attachment arises
from the formation of a birefringent fiber (i.e., a kinetochore
fiber [K-Fiber]),' composed primarily of microtubules
(MTs), that connects each kinetochore with a spindle pole
(for review see 50). The acquisition of MTs by the prometa-
phase kinetochore is also a prerequisite for directed chromo-
some movement (39, 40). The exact role kinetochore MTs
(K-MTs) play in this process is, however, a subject of consid-
erable controversy. It is unclear whether they directly gener-

ONE of the most important aspects of mitosis is the

1. Abbreviations used in this paper: DIC, differential interference contrast;
IMEF, immunofluorescence; K-Fiber, kinetochore fiber; K-MT, kinetochore
microtubule; MT, microtubute; NEB, nuclear envelope breakdown; NP,
newt pneumocyte; OMDR, optical memory disk recorder.
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ate and/or transmit the mitotic forces or whether they act as
an extrinsic governor (10, 36) to regulate chromosome veloc-
ity generated by a mechanistically separate force generator
(for reviews see 31, 36, 38, 44, 56).

Although attached chromosomes move continuously
throughout the mitotic process, most mitosis research focuses
on explaining anaphase motion since at this time chromo-
some movement is synchronous and predictable in its direc-
tion and duration. For example, recent microinjection ex-
periments reveal that K-Fiber MTs are dynamic structures
(32, 67), and various models have been proposed to explain
anaphase chromosome movement based on these findings
(for reviews see 15, 28, 37, 56).

When compared with metaphase and anaphase, relatively
little information is available concerning chromosome be-
havior and spindle structure during prometaphase. It is un-
clear, for example, how chromosomes become attached to
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and oriented on the spindle, how kinetochores acquire their
associated MTs, why most attaching chromosomes initially
move with a velocity many times greater than that of ana-
phase chromosomes, or how congression movements are
produced and regulated. The lack of information relevant to
the mechanism of chromosome transport during prometa-
phase arises from several factors that complicate the analy-
ses. These include the high density of MTs within the vicinity
of chromosomes at the time of nuclear envelope breakdown
(NEB), the inability to clearly distinguish primary constric-
tions (i.e., kinetochore regions) within the overlapping tan-
gle of early prometaphase chromosome arms, and the fact
that it cannot be predicted when a prometaphase chromo-
some will attach to the spindle —only that the process occurs
very rapidly during or immediately after NEB (for review
see 61).

Early attempts to circumvent the complications inherent in
studies of chromosome attachment focused on temporarily
delaying MT assembly in prometaphase cells with cold (51),
colcemid (70), or nocadazole (7). However, these studies
generated controversial and conflicting results that were not
amenable to a straightforward interpretation (for review see
46, 50, 66). More recently, Nicklas and Kubai (39) have used
the alternative strategy of detaching chromosomes from the
spindle of grasshopper spermatocytes by micromanipulation
and then placing them 8-10 um from the spindle. The en-
hanced spatial separation of such manipulated chromosomes
from the “confusing mass of spindle microtubules” (40) en-
abled these investigators to examine the initial stages of chro-
mosome reattachment using a correlative light and electron
microscopy. In all cases, the chromosomes reattached to the
spindle and usually moved, kinetochore foremost, towards
the metaphase plate. In some cases, renewed movement (i.e.,
reattachment) could be correlated with the appearance of just
a single long MT at the kinetochore.

As a rule, chromosomes that are positioned closer to one
pole at the time of NEB usually attach first to that pole and
only later acquire a bipolar attachment. This initial monopo-
lar attachment of prometaphase chromosomes is a normal
and prevalent feature of astral mitosis (for reviews see 50, 55)
and differs substantially from the reattachment of microma-
nipulated bivalents. In the latter case, the chromosomes
generally reattach to both poles simultaneously, and, as a re-
sult, movement is directed not toward a pole but toward the
metaphase plate (39). Furthermore, the rate of this move-
ment (1.8 um/min; 35) is very slow relative to the rate of
movement measured when chromosomes form an initial at-
tachment to only one pole (up to 24 um/min; 47, 55).

In living newt pneumocytes (NPs), the spindle poles and
the kinetochore regions of chromosomes are clearly visible
by light microscopy. These, and other advantages, have made
this cell a popular material for studies of mitosis (for review
see 52). We have found that occasionally one or more NP
chromosomes become positioned, after NEB, 250 um from
the closest spindle pole. Unlike bivalents detached by micro-
manipulation, these isolated chromosomes ultimately form
a monopolar attachment to, and move rapidly toward, the
proximal spindle pole. The extreme spatial separation of
these chromosomes from the forming spindle provides a
unique opportunity to examine the initial stages of K-Fiber
formation by high-resolution correlative Nomarski-differen-
tial interference contrast (DIC), anti-tubulin immunofluo-
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rescent, and electron microscopic methods. The results of
this study provide novel insights into the mechanism of K-Fi-
ber formation and force production during mitosis.

Materials and Methods
Cell Culture

Primary cultures of NP from Taricha granulosa were prepared as previously
described (52). Briefly, small fragments of lung tissue were cultured on 25-
mm square coverslips within Rose chambers in 0.5X L-15 medium sup-
plemented with 10% FCS, 5% whole-egg ultrafiltrate, 5 mM Hepes (pH
7.1), and antibiotics. When incubated at 23-26°C, mitotic cells could be
found within the pneumocyte monolayers after 7-10 d in culture.

Light Microscopy

For routine observations, mitotically active Rose chamber cultures were ex-
amined with an inverted microscope (Diaphot-TMD; Nikon Inc., Garden
City, NY) equipped with phase-contrast optics. When a cell was located
for subsequent high-resolution study, the Rose chamber was quickly dis-
mantled, and the culture-containing coverslip was remounted with VALAP
in culture media on a McGee-Russell and Allen (23) microperfusion cham-
ber. Once mounted in these chambers, the cultures remained mitotically ac-
tive for up to 3 d.

Cells were observed within the microperfusion chambers with a Micro-
phot-FX microscope (Nikon Inc.) equipped with DIC (40x; NA = 0.85)
and phase-contrast (40%; NA = 0.65) optics. Heat-filtered green (546 nm)
light, obtained from a quartz halogen or tungsten lamp, was used to il-
luminate the cells. Cell irradiation during time-lapse video microscopy was
minimized, when an optical memory disk recorder (OMDR) was used as
the recorder, by shuttering the light source with a Uniblitz shutter (Vincent
Assoc., Rochester, NY) driven by the same XT-class computer (see below)
controlling the OMDR. Analogue images were acquired with a video cam-
era (70 Newvicon; Dage-MTI Inc., Wabash, MI) coupled to a digital image
processor (DVS 3000; Hamamatsu Phototonics K. K., Hamamatsu City, Ja-
pan). The raw and digitally processed images were viewed simultaneousty
by feeding the camera output through a primary monitor before sending it
to the digital processor, recording device, and secondary monitor. The digi-
tally processed images were recorded with either a 1/2” time-lapse VCR or
an OMDR (TQ 2025F; Panasonic Industrial Corp., Secaucus, NJ) operated
in a time-lapse mode under control of an IBM-compatible XT-class micro-
computer with custom-designed software (Laserbase; SMI Systems, Ft.
Lauderdale, FL). With computer control of the OMDR we were able to en-
ter both the desired recording rate and the interval of illumination for each
frame, with each OMDR recorded frame being an average of eight real-time
frames. Typically, illumination commenced 0.25 s before a frame was re-
corded by the OMDR and ceased 0.1 s after, giving a total irradiation time
of ~0.75 s per frame.

For immunofluorescence (IMF) microscopy, selected mitotic NPs were
followed within perfusion chambers before and after perfusion with 1%
glutaraldehyde in PHEM buffer (pH 7.2; 60). Approximately 1 min later,
the chamber was removed from the microscope stage and guickly disassem-
bled, and the culture-containing coverslip was immersed in a Petri contain-
ing 0.5% glutaraldehyde and 0.5% Triton X-100 in PHEM buffer. After 4
min in this fixation/permeabilization solution, the culture was fixed for 15
min with 0.1% glutaraldehyde in PHEM buffer. The preparation was then
washed in PHEM buffer (three changes; 5 min each) and reduced within
a Coplin jar by treatment with 0.5 mg/ml NaBH,4 in PHEM buffer (three
changes; 5 min each). The culture was next washed in PBS (three changes;
5 min each) and blocked at 37°C for 30 min in 5% FBS and 0.2 % Tween-20
in PBS. It was then incubated, without washing, in a monoclonal antibody
against 8-tubulin (TU-27; kindly provided by L. Binder, University of Ala-
bama, Birmingham, AL) at 37°C for 30-45 min. After washing in PBS, the
culture was treated with a rhodamine-conjugated goat anti-mouse IgG
(Sigma Chemical Co., St. Louis, MO) at 37°C for 30 min. Finally, it was
washed in PBS and mounted on a slide in PBS/glycerol (pH 7.8) containing
N-propyl gallate.

Cells processed for the indirect IMF localization of MTs were examined
with an Optiphot microscope (Nikon Inc.) equipped with 40X and 100X
phase-contrast objectives (NA = 1.3). Fluorescent and phase-contrast im-
ages were photographed on XP-1 film (Ilford Lwd., Basildon, Essex, En-
gland) using an ASA setting of 1,600 and an automatic exposure system
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(UFX; Nikon Inc.). This film was then commercially developed by C-41
processing. Images from video recordings were photographed on Plus X
film (Eastman Kodak Co., Rochester, NY) using a freeze-frame video
recorder (Polaroid Corp., Cambridge, MA). This film was subsequently
processed in Rodinal.

Electron Microscopy

Cells followed within the perfusion chambers were fixed for electron mi-
croscopy by one of two methods, the choice of which depended on whether
the cell would be first processed for IMF microscopy. Cells not destined
for antibody staining before embedding were fixed in phosphate-buffered
glutaraldehyde and osmicated as previously detailed (53). Cells to be pro-
cessed initially for IMF were fixed in PHEM-buffered 1% glutaradehyde
and stained as described above. After fluorescence microscopy, the prepara-
tion was removed from the slide and washed in PBS. It was then postfixed
in 1% OsO4 in 0.5 M phosphate buffer for 15 min at 4°C, washed in dis-
tilled H,O, and stained en bloc with 1% aqueous uranyl acetate for 2 h.
Cultures fixed by either of these two methods were dehydrated in a graded
series of ethanols and flat embedded in Epon-Araldite. The cell of interest
was then excised from the embedment, glued to an Epon peg, and cut seri-
ally into 0.25-um-thick or 80-nm-thick sections. The ribbons of serial sec-
tions were mounted on Formvar-coated slot grids and stained in uranyl ace-
tate and lead citrate. Thick sections were viewed and photographed in the
Wadsworth Center’s (Albany, NY) AEI high voltage electron microscope
operated at 800 kV, while thin sections were viewed and photographed at
80 kV on a Philips Electronic Instruments, Inc. (Mahwah, NJ) 301 electron
microscope.

Computer-aided reconstructions from serial thin sections were made
using STERECON, a system developed at the Albany high-voltage electron
microscope facility (21). Briefly, prints of serial 80-mm sections were en-
larged to a final magnification of 13,000X. For each section, profiles were
drawn on clear acetate sheets outlining the chromosomes, kinetochores, mi-
tochondria, and other spindle constituents. The sheets were then aligned by
best fit of the profiles. These profiles were entered into a computer (VAX-
780/750; Digital Equipment Corp., Maynard, MA) using a digitizing tablet,
and a profile-stack reconstruction was made. After the best viewing angle
was established by inspecting stereo pairs of the profile stacks, the data was
read into MOVIE.BYU (Brigham Young University, Salt Lake City, UT),
and shaded, solid-model views were made. The resolution in the x- and
y-axes of each three-dimensional reconstruction was equivalent to that ob-
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tainable by standard transmission electron microscopy, but in the z-axis it
was limited to the section thickness (i.e., 80 nm).

Motion Analysis

Frame-by-frame analysis of individual chromosome movement was con-
ducted on OMDR-recorded images reprocessed through the digital image
processor (DVS 3000; Hamamatsu Phototonics K. K., Oak Brook, IL). The
digital image processor has a distance mode that displays x- and y-coordi-
nates for two moveable cursors and simultaneously calculates the distance
between them. This system was calibrated using the 0.62-um frustule spac-
ing of the diatom Pleurasigma angulatum under the same optical conditions.
The positions of the pole and kinetochore (or edge of the primary constric-
tion in cases where the kinetochore was not clearly visible) were tracked
manually by positioning the cursors in each frame. When the pole-to-
kinetochore distance allowed, measurements were conducted in the zoom
mode which enables a 2X magnified image to be used in distance measure-
ments. For each frame, the x- and y-pixel coordinates of both the spindle
pole and the kinetochore, together with the calculated distance, were entered
manually into a Lotus spread sheet (Lotus Development Corporation, Cam-
bridge, MA) for calculations. The resulting data was then imported into
Harvard Graphics (Software Publishing Corp., Mountain View, CA) for
graph plotting.

Results

Origin of Chromosomes Delayed in Attaching to the
NP Spindle

As in other types of astral spindles (for reviews see 50, 55),
the order in which chromosomes attach to the NP spindle is
dictated by their distances from the spindle poles at the time
of NEB (Fig. 1). As a rule, chromosomes closer to the poles
are the first to attach. The prevalent behavior pattern of these
chromosomes is to initially monoorient and move towards
the nearest pole before achieving a bipolar orientation. In
most NPs, the poles begin separating, along the dorsal sur-
face of the nuclear envelope, just before NEB. As a result,
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Figure 1. Selected DIC videomicrographs of an NP undergoing an anaphase-like prometaphase. Time (in min:s) is noted in the upper right
corner of each micrograph. This cell contains a number of unattached chromosomes between the separating spindle poles (B, arrowheads).
Over a 90-min period, all of these chromosomes attached to the right-hand pole. Note that those chromosomes closest to the pole are
the first to attach. Bar, 25 um.
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when NEB occurs the separating spindle poles are in the im-
mediate vicinity of the chromosomes, the central spindle is
well developed, and most chromosomes attach to one or both
poles within the first 5 min of prometaphase. During this
time, the area containing the forming spindle is crowded with
chromosomes and it is seldom possible to continuously fol-
low the kinetochore region of a chromosome from its initial
point of attachment through its subsequent movement into
the pole, even though this movement may cover only a few
micrometers. Our study was therefore conducted on chromo-
somes far from a pole and significantly delayed (>20 min)
by natural events in attaching to the spindle. Since these
chromosomes are always temporally and spatially separated
from the attachment of other chromosomes, they can be un-
ambiguously followed for considerable distances during the
attachment process. The 22 chromosomes in Taricha are ei-
ther metacentric or submetacentric and each carries a promi-
nent kinetochore-associated primary constriction that is
clearly visible in the living cell (Fig. 1). As a result, chromo-
somes delayed in their attachment can be readily differen-
tiated from akinetic chromosome fragments that never attach
to the spindle.

Chromosomes that are delayed in attaching to the NP spin-
dle are generated by several natural routes, all of which pro-
duce an exaggerated separation between the chromosome(s)
and closest spindle pole during the early stages of prometa-
phase. In ~2% of NPs, the replicated centrosomes separate
precociously during mid rather than late prophase. Under
these conditions centrosome separation is well advanced at
the time of NEB, none of the chromosomes acquire a bipolar
orientation, and an anaphase-like prometaphase ensues as
previously described by Bajer (1). During this process, most
chromosomes quickly monoorient to the closest pole as the
poles continue to separate. However, ~20% of these cells
possess chromosomes, situated between the two migrating
spindle poles at the time of NEB, that are considerably de-
layed in their attachment (Fig. 1). In general, the farther a
chromosome is from the closest pole, the longer it is delayed
in attaching to that pole (Fig. 1).

In rarer instances (>1%), centrosome separation in NPs is
initiated at the normal time but it occurs along a lateral edge
of the nucleus, or even well removed from the nucleus, rather
than along its dorsal surface. Unlike anaphase-like prometa-
phase cells, the chromosomes on the side of the nucleus fac-
ing the separating poles rapidly acquire attachments to both
poles and bipolarize the forming spindle. However, those
chromosomes more distal to the forming spindle-—i.e., those
on the opposite side of the nucleus—are frequently delayed
in attaching (data not shown).

Finally, in some cells the centrosomes fail to separate or
begin to separate well after NEB. Under these conditions, a
permanent or transient monopolar spindle is produced in
which those chromosomes more distal to the single polar
area can be delayed in their attachment (data not shown).

We analyzed our data to determine the kinetochore-to-pole
distance at that time when a chromosome, delayed in attach-
ing to the spindle, formed its initial attachment (Fig. 2). This
analysis indicates that chromosomes are not usually delayed
(i.e., for a longer duration than our definition of ~+20 min)
in attaching to the spindle if they are within 30 um of the
closest polar area at the time of NEB and that attachment
rarely if ever occurs when a chromosome is >50 pm from
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a pole. Indeed, although chromosomes could be found in
anaphase-like prometaphase cells that are >50 um from the
closest pole, these chromosomes were not seen to attach until
they achieved a position closer than that to a pole, a process
that sometimes required up to 5 h. During this time, the
chromosome-to-pole distance was reduced either by random
movement of the chromosome towards the pole, generated by
Brownian forces and cytoplasmic currents, or by movement
of the pole closer to the chromosome. In unusual instances
(encountered twice), a chromosome became trapped so far
from a polar area (e.g., within a false interzone; see refer-
ence 1) that it never attached to the spindle.

A detailed kinetic analysis of prometaphase chromosome
movements in NPs will be described elsewhere (Alexander,
S. P., and C. L. Rieder, manuscript in preparation). In sum-
mary, during attachment the kinetochore region of the chro-
mosome undergoes a variable number of transient poleward
tugs that are followed, shortly thereafter, by rapid movement
of the chromosome towards the pole.

Structural Analysis of Chromosome Attachment

Our structural analysis of chromosome attachment was con-
ducted primarily, but not exclusively, on anaphase-like pro-
metaphase cells. Chromosomes delayed in their attachment
to the spindle are most frequently encountered in such cells
which, as described below, lack a central spindle. Since the
spindle poles in these cells can wander great distances apart
(1), unattached chromosomes are frequently found 250 um
from the closest pole. As a result, when attachment finally
occurs it generally does so in an environment of extremely
low MT density.

Indirect anti-tubulin IMF reveals that in all cases ana-
phase-like prometaphase cells contained two well-separated
astral MT arrays within cytoplasm otherwise devoid of MTs
(Figs. 3 and 4). One or more monooriented chromosomes
were associated with each aster. The distal (i.e., plus end)
termination points of those individual MTs within 20 um of
the aster center could not be determined with certainty be-
cause of high MT density. Consequently, the average MT
length within a given aster could not be calculated. In con-
trast, the density of MTs 25-30 pm distal to the astral center
was low relative to that proximal to the center, and their distal
ends were therefore clearly visible (Fig. 3 C). To estimate
the maximum length that MTs can attain in these asters, we
measured the distal termination points of the 35 longest MTs
in each of three asters. In each case only those MTs on the
chromosome side of the aster were chosen for analysis. That
the thin fluorescent lines we analyzed actually corresponded
to individual astral MTs has been convincingly argued by
others (41) and was subsequently confirmed by our ultra-
structural analyses (see below). Assuming that each of these
MTs was continuous along its length and connected to the as-
tral center, we found that 13% were >40 pm in length, 41%
were between 34 and 39 um in length, and 48% were be-
tween 26 and 33 um in length. The longest MT in each of
these three asters was 42, 43, and 47 um, respectively.

When examined by anti-tubulin IMF the kinetochore re-
gions on chromosomes that had not attached to the spindle
were free of MTs (Fig. 4; n = 16 chromosomes in 10 cells).
As demonstrated below, our IMF procedure is clearly capa-
ble of revealing individual kinetochore-associated MTs had
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they been present. Since all of the MTs within these cells
were associated with an aster and their attached chromo-
somes (Figs. 3 and 4) and because astral MTs were seldom
>50 um long (see above) and their density progressively de-
creased with increasing distance from the astral center, the
proximity of an unattached chromosome to even a single as-
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Figure 2. Histogram showing the
numbser of delayed-attaching chro-
mosomes vs. distance from the
pole at the time of attachment.
Chromosomes were not seen to
attach if they were located >50
_— pm from the closest pole. By con-
trast, chromosomes located <30
um from the closest pole were not
significantly delayed in attaching
to the spindle.

tral MT clearly depended on how far the chromosome was
from the closest pole. Indeed, no MTs were seen in the vicin-
ity of chromosomes well removed from the asters (Fig. 4).

The absence of kinetochore-associated MTs on unattached
chromosomes was confirmed by serial section ultrastructural
analyses of cells fixed either by conventional methods (Fig.

Figures 3 and 4. (Fig. 3) Phase-contrast (4) and anti-tubulin immunofluorescent (B and C) micrographs of an anaphase-like prometaphase
NP. Note that MTs are not present in the region between the well-separated asters (B) and that each aster contains a population of long
MTs (C, arrowheads). Bars: (A and B) 25 um; (C) 10 um. (Fig. 4) Phase-contrast (4) and anti-tubulin immunofluorescent (B and C)
micrographs of an anaphase-like prometaphase NP that contains three unattached chromosomes (4, arrowheads) between the well-separated
asters. Note that MTs are not seen to be associated with the unattached chromosomes when examined at either low (B) or high magnification
(C). The micrograph in C was printed to reveal the unattached chromosome outlines. Bars: (4 and B) 25 pym; (C) 10 pum.
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Figure 5. (A) High-voltage electron micrograph of an 0.25-pm-thick section through the unattached kinetochore on a monooriented NP
chromosome. The kinetochore plate and its associated corona (arrowheads) are clearly visible in this plane of section. (B) Electron micro-
graph of an 80-nm-thick section cut through the distal kinetochores of two monooriented chromosomes. One of these kinetochores is cut
to reveal the plate structure (arrowhead), while the other (arrow) is sectioned tangentially and appears as a patch of fibrillar material.
(C and D) High-voltage micrographs of serial 0.25-um-thick sections through the primary constriction of an unattached chromosome. Both
kinetochores (C, arrowheads) lack associated MTs. Asterisks note extensive corona material. (E') Electron micrograph of an 80-nm-thick
section through the primary constriction of an unattached chromosome. Note the loose organization of the corona material and the extent
to which it radiates from the primary constriction. Bars: (4) 0.5 um; (B and E) 1 pm; (C and D) 0.5 pm.

5) or fixed for IMF and then subsequently embedded (data
not shown). In the appropriate plane of section, the distal
(unattached) kinetochore on a monooriented NP chromo-
some consisted of a convex plate, 0.35-0.50 um in diameter,
which was separated from the adjacent chromatin by a nar-
row electron-translucent zone (Fig. 5, 4 and B). In these
views, a well developed and lighter staining fibrillar corona
was associated with and radiated from the surface of the plate
(Fig. 5 A, arrowheads). However, the distal kinetochore of
a monooriented chromosome was rarely sectioned in such an
opportune plane and usually appeared instead as a loosely-
organized, roughly circular patch of fibrillar material that
stained less electron opaque than the adjacent chromatin
(Fig. 5 B, arrow). The structure of each sister kinetochore
on an unattached NP chromosome typically resembled that
of the unattached kinetochore on a monooriented chromo-
some (Fig. 5, cf. A-E). However, the corona material on the
distal kinetochore of a monooriented chromosome rarely ex-
tended >0.25 pum from the kinetochore plate (Fig. 5 A). By
contrast, the corona material on sister kinetochores of a
nonattached chromosome often extended 0.5-1 um from the
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kinetochore plate and, as a result, appeared much more
diffuse (Fig. 5, C-E).

To determine how MTs were distributed during the initial
stages of chromosome attachment, we mounted coverslips
containing primary cultures of NPs on perfusion chambers
and followed cells containing unattached chromosomes with
the video microscope. At some point after the kinetochore
initiated its rapid poleward movement, the cell was fixed by
perfusion. Because this movement is very rapid it was easily
detected in real time. We were not always able to keep the
chromosome in focus throughout fixation. However, in those
cases where we were able to maintain focus all movement
within the cell abruptly ceased 10-15 s after initiating the
perfusion. Frame-by-frame analyses of these records (Fig. 6,
A-F) revealed that most of this time is required for the fixa-
tive to reach the cell and that once it did so all motion stopped
within 1-2 s.

During the early stages of this study, we videotaped five
cells containing late-attaching chromosomes and then fixed
these cells, at various times after chromosome attachment,
for serial section electron microscopic analyses. One of the
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Figure 6. (A-F) Selected DIC videomicrographs, from a time-lapse recording, of a chromosome (A4, arrow) being fixed by perfusion im-
mediately after attachment and the initiation of poleward movement. Time (h:min:s) is visible in the bottom right-hand corner of each
micrograph. The first evidence of attachment occurs in B, at which time the perfusion was initiated. The chromosome continues to move
(C and D) until the fixative reaches the cell (E) 17 s later (cf. E and F). The velocity and net poleward movement of this chromosome,
until the point of fixation, is plotted in G. The lettered arrows within this plot note the corresponding frames pictured in A-F. This cell
was subsequently processed for the indirect IMF localization of MTs as shown in H and 1. These two fluorescent micrographs, which were
taken at different focal planes, reveal that the chromosome is attached to the spindle pole by a single long MT (H and I, arrowheads) that
terminates at the primary constriction of the chromosome (I, arrow). Bars: (A-F) 20 um; (H and 1) 10 ym.

two chromosomes fixed 20-30 s after attachment had only
a single MT in its vicinity, and this MT was laterally as-
sociated with, and extended well past, the kinetochore lo-
cated on the ventral surface of the chromosome (Figs. 7 and
8). The other chromosome possessed two MTs in the vicinity
of its primary constriction, and both of these appeared to ter-
minate near or on the kinetochore facing the growth substrate
{data not shown). The attaching chromosomes in the remain-
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ing three cells were closer to the pole at the time of fixation.
In each case, the attached kinetochore possessed between
four and seven MTs, while the nonattached kinetochore was
free of MTs. Although some of these MTs terminated on or
near the kinetochore, the majority terminated well distal to
this structure after either passing through it or associating
with its periphery (Figs. 9 and 10).

Our same-cell correlative light and electron microscopic
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Figure 7. (A and B) Selected DIC videomicrographs of an NP chromosome (arrowheads) before (4) and after attachment and fixation (B).
Time (min:s) is at the bottom right corner of each micrograph. (C-E) Electron micrographs of sections three, five, and seven from a serial
series cut through the chromosome noted by the arrowhead in B. The only MT in the vicinity of this chromosome is noted by the arrows
in E. This MT is associated with, and extends well past, one of the kinetochores (C and D, asterisks). Compare this figure with Fig. 8.
Pa, direction of the polar area. Bars: (4 and B) 25 um; (C and D) 0.5 pm; (E) 0.5 um.

Figure 8. Three-dimensional
reconstruction, from serial thin
sections, of the chromosome
noted by the arrowhead in Fig.
7 B. For display clarity, only
the active ventral kinetochore
was included in the reconstruc-
tion. In this stereo pair, the
only MT in the vicinity of this
chromosome can be seen to
associate with and extend well
past this kinetochore.
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Figure 9. DIC (A and B) and phase-contast (C) micrographs of a late-attaching chromosome (arrow) attaching to a monopolar NP spindle.

The chromosome attached shortly after the micrograph in A, and the cell was fixed at B. The cell is then pictured, after embedding in
plastic, in C. Time (h:min) is at the bottom right corner of each micrograph. Compare this with Fig. 10. Bar, 25 um.

data indicated that the initial attachment and poleward move-
ment of a chromosome in NPs arises from the acquisition of
a single MT by one of the kinetochores on the chromosome.
Subsequent observations revealed that this MT could be
readily visualized in our preparations by anti-tubulin IMF.
We therefore fixed an additional 10 cells containing chromo-
somes delayed in their attachment, ~30 s after they began
their rapid poleward movement. These cells were then pro-
cessed for the indirect IMF localization of MTs and, in some
instances, subsequently embedded for a more laborious serial
section electron microscopic analysis. In six cells, only a sin-
gle MT was found to be associated with the primary constric-
tion (i.e., kinetochore region) of the chromosome attaching
to the spindle at the time of fixation (Figs. 6 and 11). That
these kinetochore regions were moving poleward at the time
of fixation was clearly evident from the time-lapse OMDR
sequences (Fig. 6, A-G, and Fig. 11, A-D and G). In all
cases, this MT ran continuously from within the aster to or
beyond the primary constriction of the chromosome. In three
of these cells, the distal end of this MT extended well past
the primary constriction (Fig. 11). However, in the other
three cells it appeared to terminate on or near this structure
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(Fig. 6). Although the proximal ends of these MTs could not
be determined, they were well within the asters.

In the remaining four cells, two or more MTs were found
near the kinetochore region of the attaching chromosome
(Fig. 12). In all of these cells, one or more of these MTs
extended well past the primary constriction while the re-
mainder terminated at or near this structure.

Five of the ten cells described above were embedded, after
IMF microscopy, for a subsequent serial section ultrastruc-
tural analysis. In every case, each fluorescent line seen to be
associated with a primary constriction by IMF correspond-
ed, at the electron microscope level, with an individual
kinetochore-associated MT. A single astral MT, that appeared
by IMF to extend well past the primary constriction, could
always be followed in serial sections from within the aster
to its termination distal to the kinetochore (Fig. 11, F, H, and
D. Similarly, those individual astral MTs, which appeared by
IMF to terminate on the primary constriction, could be
tracked to the kinetochore. However, because the plane of
section was invariably unfavorable we were not, in these lat-
ter cases, able to differentiate whether the MT terminated in
the corona material or the kinetochore plate (data not shown).

Figure 10. Three-dimensional recon-
struction, from serial thin sections,
of the chromosome noted by the ar-
row in Fig. 9. For display clarity only
the active attached kinetochore is in-
cluded in the reconstruction. Non-
K-MTs are represented by dotted lines,
while K-MTs appear as solid lines.
Stereo viewing of this reconstruction
reveals that four of the five MTs as-
sociated with this kinetochore extend
through the kinetochore material. The
only MT that terminates in the kinet-
ochore appears bent.
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Figure 11. (4-D) Selected DIC videomicrographs, from a time-lapse recording, of a chromosome (A, arrow) being fixed by perfusion im

mediately after attaching and initiating its poleward movement. The polar area (4, arrowhead) is clearly visible throughout the series.
Time (min:s) is noted in the bottom left-hand corner of each micrograph. Attachment occurs in B, and the primary constriction of the
chromosome continues to move poleward (C) until the fixative reaches the cell, 23 s later (D). This cell was then processed for the indirect
IMF localization of MTs as shown in E and F. These two micrographs were printed to reveal the attaching chromosome (E, arrow) and
the MT associated with its primary constriction (F, arrow). Note that this MT can be followed continuously from within the aster to its
termination well past (i.e., distal to) the primary constriction. A plot of this chromosome’s motion unti! fixation, in velocity (solid line)
and cumulative poleward distance moved (dashed line), is shown in G. The lettered arrows within this plot correspond to the frames pictured
in B-D. This cell was subsequently embedded and sectioned for electron microscopy. Serial electron micrographs (H and ) confirm that
the thin fluorescent line noted by the arrow in F corresponds to a single MT (H, small arrowheads) that is associated with, and extends
well past, the surface of the kinetochore (H and I, large arrowhead). Pa (in H), direction of the polar area. Bars: (4-D) 20 um; (E and
F) 10 um; (Hand I) 1 um.

Discussion The Formation of K-Fibers

Our results are relevant to the formation and structure of  The longstanding controversy concerning the origin of K-Fi-
K-Fibers in vertebrate cells and the mechanism by which bers, and their associated MTs (K-MTs), remains to be clearly
chromosomes are transported during prometaphase. resolved (for reviews see 26, 37, 50, 56). The more contem-
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Figure 12. (A-C) Selected DIC videomicrographs, from a time-lapse recording, of a chromosome (4-C, arrows) being fixed by perfusion
shortly after initiating its poleward movement. Time (h:min:s) is noted at the upper right-hand side of each micrograph. Attachment occurs
immediately after the frame in A, and the cell is fixed by the frame in C. This cell was processed for the indirect IMF localization of
MTs (D). Fluorescent microscopy (D) subsequently revealed that the kinetochore region of this chromosome (D, arrowhead) possessed
two associated MTs: one terminates at the primary constriction, while the other extends well past this structure. Bars: (4-C) 20 um; (D)

10 pm.

porary hypothesis (61), that kinetochores nucleate their as-
sociated K-MTs, is supported by drug recovery (7, 70) and
in vitro MT growth studies (e.g., 30, 65). By contrast, the
older hypothesis (69), that K-MTs are derived from the cen-
trosome, is supported, for example, by the behavior of pro-
metaphase chromosomes in diatom spindles (45, 46, 66), by
the finding that within a half-spindle K-MTs have the same
growth polarity as centrosomal MTs (8), and by the observa-
tion that kinetochores on isolated chromosomes bind cen-
trosome-nucleated MTs in vitro (31). The controversy is fur-
ther heightened by recent tubulin microinjection experiments
that indicate that prometaphase and metaphase kinetochores
appear to be the primary sites of K-MT subunit addition and
deletion (32) but “probably do not act as independent nuclea-
tion sites” (11). Ultrastructural studies of forming K-Fibers
(e.g., 5, 33, 34, 51, 54) have been unable to resolve this
conflict since, by convention, an MT only becomes a K-MT
after it terminates in the kinetochore and it is not possible
to determine a priori whether an MT terminating in the ki-
netochore originated from the kinetochore or the centrosome.

Our IMF and ultrastructural results clearly demonstrate
that kinetochores on nonattached NP chromosomes do not
nucleate MTs even though they reside, sometimes for several
hours, in an experimentally unperturbed mitotic cytoplasm
that promotes centrosomal MT assembly. Rather, the first
MT to appear at an attaching NP kinetochore traverses the
entire distance between the polar region and the kinetochore
and often extends well past the kinetochore. The fact that this
single MT extends from the polar region often to a point well
past the kinetochore (Fig. 11) indicates that it is of cen-
trosomal origin. We therefore conclude that K-MTs in NPs
are derived from centrosome-nucleated MTs that grow into,
or grow past and then interact laterally with, the corona ma-
terial of the kinetochore. The mitotic centrosome, which is
thought to continuously and randomly probe the cytoplasm
with a radial array of growing (and shrinking) MTs (29, 58),
can therefore be envisioned to be analogous to a stationary
“fisherman” who casts radially about in search of fish in the
surrounding water. As with chromosomes in NPs, hungry
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fish not within the range of the casts will not be caught until
either the fisherman moves closer to the fish or the fish
wanders closer to the fisherman. Our data indicates that the
“casting” range of the NP centrosome is seldom >50 um.

Our finding, that K-MTs are derived from the spindle pole,
provides a straightforward explanation for various light and
electron microscopic observations on mitotic cells including,
but not limited to, (a) the K-MT labeling pattern seen in
prometaphase PtK; cells fixed shortly after microinjection
with Paramecium axonemal tubulin (11); () why chromo-
somes in sea urchin oocytes do not organize a spindle in the
absence of centrosomes (62); (c) why the distal kinetochores
on monooriented chromosomes in vertebrate cells invariably
lack MTs (for reviews see 50, 56); (d) the origin of syntelic
malorientation and how a kinetochore in various cell types
can be attached at any one time to both spindle poles (12, 33,
40); and (e) the “proximity” effect, in which the order of
chromosome attachment to the forming spindle is influenced
by proximity to a centrosome (51, 55).

The conclusion that K-MTs in NPs are derived from the
centrosomes appears to be in conflict with reports that chro-
mosomes can organize a spindle in the absence of centro-
somes (as in Pales ferrugenia spermatocytes; 64) or when re-
moved from the spindle and placed in the cytoplasm adjacent
to the main spindle (as in Drosophila spermatocytes; 6).
However, unlike the mitotic cytoplasm of vertebrate somatic
cells, the cytoplasm of spermatocytes frequently contains an
ample supply of nonspindle MTs (6, 19), of centrosomal ori-
gin, that may associate with kinetochores to form functional
spindles.

The interaction of a single centrosomal MT with a kineto-
chore on an unattached chromosome suffices to attach the
chromosome to the spindle and initiate poleward chromo-
some motion (this study; see also 39). We find that this at-
tachment can occur in NPs even when the kinetochore is not
oriented towards a pole (Fig. 11). Thus, kinetochore orienta-
tion is not a prerequisite for, but is a consequence of, attach-
ment. Our results further indicate that once a chromosome
becomes attached to the spindle, additional astral MTs are
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rapidly incorporated into the forming K-Fiber as the chro-
mosome moves poleward (i.e., toward a region of progres-
sively higher MT density). During this time, most of the
kinetochore-associated MTs do not terminate in the kineto-
chore but pass through or graze the corona material. Similar
observations concerning the distribution of MTs in forming
K-Fibers have been reported for other cell types with astral
spindles (e.g., PtK [51], Drosophila spermatocytes [S, 14],
Pales spermatocytes [63]), and even fully formed metaphase
K-Fibers contain a variable number of MTs that pass into the
chromosome at the periphery of the kinetochore (3, 24, 48).

Once a centrosome-nucleated MT associates with a kinet-
ochore, it becomes more stable to treatments that disrupt non-
K-MTs (for review see 56). It is currently unclear whether
this increased stability is limited to only those NP K-MTs
that actually terminate on the kinetochore plate, as appears
to be the case for PtK cells (2, 49), or whether those MTs
that graze or pass through the corona material are also simi-
larly stable.

The Mechanism of Prometaphase
Chromosome Movement

The initial monopolar attachment of a chromosome is a nor-
mal and prevalent feature of vertebrate cell mitosis. Indeed,
spindle formation within the same population of cells can oc-
cur via several different routes, all of which involve the initial
monoorientation of at least some chromosomes (1, 25, 52).
In PtK and NPs, a bipolar spindle is rapidly constructed
when the spindle poles separate near the time of NEB. Under
these conditions, chromosomes positioned closer to a spin-
dle pole usually form an initial monopolar attachment to that
pole before achieving a bipolar attachment (34, 50, 51, 53).
Alternatively, when the poles are transiently delayed in their
separation at the time of NEB, a monopolar spindle is formed
as an intermediate pathway to bipolar spindle formation. In
these cases, all of the chromosomes form an initial monopo-
lar attachment to the single spindle pole. Finally, when the
poles are well separated at the time of NEB, an anaphase-like
prometaphase figure is generated in which each chromosome
forms a monopolar attachment to one or the other pole. In
these situations, the two half-spindles and their monoori-
ented chromosomes may ultimately fuse to form a normal
bipolar spindle (1, 48, 52).

The behavior of a prometaphase chromosome during the
process of monoorientation is the same regardless of the
route by which the spindle is formed. Upon attachment, the
chromosome is rapidly transported poleward after which
time it undergoes conspicuous oscillatory movements toward
and away from the pole (1, 53, 55). Kinetic analyses of pole-
ward chromosome motion after attachment in NPs reveal
that chromosome velocity varies widely during transit to the
pole, but rates of 25-55 um/min are not unusual (our Fig.
6 G and Fig. 11 G; also Alexander, S. P, and C. L. Rieder,
manuscript in preparation). Although seldom emphasized
and often overlooked, similarly rapid rates of prometaphase
chromosome motion have been reported during monoorien-
tation in other types of cells including Acheta spermatocytes
(up to 24 um/min; 47), PtK (23 um/min; 55), and diatoms
(150 um/min; 66). These movement rates are much faster
than those of congressing chromosomes in the same systems
(34, 44, 55, 66) in which sister kinetochores are thought to
be experiencing antagonistic pulling forces from opposite
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spindle poles. They are also significantly faster than the
movement rates exhibited by reattaching grasshopper sper-
matocyte chromosomes, which usually rapidly reconnect to
both spindle poles (35, 39, 40).

With the exception of short and transient oscillatory move-
ments, chromosome motion during mitosis is always directed
towards a pole: monooriented prometaphase chromosomes
and anaphase chromosomes immediately initiate movement
towards the pole to which they are connected, while con-
gressing prometaphase chromosomes move between the spin-
dle poles (but always towards a pole). A major emphasis of
mitosis research has therefore been to explain the molecular
mechanism(s) behind this poleward movement. For practical
reasons (see introduction), most models of chromosome
movement are based on data obtained from metaphase and
anaphase cells and focus on explaining the relatively slow
movements of anaphase chromosomes. Unfortunately, few of
these models consider data from prometaphase cells as a
starting point for explaining force production within the
spindle.

The behavior of diatom chromosomes in vivo, and corre-
sponding ultrastructural studies, prompted Tippit et al. (66;
see also 45) to hypothesize that the diatom kinetochore
moves along the surface of astral MTs during early prometa-
phase. However, Tippit et al. (66) found that at least one MT
terminated on each of the kinetochores that they analyzed.
As a result, they were unable to differentiate whether the
force for chromosome movement was generated in associa-
tion with that single MT terminating in the kinetochore,
whether it was derived from those MTs associated laterally
with the kinetochore, or both. By contrast, our results clear-
ly demonstrate that an attaching NP chromosome can be rap-
idly transported poleward along the surface of a single astral
MT (Figs. 7, 8, and 11). From this observation, we can con-
clude that the motor(s) for chromosome movement must be
either on the surface of the kinetochore (i.e., within the co-
rona but not within the kinetochore plate), distributed along
the surface of K-MTs, or both. Clearly, the mechanism be-
hind this movement is not consistent with models of mitotic
force production based on MT subunit treadmilling (22) or
MT disassembly (e.g., 18, 20), which include those recently
proposed “pac-man” models that couple MT depolymeriza-
tion to force production (for reviews see 10, 37, 56). In NPs,
chromosome movement can occur along the surface of an
MT and at a faster rate than that reported for the depolymer-
ization of interphase NP MTs in vivo (17 um/min; 4) or MTs
grown in vitro (e.g., 10-20 pm/min; 30, 68).

The 10-150 pm/min velocity at which vesicles move into
the centrosome during saltatory motion in newt eosinophils
is inversely correlated with particle size (Hard, R., personal
communication). Thus, as in diatoms (45), the peak pole-
ward velocities exhibited by the (extremely) large chromo-
somes in NPs during monoorientation (up to 55 ym/min;
Alexander, S. P., and C. L. Reider, manuscript in prepara-
tion) are comparable with the velocities exhibited by large
vesicles during transport toward the centrosome. Since both
of these movements occur in association with the surface of
an MT, it is reasonable to propose that both are produced by
the same force-generating mechanism.

Recently, Paschal and co-workers (42, 43) have isolated a
cytoplasmic dynein that appears to be the motor responsible
for retrograde vesicle transport along MTS. In vitro, this mol-
ecule moves MTs (and thus presumably vesicles; see 13) at
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speeds of 12-75 um/min, rates that are comparable with those
seen during the poleward translocation of a monooriented
chromosome in NPs, PtK, Acheta spermatocytes, and dia-
toms (47, 55, 66). It is therefore possible that the fibrous co-
rona material binds (dynein-like?) motor molecules before or
upon interacting with an MT and that once this corona-MT
association is established, the kinetochore and its attached
chromosome is rapidly transported poleward. In this respect,
it is relevant that (@) the molecules for prometaphase force
production are not located within the kinetochore plate (our
conclusion; see above); (b) the corona material, which covers
the surface of the kinetochore plate, must be the first
kinetochore component to interact with spindle MTs; (c) a
single MT interacting with the corona can support chromo-
some movement without terminating on the kinetochore plate
(our result); and (d) the corona appears greatly diminished
by metaphase even though it is a very prominent feature of
unattached kinetochores (for review see 50). Such a hypothe-
sis would predict that this material is still present during
metaphase but that it is much less apparent because it be-
comes thinly stretched poleward along the surface of K-MTs
during K-Fiber formation. This prediction is supported by
the observation that in PtK cells the corona, which appears
greatly reduced or absent on metaphase kinetochores (50),
once again becomes a prominent feature after the kineto-
chores are depleted of K-MTs by incubation in high concen-
trations of colcemid (Cassimeris, L., C. L. Rieder, and E. D.
Salmon, unpublished observations). When fully stretched,
the fibrous corona may be analogous to the “collar” material
described for diatoms (44, 46), the kinetochore-associated
microfilaments seen in Oedogonium (59), and the nonmicro-
tubular force-producing K-Fiber component predicted by
Forer (9, 10).

There are several interesting facets to our model if one as-
sumes that the corona material of sister kinetochores con-
tains approximately equal numbers of force-producing mole-
cule-binding sites. Under this condition, the model would
predict that force generation would not be strictly dependent
on the number of MTs present at the kinetochore since the
same amount of force would be generated when a given num-
ber of force-producing sites are dispersed along one, several,
or numerous MTs. The distal (nonattached) kinetochore of
a monooriented chromosome would therefore not be expected
to initiate congression upon interacting with a single (long)
MT originating from the distal pole because the force gener-
ated in association with this single K-MT would be no great-
er than, and probably much less than, the opposing force
generated by the kinetochore attached to the nearer pole.
However, each chromatid of a congressing chromosome is
influenced by two antagonistic forces: one generated by the
K-Fiber that is directed towards the pole to which the kineto-
chore is attached and another, generated by the pole, which
is directed against the chromosome (53, 57). It is this latter
aster elimination or ejection force, which is hypothesized to
decrease with increasing distance from the spindle pole (57),
that is envisioned in our model to be responsible for chromo-
some congression to the metaphase plate. The addition and
deletion of K-MT subunits at the kinetochore (32), produced
by tension (e.g., 17, 36) on the chromosome generated by an-
tagonistic antipolar forces originating from the asters, would
allow MTs terminating at sister kinetochores to elongate and
shorten during congression movements. That the antipolar
forces produced by the asters are of sufficient magnitude to
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produce congression is suggested by the observation that a
monooriented chromosome can slowly congress to the meta-
phase plate in the apparent absence of activity at its distal
kinetochore (34). Furthermore, the average length of a bipo-
lar metaphase NP half-spindle, which is equivalent to the
final congression position of a metaphase chromosome, is 22
pm (48), approximately the same distance from the pole that
a monopolar chromosome initially becomes positioned (Figs.
1, 4, and 11; see also 53) in the absence of K-MTs on the dis-
tal kinetochore.

In our model of congression, multivalent chromosomes
(e.g., produced by gamma-irradiation of grasshopper nymphs;
16) would be expected to achieve a final congression position
closer to the pole that was attached to the greater number of
kinetochores. However, this position would not necessarily
result because the magnitude of the poleward traction force
along a K-Fiber is directly proportional to the length of the
fiber (or the MTs within the fiber, as suggested in reference
16). Rather, it would result because the additional kineto-
chores on one side of the metaphase plate provide a propor-
tionally greater number of force-producing sites to counter
the aster ejection force within that half-spindle. The final
congression position of such chromosomes would therefore
represent that point where the poleward forces on the chro-
mosome are balanced by the polar ejection forces: i.e., the
length of a K-Fiber would be the result, but not the cause,
of congression. Destroying part of a metaphase kinetochore
by laser microsurgery would be expected to result in move-
ment of the chromosome closer to the pole facing the un-
damaged kinetochore not because the number of K-MTs is
reduced on the damaged kinetochore (for review see 56) but
because the number of force-producing sites associated with
this kinetochore is reduced.

Nicklas (36, 38) has recently determined that the maxi-
mum forces acting on prometaphase and anaphase chromo-
somes in the grasshopper spermatocyte are about the same
(1 X 1075 vs. 7 X 107 dyne, respectively) and that this is
significantly greater than the force required to overcome vis-
cous resistance to move a chromosome poleward during
anaphase (10 dyne). The observation that the maximum
force potential of the spindle is nearly 10,000 times greater
than that needed for normal chromosome movement suggests
that chromosome velocity is “controlled by a governor, a ve-
locity-limiting device or process” (39; see also 10, 38). Our
model is consistent with Nicklas's data since it predicts that
the motors associated with the kinetochore corona generate
the same amount of force during anaphase and prometaphase.
Our evidence for a governor is as follows: the forces respon-
sible for the poleward movement of a monoorienting prometa-
phase chromosome, which can be generated in association
with as few as one MT (Figs. 6 and 11), move the chromo-
some at velocities up to 55 pm/min. By contrast, the forces
responsible for the movement of a monooriented chromo-
some with a fully developed K-Fiber, created in metaphase
NPs and PtK cells by completely ablating one kinetochore
with a laser, move the chromosome towards the pole that the
nonirradiated kinetochore faces with the same slow (2-3
pm/min) speed exhibited by anaphase chromosomes (27;
also Rieder, C. L., and E. D. Salmon, unpublished observa-
tions). Thus, in the absence of antagonistic pulling forces
acting at sister kinetochores, an increase in the number of
MTs terminating at the only active kinetochore of a monoori-
ented chromosome correlates with a much slower rate of
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chromosome movement. This analysis therefore supports the
conclusion that the rate at which an anaphase chromosome
moves is limited or governed, perhaps by the disassembly of
K-MTs at the kinetochore (for reviews see 10, 36, 38).

Our model, in which force is produced from a motor mole-

cule-mediated interaction between the corona and MT, differs
from that of Pickett-Heaps (for review see 44), which postu-
lates that kinetochores attach to some nonkinetochore force-
generating spindle component (i.e., the collar) originating
from the polar regions that becomes stretched over the MTs.
It also differs from those pac-man models of anaphase chro-
mosome movement in which K-MTs are thought to be ac-
tively pulled through sleeves in the kinetochore by motor
molecules within the kinetochore plate (for reviews see 10,
37, 56). In this respect, our data demonstrate that the force
for chromosome movement is not produced within the Kinet-
ochore plate (see above) but that it is produced in association
with the material extending from the surface of the plate. Our
proposal is therefore not subject to those kinetochore/micro-
tubule geometry constraints noted by Nicklas (37) to be in-
herent in the microtubule-in-a-sleeve models. Rather, it is
consistent with the fact that MTs of the forming K-Fiber as-
sociate with the kinetochore at various angles (5, 40, 51; Fig.
10). Finally, our proposal shares many similarities with
Forer’s hypothesis (for review see 10) that the force-pro-
ducing component/complex is attached to the kinetochore
and extends poleward along the spindle fiber. It differs, how-
ever, in the nature and origin of the force-producing compo-
nent and on the degree to which force production is depen-
dent on MTs.
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