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Abstract. Although the mechanism of microtubule dy-
namic instability is thought to involve the hydrolysis
of tubulin-bound GTP, the mechanism of GTP hy-
drolysis and the basis of microtubule stability are
controversial. Video microscopy of individual microtu-
bules and dilution protocols were used to examine the
size and lifetime of the stabilizing cap. Purified por-
cine brain tubulin (7-23 p,M) was assembled at 37"C
onto both ends of isolated sea urchin axoneme frag-
ments in a miniature flow cell to give a 10-fold varia-
tion in elongation rate . The tubulin concentration in
the region of microtubule growth could be diluted rap-
idly (by 84% within 3 s of the onset of dilution) .
Upon perfusion with buffer containing no tubulin,
microtubules experienced a catastrophe (conversion
from elongation to rapid shortening) within 4-6 s on
average after dilution to 16% of the initial concentra-
tion, independent of the predilution rate of elongation
and length . Based on extrapolation of catastrophe fre-
quency to zero tubulin concentration, the estimated

NDIVIDUAI. microtubules reassembled from purified tu-
bulin undergo alternating phases ofelongation and rapid

AL shortening (19, 26, 49) . The transition (catastrophe)
from elongation to rapid shortening, and the reverse transi-
tion (rescue), are abrupt, stochastic, and occur infrequently
in comparison to the rates of subunit association and dissoci-
ation (49) . This behavior, termed dynamic instability (26),
is also exhibited by the majority ofmicrotubules in the mitot-
ic spindle and the interphase cytoplasmic microtubule com-
plex (CMTC)' (12-14, 33-36, 38, 39) and appears necessary
for chromosome-spindle attachment, chromosome segrega-
tion, cellular morphogenesis, and establishment ofcell polar-
ity (13, 17, 21, 29-32) . Changes in frequencies ofcatastrophe
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lifetime of the stable cap after infinite dilution was
<3-4 s for plus and minus ends, much shorter than
the =200 s observed at steady state (Walker, R. A .,
E. T. O'Brien, N. K. Pryer, M. Soboeiro, W. A.
Voter, H . P. Erickson, and E. D. Salmon . 1988 . J. Cell
Biol . 107:1437-1448.) .
We conclude that during elongation, both plus and

minus ends are stabilized by a short region (=200
dimers or less) and that the size of the stable cap is
independent of 10-fold variation in elongation rate .
These results eliminate models of dynamic instability
which predict extensive "build-up" stabilizing caps and
support models which constrain the cap to the elon-
gating tip . We propose that the cell may take advantage
of such an assembly mechanism by using "catastrophe
factors" that can promote frequent catastrophe even at
high elongation rates by transiently binding to micro-
tubule ends and briefly inhibiting GTP-tubulin associ-
ation .

and rescue between mitosis and interphase are thought to
convert the dynamic, short microtubule arrays of the mitotic
spindle into the long, less dynamic array of the interphase
CMTC (3, 12, 14, 17, 36, 43, 47). Although it has been
shown that the kinase activity of the cell cycle regulator,
p34,'°2 , regulates changes in dynamic instability between
mitosis and interphase (3, 43), little information is available
regarding the regulatory factors that may interact directly
with microtubules .
Fundamental to this problem is the molecular basis of dy-

namic instability, which though unresolved at present, is
thought to depend on a "stable cap/labile core" mechanism .
Elongation-competent subunits add to a growing microtu-
bule end and experience a destabilizing conformational
change subsequent to assembly. This conformational change
produces an interior "core" oflabile subunits stabilized at the
microtubule end by continually adding elongation-compe-
tent subunits (the stable cap) . In this model, catastrophe is
produced by stochastic loss of the terminal stable subunits
either by conformational change or dissociation . Rescue oc-
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curs if the stable cap reforms before a microtubule shortens
to completion .
Although the nature ofthe stabilizing cap is controversial,

there is strong evidence for a stable cap/labile core model
and that GTP hydrolysis is somehow involved (6, 7, 19, 26,
49, 50) . Evidence to date indicates that GTP-tubulin dimers
serve as the stabilizing, elongation-competent subunits and
that the hydrolysis of the bound GTP to GDP after assembly
leads directly or indirectly to the destabilization ofthe dimer
within the microtubule lattice (6, 9, 16, 23, 27, 51) . The
stabilizing cap may simply be GTP-tubulin (5, 6, 9, 10, 22,
26, 28) . However, Carlier and co-workers (11, 25) have pro-
posed that P ; release after hydrolysis is slow relative to
tubulin association and the stable cap consists ofboth GTP-
and GDP-P;tubulin . Alternatively, Stewart et al . (41) have
proposed that the conversion from stable to instable dimer
lags behind hydrolysis, so that the end ofa microtubule could
have a small GTP or GDP-Pi cap, but an extensive, confor-
mationally stable cap. A region at the growing end of a mi-
crotubule is clearly capable of stabilizing an entire micro-
tubule (7, 49, 50), but the actual amount of GTP-tubulin,
GDP-P;tubulin, and/or conformationally stable tubulin pres-
ent at the end has remained below the limit of detection (27,
37, 41) .

Existing cap models can be divided into two classes : (a)
uncoupled destabilization models, which specify no direct
link between tubulin subunit addition and destabilization ;
and (b) coupled destabilization models, which link destabili-
zation to subunit addition . For uncoupled models, destabili-
zation has been postulated to be stochastic, i .e., any GTP-tu-
bulin may be destabilized, regardless of its location in the
polymer lattice (9, 26) ; vectorial, i .e ., destabilization is pro-
moted at a GDP-tubulin:GTP-tubulin interface within the
microtubule lattice (5, 10) or a combination of stochastic and
vectorial mechanisms (15) . In contrast, coupled destabiliza-
tion models propose that destabilization occurs whenthe sub-
unit becomes buried in the microtubule lattice through addi-
tion of another subunit (1, 27, 49) . Uncoupled models can
produce substantial "build-upn caps at higher rates and dura-
tions of elongation (5, 10, 28 ; Voter, W A., E . T. O'Brien,
and H. P Erickson . 1987. Biophys . J. 51:214a), whereas
coupled models predict that cap size is small and essentially
independent of elongation rate and duration (1, 27, 49) .
Information about the size ofthe stabilizing cap can be ob-

tained from dilution-induced disassembly experiments . The
delay fromthe time of dilution to the time ofcatastrophe pro-
vides a measure of cap size since the delay time reflects the
time required forloss of stable subunits (by hydrolysis and/or
dissociation) from the microtubule end . If microtubules are
assembled over a range of tubulin concentrations, one could
determine whether this delay after dilution is a function of
the predilution microtubule elongation rate, and therefore
discriminate between uncoupled and coupled destabilization
models based on each model's predicted response to dilution
of the free tubulin pool . Uncoupled models predict that mi-
crotubules assembled at higher tubulin concentrations, and
hence greater elongation rates, will take longer to convert to
rapid shortening since these microtubules have longer caps .
In contrast, coupled models predict that, regardless of the
tubulin concentration and predilution elongation rate, all
microtubules will take approximately the same time to con-
vert to rapid shortening.

The Journal of Cell Biology, Volume 114, 1991

In this paper, video microscopy and dilution protocols
were used to measure directly the life-time of the stabilizing
cap at the ends of individual microtubules after tubulin as-
sociation was abruptly inhibited . Purified tubulin (7-23 /.M)
was assembled at 37°C onto the plus and minus ends ofaxo-
neme seeds attached to the inner surfaces of the glass win-
dows of a miniature flow cell (4) . The flow cell was spe-
cifically designed to produce laminar flow and to be used
with the high-power microscope objectives required for video-
enhanced differential interference contrast (VE-DIC) mi-
croscopy. Following assembly, microtubules were rapidly
dilutedbyperfusion with microtubulereassembly buffer with-
out tubulin, or reassembly buffer containing either 2 or 3.3
/AM tubulin . Dilution at the window surface in the flow cell
is not instantaneous, and depends on diffusion as well as flow
rate (4) . We determined that molecules the size of tubulin
will be diluted to nearly 15 % of the initial concentration
within 3 s after initiation of dilution with reassembly buffer.
Although the spontaneous frequency of catastrophe at both
ends becomes infrequent at higher rates of tubulin associa-
tion (49), we found that, for both ends, the lag between dilu-
tion and catastrophe was several seconds at low tubulin con-
centrations, and was independent of predilution elongation
rate and length .

Materials and Methods

71 tbulin andAxoneme Preparation
Phosphocellulose-purified porcine brain tubulin was prepared as described
previously (44, 49) . The final tubulin pellets wereresuspended in PM buffer
(100 mM Pipes, 2 mM EGTA, 1 mM MgSO4, pH 6.9) containing 1 mM
GTP (PM/GTP), passed over a G-25 Sephadex column equilibrated with
PM/GTP, and frozen in small aliquots . Microtubule-associated proteins
constituted no more than 0.6% of the purified tubulin preparation (49) . Axo-
neme fragments were prepared from S. purpuratus (2, 49) .

Flow Cell Construction and Calibration
The flow cell used in this study was identical to that described by Berg and
Block (4) . Coverslips were sealed to the cell with a thin layer of high-
vacuum grease (Dow Corning, Midland, MI) and the edges were further
sealed with Valap (a 1 :1:1 mixture of petrolatum, lanolin, and beeswax) . The
distance between inner coverslip surfaces was x+350 lam . A short piece of
Intramedic PE-60 polyethylene tubing (Clay Adams, Parsippany, NJ) was
slipped over the inlet pipe so that a 1-cm length of tubing extended beyond
the inlet pipe . The cell was filled with PM from the inlet side, and then
backfilled fromthe outlet side toremove air from the inlet pipe. After place-
ment on the microscope stage, the outlet tubing was slipped over the outlet
pipe. The rate of flow was controlled by a peristaltic pump (Isco Tris pump ;
Isco, Inc ., Lincoln, NE), and an Apple H computer was used to control the
pump and duration of flow.

Observing individual microtubules in the flow cell during dilution re-
quired that the microtubules (particularly the ends) remain relatively sta-
tionary. Self-assembled microtubules invariably were swept from the field
ofview by flow, so axoneme fragments, which adhered to the glass surfaces
of the flow cell, were used to nucleate microtubule growth . As events were
constrained to the region near the glass surfaces of the chamber, and image
quality was marginal at the inner surface of the lower coverslip, it was neces-
sary to determine the rate of dilution specifically in the region just inside
the inner surface of the upper coverslip . This was done using a confocal
measurement system to record the fluorescent emission of a reporter mole-
cule . A Zeiss Standard microscope was equipped with a IV FL epi-illumi-
nator, fluorescein filter set, and a 100-W mercury arc lamp as the excitation
source. An 0.3-mm-diam aperture was placed at the field diaphragm plane
of the epi-illuminator . A Nikon 100x/1 .40 NA P1anApo objective projected
a 3-/Am spot onto the specimen plane and collected the resultant fluorescent
emission . Thespecimen image was projected to a0.75-mm diaphragm aper-
tureandthe fluorescence that passed this diaphragm was measured by a pho-
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tomultiplier (EMI 9ß63A, Thorn EMI Gencom, Inc.) and photon counter
(EMI model C-10) . This diaphragm arrangement limited the contribution
of out-of-focus fluorescence from distances 310 pm away to G15% .
The rate of dilution was a reflection of: (a) the rate of flow ; (b) the dura-

tion of flow ; and (c) the diffusion properties of the molecule of interest . In
our experiments, a flow rate of 0.014 ml/s was used since at greater flow
rates, microtubules frequently broke off at the axoneme and were swept
from the field of view. Flow times (6-8 s) were selected to be long enough
to give significant dilution but short enough not to interfere with visualiza-
tion of the transition to rapid shortening and the shortening process itself.
Fluorescein-BSA (Molecular Probes, Eugene, OR) and fluorescein dextran
(60,000-90,000 mol wt; Pblysciences, Inc., Warrington, PA) were used as
reporter molecules because they were of comparable size and have similar
diffusion coefficients to tubulin . Both were suspended in PM and passed
over a Sephadex G-25 column to remove freedye. We attempted to calibrate
the kinetics of tubulin dilution in the flow cell using tubulin labeled with
5-(4,6-dichlorotriazin-2-yl) amino fluorescein (DTAF) (24, 48) . However,
we found that DTAF-tubulin heavily coated the coverslip surface (when
viewed by VE-DIC microscopy) and gave anomalous dilution profiles. Nei-
ther purified tubulin, fluorescein-BSA, nor fluorescein-dextran noticeably
coated the coverslip surface, and both fluorescein-BSA and fluorescein-
dextran gave consistent and similar dilution profiles.

For calibration experiments, the flow cell was assembled and placed on
the microscope as described above . Temperature on the microscope stage
wasmaintained at 37°C by anair curtain incubator (model 279, Sage ; Orion
Research, Inc., Cambridge, MA) . Intensity measurements were made 2 .5
,um below the inner surface of the upper coverslip since this was the region
ofmicrotubule growth . LabeledBSAor dextran at 1 or 2 .2mg/ml waswashed
in, and thechambercentered close to the optical axis. To mimic experiments
performed with tubulin, the reporter molecule was then washed out with
one of the following : (a) PM buffer ; (b) 0.2 mg/ml reporter molecule in PM ;
or (c) 0.33 mg/ml reporter in PM . Intensity values were recorded at 0.1-s
intervals. After the majority of fluorescence had been diluted (typically 8 s
after flow was initiated), the excitation source was shuttered on a 0.8-s
open/2 .4-s closed cycle to limit photobleaching of immobile, coverslip-
bound fluorescence . Intensity values and the time at which the pump was
switched on were saved in an Apple II computer.

The characteristic dilution profile exhibited three phases : (a) an -3-s de-
lay during which the initial concentration remained unchanged; (b) an -3-
5-s period during which the reporter molecule was diluted approximately
fivefold ; and (c)an extended periodoftime duringwhichreporter molecules
continued to diffuse out of the near-coverslip region . Rate of dilution curves
were plotted using the following equation :

Relative Intensity = (F(t) - F.) / (F - F-)

where F(t) is the photon count measured at a given time, F is the average
photon count at infinity (contributed by the immobile fraction), and F1 is
the average predilution photon count . Typically, 20-30 points were aver-
aged to obtain F,, 15-25 points were averaged to obtain F, and F was
5-15% of Ft . Two successive flows were performed to ensure complete di-
lution and to determineF accurately. Dilution profiles of fluorescein-BSA
and fluorescein-dextran were indistinguishable and were averaged together
in Figs . 4 and 5.

Dilution Experiments
Individual microtubules were observed at 37°C by the methods ofWalker
et al . (49) . Once the cell was assembled, placed on the microscope stage,
and oil contacted to the objective and condenser, axonemes (at -2 .7 x
101/ml) were flushed into the cell and allowed to remain for 5-10 min to
attach to the glass surfaces of the cell . PM buffer was then run through the
cell to remove unattached axonemes . Tubulin (7-23 AM active tubulin in
PM/GTP) was drawn into the chamber andmicrotubule assembly onto axo-
neme fragments was observed . The diluent was prepared (containing 0, 2,
or 3 .3 AM tubulin in PM/GTP) and warmed to 37'C in a nearby temperature
bath . When microtubules were long enough to visualize clearly but did not
yet extend beyond the field of view, the diluent was quickly placed over the
inlet tubing and the pump was switched on . Focus was maintained on the
shifting microtubules during the flow.

Microtubule dynamics were analyzed using previously published proce-
dures (49) . Delay values (to the nearest second) were determined by reading
the time from the date-time generator. The initiation of flow and of rapid
shortening were identified visually with the aid of the videocassette
recorder's search control .

Walker et al . Dilution Studies of Individual Microtubules

Results

Catastrophe Is Induced by 71ibulin Dilution
In our initial studies, microtubules were grown in PM/GTP
buffer at 20 AM tubulin . Upon perfusion, the longer micro-
tubules, particularly those oriented toward the inlet side of
the flow cell, were bent by the flow. Such perturbation occa-
sionally made visualization of microtubule ends impossible
during perfusion, but based on control experiments in which
the tubulin concentration was kept constant, perfusion did
not induce catastrophe (data not shown) . In contrast, catas-
trophe occurred quickly afterperfusion with PM/GTP buffer
without tubulin (Fig . 1) . The delays from the time at which
flow was initiated to the time at which rapid shortening
began were short, but variable between individual micro-
tubules . Delays varied within a given field-of-view, for mi-
crotubules assembled onto the same axoneme, and for mi-
crotubule ends near each other. For example, Fig . 2 shows
the dynamic histories of three microtubules in the same
field-of-view. Each microtubule began shortening at a differ-
ent time, and two minus end microtubules had delays of 6
and 40 s . During delays, no change in microtubule length
was measurable within the limit of accuracy of our analysis
system (ti0.25 Am or 400 tubulin dimers), even for the mi-
crotubules which showed the longest delays.

Delays before CatastropheAre
Independent ofPredilution Elongation Rate
andMicrotubule Length
To determine if delay times depended on predilution micro-
tubule elongation rate or length, tubulin subunits were as-
sembled onto axoneme fragments over a range of tubulin
concentrations (7-23 jM) and then diluted with PM/GTP
Delays ranged from 3 to 25 s for the plus end, and from 2
to 44 s for the minus end . Linear regression analysis indi-
cated that there was no significant correlation between delay
time and predilution elongation rate for either plus (r = 0.15 ;
n = 147) or minus end (r = 0.12 ; n = 122) microtubules
(Fig . 3) . There was also no significant correlation between
delay time and predilution microtubule length for either plus
(r = 0.09) or minus end (r = 0.10) microtubules (Fig . 3) .
When delay times for each end were compared with the

dilution calibration curve, it was evident that most microtu-
bules did not convert to rapid shortening until after the bulk
of dilution was complete (at 8 s, see Fig . 4) . Therefore, de-
lays in the 2-3-s range probably represent microtubules that
converted spontaneously to rapid shortening during dilution .
The mean delays between significant dilution (at 8 s) and
catastrophe were 4.2 f 3.6 and 6.1 t 6.7 s for the plus and
minus ends, respectively. Based on the dilution calibration
curve, the initial tubulin concentration was diluted to nearly
16 % of its original value by 8 s, and the level continually
dropped as free tubulin subunits diffused from the region
near the coverslip surface . Percentage of dilution did not
vary with the initial concentration, so that the 16% tubulin
concentration estimate after dilution ranged from 1 .1 to 3.7
,uM tubulin, depending on the initial tubulin concentration
(7-23 t&M) .
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Figure 1. Microtubule dilution observed in real time. Microtubules were assembled at 20 AM tubulin. PM/GTP and no tubulin was drawn
into the chamber at 9:45:25 . Flow was stopped at 9:45 :33 . Most microtubules are in the rapid shortening phase by 9:45 :47 and some
have already shortened to completion . Flow is from left to right across the field . Bar, 5 Am .

Catastrophe Occurs Within Seconds NearZero
Tlubulin Concentration
The above results show that catastrophe occurs within sev-
eral seconds when the free tubulin concentration is diluted
below the critical concentration for elongation, (Sc°, which is

The Journal of Cell Biology, Volume 114, 1991

-5 p,M for both ends [ref. 49]) . This is much quicker than
for tubulin concentrations above Sc°, where the balance of
association and dissociation reactions favor elongation (at
7 AM, microtubules elongate for "200 s on average ; at 15
AM, they persist for "1,000 s) . To obtain information about
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Figure 2. Dynamic histories of individual microtubules diluted
with PM buffer. Plots of microtubule length versus time are pre-
sented for three microtubules during the same dilution experiment .
Perfusion was initiated at 190 s (arrow) and continued for 6 s. A
plus end microtubule (closed circles) experiences a delay of 12 s,
whereas two different minus end microtubules experience delays of
6 s (closed triangles) and 40 s (open triangles) . The minus end
microtubule indicated by the closed triangles was obscured by an
adjacent microtubule from 100 to 150 s. The limit of accuracy was
-0.25 ,um, except during flow, when accuracy greatly (0.25 /,m to
immeasurable) varied depending on the orientation relative to the
direction of flow of the microtubule and the distance the microtu-
bule extended into the chamber.
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the stability of microtubules at tubulin concentrations below
S~°, microtubules were assembled in the presence of 20-23
p,M tubulin and then perfused with PM/GTP buffer contain-
ing either 2 or 3.3 1AM tubulin. Microtubules perfused with
2p.M tubulin had delays similar to those measured after per-
fusion with PM/GTP (data not shown), but shorter delays
than microtubules perfused with 3.3 1AM tubulin (Fig . 5) .
Delays after the start of perfusion with 2 and 3.3 1AM tubulin
were 8-19 s and 7-41 s for the plus end, and 7-36 s and 11-
74 s for the minus end. After the bulk of dilution was com-
pleted (at 8 s), the average delay before rapid shortening was
5.0 f 3.0 s (n = 21) vs . 10.8 f 7.5 s (n = 54) for the plus
end and 7.6 t 5.5 (n = 28) vs . 24 .2 f 18 (n = 47) for the
minus end. Based on the dilution calibration curves, most
microtubules perfused with 2 pM tubulin converted to rapid
shortening while the free tubulin concentration was dropping
from 16% (at 8 s) to 14% (final) of its initial value, or from
-3.4 to -3 pM tubulin. For perfusion with 3.3 1AM tubulin,
most microtubules converted while the free tubulin concen-
tration dropped from 23 % (at 8 s) to 21% (final) of the initial
value, or from -4.9 to -4 .5 1AM tubulin.
Microtubule lifetime at zero tubulin concentration was es-

timated by extrapolation of logarithmic plots of catastrophe
frequency versus tubulin concentration (Fig. 6) . Catastrophe
frequencies below Se were obtained from the reciprocal of
the delays measured above for tubulin dilution to 3-3.4 pM
and 4.5-4.9 uM, whereas those above Se were obtained

_n
3
O

á

50-

40i

04 -- T -

	

,
0

	

10

	

20

	

30

50,

30

N ""
ó 20

- .1 iet1o

. . . ..

r-.

	

+ tl. .
.	# . :.

Pre-dilution Length (jan)

Plus End

Minus End

Figure 3. Delay in the onset of dilution-induced rapid shortening as a function of the predilution elongation rate and microtubule length
for plus and minus end microtubules. Microtubules were assembled onto axoneme fragments in the presence of 7-23 uM free tubulin
and diluted with PM/GTP for 6 or 8 s. Delay values represent the interval from start of perfusion until conversion to rapid shortening .
Data obtained from 6- and 8-s dilutions were not significantly different (independent t test) . The slopes (dashed lines) were determined
by linear regression analysis . There was no significant correlation between the delay in the onset of rapid shortening and the predilution
elongation rate or microtubule length for either plus or minus end microtubules .
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Figure 4. Comparison of the near-surface dilution profile and the
delays in the onset of rapid shortening . Data set from Fig. 3. The
mean delays from the start of flow to the onset of rapid shortening
are indicated by the arrowheads . The rate of dilution was deter-
mined as described in Materials and Methods. The 6-s flow curve
is shown, but the 8-s curve was not significantly different. While
flow was occurring, we were unable to measure intensity values ac-
curately, since suction produced by the pump pulled the upper cov-
erslip inward by =2 um and the relative contribution ofout-of-focus
fluorescence was altered during this time, i.e., the fluorescence be-
tween the plane of focus and the coverslip surface was decreased .
The dashed portion of the curve indicates estimated values based
on measurements 5 um below the coverslip's inner surface, and the
solid portion represents data for the region 2 .5 um below the cover-
slip's inner surface .

from the previous study of Walker et al . (49) . Extrapolation
to zero concentration yields catastrophe frequencies of 1/3
s- ' for the plus end and 1/4 s-1 for the minus end.

Other Observations Related to Dynamic Instability

The Joumal of Cell Biology, Volume 114, 1991

It has been demonstrated that, for tubulin concentrations
above Sj, the rate of rapid shortening ofplus ends is slower
than minus ends, and that for both ends, the rates are inde-
pendent of tubulin concentration (49) . We measured the
rapid shortening rates of the microtubules after dilution be-
low S~°, and found that plus end microtubules shortened at
33 t 1 Pm/min (SEM; n = 210), whereas minus end
microtubules shortened at 46 f 2 um/min (SEM; n = 156),
values typical of tubulin concentrations above Sc ° (49) .

In addition, it was argued previously by Walker et al . (49)
that rescue will not occur for tubulin concentrations below
S,° since dissociation is favored and net elongation does not

Figure S. Comparison of the near-surface dilution profile and the
delays in the onset of rapid shortening for microtubules assembled
at 20-23 AM free tubulin and then diluted with 3.3 AM tubulin in
PM/GTP for 8 s. The meandelays from the start offlow to the onset
of rapid shortening are indicated by the arrowheads . The dilution
profile is as in Fig. 4, but is based on calibrations using 0.33 mg/ml
reporter molecule .
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occur. To test this hypothesis, we looked for rescue events
in our dilution studies . After dilution below Sj, no rescue
events were observed for the 210 plus end and 165 minus end
microtubules analyzed during rapid shortening .

Discussion

The Short Stable Cap Is Constrained to the 7Yp of
an Elongating Microtubule
The main findings in our studies are that after dilution from
7-23 AM to near zero free tubulin, the mean time of conver-
sion to rapid shortening for both the plus and minus ends was
only a few seconds and was independent ofpredilution elon-
gation rates of 10-200 dimers/s and lengths of4,000-44,000
dimers . Given these results and the predictions of each class
of models (see Introduction), tubulin subunit destabilization
mustbe coupled in some way to subunit addition . Uncoupled
models that predict an extensive "build-up" cap (5, 9, 10, 11,
25, 26, 28 ; Voter, W A., E . T. O'Brien, and H. P Erickson.
1987. BiophysJ. 51:214a) or models thatcombine coupled hy-
drolysis with long, stabilizing conformational caps (41) can
be ruled out . Before discussing the various instability mod-
els, it is worth considering the life-time and size of the cap.
Extrapolation of the catastrophe data in Fig . 6 to zero

tubulin yielded delays of 3 and 4 s for the plus and minus
ends . These are first approximation values since the extrapo-
lation assumes that catastrophe frequency depends exponen-
tially upon tubulin concentration, an assumption that gives
a reasonable fit to the data . These values are consistent with
the recent studies of Voter et al . (46), who diluted a steady-
state microtubule population 15-fold (to a free subunit con-
centration of -0.5 AM) and found that microtubules con-
verted to rapid shortening within -1 s . Shearing can induce
rapid shortening ofsevered plus ends within a second of cut-
ting (50), a factor which may contribute to the difference be-
tween our 3-4-s estimates and the 1 s measured by Voter et
al . (46) . Alternatively, since catastrophe frequency depends
on tubulin concentration (Fig . 6 ; reference 49) and dilution
in the flow cell is not instantaneous, it is possible that more
rapid and complete dilution would yield values closer to
1 s . Nevertheless, it is clear that when elongation is abruptly
blocked, the mean life-time of the stabilizing cap is on the
order of a second .

Since catastrophe occurs within a few seconds ofdilution,
the number of dimers stabilizing an end must be small .
When tubulin association is blocked, stable dimers can dis-
appear from the cap by dissociation and/or conversion to la-
bile dimers . The rate of dissociation during elongation has
been calculated to be 44 and 23 dimers/s for the plus and mi-
nus ends (49) . If the conversion of stable to unstable dimers
(GTP hydrolysis and conformational change) is coupled to
elongation, then, after dilution to zero tubulin, the cap is lost
only by dissociation . If uncoupled conversion also contrib-
utes to cap loss, the rate of uncoupled conversion cannot
be any greater than the growth rate at 7 AM tubulin, 18
dimers/s, an association rate that sustains elongation for
-200 s before a catastrophe occurs . These values and the
3- and 4-s delays measured in our experiments give upper
limits to the number of stable dimers in the cap of 132 for
the plus ends and 92 for the minus ends without uncoupled

Walker et al . Dilution Studies of Individual Microtubules

conversion and 186 and 164, respectively, with uncoupled
conversion . The 1-s delay measured by Voter et al . (46)
would decrease these values by one-third and one-fourth,
respectively. Regardless, our dilution studies yield an upper
limit of -100-200 dimers in the stable cap, independent of
growth rate andduration over the tubulin concentrations typ-
ical of living cells (18) . A cap size of -100-200 subunits or
less is also consistent with reports which have used biochem-
ical methods to estimate the amount of GTP- or GDP-P;
tubulin at the end of a microtubule (27, 37, 41) .

Implicationsfor Stable CapModels
Carlier and co-workers (9, 10, 11, 25, 28) have reported lags
between microtubule assembly, GTP hydrolysis, and P; re-
lease. In initial studies (9), they reported that GTP hydrolysis
and formation of labile dimer (k,) occurred at 0.004/s, and
proposed that destabilization was a stochastic process inde-
pendent of tubulin association rate and position in the mi-
crotubule lattice. Recently, they have revised their measure-
ments ofGTP hydrolysis to a value -10-fold higher, and have
also proposed that stochastic P; release (at 0.02/s) is the
rate limiting step in the formation of labile GDP-tubulin
(25) . Consider, for example, plus end growth for 180 s at
7 and 23 AM tubulin, which would produce microtubules
of 3,240 and 28,980 dimers respectively. A value of k, =
0.02/s yields stable caps of875 and 7,845 subunits, where the
number of stable subunits in the cap after elongation to
length (L) in time (t) is given by L(1 - ek,')/(kt) (28) . These
caps are considerably larger than the 100 dimers determined
from our experiments, and predict minimum delays of 17 and
75 s at zero free tubulin, assuming stochastic P ; release (at
0.02/s) and dissociation ofterminal GTP-tubulin subunits (at
44/s) continues .
Our results also rule out any type of uncoupled, vectorial

destabilization model (5, 10) . In this model, labile GDP-
tubulin is generated by hydrolysis alone or by subsequent P;
release at interfaces distal from the growing microtubule end
at rates independent of the rate of tubulin association . After
initiation of elongation, a stable cap builds up at a rate equal
to the difference between the rate of labile GDP-tubulin for-
mation, k,, and the rate of tubulin association . Consider
again plus end elongation at 7 and 23 AM tubulin for 180 s .
To keep the cap -100 dimers at 180 s in 7 AM tubulin, k
must be less than the elongation rate (18/s), but >18/s -
100/180 s = 17.4/s . This rate, however, produces a stable cap
of 28,980 - (180 s x 17.4/s) = 25,848 dimers after 180 s
at 23 AM tubulin, -89 % ofthe length ofthe microtubule and
-250 times greater than the value determined in our studies .
At zero free tubulin, a cap of this size would persist for
25,848/(17.4 + 44) = 421 s . In support of the vectorial
model, Carlier et al . (10) reported a maximum hydrolysis
(and destabilization) rate of 40/s . If this value is correct, a
plus end microtubule elongating for 180 s at 23 AM tubulin
will be stabilized by a cap of 28,980 - (180 s x 40/s) =
21,780 subunits, which would persist for t = 21,780/(40 +
44) = 259 s at zero free tubulin . Clearly, the delays pre-
dicted by previously published hydrolysis rate values (9, 10,
25) far exceed the 3-4 s indicated by our results.

In contrast to the studies of Carlier and co-workers, other
workers (27, 37, 41) have found that GTP hydrolysis and P;
release are tightly coupled to microtubule assembly. These
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findings are consistent with the short life-time and size ofthe
stable cap measured in our studies, and when combined with
our results, provide strong support for some form ofcoupled
destabilization mechanism, such as the stochastic dissocia-
tion, coupled hydrolysis model of O'Brien et al . (27) and
Walker et al . (49) or the subsequent, "lateral cap" model of
Bayley and co-workers (1) . In coupled models, addition of
new GTP-tubulin dimers to terminal GTP-tubulin subunits
is thought to "force" their conversion to labile GDP-tubulin
subunits as they become buried beneath the terminal layer.
The probability of cap loss is thought to be mainly governed
by cooperative interactions between terminal subunits mod-
ulated by competition between tubulin association and dis-
sociation reactions (1, 27, 49) . These reactions restrict the
stable cap to the tip of an elongating end, independent of
elongation rate and length, a prediction consistent with our
results .

In Vivo Implications
Although most microtubules in vivo undergo the characteris-
tic phases and transition of dynamic instability, the relation-
ship between elongation rate and catastrophe frequency is
not easily explained by in vitro data . Specifically, microtu-
bules in vivo exhibit a high frequency of catastrophe at rela-
tively high elongation rates . For example, the average rate
ofmicrotubule elongation in interphase newt lung cells is 7.2
,um/min and the average lifetime of elongation is 71 s (14) .
In contrast, a microtubule assembled from purified tubulin
elongating at 7.2 um/min will persist for >2,000 s (49) be-
fore catastrophe . How can microtubules in vivo convert to
rapid shortening so frequently?
Our data show that microtubules elongating at high rates,

independent oftheir length, will convert to rapid shortening
within several seconds when the rate of tubulin association
is inhibited by dilution below S~° . This result suggests that
the cell could modulate catastrophe frequency by using mol-
ecules which transiently bind to elongating ends and sup-
press the rate of GTP-tubulin association in comparison to
the rate of GTP-tubulin dissociation . Catastrophe frequency
is stochastic (14, 19, 49) so that a number of transient events
would probably be required before induction of catastrophe .
Binding may not always induce catastrophe, only increase its
probability ; it is unlikely that a transient change in microtu-
bule elongation rate over a few second period would be ob-
served by video microscopy . Such "catastrophe promoters"
would bind at low stoichiometry with low affinity and would
be difficult to identify by conventional microtubule affinity
methods (20, 40, 42) .
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