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ABSTRACT At metaphase, the amount of tubulin assembled into spindle microtubules is
relatively constant; the rate of tubulin association equals the rate of dissociation. To measure
the intrinsic rate of dissociation, we microinjected high concentrations of colchicine, or its
derivative colcemid, into sea urchin embryos at metaphase to bind the free tubulin, thereby
rapidly blocking polymerization. The rate of microtubule disassembly was measured from a
calibrated video signal by the change in birefringent retardation (BR). After an initial delay
after injection of colchicine or colcemid at final intracellular concentrations of 0.1-3.0 mM,
BR decreased rapidly and simultaneously throughout the central spindle and aster. Measured
BR in the central half-spindle decreased exponentially to 10% of its initial value within a
characteristic period of ~20 s; the rate constant, k = 0.11 + 0.023 s7', and the corresponding
half-time, t,;, of BR decay was ~6.5 = 1.1 s in this concentration range. Below 0.1 mM
colchicine or colcemid, the rate at which BR decreased was concentration dependent. Electron
micrographs showed that the rapid decrease in BR corresponded to the disappearance of
nonkinetochore microtubules; kinetochore fiber microtubules were differentially stable. As a
control, lumicolchicine, which does not bind to tubulin with high affinity, was shown to have
no effect on spindle BR at intracellular concentrations of 0.5 mM. If colchicine and colcemid
block only polymerization, then the initial rate of tubulin dissociation from nonkinetochore
spindle microtubules is in the range of 180-992 dimers per second. This range of rates is
based on k = 11% of the initial polymer per second and an estimate from electron micrographs
that the average length of a half-spindle microtubule is 1-5.5 um. Much slower rates of tubulin
association are predicted from the characteristics of end-dependent microtubule assembly
measured previously in vitro when the association rate constant is corrected for the lower rate
of tubulin diffusion in the embryo cytoplasm. Various possibilities for this discrepancy are
discussed.

The metaphase mitotic spindle comprises two half-spindle
arrays of microtubules that extend inwards towards the meta-
phase plate from opposite spindle poles, some microtubules
overlapping in the metaphase plate region (1-7). Astral mi-
crotubules radiate outward from the centrosome complex at
each spindle pole. Spindle and astral microtubuiles are in some
form of steady-state equilibrium with a cellular pool of tubulin
subunits, but the pathways of tubulin association-dissociation
are unresolved (3, 8-14). Several measurements are available
for the equilibrium and rate constants for the end-dependent
polymerization-depolymerization of microtubules which oc-
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curs in in vitro reassembly buffers (15-26). However, the
endogenous rates of tubulin association or dissociation with
spindle microtubules have been unavailable for comparison.

For microtubules initially in equilibrium or at steady-state
assembly, the dissociation rate constant can be measured by
determining the rate of microtubule depolymerization that
occurs when polymerization is abruptly blocked (18, 21, 23,
25). In principle, the tubulin-binding drug colchicine, or its
derivative colcemid, can be used to block, abruptly and selec-
tively, the polymerization of tubulin in living cells. Colchicine
and colcemid bind tightly to a site on the tubulin dimer (27—
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33), which is not exposed when the dimer is assembled into
microtubules in vitro (34-37). Colchicine penetrates sea ur-
chin embryonic cells slowly; colcemid penetrates cells more
rapidly, binds more rapidly than colchicine to the colchicine-
binding site on brain tubulin (33) and, like colchicine, blocks
microtubule elongation (28, 36). In either case, the intrinsic
rate of tubulin dissociation for spindle microtubules will be
revealed only when the drug concentration is sufficiently high
that the rate of drug-dimer complex formation exceeds the
rate at which unbound dimers associate into a microtubule.
Above this drug concentration, the rate of microtubule de-
polymerization should be independent of concentration.

The inhibition of spindle microtubule assembly by exposure
of cells to colchicine or colcemid before mitosis has been well
documented. Several reports demonstrate that perfusion of
cells with media containing colchicine or colcemid induces
substantial disassembly of metaphase spindle microtubules
within several minutes (38-40), but membrane permeability
may be rate-limiting. In this regard, Hamaguchi (41) reported
that mitotic spindles in sea urchin embryos lost most of their
fibrous appearance in the extraordinarily short period of 30 s
after the cells were microinjected with high concentrations (1
mM) of colchicine.

To measure the intrinsic rate of tubulin dissociation in
spindle microtubules, we microinjected various concentra-
tions of colchicine or colcemid into mitotic embryos of the
sea urchin Lytechinus variegatus. Microinjection eliminated
numerous problems that could be caused by membrane
permeability. Measurements of the concentration of tubulin
in the sea urchin embryo range from 5-27 uM (42-47). The
amount of tubulin in the spindle and astral microtubules is
normally 20% or less of the total tubulin (46). We used the
quantitative injection technique of Hiramoto (48) and Kiehart
(49) to produce 0.01-3.0 mM intracellular concentrations of
colchicine or colcemid. Rapid changes in the assembly of
spindle microtubules were analyzed from measurements of
spindle birefringent retardation (BR)' obtained from video-
voltage records by using a newly developed video analyzer
system that recorded changes in BR as rapidly as 0.2 nm/s.
BR has been shown to be proportional to the average amount
of microtubule polymer along the measurement light path
through the central half-spindle region between the chromo-
somes and the poles (50, 51). At high drug concentrations,
nonkinetochore microtubule depolymerization followed a
first-order decay, with a half-time of about 6.5 s. We calculated
the initial tubulin dissociation rate to be 180-992 dimers/
second per microtubule for the initial average length of a half-
spindle microtubule estimated from electron micrographs to
be 1.0-5.5 um. This rate of dissociation is used to test the
suitability of the in vitro end-dependent assembly character-
istics to explain the kinetics of spindle microtubule assembly
in the cellular environment.

MATERIALS AND METHODS

Biological Material and Polarization Microscopy:  First, sec-
ond, and third division embryos of the sea urchin Lytechinus variegatus were
used. Methods for obtaining gametes, fertilization, culture, and the removal of
fertilization membranes were as described by Salmon and Segall (52) and
Salmon (53). Embryos were incubated in the injection chamber as described
by Kichart (49). The polarization microscope and procedures for visually
measuring spindle BR using a Brace-Kohler compensator method were as

! Abbreviation used in this paper: BR, birefringent retardation.
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described previously by Salmon and Ellis (54). A Nikon X20 rectified objective
(Nikon Inc., Garden City, NY) was used for video recordings and micropho-
tography.

Microinjection Procedures: The microinjection process developed
earlier by Hiramoto (48) and refined by Kiehart (49) was used to introduce
colchicine rapidly into the cell. Fertilized sea urchin eggs were placed in a
microinjection chamber as described by Kichart (49). The eggs were sandwiched
between a coverslip fragment and a coverslip to prevent their movement during
the injection process. An aluminum support slide held the coverslip, coverslip
fragment, and the surrounding seawater, which was capped with mineral oil to
prevent evaporation.

The microinjection needles were made from glass capillary tubing (0.d. =
0.8 mm, i.d. = 0.6 mm, length = 100 mm, Drummond Scientific Co., Broomall,
PA) using a micropipette puller (model MI, Industrial Science Assoc., Ridge-
wood, NY). The needles were loaded with mercury according to the methods
developed by Hiramoto (48). A needle was attached to a pressure-driven syringe
(2-mi model 81200, Roger Gilmont Instruments, Inc., Great Neck, NY) and
set up on a micromanipulator (model M33, Brinkman Instruments, Inc.,
Westbury, NY) which was adjacent to the microscope. A capillary tubing
reservoir that contained Wesson oil and the test solution was prepared as
described by Kiehart (49) and placed on the support slide. An amount of
Wesson oil (termed “measurement oil”), an equal amount of the test solution
(10 or 100 mM colchicine, 10 mM colcemid, or 10 mM lumicolchicine), and
a variable amount of capping oil were drawn sequentially into the needle from
the reservoir. The loaded needle was then removed from the reservoir and
maneuvered into the chamber containing the fertilized eggs. Generally, embryos
that were at the one, two, or four-cell stage and had reached metaphase were
selected for the injection.

At this stage, the video tape recorder was started, and the following proce-
dures were monitored on the video screen. The needle was gently advanced
into the egg with the tip projecting towards the mitotic spindle region, but not
directly over the spindle. The outer Wesson oil cap and test solution were
expelled rapidly into the cell. The needle was then quickly removed from the
cell, and the remaining drop of measurement oil was expelled into the surround-
ing sea water.

The final concentration of test solution in each cell, C, was calculated using
the cell volume, V., the volume of injected solution, ¥;, and the concentration
of the test solution, C;, where V, = D>x/6, V; = DPx/6, and C = D{(Di/D.)’.
D; and D, the diameters of the drop of measurement oil and the unflattened
cell, respectively, were measured from the recorded images on a video monitor.
Distances were calibrated with a stage micrometer. The volume of injection
solution was 0.5-4.4% of the cell volume.

Chemicals:  Colchicine and colcemid were obtained from Sigma Chem-
ical Co., St. Louis, MO. Most of the stock test solutions were made by dissolving
colchicine or colcemid into distilled water. Occasionally, 10 mM PIPES, pH
6.9, was used instead as a solvent. Injection of the embryos 5% by volume with
either distilled water or 10 mM PIPES, pH 6.9, had no effect on the spindle or
on embryonic development. The maximum concentration of colchicine that
we could dissolve in distilled water or 10 mM PIPES, pH 6.9, buffer was 100
mM; the maximum concentration of colcemid was 10 mM.,

Several injections of 10 mM lumicolchicine (0.1-0.3 mM intracellular
concentration) were performed as controls. Lumicolchicine was made by irra-
diating for 12 h a 10 mM colchicine stock with 366-nm light from a 100-W
mercury arc lamp. The formation of lumicolchicine was confirmed by the
disappearance of colchicine’s absorption maximum at 350 nm (39).

Video Recording and Measurement of Changes in Spindle

BR:  Each microinjection experiment was recorded on video tape and played
back later on a monitor (55-57). A Brace-Kohler compensator bias retardation
of 11 nm was used. The image was recorded using a DAGE-MTI Newvicon
camera, model 65S (DAGE-MTI, Inc., Michigan City, IN), a Vicon time date
generator (Vicon Industries, Inc., Plainview, NY; model V240T), and a Sanyo
VTR-1375 video time lapse tape recorder. Images viewed on a Sanyo VM4209
monitor were recorded photographically using Kodak Plus-X 35-mm film
(Eastman Kodak Co., Rochester, NY). Changes in spindle BR were measured
from the video records by measuring changes in the video voltage at correspond-
ing regions of the spindle. For the data presented here, the video voltage at any
selected position on the video raster was measured using a laboratory-built
video analyzer in either the “spot meter” or “line scan” mode (Fig. 1). The
video analyzer is similar in design concept to the Colorado Video model 321
video analyzer (Colorado Video, Inc., Boulder, CO).

We calibrated the video voltage to the magnitude of specimen BR using
birefringent mica chips ~100 gm in size (Fig. 2). The mica chips were made by
shearing pieces of mica in a Waring blender in a dilute aqueous suspension.
The chips fracture along planes of several different thicknesses, hence they have
different BR values. Images were recorded on video tape using the 11-nm
compensator bias retardation employed in the recording of the biological
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VIDEO SPOT METER

FiGure 1 Measurement of spindle

BR from the video voltage using (a)
the video spot meter or (b) the video
line scanner modes of the video
analyzer. In the spot meter mode,
the video voltage is sampled at a

selected spot in the video field, cor-
responding to the position of a cur-
sor on the image, and plotted on a
strip chart recorder. In the line scan
mode, the 256 video voltages along
a straight cursor line are digitized as
an 8-bit grey scale onto an Apple
computer and plotted after scaling
by an Epson printer. The position
and orientation of the cursor line is
selectable.
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experiments. The difference in specimen voltage and background voltage due
to the bias compensation (Vs — Vp) was measured and plotted against the value
of BR determined by visual compensation methods as shown in Fig. 2. Vs —
Vi is proportional to specimen BR from 0 to 3 nm when the camera is operated
with gamma correction using the manual pedestal and gain modes. The auto
pedestal or black mode can also be used providing the blackest part of the
video field remains constant during the experiments,

We measured the rate of spindle microtubule depolymerization after injec-
tion of colchicine or colcemid from video voltage recordings by using the “spot
meter” mode of the video analyzer (Fig. 1). In the “spot meter” mode, a spot
cursor, 1 video line-pair square, was placed on the image of the mitotic spindle
in the central half-spindle region, about halfway between the spindle pole and
the metaphase plate. The output voltage, Vs(), from the video analyzer’s track-
hold circuitry was recorded on a strip-chart recorder (model 355, Linear Systems
Corp., Irvine, CA) at 6 cm/min while the video record was played back at
original speed. The magnitude of V3 adjacent to the spindle region was also
recorded. Spindle BR, measured by Fs(f) — Vs, was normalized by the BR at
the time of injection.

In the video analyzer “line scan” mode (Fig. 1), the voltages along a cursor
line aligned along the spindle’s metaphase axis were digitized (model AI-02 8-
bit digitizer, Interactive Structures, Bala Cynwyd, PA) into an Apple computer
to analyze the changes in the profile of spindle fiber BR during microtubule
depolymerization. Profiles for successive video images were plotted on an Epson
MX-80 printer.

Electron Microscopy: We could not preserve spindle microtubules
in untreated embryos by standard fixation methods, so we extracted embryos
with an EGTA lysis buffer before fixing them for ultrastructural observations.
Third division mitotic embryos were plunged rapidly into a 100-fold excess
volume of seawater containing 10 mM colcemid. After 25 s the embryos were
rapidly pelleted using a hand centrifuge, and at 45 s resuspended in an EGTA-
1068
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glycerol lysis buffer containing 5 mM EGTA, 0.5 mM MgCl,, 50 mM PIPES,
pH 6.8, 20% glycerol (vol/vol), and 1% NP-40. This lysis buffer extracts the
membranes and most ground cytoplasm from the embryos while stabilizing
the assembled spindle microtubules, as described in detail by Salmon and Segall
(52). After 10 min in the lysis buffer, samples were observed with polarization
microscopy. Then the embryos were pelleted, resuspended in a 2% glutaralde-
hyde fixation buffer, and processed for thin-section electron microscopy (52).
After lysis and fixation, the pattern of metaphase spindle BR was identical to
the magnitude and distribution of BR in whole cells.

RESULTS

When living mitotic cells at metaphase or anaphase were
injected with colchicine or colcemid at intracellular concen-
trations of 0.1-3.0 mM, BR was seen to decrease rapidly and
simultaneously in both astral and central-spindle microtu-
bules (Figs. 3a and 4). Usually, injection of the drug was
complete in 1 s or less. After injection, there was a 1-5-s delay
before the spindle BR began to drop. This delay represented,
in part, the time required for diffusion of the drug through
the cytoplasm and, in part, binding of the drug to tubulin.
The closer the microneedle was to the spindle region, the
shorter was the delay. After this initial delay, spindle BR
decreased rapidly. In ~20 s, astral BR disappeared completely,
while BR in the half-spindles decreased to low levels. The
weak BR that remained in the half-spindles then disappeared
very slowly over the next 10-15 min. Electron microscopy
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FiIGURE 2 The relation between the video voltage and the magni-
tude of specimen BR. Mica chips of 100 um or less in dimension
were made by shearing large pieces of mica in distilled water using
a Waring blender. These birefringent chips are split along fracture
planes of different thickness. Chips with three or four clear planes
of different BR (thickness) were used as specimens. For each chip
the BR in nanometers was measured by visual compensation tech-
niques for each plane; then the corresponding video voltage (Vs)
was measured using the video spot meter with a bias retardation of
11 nm produced by the compensator. The difference Vs — Vj,
where V; is the background video voltage due to the 11-nm bias
retardation, is plotted against the BR measured by compensator
methods; a different symbol is used for different chips. For 3 nm
and below, Vs — V; is proportional to BR. Details of the camera and
recording devices are given in the text.

showed that this persistent half-spindle BR corresponded to
differentially stable kinetochore fiber microtubules (Fig. 5).
The rapid changes in BR could not be quantified by stand-
ard manual compensator methods, but we were able to take
measurements from video recordings because the video volt-
age signal is proportional to the magnitude of spindle BR over
the normal BR range of 0-3 nm, as detailed in Materials and
Methods. We quantitated the profile of BR changes along the
spindle’s interpolar axis (the cylindrical axis of symmetry)
using the “line scan” mode of the video analyzer. (See Fig. 6
for BR profiles along the interpolar axes of the spindles in
Figs. 3a and 4.) The spindle BR profiles measured by the
video image processing techniques used here are comparable
to the profiles measured by Hiramoto and co-workers using
photomultiplier instrumentation (51). For both metaphase
and anaphase spindles, the decay of spindle BR was mostly
uniform throughout the half-spindle (Fig. 6). In anaphase
spindles (Fig. 65), as contrasted to metaphase spindles (Fig.
6a), there was a more distinct shift of the maximum rate of
decay of BR from the equatorial region towards the poles as
disassembly proceeded, but for either stage the great majority
of BR decreased simultaneously throughout the half-spindle.
To quantitate the effect of drug concentration on the rate
of microtubule depolymerization, we measured the change in
BR in the center of the half-spindle using the “spot meter”
mode of our video analyzer. A tracing of such a record is
shown in Fig. 7a for the injection of colchicine to a final
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intracellular concentration of 0.2 mM. After the delay after
injection, the BR decreased to 10% of its initial value within
25 s. The period after the initial delay, during which BR
decreased to 10% of its initial magnitude, we defined as the
characteristic time, 7, for the depolymerization of the nonki-
netochore microtubules by a particular concentration of drug.
In Fig. 8 the characteristic time, 7, is plotted as a function of
intracellular drug concentrations from 0.01-5.0 mM. Below
0.01 mM, the spindle completed mitosis before the spindle
disappeared. From 0.01-0.1 mM, the higher the drug concen-
tration, the lower was the value of r. From 0.1-5.0 mM, +
was ~20 s independent of the concentration of colchicine.

Values for r approaching 20 s were also observed in perfu-
sion experiments with colcemid. Perfusion of first-division
mitotic cells with seawater that contained 10 mM colcemid
resulted in a value of 7+ of ~45 s. By using later division
mitotic cells (8—-64 cell stages), where the surface to volume
ratio is much greater, we achieved values of 7 for perfusion
with colcemid that approached the injection results (Fig. 8,
A). Perfusions were also performed with podophylotoxin and
nocodazole, two other drugs that bind to the tubulin dimer
and block polymerization (33, 34, 41, 58). From visual obser-
vations, r = 40 s after perfusion of second division mitotic
embryos with 50 uM podophylotoxin, and = = 20-30 s after
perfusions of first division mitotic cells with 10 ug/ml nocod-
azole in seawater.

The disassembly curves followed a first-order decay over a
significant part of the reaction after the delay after injection
of 0.1-5.0 mM intracellular concentrations of colchicine. As
shown in Fig. 7 q, the BR (¢) data could be fit to an exponential
curve of the form:

BR(/) = (BR,-o — BR,-.)¢™™ + BR,-.u, (1)

where BR(7) was spindle BR normalized by the initial mag-
nitude at the time of injection, BR, -  was the persistent weak
BR, BR,_, equaled 1, time ¢ was set equal to zero at the onset
of BR decay, and the rate constant k was determined by
exponential regression. The average value of k =0.11 +0.023
s~! (14 samples) with an average coefficient of correlation of
0.992 + 0.007. The corresponding half-time of BR decay,
Ly = 6.5 £ 1.1 s. The rate of depolymerization at high
colchicine concentrations was rapid, but was only about 6
times faster than the rate at which half-spindle BR disappeared
during normal anaphase (Fig. 7).

As a control, we injected 0.5 mM intracellular concentra-
tions of lumicolchicine into first-division mitotic embryos.
Lumicolchicine has some of the same toxic side effects as
colchicine, such as inhibition of nucleoside transport and
binding to membranes, but it does not bind to tubulin (34).
It had no effect on spindle structure or cell division (Fig. 3 b).

DISCUSSION

The major finding reported here is the rapid depolymerization
of nonkinetochore spindle and astral microtubules that occurs
when tubulin polymerization is abruptly blocked by colchi-
cine or colchicine-like drugs. After an initial delay, disassem-
bly occurs simultaneously throughout the spindle and aster,
and disassembly in the half-spindle follows a first-order decay
with a half-time of ~6.5 s at higher drug concentrations.
Kinetochore fiber microtubules, as expected from previous
reports (59, 60 review), were differentially stable to the drug
treatment. The discussion that follows concerns the assembly-
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fspindlé assembly, seen with polarization microscopy, to microinjection of intracellular

concentrations of (a) 1.5 mM colchicine into a first-division metaphase embryo (b) and 0.75 mM lumicolchicine into a first-
division metaphase embryo. Time in hours:minutes:seconds is given on each frame by the video time-date generator. In a note
that most of the half-spindle and astral BR disappears in 20-25 s after injection. The BR remaining after 20-25 s corresponds to
differentially stable kinetochore fiber microtubules (see text). Note that lumicolchicine has no effect on spindle assembly or cell
division (b). Photographs were made from the video monitor. Bar, 30 um. X 270.

FIGURE 4 Microinjection of 0.75 mM intracellular concentration of colchicine into one cell of a second division, mid-anaphase
embryo. Observations were recorded as described in the legend of Fig. 3. Like metaphase spindles, most of the half-spindle and
astral BR disappears in 20-25 s after injection; only the differentially stable kinetochore fiber BR remains (see text). Note that the
spindle in the noninjected cell is unaffected by colchicine injection into the neighboring cell. Bar, 30 um. X 300.

disassembly pathways in the labile, nonkinetochore, spindle
and astral microtubules.

The rapid rate of disassembly reported here is a measure of
the native tubulin dissociation rate only if colchicine and
colchicine-like drugs affect the assembly of spindle microtu-
bules by forming a complex with the tubulin subunit that is
incapable of polymerization. In vitro studies support this
assumption. The colchicine-binding site on tubulin is not
accessible in microtubules assembled in vitro from microtu-
bule protein purified from brain, nor is it accessible in intact
axonemal microtubules (34-37). Observations reported here
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also support this assumption, First, injection of equivalent
concentrations of lumicolchicine had no effect on spindle BR
and mitosis, as shown in Fig. 35. Lumicolchicine does not
bind tubulin dimers (28), thus should not have any effect on
spindle assembly. Secondly, the variation in the rate of micro-
tubule depolymerization as a function of drug concentration
(Fig. 8) is consistent with the proposed binding mechanism;
a limiting rate of depolymerization was observed at higher
drug concentrations. At these concentrations, the rate of drug-
tubulin complex formation appears to exceed significantly the
rate of tubulin rebinding to microtubules.



FIGURE 5 Electron micrograph of a cross section through the
metaphase plate region of a third division metaphase spindle.
Spindles were stabilized 45 s after 10 mM colcemid incubation
using an EGTA-glycerol-NP-40 lysis buffer. In similar cross sections
of untreated spindles, >200 microtubules are seen. In colcemid-
treated spindles only bundles of kinetochore fiber microtubules are
visible (arrows). In longitudinal sections, no astral nor nonkineto-
chore fiber half-spindle microtubules are seen. Bar, 1 um. X 28,600.

Based on the uniformity of BR decay throughout the half-
spindle (Figs. 3, 4, and 6), the first-order (or pseudo first-
order) kinetics of BR decay measured in the central half-
spindle region (Fig. 7 a), and the proportional relation between
BR and the amount of microtubule polymer along the mea-
surement optical path through the spindle (50, 51), we con-
clude that the decrease in total microtubule polymer in the
half-spindle after abrupt inhibition of assembly by high con-
centrations of colchicine follows first-order kinetics. In vitro,
with reassembled brain microtubules, the decrease in total
microtubule polymer, after abrupt inhibition of polymeriza-
tion by dilution of the free tubulin pool, also follows first-
order kinetics (23, 25, 61). This exponential decrease in the
total polymer in vitro has been attributed to the constant rate
at which tubulin subunits dissociate from microtubule ends
and a length distribution of microtubules which is initially
pseudo-exponential. A similar mechanism may explain the
apparently exponential disassembly of the spindle that we
measured in vivo, but the steady-state distribution of half-
spindle microtubule lengths and the locations of microtubule
ends within the half-spindle are not sufficiently well under-
stood to test this hypothesis.

The in vivo tubulin dissociation rate constant, kyspindie), PET

SALMON ET AL. Tubulin Dissociation from Spindle Microtubules In Vivo

average length of nonkinetochore spindle microtubule, can
be estimated from our measured rate constant, k = 11% of
the initial polymer per second (23). The initial rate of tubulin
dissociation is given by:

kd(spindle) = 19639 kLava (2)

where L,, is the average initial microtubule length and 1,639
is the number of dimers per micrometer of microtubule.
Unfortunately, the exact length distribution of half-spindle
microtubules in situ for any higher eucaryotic cell is unknown.
Nonkinetochore spindle microtubules are notoriously labile
to fixation (52, 53), and the large number of microtubules in
half-spindles (~3,000 for the sea urchin [50-52, 62, 63]) has
prohibited detailed tracking studies. At this time we can only
make a reasonable estimate of the value of L,,. In longitudinal
sections aligned with the interpolar axis of isolated spindles,
the microtubules in the half-spindle appear to extend from
the spindle pole region towards the chromosomes, with the
longer microtubules overlapping at the metaphase plate region
(52, 53, 62, 63). A similar pattern of microtubule distribution
is observed in mitotic spindles of cultured mammalian cells
(1, 2, 4). We have reexamined 0.25-um thick, longitudinal
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FiGure 6 Changes in the profile of normalized spindle BR along
the interpolar axis of (a) the metaphase spindle in Fig. 3a, and (b)
the anaphase spindie shown in Fig. 4 after colchicine injection.
Profiles were digitized using the line scan mode of the video
analyzer from video images at times in seconds relative to the time
of colchicine injection. Digitization was performed with the re-
corder in the “freeze frame” playback mode. At each time point,
three successive video field tracings were averaged to reduce noise
effects. Profiles at different times were aligned by eye and the
family of spindle profiles plotted. The apparent positions of the
chromosomes are indicated by the dotted line rectangles. Spindle
BR, measured by Vs — V;, is normalized by the peak central spindle
BR at zero time for each spindle.
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FiIGure 7 Changes in normalized spindle BR in the central half-
spindle region as measured by the video spot meter from video
recordings. (a) Tracing of the chart record of the changes in video
voltage following injection of 0.2 mM intracellular colchicine into a
first division metaphase cell. The characteristic time, 7, of nonki-
netochore microtubule depolymerization is measured by the period
between the time of onset of BR decay and the time where the
video voltage decreases to 10% of the initial value before injection.
The dotted line is a first-order decay curve derived from Eq. 1 for
k = 0.092 and fitted to the data as described in the text. Spindle
BR, measured by Vi{t) ~ Vs, is normalized by the initial value at the
time of injection. The bracket shows the range of noise fluctuations
in the original chart recordings. (b) Comparison of the rate of
disapperance of normalized spindle BR after 1.5 mM intracellular
colchicine injection with the normal rate of half-spindle disassembly
at late anaphase.

sections of isolated metaphase spindles from sea urchin em-
bryos obtained in a previous study (52). Most half-spindle
microtubules appeared to be at least 1 um long and the
majority appeared to extend at least 5.5 um, half the distance
from the spindle pole region to the chromosomes. The thicker
the section, the longer was the apparent length of the micro-
tubules, but it is difficult to detect overlapping microtubule
ends in dense microtubule bundles. Taking 1 um as a mini-
mum average length estimate and 5.5 um as the more prob-
able value, we calculate from Eq. 2 that kupinaiey 18 in the range
of 180-992 dimers per second.

This range of values of k4spinaiey 1S the same order of mag-
nitude as the fastest rates of tubulin dissociation reported for
microtubule disassembly in vitro in calcium-chelation buffers:
4.3-120 dimers per second for brain microtubule protein (17~
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21, 23-26, 61), 102-250 dimers per second for purified brain
tubulin (22, 23, 61), and 10-55 dimers per second for purified
axonemal tubulin from sea urchin sperm (26, 61). Unfortu-
nately, no rate constants are available for sea urchin cyto-
plasmic or spindle tubulin. The origin of the dramatic varia-
tion in measured values for tubulin dissociation for brain
microtubule protein is not clear, but may depend on the
stabilizing action of high-molecular-weight microtubule-as-
sociated proteins (23, 26, 64) or the experimental methods
used (26). In addition, very recent evidence indicates that the
rate of tubulin dissociation in vitro, under nonsteady-state
conditions where association is blocked, can be an order of
magnitude or more faster than at steady-state equilibrium
(61, 65).

Elevated Ca** ion concentrations, regulated by membrane
components of the mitotic apparatus (49, 53, 63), may be
responsible for the rapid tubulin dissociation rates observed
in the present study. Karr and co-workers (24) have measured
an end-dependent dissociation rate of tubulin from brain
microtubules in vitro of 860 dimers per second in the presence
of 5 mM Ca®* ions. Microtubules depolymerize slowly over
several minutes in mitotic spindles that have been isolated
into calcium-chelation buffers, but they depolymerize within
several seconds when the Ca®* ion concentration is raised to
10 uM (52, 53).

Our estimate of Kqgpinate) 1S derived from spindle disassembly
measurements under nonsteady-state conditions and could be
an overestimation of the steady-state tubulin exchange rate
(61, 65). Is it reasonable to suppose that spindle microtubules
can polymerize in vivo as rapidly as measured for depolymer-
ization at high colchicine concentrations? Several studies show
that the rate of assembly is at least 30% of our measured
disassembly rate. Inoué and Sato (8) demonstrated that when
45% D,O seawater was added to mitotic embryos of L.
variegatus or other marine embryos, spindle BR doubled and
spindle volume increased fivefold within 40 s. Microinjection
of 100 mM taxol, which blocks tubulin dissociation (37, 55),
into the mitotic spindle of L. variegatus can cause spindle BR
to double over a 60-s period (DeSaix, P., and E. D. Salmon;
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FIGURE 8 The variation of the characteristic time for nonkineto-
chore microtubule depolymerization, 7, with the intracellular con-
centration of injected colchicine (@) and colcemid (0). The data
represented by the A symbols show the values of r for 16-64 cell
stage embryos for various colcemid concentrations in seawater
perfusion buffers.



unpublished observations). Similar rapid rates of microtubule
assembly are observed as spindles repolymerize after disas-
sembly induced by application of cooling, hydrostatic pres-
sure, or colcemid (8, 9, 11, 66). Microtubule assembly is a
product of the kinetics of initiation as well as growth of
microtubules. Thus the published rates of assembly in vivo
are consistent within a factor of 2 or 3 with the rapid rate of
microtubule depolymerization produced by high concentra-
tions of intracellular colchicine. This rapid rate of tubulin
association-dissociation is likely to be typical of the assembly
of nonkinetochore mitotic spindle microtubules in higher
eucaryotes. A characteristic time of 14 s for loss of spindle
BR has been observed in mitotic spindles of PtK,; culture cells
when tubulin polymerization was blocked by 5-10 ug/ml
nocodazole (Salmon, E. D., and M. Karow; unpublished
observation), a drug that binds to tubulin at the colchicine-
binding site (10, 58).

The next question we addressed is whether our estimated
values of kyspinaiey are realistic for end-dependent association
rates in the living cell. At steady-state equilibrium, the rate of
dissociation is balanced by an equivalent rate of association
which is the product of the concentration of tubulin in equi-
librium with the microtubules, (7¢), the number of exchange
sites per microtubule, and the bimolecular rate constants, k.,
for subunit addition to an exchange site. Values for k, and
(T.) have been measured by several laboratories for the in
vitro assembly of brain microtubule protein and purified
tubulin (17-22, 26) and axonemal tubulin (26). Values for
Kagn viroy, Which are the sum of the k, values measured for each
end of the polymer, range from 1-20 x 10° M~!' s~ at 30-
37°C. Similarly, for the end-dependent assembly of actin
filaments in vitro, values of k,(einy = 7-10 X 10° M~! s~! have
been reported (67). These values are similar to the fastest rates
observed for several other protein-protein interactions and
are thought to be close to the diffusion-limited reaction rate
(68, 69).

The value of k, in the embryo cytoplasm, kyembryo), Will be
smaller than the in vitro measurements, in that the association
rate constant is directly proportional to the diffusion coeffi-
cient (69). The diffusion coefficient of tubulin in sea urchin
embryo cytoplasm has been measured recently using fluores-
cently labeled tubulin and fluorescence recovery after photo-
bleaching techniques (70). The rate of diffusion is ~1/8-1/10
the rate that would be expected in the in vitro microtubule
reassembly buffers (70a). Other globular proteins also have
considerably lower diffusion rates in cytoplasm compared
with dilute aqueous media (70-72). Taking the value of
kagnvirroy and correcting it for the lower diffusion rate of tubulin
in the sea urchin cytoplasm, we estimate Kaemoryoy = 0.1-2.5
x 108 M~! 57!,

In vitro, the critical concentration (T¢) for brain microtu-
bule protein is typically about 2 uM (13) at 30-37°C, for
purified tubulin it is ~8 xM (22, 23), and for axonemal tubulin
(T.) is 1.8 uM (26). Although no values for the rate constant
are available for the in vitro assembly of tubulin purified from
sea urchin spindles, Keller and Rebhun (73) have recently
measured (7;) = 2 uM at 25°C for 6S tubulin purified from
isolated sea urchin spindles. This value is less than half the
estimated total tubulin concentration in the sea urchin em-
bryo, measurements of which range from 5 to 27 uM (42-46,
74).

Assuming that the critical concentration of tubulin in the
embryo is ~2 uM, we calculate kyembryol(7e) = 0.2-5.0 dimers

SatmoN ET AL, Tubulin Dissociation from Spindle Microtubules In Vivo

per second. This result is substantially smaller than our ex-
perimentally observed kyspinaiey = 180-992 dimers per second.
Why doesn’t the rate of spindle association predicted from
parameters determined in vitro come close to matching the
rate of spindle dissociation observed in our experiments with
living cells?

One possibility to consider is that an oligomer of tubulin,
not the dimer, is the basic tubulin subunit exchanging with
the spindle microtubules. However, this suggestion is inade-
quate. For example, assume k, is the same value for the
oligomer as for the dimer. The rate of dissociation of the
oligomer will be k4/n where n is the number of dimers per
oligomer, k4 is measured in dimers per second, and (7) is the
dimer concentration in the cell. The value of (T¢) in the cell
will be (T.)/n but the rate of dissociation will be ky/n. Thus
there is no difference in the rates of association and dissocia-
tion. In fact, &, for the oligomer is likely to be less than for
dimer addition because the oligomer will have a lower diffu-
sion coefficient.

Maybe the value of (7;.) determined for the in vitro assembly
of microtubules does not adequately represent the situation
in vivo. To balance a ky(spinaiey = 180 dimers per second, for
Kaembryoy = 0.1-2.5 M~ s7', (T.) must be 72-1,800 M. To
balance a kyspinaiey = 992 dimers per second, (7,) must be 397-
9,920 uM. Obviously, these values of (7;) are much higher
than the values determined for the in vitro assembly of
microtubules. Even when we take the very highest estimated
values of Kuembryoy (2.5 X 10° M™' 57"} and of cell tubulin
concentration (27 uM), the product, 67 dimers per second, is
significantly less than our experimental estimate of Kupinaie) =
180-992 dimers per second. In addition, not all of the em-
bryo’s tubulin may be capable of assembly into the mitotic
spindle (8, 9, 74, 75). The above analysis indicates that for an
end-dependent assembly mechanism, the unpolymerized tu-
bulin concentration in the spindle region may be substantially
greater than predicted by the average cytoplasmic concentra-
tion.

If the concentration of assembly-competent, unpolymer-
ized tubulin in the spindle region is not substantially greater
than values of (7.) measured in vitro, and Aqepinaey does
represent the steady-state dissociation rate, then the above
analysis indicates that spindle microtubule assembly is not
strictly end dependent. This discrepancy lends support to
Inoué’s “dynamic equilibrium” theory which proposes that
tubulin exchange occurs at sites along the entire length of
spindle microtubules, not just at the ends (3, 8, 13, 14).
Alternatively, microtubules at steady state in the living cell
may be constantly breaking and reannealing, so that there are
transiently many more functional ends than we would predict
from studying electron micrographs of fixed spindles. The
binding or release of protein or ions like Ca?* (49, 52) could
affect the stability of intertubulin binding in the microtubule
wall; actin-binding proteins have been shown to serve a similar
function in the fragmentation of actin filaments (76).

Nevertheless, the rapid depolymerization of spindle micro-
tubules in vivo upon addition of 1 mM colchicine demon-
strates that significant differences exist between the physiology
of spindle microtubule assembly in the living cell and micro-
tubule assembly in reassembly buffers in vitro. In the latter,
colchicine-tubulin complexes bind to microtubule ends,
blocking elongation, but do not induce rapid and extensive
depolymerization (35, 36, 77, 78). A similar result is also
found for the action of colchicine on the assembly of micro-
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tubules in spindles isolated from sea urchin embryos into in
vitro reassembly buffers (79). Colchicine at | mM concentra-
tions has no effect on the rate of depolymerization of isolated
spindle microtubules in the absence of exogenous tubulin; in
the presence of exogenous tubulin, it blocks depolymerization
(79). In vitro, the tubulin-colchicine complex has been dem-
onstrated to bind only at microtubule ends (35, 77, 80), but
the location of binding sites in vivo is undetermined (81).

The data and analysis presented here are not sufficient to
define the pathways of tubulin exchange in living mitotic
spindles. The analysis does show, however, that the charac-
teristics of tubulin assembly-disassembly determined from
experiments in vitro do not readily explain the observed
behavior of mitotic spindles in vivo based on our current
concepts of the distribution of microtubules in the spindle.
Resolution of this dilemma will require more definitive data
for the rate constants for spindle tubulin assembly in vitro,
for the critical tubulin concentration in the spindle region,
and the true length distribution of microtubules in the half-
spindle. But it may also require some imaginative thinking
about the fundamental processes in the living cell and how
they may be altered by in vitro conditions.
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Note Added in Proof: Pat Wadsworth, working in our laboratory,
has recently shown that the tubulin-colchicine complex is the active
intermediate of the colchicine effects reported here. Microinjection
of 40 M tubulin-colchicine complex near the spindle region to give
2 uM or greater intracellular concentrations produced rapid loss of
nonkinetochore spindle and astral BR with a characteristic time
similar to the 20 s reported here for microinjection of high concen-
trations of colchicine.
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