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ABSTRACT Although microtubules (MTs) are generally
thought to originate at the centrosome, a number of cell types
have significant populations of MTs with no apparent cen-
trosomal connection. The origin of these noncentrosomal MTs
has been unclear. We applied kinetic analysis of MT formation
in vivo to establish their mode of origin. Time-lapse fluores-
cence microscopy demonstrated that noncentrosomal MTs in
cultured epithelial cells arise primarily by constitutive nucle-
ation at, and release from, the centrosome. After release, MTs
moved away from the centrosome and tended to depolymerize.
Laser-marking experiments demonstrated that released MTs
moved individually with their plus ends leading, suggesting
that they were transported by minus end-directed motors.
Released MT's were dynamic. The laser marking experiments
demonstrated that plus ends of released MTs grew, paused, or
shortened while the minus ends were stable or shortened.
Microtubule release may serve two kinds of cellular function.
Release and transport could generate the noncentrosomal MT
arrays observed in epithelial cells, neurons, and other asym-
metric, differentiated cells. Release would also contribute to
polymer turnover by exposing MT minus ends, thereby pro-
viding additional sites for loss of subunits. The noncentroso-
mal population of MTs may reflect a steady-state of centro-
somal nucleation, release, and dynamics.

The centrosome, consisting of two centrioles surrounded by an
amorphous cloud of pericentriolar material, is thought to be
the primary site of nucleation for cytoplasmic microtubules
(MTs) in animal cells. Nonetheless, a number of cell types
contain significant proportions of noncentrosomal MTs (for
review, see ref. 1). Several mammalian cell types, including
neurons (2) and skeletal muscle cells (3) as well as epithelial
cells from liver (4), kidney (5), intestine (6), and cochlea (7),
have large arrays of noncentrosomal MTs that are important
for the cells’ specialized functions. In polarized epithelial cells
in particular, MTs run in parallel arrays, with the minus ends
at the apical surface and the plus ends at the basal surface (8),
an arrangement that supports polarized sorting of membrane
components and vesicle traffic (6). Although the centrosome
is in the apical region, the MT minus ends are not evidently
associated with the centrosome but terminate along the apical
surface.

A priori, four classes of mechanism could generate noncen-
trosomal MTs: self-assembly of MTs in the cytoplasm, nucle-
ation of MTs at noncentrosomal sites, breakage or severing of
centrosomal MTs along their length, and release of MTs from
the centrosome. Work performed in a variety of systems has
provided indirect evidence for release of MTs from the
centrosome. In sea urchin eggs (9, 10) and Dictyostelium cells
(11), reorganization of the interphase MT array into the
mitotic spindle is preceded by what appears to be release of
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nearly all of the MTs from the centrosome or spindle pole
body, respectively. In epithelial cells during regrowth of the
interphase MT array after complete depolymerization, MTs
are initially found only at the centrosome but at later times
become noncentrosomally located (12-14), suggesting that
MTs are first nucleated at the centrosome and are then
translocated to other regions of the cell. In neurons, several
lines of evidence indicate that axonal MTs arise from released
centrosomal MTs (15-17). Nonetheless, the results discussed
above all have been obtained from populations of cells fixed at
relatively infrequent time points, with the phenomenon of MT
release being inferred from static images.

Additional evidence comes from analysis of cytosolic ex-
tracts produced from Xenopus eggs. Belmont et al. (18) saw
release of MTs from the centrosome, as well as movement of
MT segments across the coverslip, in both interphase and
mitotic extracts. It could not be excluded, however, that the
release observed was an in vitro artifact, perhaps resulting from
an excess of minus end-directed motors adsorbed onto the
coverslip surface and pulling on the MTs.

The existence in interphase cells of significant numbers of
noncentrosomal MTs with free minus ends suggests a need for
a rethinking of mechanisms of MT turnover in vivo. MT
assembly nucleated by interphase centrosomes in vitro is
characterized by phases of MT plus end growth and shortening
back to the centrosome, termed “dynamic instability,” with
minus ends of MTs stably anchored to the centrosome (19).
Dynamic instability is also the predominant mechanism of MT
turnover observed in vivo at the periphery of cells (20, 21).
However, in interphase cells, shortening MTs are frequently
rescued, resulting in only minor excursions of depolymeriza-
tion (22). Yet reported rates of exchange of tubulin dimers with
polymer indicate a rapid turnover of the MT array (23).
Moreover, a computer simulation of MT dynamic instability
using measured assembly parameters of MT plus ends indi-
cates MT turnover would be very slow (24). This disparity
between the behavior of individual MT plus ends and the
turnover of populations of MTs suggests that plus end dynamic
instability does not adequately describe MT turnover in vivo.
Indeed, plus ends are not the only possible sites of MT
disassembly. A treadmilling mechanism in which minus ends
are the primary site of depolymerization was established by
biochemical experiments for MTs in vitro (25). Recently, we
showed in cytoplasmic fragments from melanophores that free
MTs exhibited treadmilling behavior (26). Also, in mitotic
spindles, continuous disassembly of kinetochore MTs occurs at
their minus ends and makes a substantial contribution to
kinetochore MT turnover (27, 28). We report here results from
direct observation of MT behavior at the centrosome in vivo
that have significance for our understanding of the origin of
noncentrosomal MT arrays and MT turnover.

MATERIALS AND METHODS

Cell Culture. PtK; rat kangaroo kidney epithelial cells
(American Type Culture Collection) were cultured in F-10

Abbreviation: MT, microtubule.
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media (GIBCO) supplemented with 10% fetal bovine serum
(HyClone), 20 mM Hepes, and antibiotics and kept at 37°C.
Two to four days before experiments, cells were plated into
observation chambers made by attaching a coverslip with
Sylgard silicone elastomer (Dow-Corning) over a hole drilled
in a 35-mm culture dish.

Preparation of Cy3-Tubulin. Microtubule protein was pre-
pared from porcine brain by cycles of assembly and disassembly
(29). Tubulin depleted of microtubule-associated proteins was
obtained by assembly in 0.5 M Pipes, 5 mM MgCl,, and 1 mM
GTP (pH 6.9) containing 10% dimethyl sulfoxide (30). The MTs
were sedimented at 200,000 X g at 37°C for 5 min in a TLS-55
rotor (Beckman). The supernatant containing microtubule-
associated protein was aspirated, and the MT pellet was resus-
pended in two pellet volumes of 0.1 M PIPES/1 mM MgCl,, pH
6.9 (PM) containing 10% dimethyl sulfoxide at 37°C. One vial
(=0.2 mg) of Cy3 reactive dye (Research Organics) dissolved in
20 pl of anhydrous dimethyl sulfoxide was added for each 4 mg
of tubulin, and the reaction was incubated at 37°C for 30 min. The
labeled MTs were sedimented (200,000 X g at 37°C for 10 min in
a TLS-55 rotor) through a 33% glycerol cushion in PM, resus-
pended in five pellet volumes of cold PM, and depolymerized by
incubating at 0°C for 10 min. The tubulin solution was sedimented
at 200,000 X g at 4°C for 5 min in a TLA-100 rotor (Beckman).
The soluble tubulin was polymerized with 10% dimethyl sulfoxide
and 1 mM GTP at 37°C for 10 min. The MTs were sedimented
through a glycerol cushion again, and the depolymerization and
cold spin were repeated. The labeled tubulin was frozen in 10-ul
aliquots in liquid nitrogen. The reaction gave a yield of 30-50%
and a labeling stoichiometry of 0.5 Cy3 molecules per tubulin
dimer based on an absorption coefficient of 150,000 M~ !-cm~!
for Cy3 (31). Protein concentration was measured by bicincho-
ninic acid protein assay (Pierce). Before microinjection, a 10-ul
aliquot of Cy3—tubulin was centrifuged at 200,000 X g for 10 min
at 4°C to remove particulate material and to reduce pipette
clogging and was stored on ice until the time of injection.

Imaging and Data Analysis. Cells injected with Cy3—tubulin
were treated with the oxygen-depleting agent Oxyrase
(Oxyrase, Ashland, OH) to reduce photodamage and photo-
bleaching (32). At least 30 min before observation, Oxyrase
was added to the observation chamber at a final dilution of 2%
(vol/vol) of the original stock, along with lactic acid at a final
concentration of 20 mM. The Oxyrase-treated dishes were
then covered with a layer of mineral oil (Squibb) to retard gas
exchange, keeping O, out of the chamber and CO; in.

Injected cells were observed on a Nikon Diaphot 300
inverted microscope equipped with a Plan X100, 1.25 NA
objective. Images were collected with a slow scan, cooled CCD
camera (CH250; Photometrics, Tucson, AZ) driven by META-
MORPH imaging software (Universal Imaging, Media, PA). The
image of microtubule fluorescence was projected onto the
CCD chip with a magnification of 0.1 wm/pixel. Exposure
times were 0.25-0.5 s, and images were collected at 4- to 6-s
intervals. Cells were kept at 37°C during observation.

Laser bleaching (20) of Cy3-labeled MTs was performed with
the 514-nm line of a 3 W Argon-ion laser (Spectra-Physics) with
power levels ranging from 100 to 500 mW and pulse durations of
20-220 msec. In cases in which the plus ends of MTs were
bleached, the ends subsequently grew, demonstrating that laser
bleaching did not damage the MTs themselves. Laser bleaching
experiments were performed at 22°C.

Images were processed with METAMORPH and PHOTOSHOP
(Adobe Systems, Mountain View, CA) to reduce out-of-focus
haze and to enhance contrast of MTs. To highlight the MT of
interest in each figure, a red overlay was painted over the MT
in PHOTOSHOP with opacity set to 25%. Because of the
difficulty in seeing the exact termination point of the MT at the
centrosome, positions of overlays at the minus ends of cen-
trosomal MTs are only approximate.
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RESULTS

Visualization of Single Microtubules Near the Centrosome
in Living Cells. Previous studies of MT behavior in living cells
have concentrated on peripheral regions where MTs are sparse
and background fluorescence is low (20-22). It is more
difficult to distinguish single MTs in central regions of the cell
because of numerous overlapping MTs and high levels of
background fluorescence arising from labeled tubulin mono-
mers and out-of-focus MT polymer. We developed an obser-
vation protocol taking advantage of cellular geometry that
enabled us to see individual MTs at the centrosome. We chose
cells that were flat and well spread, further selecting for cells
in which the centrosome was at the ventral (coverslip) surface
and focusing our observations on the region of cytoplasm
between the coverslip and nucleus (Fig. 1). In this region, MTs
were constrained to a single focal plane, permitting them to be
followed for appreciable lengths. Under these conditions, MT
activity at the centrosome was directly observed.

An additional approach that facilitated single-MT resolu-
tion was to observe MTs shortly after injection of fluorescent
tubulin but before complete equilibration of the labeled
subunits. During the first 10-15 min after fluorescent tubulin
injection, a smaller proportion of MTs near the centrosome
contained fluorescent subunits than at equilibrium (as ex-
pected for tempered dynamic instability; see ref. 33), making
individual MTs much easier to follow. Nevertheless, although
this approach facilitated single MT observation, it was not
absolutely necessary to use this technique to see MT release.
MT release also was observed after steady-state labeling.

Microtubules Are Released from the Centrosome. Using the
techniques described above, we collected time-lapse sequences
focused on the centrosome of Cy3-labeled MTs in interphase
PtK cells. A typical sequence consisted of 150 images acquired

FiG. 1. Fluorescently labeled MTs in PtK; cells. (4) Fluorescent
MTs in a living PtK; cell. The nucleus excludes MTs and tubulin
monomers, creating a region in the center of the cell with little or no
background fluorescence. In the cell shown here, the centrosome is in
the center of this darkened region, making it easier to see single MTs.
(Bar = 5 um.) (B) Diagram depicting the geometrical relationship
among the ventral cortex, the centrosome, MTs, and the nucleus as
seen in side view; the components are not necessarily drawn to scale.
The dashed lines show the approximate region of focus.
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4 s apart, thus spanning 10 min. The observation window of 10
min was initiated as early as 2 min or as late as 60 min after
injection of labeled tubulin. Over the course of the experi-
ments, 67 cells and ~1700 MTs were analyzed. In every cell
examined, MT release from the centrosome was observed (Fig.
2). Because of geometrical limitations, MTs could not be
analyzed for a full 360° about each centrosome; rather MTs
were analyzed within defined sectors. Normalizing the rate of
release (average = 1.5 min~!; range = 1-3 min~!) to the
number of centrosomal MTs in the sector examined (aver-
age = 25; range = 10-55), ~6% of the centrosomal MTs was
released per minute. Most of the release events observed were
in the nuclear—-ventral region of cytoplasm, mainly because this
is where it was easiest to see single MTs. Nonetheless, a
number of MTs that were not located in the nuclear—ventral
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region also were seen to be released and transported through
the cytoplasm (not shown).

Depending on the density of MTs at the centrosome, it was
often possible to observe nucleation of new MTs (Fig. 24).
Some of these MTs were subsequently released. The fact that
we could see both nucleation and release of the same MT
demonstrates that released MTs were initially attached to the
centrosome rather than simply residing next to it.

The observation of release necessarily requires that the MT
minus end be displaced from the centrosome. After release,
most MTs moved away from the centrosome in a radial
trajectory. The MTs either buckled (Fig. 2, 4 and C) or
remained straight (Fig. 2B), the leading end either advanced
(Fig. 2A4) or stopped (Fig. 2, B and C), and the MT length
either remained almost constant (Fig. 24, 89-105 s) or
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F1G. 2. Microtubule nucleation and release from the centrosome. In all three examples, the centrosome is in the upper left corner of the frame
and the MT traverses the nuclear-ventral zone. Time (seconds) at which the image was collected is shown in the lower left corner of each frame.
The MT of interest is highlighted by a semitransparent red overlay. Minus and plus ends of the MT are labeled — and +, respectively. Graphs below
each sequence show the distance of the MT plus (+, circles) and minus (—, triangles) ends from the centrosome vs. time. Vertical dotted lines indicate
the times at which the frames were acquired. The distance of the plus end from the centrosome was measured along the contour of the MT. (4)
MT is shown shortly after its nucleation at the centrosome until after its release (between 85 and 89 s) and movement across the nuclear—ventral
region (>89 s). The plus end of the MT bends (105 s). (B) MT is released, and the minus end moves away from centrosome while the plus end
remains in the same position. (C) MT is released and moves away from the centrosome. The MT buckles (135 s) and begins to shorten, presumably
from its minus end. (Bar = 5 pm.)
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decreased (Fig. 2, B and C). Movement of the minus end away
from the centrosome could occur either by motor-based
translocation or by loss of subunits from the minus end. The
extensive buckling of MTs seen in some cases (Fig. 2C)
suggests a motor-based mechanism; the extensive shortening
seen in some cases (Fig. 2B) suggests minus end depolymer-
ization. Both processes may occur on the same MT (Fig. 2C).
Finally, for some MTs, both the plus and minus ends moved
away from the centrosome at nearly equivalent rates (Fig. 24),
which could be produced either by motor-based transport or by
treadmilling (25, 26).

Analysis of Laser-Marked Microtubules. To determine
which mechanisms were producing the observed MT move-
ments, a reference mark was placed on the MTs by fluores-
cence photobleaching (Fig. 3). Movement of the mark relative
to the centrosome would signify MT transport. Alternatively,
if the mark remained stationary relative to the centrosome but
the distance between the mark and the minus end decreased,
depolymerization from the minus end would be indicated. Plus
end growth coupled with minus end shortening would appear
as movement but in fact would be treadmilling. An excess of
minus end shortening over plus end growth would appear as
movement, but the MT would become progressively shorter
and ultimately disappear. Time-lapse imaging of marked MTs
revealed that both minus end shortening as well as transloca-
tion of whole MTs contributed to movement of MT minus ends
away from the centrosome (Fig. 3). Both the plus and minus
ends of released MTs were dynamic, the plus end exhibiting
phases of growth, shortening, and pause and the minus end
only staying stable or shortening (Fig. 3). In a few cases, minus
end shortening coincided with a period of plus end growth,
producing treadmilling (Fig. 3B). The movements of released
MTs were generally complex, as illustrated by the fact that the
treadmilling behavior shown in Fig. 3B is occurring on a MT
that also is being transported.

Motor-based movement of MTs, assayed by movement of
the reference mark, was erratic, with the rate varying consid-
erably even for a single MT (Fig. 34). As was suggested by
Belmont et al. (18), MT movement may be impeded by
obstacles such as other MTs or unseen cellular components
such that the peak rate of movement is only occasionally
realized. The distribution of peak movement rates for 15 MTs
with bleached marks (Fig. 4) displayed a wide range, from 8.9
pm/min to 40.6 um/min, perhaps because of the obstruction
of MT movement in some cases.

In contrast to the variable velocity for movement of the
reference mark, the minus end dynamics relative to the mark
were well behaved (Fig. 54). Minus end dynamics were
monitored by measuring the distance between the MT minus
end and the proximal end of the bleached zone in each frame
(Fig. 3). Released minus ends showed variable periods of
stability before undergoing a transition to shortening (Fig. 54).
The average duration of minus end stability was 1.2 * 1.3 min.
To analyze the rate of shortening of the minus end, we
eliminated timepoints in which the minus end was stable and
made a histogram of the instantaneous rates during the
shortening events (Fig. 5B). The average rate of minus end
depolymerization was 5.3 *= 3.3 um/min. Shortening MTs
were not observed to revert to the stable state before reaching
the bleached mark.

DISCUSSION

Centrosomal MT Release. In this paper, we report the first,
to our knowledge, direct observation of MT release from the
centrosome in vivo. We do not believe that the observed
release was an artifactual result of photodamage to fluorescent
MTs because the release rate was not a function of the time of
observation and MTs were almost never seen to break. Al-
though our ability to monitor release events varied with the
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Fi1G. 3. Marking of MTs by laser bleaching. MTs were marked by
a pulse of laser light (514 nm, 480 mW, and 200 ms) producing a 3-um
wide bleached zone. Numbers in the upper left corner of each image
correspond to the time (seconds) after bleaching. The minus (—) and
plus (+) ends of the MTs, as well as the proximal (p) and distal (d) ends
of the bleach zones, are labeled in the first panel of each sequence.
Graphs below each sequence show the distance from the centrosome
of the MT minus (—, triangles) and plus (+, circles) ends, as well as
the proximal (p, diamonds) and distal (d, inverted triangles) ends of
the bleached zone vs. time after bleaching. Dotted lines correspond to
the times at which the frames were acquired. (4) MT was released
(155-160 s) and moves away from the centrosome (=160 s), with the
plus end stopping as it reaches the edge of the nuclear—ventral region
(185 s). The minus end continues moving (=185 s), with the MT
buckling as a result. (B) The MT plus end grows while the minus end
shortens (beginning at 215 s), producing treadmilling. This is super-
imposed on motor-based movement of the MT, as indicated by
movement of the bleached bar. The MT was released before laser
bleaching was performed. The centrosome is out of the field of view,
above the upper left corner. (Bar = 5 um.)

geometry of the cell and the relative congestion of MTs at the
centrosome, constitutive release of MTs was seen in all cells
examined.

The mechanism for producing MT release is presently
unknown. One possible candidate is the MT-severing protein
katanin (34). Alternatively, ring complexes (yTuRCs; ref. 35)
of y-tubulin, important for MT nucleation at the centrosome
(36), also may possess a release function by promoting detach-
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FiG. 4. Distribution of peak rates of translocation of released MTs.
Although some released MTs moved at rates >35 wm/min, others
reached peak rates of <10 wm/min. The average peak rate was 20.1
pm/min (n = 15).

ment of MTs. An interesting question is whether release occurs
between the centrosome and the yTuRC, thus producing a
“capped” MT, or between the yTuRC and the MT, thus
producing an “uncapped” MT.

MT release from the centrosome may be the primary
mechanism for production of noncentrosomal MTs. MT
breakage or severing appears to be a very rare event; we
observed hundreds of MTs for many hours, and only one MT
breakage event was noted. We did occasionally observe the
appearance of new fluorescent MT segments in the cytoplasm
not visibly connected to the centrosome. These could represent
either self-assembly or noncentrosomal nucleation. Alterna-
tively, they could represent growth from the plus ends of
preexisting MTs that did not contain labeled tubulin. The
frequency of observation of these events was reduced with time
after fluorescent tubulin injection as would be expected if they
resulted from growth off preexisting ends. However, to rule
out self-assembly or noncentrosomal nucleation definitively
would require a second MT label allowing visualization of the
entire MT.

Movement of Released MTs. MT movement away from the
centrosome subsequent to release was found to consist of a
combination of translocation and treadmilling of MTs. Trans-
location could be the result of either a plus end-directed motor
associated with the released MT interacting with a parallel MT
or a minus end-directed motor associated with an organelle
interacting with the released MT. We observed no MT-MT
sliding interactions but did observe individual translocating
MTs with no closely associated MTs, indicating that the latter
possibility is most likely. Movement of MTs in the nuclear—
ventral region could be generated by a minus end-directed
motor such as cytoplasmic dynein (37) on the nuclear envelope
(38), Golgi apparatus, or endoplasmic reticulum (39). How-
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Fic. 5. (A) Three examples of the behavior of minus ends of
released MTs. One MT (top, squares) was stable during much of the
sequence but shortened toward the end. The second MT (middle,
circles) was stable during the entire sequence. The third MT (bottom,
triangles) was observed to shorten beginning at the time of release. (B)
Distribution of shortening rates of released MTs. Rates of shortening
between pairs of points were determined. The average rate of short-
ening was 5.3 um/min (n = 20).
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ever, the transport mechanism does not appear to operate at
the cell periphery because no MT movement was evident in
that region (ref. 20; unpublished observations).

Minus End Dynamics. The observations of release and
disassembly of MT minus ends provide a new mechanism for
MT turnover. Unlike the dynamic instability observed at plus
ends that consists of transitions between phases of growing and
shortening, the minus ends were never seen to grow and once
having begun to shorten were not observed to return to a stable
state. The absence of minus end growth was similar to what has
been seen in extracts of porcine brain (40) and frog (41) and
sea urchin eggs (42). Minus end growth might be inhibited by
a specific factor such as the dimer-binding protein that has
been proposed to prevent minus end assembly in sea urchin
eggs (43).

In vitro studies using pure tubulin show that MT minus ends
grow and shorten but are rarely stable (44), suggesting that the
minus end stability we observed was not due to an inherent
property of the MTs themselves. Instead, additional protein(s)
presumably stabilize the minus ends by coating the MT surface
or capping the end. An attractive hypothesis is that the
vTuRCs (35) remain attached to the minus ends upon release,
thereby blocking disassembly, and become detached after a
variable amount of time.

A difference between the minus end depolymerization we
observed in interphase cells and that seen for kinetochore MTs
in mitotic spindles is that, in the latter case, the MTs depoly-
merize while remaining attached to the centrosome (27). In
contrast, our laser-marking experiments provided no evidence
that attached MTs depolymerize at their minus ends in inter-
phase cells.

Role of Release in MT Organization and Turnover. Al-
though there was no obvious organization to MTs in PtK; cells
under the conditions used here, presumably the mechanism
exists nonetheless to generate noncentrosomal MTs should the
cells differentiate and develop defined apical and basal sur-
faces. Instead of proceeding through the MT turnover path-
way, the MTs may be stabilized and transported to construct
noncentrosomal MT arrays.

An understanding of MT minus end turnover can be for-
mulated in three steps (Fig. 6): release from the centrosome,
uncapping of the minus end, and depolymerization. The
fraction of the cell’s MTs that are noncentrosomal would be
dependent on the rate constants for each of the steps. Thus,
increasing the rate constant for release or decreasing the rate
constants for uncapping or depolymerization would each result
in an increased fraction of noncentrosomal MTs. The amount
by which minus ends contribute to the total MT turnover
depends on the values of the rate constants for each step in the
minus end pathway compared with plus end dynamics. Our
data for PtK; cells provide estimates of the rate constants,
allowing a calculation of the half-time for MT turnover

B
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Fi1G. 6. Minus end turnover pathway. (4) MT (open rectangle)
attached to the centrosome (shaded circle) with a cap preventing
depolymerization at the minus end (filled square). (B) MT is released
from the centrosome, but the minus end remains capped. (C) Cap is
stochastic, not permanent; MT has some probability of becoming
uncapped. (D) MT minus end depolymerizes. kg, ku, and kp are the
rate constants for release, uncapping, and depolymerization, respec-
tively.
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contributed by the minus end route. Both MT release and
uncapping may be modeled as exponential decay processes
with half times #[; 2; = (In 2)/k. The measured rate constant for
release (0.06 min~1') yields a f[; o) of 10.5 min. Based on the
average time of minus end stability (1.2 min), the rate constant
for uncapping is 0.8 min !, yielding a #1 /2 of 0.9 min. Assuming
an average MT length of 20 um, the average rate of shortening
of 5.3 wm/min gives a f; /) for disassembly of 1.9 min. The sum
of the three half-times yields a #(; 2 of 13.3 min overall for the
minus end turnover pathway. In contrast, as indicated above,
analysis of plus end dynamics suggests a much slower turnover
process. In particular, from the observed average shortening
excursions of MT plus ends (1.6 wm) in PtK; cells (22) and an
assumed MT length of 20 um and following a Monte Carlo
analysis (24), the estimated ¢[; /) for MT turnover would exceed
1 h. In contrast to both minus end (13.3 min) and plus end (>1
h) turnover estimates, the reported ff; ) for turnover of MTs
in PtK; cells as determined by photobleaching is on the order
of 5 min (23). Although neither mechanism is in quantitative
accord with MT turnover data, the minus end pathway is less
in discord. The disparity may be even less if our observations
of MT transport are taken into account. Although MT trans-
port through the cytoplasm does not contribute to turnover per
se, it will appear as turnover in assays using redistribution of
fluorescence after photobleaching or photoactivation, leading
to faster apparent turnover times. Thus the existence of minus
end subunit loss helps to resolve the disparity between highly
tempered plus end dynamics observed for individual MTs and
rapid polymer exchange results obtained for populations of
MTs.

In summary, release, stabilization, and transport of centro-
somal MTs may be general mechanisms used by cells to
produce noncentrosomal arrays of MTs whereas release and
disassembly at the minus end would complement plus end
dynamic instability in rapidly altering the MT cytoskeleton.
Thus, the relative proportions of centrosomal and noncentro-
somal MTs in a cell would result from a steady-state of release,
uncapping, and depolymerization. It is interesting to speculate
that, for each step of the pathway, there is potential for cellular
regulation in response to changes in cell motility or differen-
tiation state.
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