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Abstract. We have developed video microscopy 
methods to visualize the assembly and disas- 
sembly of individual microtubules at 33-ms intervals. 
Porcine brain tubulin, free of microtubule-associated 
proteins, was assembled onto axoneme fragments at 
37°C, and the dynamic behavior of the plus and minus 
ends of microtubules was analyzed for tubulin concen- 
trations between 7 and 15.5 I.tM. 

Elongation and rapid shortening were dis- 
tinctly different phases. At each end, the elonga- 
tion phase was characterized by a second order as- 
sociation and a substantial first order dissociation 
reaction. Association rate constants were 8.9 
and 4.3 ~tM -t s -t for the plus and minus ends, 
respectively; and the corresponding dissociation 
rate constants were 44 and 23 s -t. For both ends, the 
rate of tubulin dissociation equaled the rate of tubulin 
association at 5 lxM. The rate of rapid shortening was 
similar at the two ends (plus = 733 s-t; minus = 915 
s-l), and did not vary with tubulin concentration. 

Transitions between phases were abrupt and stochas- 

tic. As the tubulin concentration was increased, catas- 
trophe frequency decreased at both ends, and rescue 
frequency increased dramatically at the minus end. 
This resulted in fewer rapid shortening phases 
at higher tubulin concentrations for both ends and 
shorter rapid shortening phases at the minus end. 
At each concentration, the frequency of catas- 
trophe was slightly greater at the plus end, and the 
frequency of rescue was greater at the minus end. 

Our data demonstrate that microtubules assembled 
from pure tubulin undergo dynamic instability 
over a twofold range of tubulin concentrations, 
and that the dynamic instability of the plus and minus 
ends of microtubules can be significantly different. 
Our analysis indicates that this difference could 
produce treadmilling, and establishes general limits 
on the effectiveness of length redistribution as a 
measure of dynamic instability. Our results are 
consistent with the existence of a GTP cap during 
elongation, but are not consistent with existing 
GTP cap models. 

T 
HE term "dynamic instability" describes microtubule 
assembly in which individual microtubules exhibit 
alternating phases of elongation and rapid shortening. 

Transitions between these phases are abrupt, stochastic, and 
infrequent in comparison to the rates of tubulin association 
and dissociation at the microtubule ends (17, 28). Substantial 
evidence has accumulated to indicate that dynamic instabil- 
ity is the basic mechanism of microtubule assembly in vitro 
(17, 28), and in both the mitotic spindle and the cyoplasmic 
microtubule complex (CMTC) l (10, 11, 34, 35, 37). Al- 
though microtubule dynamics within the cell may be regu- 
lated by various microtubule-associated proteins (MAPs) 
and other intracellular regulatory molecules, it is important 

1. Abbreviations used in this paper: CMTC, cytoplasmic microtubule com- 
plex; DIC, differential interference contrast; MAP(s), microtubule-associ- 
ated protein(s). 

first to understand the details of the inherent behavior of 
microtubules assembled from tubulin alone. 

The studies of Mitchison and Kirschner (28) and Horio 
and Hotani (17) provided strong evidence that dynamic insta- 
bility was the mechanism of microtubule assembly and dis- 
assembly, but these studies were limited in their character- 
ization of dynamic instability. Mitchison and Kirschner (28) 
used glutaraldehyde fixation of microtubules assembled from 
stable nucleation sites. This approach allowed the authors to 
analyze the behavior of microtubule populations over a range 
of tubulin concentrations. However, because microtubules 
were fixed at various time points, it was not possible to know 
the dynamic history of individual microtubules. Horio and 
Hotani (17) overcame this limitation by using dark-field mi- 
croscopy to visualize the in vitro assembly of individual 
microtubules at video frame rates. While this approach di- 
rectly demonstrated dynamic instability behavior for indi- 

© The Rockefeller University Press, 0021-9525/88/10/1437/12 $2.00 
The Journal of Cell Biology, Volume 107, October 1988 1437-1448 1437 



vidual microtubules, conclusions concerning the details of 
this behavior were also limited, since only one tubulin con- 
centration was analyzed. 

Complete characterization of microtubule assembly re- 
quires knowledge of the rate constants for tubulin association 
and dissociation during both the "elongation" and "rapid 
shortening" phases, the frequencies of transitions between 
these phases (we will use the term "catastrophe" for the tran- 
sition from elongation to rapid shortening and "rescue" for 
the reverse transition), and the frequency of nucleation 
("seeded nucleation" in our experimental system). This char- 
acterization requires: (a) visualization of individual microtu- 
bules over a range of tubulin concentrations; and (b) an im- 
aging system that can acquire and resolve images at intervals 
much shorter tl(ian the duration of the shortest elongation or 
rapid shortening phase. 

To achieve these requirements, we have used purified tubu- 
lin, seeded microtubule assembly, and video microscopy 
methods to visualize the dynamic behavior of individual 
microtubules. Seeded assembly allowed measurements to 
be made over an extended range of subunit concentrations, 
while the small number of seeds assured that the tubulin con- 
centration remained essentially constant during an experi- 
ment. Using these methods, we were able to obtain inde- 
pendent measurements of the rate constants and transition 
frequencies for the plus and minus ends for tubulin concen- 
trations between 7 and 15.5 laM. These observations help to 
refine our understanding of the molecular events responsible 
for the dynamic behavior of microtubules. 

Materials and Methods 

Tubulin Purification 
Previous studies of dynamic instability in vitro have used phosphocellulose- 
purified tubulin (17, 27, 28). This method, by itself, may not completely re- 
move all associated proteins and may leave traces of enzymatic activity such 
as guanylate kinase (31, 40). To further purify our tubulin preparations, we 
have used a glutamate assembly cycle after phosphocellulose chroma- 
tography (40). 

Porcine brain tubulin was purified by two cycles of assembly and disas- 
sembly in a buffer of 100 mM 2-(N-morpholino)ethane sulfonic acid 
(MES), 1 mM EGTA, 0.5 mM MgSO4, 3.4 M glycerol, pH 6.6, followed 
by passage over phosphocellulose and a third cycle of assembly in 1 M 
Na+-glutamate as described previously (40). The tubulin was then 
resuspended immediately in either PM buffer (100 mM Pipes, 2 mM EGTA, 
1 mM MgSO4, 1 mM GTP, pH 6.9) or in MES-glycerol buffer, and frozen 
in small aliquots. Tubulin stored in MES-glycerol buffer was transferred to 
PM buffer (no glycerol) before experiments. 

We examined the purity of our tubulin preparations by both Coomassie 
Blue staining and silver staining (26, 30) of proteins separated on overloaded 
(50 Ixg per lane) SDS-PAGE minigels. No high molecular weight proteins 
were visible in either preparation. To estimate the detection limits of the 
silver-staining method, we purified MAP 2 by the method of Voter and 
Erickson (39), and determined the minimum detectable load per lane on 
silver-stained gels. MAP 2 was undetectable at 0.3 lag per lane. Based on 
this value, the percentage of MAP tubulin must be <0.6% in each tubulin 
preparation. 

The fraction of active tubulin and the steady state free subunit concentra- 
tion (S~s) for the tubulin preparations used in this study were determined 
by the methods of Mitchison and Kirschner (27). Briefly, aliquots of various 
concentrations of pure tubulin were assembled to steady state at 37°C, and 
then centrifuged (at 37°C) to pellet the assembled microtubules. The con- 
centration of free tubulin was then plotted versus the concentration of total 
tubulin present in each sample. The concentration of soluble tubulin, ex- 
trapolated to zero total tubulin, was taken to be S,s. The percentage of ac- 
tive tubulin in the three tubulin preparations used in this study ranged from 
76 to nearly 100%, and S,, ranged from 6.9 to 7.5 p.M (active tubulin). 

Tubulin concentration values given in the text and figures reflect only active 
tubulin. 

Axoneme Preparation 
Flagellar axoneme fragments were prepared from Lytechinus pictus accord- 
ing to the method of Bell et al. (2). Axonemes were osmotically demembra- 
nated and mechanically separated from sperm heads by homogenization in 
a solution of 20% sucrose in distilled water, using a handheld Dounce 
homogenizer (Kontes Glass Co., Vineland, N J). Axonemes were resus- 
pended and washed in isolation buffer composed of 0.1 mM NaCI, 4 mM 
MgSO4, 1 mM EDTA, 7 p,M I~-mercaptoethanol, and 10 mM Hepes (pH 
7.0). Dynein outer arms were removed by incubation in isolation buffer ad- 
justed to 0.6 M NaCI for 30 min at 40C. Residual sperm heads were found 
to enhance both nucleation and elongation, and were therefore removed by 
sedimentation of the axoneme preparation through an 80% sucrose cushion 
(16,000 g, 10 min). Axonemes were stored at - 2 0 ° C  in a 1:1 solution of 
isolation buffer/glycerol. Axonemes were washed and resuspended in PM 
before use. 

Assay of Microtubule Dynamics 
Purified tubulin and axonemes were mixed and then diluted with cold PM 
to the desired tubulin concentration and held at 4°C. The axoneme (2.7 x 
107 ml -~) and GTP (1 raM) concentrations were held constant for all 
preparations. A 5-/al sample of the preparation was added to a clean slide, 
covered with a biologically clean (25) 22-mm 2 coverslip (thickness No. 0), 
and then sealed with valap (1:1:1 mixture of beeswax, lanolin, and petrola- 
tum) to prevent drying and to prevent flow within the slide-coverslip cham- 
ber. The typical separation between inner glass surfaces was 10-20/am. The 
slide preparation was warmed to 37°C on the microscope stage to induce 
assembly. Stage temperature was maintained by a Sage model 279 or 279B 
air curtain incubator (Orion Research Inc., Cambridge, MA). 

Although axonemes tightly adhered to the clean glass surfaces of the 
chamber, the microtubules assembled onto axonemes never adhered to ei- 
ther the coverslip or the slide. Free tubulin subunits also did not adhere to 
chamber surfaces, as demonstrated by two different methods. First, using 
fluorescently labeled tubulin (24, 43) and the fluorescent redistribution after 
photobleaching techniques of Wadsworth and Salmon (42), we found that 
>92% of free tubulin within the chamber was mobile. Second, microtubule 
elongation rates were similar in chambers of different surface-to-volume 
ratios. 

Microtubules in the field of view did not appear to be affected by the illu- 
mination beam. Microtubule assembly in the slide-coverslip chamber was 
comparable (in terms of number and length) to preparations which were as- 
sembled in solution at 37°C and then placed on the microscope stage for 
observation. In addition, microtubule assembly in the field of illumination 
was similar to assembly in the unilluminated regions of the chamber. 

We showed that the plus end was the faster elongating end in separate 
experiments by using the inherent morphological asymmetry (4) of Chla- 
mydomonas reinhardtii axoneme fragments. However, sea urchin axoneme 
fragments were used routinely as nucleation seeds in this study because we 
were unable to reliably separate the Chlamydomonas axoneme fragments 
from debris that promoted and stabilized microtubule assembly. Microtu- 
bules assembled onto sea urchin axoneme fragments were identified as plus 
or minus ended based on rate of elongation. 

We report data only for tubulin concentrations between 7 and 15.5/aM. 
At tubulin subunit concentrations < 7/aM, no microtubules were observed 
during 15-20-min searches of the slide-coverslip preparation after warming 
to 37°C. We were unable to analyze the kinetics of microtubule growth at 
tubulin concentrations >15.5 gM because extensive self-nucleated microtu- 
bule assembly obscured the field of view, making analysis of individual, 
seeded microtubules impossible. In addition, extensive self-assembly of 
tubulin subunits into microtubules would have reduced the concentration of 
free tubulin subunits by an unknown amount. 

Video Microscopy 
Microscopic methods were based upon those reported by Pryer et al. (33). 
Preparations were viewed by differential interference contrast (DIC) mi- 
croscopy, using a Zeiss model 1 photomicroscope equipped with a Plan 
100×/1.25 NA oil immersion objective lens, DIC prisms, and a 1.4 NA con- 
denser. An HBO 200 W mercury lamp (Osram, Berlin, Federal Republic 
of Germany) provided full illumination of the condenser aperture through 
heat-cut and 546-nm interference filters. Image magnification at the video 
camera faceplate was 350×. 
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Image contrast was enhanced by analog and digital video processing (1, 
18, 33, 36). Video image generation and analog contrast enhancement were 
provided by a video camera (model 67; Dage-MTI Inc., Michigan City, IN). 
Digital enhancement was provided by Max Video Image Processing boards 
(Datacube, Inc., Peabody, MA) housed in a computer (model CPU-1D 
Force, Inc., Los Gatos, CA). The image processor digitized live video into 
a 512 x 512 pixel image with a 256 bit gray scale. An out-of-focus back- 
ground image was averaged for 256 frames then stored in a frame buffer. 
This background image was subtracted from the live image and the result 
was fed into a real-time exponential average of two frames. Although in- 
crease in signal to noise is proportional to the square root of the number 
of frames averaged, we were limited to a two frame exponential average due 
to the rapid Brownian movement of microtubule ends in solution. Back- 
ground subtraction and exponential averaging at video frame rates (33-ms 
intervals) required two arithmetic processor units in series, interconnected 
to three frame buffers. 

Images were recorded on 3/4 inch U-matic tape through a Vicon model 
V24OT or a Panasonic WJ-810 date-time generator into either a Sony model 
TVO-9000 or a Sony model VO-5800H videocassette recorder. Images 
recorded on the TVO-9000 were transferred onto 3/4 inch U-matic tape in 
the VO-5800H before analysis. 

Data Analysis 

Microtubule elongation and rapid shortening rates were measured from 
videotape recordings played on a Sony VO-5800H. We developed a compu- 
ter-based analysis system to follow microtubule length changes in real time. 
A point cursor, generated by an Apple II computer, was electronically over- 
laid on the video screen and used to track the end of the microtubule. Data 
points were taken by positioning the cursor with an Apple "mouse" and 
clicking the mouse button. Changes in microtubule length were plotted as 
a function of time, and the average rates of elongation and rapid shortening 
were determined by least squares regression analysis. 

Based on repeated measurements of the position of the ends of individual 
microtubules at the same time point in the video records, the edge of the 
diffraction image of an elongating microtubule could be detected with an 
accuracy of <0.25 ltm. However, this accuracy was limited in two ways. We 
could not measure microtubule elongation for microtubules <0.5 gm. It was 
difficult to detect the ends of these short microtubules due to the bright con- 
trast generated by the axoneme. In addition, as a microtubule increased in 
length, the position of the end became more difficult to measure due to 
Brownian movement, particularly when microtubules were longer than 20 
gm. Due to the above limitations, the temporal resolution of our analysis 
system was estimated to be 0.5-1 s. 

Photographs of the video monitor were taken on Kodak Panatomic-X film 
using a 0.5-s exposure to average 15 frames of running video and therefore 
reduce noise in the video image. 

Resul ts  

Visualization of  the Phases and Transitions 
Characteristic of  Dynamic Instability 

T h e  d y n a m i c s  of  ind iv idua l ,  s eeded  m i c r o t u b u l e s  were  
c lea r ly  o b s e r v e d  and  r e c o r d e d  us ing  ou r  p r o c e d u r e s  for  D IC  
microscopy,  v ideo  con t r a s t  e n h a n c e m e n t  and  digi ta l  image  
p rocess ing .  Th i s  is i l lus t ra ted  in Fig.  1 for the  a s s e m b l y  o f  
m i c r o t u b u l e s  at  11.2 ~tM tubul in .  Fig. 2 shows length  
changes  o f  ind iv idua l  m i c r o t u b u l e s  over  a longer  interval  for  
the  s ame  a x o n e m e  s h o w n  in Fig. 1, and  also d e m o n s t r a t e s  
the  p h a s e s  and  t r ans i t ions  charac te r i s t i c  of  d y n a m i c  ins tabi l -  
ity. M i c r o t u b u l e s  were  o b s e r v e d  to unde rgo  d y n a m i c  insta-  
bi l i ty  at  b o t h  ends  at  e ach  tubu l in  c o n c e n t r a t i o n  examined .  
In genera l ,  t he re  were  va r i ab le  pe r iods  d u r i n g  w h i c h  no  mi -  
c ro tubu les  were  o b s e r v e d  at the  a x o n e m e  end.  Af t e r  nuc lea-  
t ion  f r o m  the  a x o n e m e  seed,  a m i c r o t u b u l e  e longa ted  for a 
va r i ab le  pe r iod  o f  t ime  before  u n d e r g o i n g  an  a b r u p t  t ransi -  
t ion  (ca tas t rophe)  to rap id  shor ten ing .  A m i c r o t u b u l e  in the  
rapid  sho r t en ing  p h a s e  e i the r  comple t e ly  d e p o l y m e r i z e d  
b a c k  to the  a x o n e m e ,  or  u n d e r w e n t  a n  a b r u p t  t r ans i t ion  (res-  
cue)  b a c k  to the  e longa t ion  phase.  

Figure L Video-enhanced contrast DIC images of dynamic insta- 
bility behavior. The plus end microtubule was already in the elon- 
gation phase at 0 s and continued in the elongation phase for ,x,84 
s, then underwent a catastrophe and rapidly shortened to the axo- 
neme end. The minus end slowly elongated over the same time peri- 
od. Images were recorded '~20 min after the preparation was warmed 
to 37°C. Tubulin concentration = 11.2 BM. (All tubulin concen- 
tration values given in the figure legends and text reflect active tubulin 
concentration.) Bar, 2 Bm. 
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Figure 2. Changes in plus end and minus end microtubule length 
as a function of time. Four plus end microtubules (solid circles) 
and one minus end microtubule (solid triangles) exhibited dynamic 
instability behavior during the same time period. The minus end 
microtubule entered a pause period during which there was little 
change in length for '~3.5 min. The last plus end elongation phase 
and subsequent rapid shortening phase plotted in this figure cor- 
respond to the sequence shown in Fig. 1. 

At any given tubulin concentration in the range examined, 
the rates of microtubule elongation and of rapid shortening 
appeared constant throughout the duration of each phase of 
elongation and rapid shortening. However, in some rare 
cases (<1%), microtubules were observed to pause while in 
either the elongation or the rapid shortening phase. Pauses 
occurred at both microtubule ends, as shown for the plus end 
in Fig. 3, and for the minus end in Fig. 2. After a pause dur- 
ing elongation, a microtubule either rapidly shortened (Fig. 
3 a), or resumed elongation (Figs. 2 and 3 b). The longest 
pause we observed is shown in Fig. 2. In this example, elon- 
gation of the minus end microtubule paused for ~3.5 min 
during which the microtubule did not significantly change 
length. Pauses were more easily visualized during rapid 
shortening than elongation, because the greater rate of short- 
ening provided a clearer contrast to the pause state. They 
were generally <5 s (Fig. 3 c), and often were not measur- 
able, appearing only as "glitches" as the microtubule 
depolymerized. 

A s s o c i a t i o n  a n d  D i s s o c i a t i o n  R a t e  C o n s t a n t s  

The average rates of elongation for plus and minus ended 
microtubules are plotted in Fig. 4 as a function of tubulin 
subunit concentration. We found that the rate of elongation 
was directly proportional to the free tubulin concentration 
for both ends, as deduced for tubulin preparations containing 
MAPs (3, 19) and for purified tubulin preparations (28). The 
rate of elongation of the plus end was about twice the rate 
of elongation of the minus end over the tubulin concentration 
range that we examined. In addition, we found a substantial 
dissociation rate during elongation. 

Association and dissociation rate constants during elonga- 
tion were calculated from the data in Fig. 4 (assuming 1,634 
dimers/Ixm). During the elongation phase, the rate of micro- 
tubule elongation, v% produced by end-dependent subunit 
association and dissociation reactions, is given for the two 
microtubule ends by: 
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Figure 3. Pauses during microtubule elongation and rapid shorten- 
ing. Change in microtubule length is plotted as a function of time. 
Solid lines represent average rates of elongation or rapid shorten- 
ing as appropriate. Pauses could be seen as deviations from the aver- 
age rate. (a) A plus end mierotubule paused for 45 s then rapidly 
shortened to the axoneme. Tubulin concentration --- 8.8 I~M. (b) 
A plus end microtubule paused for 30 s then resumed elongation. 
Tubulin concentration = 9.8 P,M. (c) A plus end microtubule paused 
for ,~4 s during rapid shortening. Tubulin concentration = 9.8 IxM. 
These sequences were specifically selected to show long duration 
pauses, but pauses were very rare events, occurring in <1% of the 
phase durations analyzed. 

v e÷ = k2e+(s) - k-i  ~+ (1) 

v e- = k2e-(s) - k- t  ~-, (2) 

where (s) is the free tubulin subunit concentration, k: e+ and 
k2 ~- are bimolecular association rate constants, and k-i ~÷ 
and k-i e- are unimolecular dissociation rate constants. Val- 
ues for k2 ~+ and k2 e- were determined from the slope of the 
linear regression lines through the plus and minus data sets, 
respectively. Values for k-~ ¢+ and k-~ ~- were determined 
from the rate axis intercepts of the extrapolated linear regres- 
sion lines through the plus end and minus end data sets, re- 
spectively. Both the association and dissociation rate con- 
stants were about twofold greater at the plus end (Table I). 

During the elongation phase, the tubulin concentration at 
which the rate of tubulin association is equal to the rate of 
dissociation is termed the critical concentration for elonga- 
tion (S~). For each end, S~ e is equal to the ratio k-~'/k2 ~, 
which is also the x-axis intercept of linear regression lines 
in Fig. 4. The values for the critical concentration of elonga- 
tion for the two ends were very similar, ~5  txM (Table I). 

The average rates of rapid shortening for the plus and mi- 
nus ends are plotted as a function of tubulin concentration 
in Fig. 5. For each end, the rate of rapid shortening (v ~) 
was much greater than the rate of elongation. The association 

The Journal of Cell Biology, Volume 107, 1988 1440 



5 
A 
c 4 
E 

g 2 

g 1 
g 
r~ 

(+) 
s* 

~ O "  • 

-L '"  " •  "(-) 

- I  " S S  

- 2  i i e e 

0 5 10 15 20 
Tubulin Coneentrotion (/~M) 

Figure 4. Rate of e]ongation as a function of tubu]in subunit con- 
centration (7-15.5 I.tM). Mean rate values for plus ends are indicat- 
ed by solid circles. Mean rate values for minus ends are indicated 
by solid triangles. The slope (dashed lines) for each end was deter- 
mined by linear regression analysis of the entire data set (n ÷ = 391; 
n- = 260) using Systat software (Evanston, IL). Error bars for the 
mean values correspond to SEM and were typically within the sym- 
bol size. This figure should not be confused with the nonlinear Jc 
plot for total microtubules reported by Carlier et al. (9). Their data 
reflects measurements of coexisting elongating and shortening 
microtubules, while our measurements and the extrapolations to the 
rate axis apply only to microtubules in the elongation phase. 

and dissociation rate constants during rapid shortening can 
be calculated using Eqs. I and 2 (rate constants are denoted 
by "rs" instead of"e"). For each end, the rate of rapid shorten- 
ing appeared to be independent of  the free tubulin concentra- 
tion. Therefore, the contribution of  k2 ~ to the rate of  rapid 
shortening was insignificant and k-, ~ could be calculated 
directly from the rapid shortening rate. We determined v r~+ 
and v r~- by averaging the entire plus and minus end data 
sets, respectively. The plus end shortened at ~27 tam/min, 
and the minus end shortened at ~ 3 4  ~tm/min (k-, '~ values 
are given in Table I). 

Transition Frequencies: Seeded Nucleation, 
Catastrophe, and Rescue 

The frequency of nucleation from an axoneme seed was 
stochastic and steeply concentration dependent.  Seeded 
nucleation appeared to be more frequent at the plus end, as 
judged by the rate of elongation of the few microtubules pres- 
ent at the low tubulin concentrations. At 7.7 ~tM tubulin, 
there was an average of  0.3 microtubules per axoneme, and 
no axoneme had microtubules at both ends. As shown in Fig. 
6, at tubulin concentrations >10 ~tM most axonemes had 
microtubules at both ends, and, by 14 IxM tubulin, all axo- 

Table L Rate Constants for Association and Dissociation 

Constants Plus end Minus end 

Slope (p.m/~tM min) 0.33 _-t- 0.01 0.15 + 0.01 
k,. ~" (~tM J s -I) 8.9 _ 0.3 4.3 + 0.3 
x-intercept (IxM) 4 .9  + 1.6 5.3 -t- 2.1 
y-intercept (Ixm/min) - 1 . 5 9  _+ 0.50 - 0 . 8 5  + 0.32 
k-, ~ (s- ' )  - 4 4  + 14 - 2 3  + 9 
k_, r~ (s -I) 733 -t- 23 915 + 72 

Slope, x-intercept, and y-intercept values were derived from the regression 
lines plotted in Fig. 4. Values for kd and k_~" were determined as described 
in Results, and k-t r~ values were determined by averaging the appropriate data 
set in Fig. 5. Values represent mean _+ SEM. 

80 
E 

g 

~ , o  

~ o 
Tubul in Concentrot ion (/AM) 

2O 

Figure 5. Rate of rapid shortening as a function of tubulin subunit 
concentration (7-15.5 ~tM). Mean rate values for plus ends are in- 
dicated by solid circles, and mean rate values for minus ends are 
indicated by triangles. Error bars correspond to SEM. The average 
rate of rapid shortening for each end was determined by averaging 
the entire data set of the appropriate end (n + = 104; n- = 41). 

nemes had microtubules present on both ends (5-6 microtu- 
bules per end). 

Like seeded nucleation, both catastrophe and rescue ap- 
peared to be random events. There was no way to predict 
when a part icular phase transition would take place, i.e., 
there was no indication that a microtubule elongated or 
shortened a particular distance or to a part icular site on the 
microtubule before undergoing an abrupt transition. Further, 
at the tubulin concentrations where we were able to observe 
the entire duration of each elongation or  rapid shortening 
phase, the duration of  each phase varied considerably among 
different microtubules and for repeated phases involving the 
same microtubule. For example, the mean duration of  plus 
end elongation at 7.7 IxM was 2.6 + 1.3 min (n = 7), and 
the mean duration of  minus end rapid shortening at 11.2 I~M 
was 0.08 + 0.03 (n = 22). In each case, the large standard 
deviation (relative to the mean) suggested a random process. 

Since phase transitions appeared to occur independently of 
the duration already spent in a part icular phase, we were able 
to obtain data from all elongation and rapid shortening 
phases, even if  we could not observe each phase in its en- 
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Figure 6. Seeded nucleation of plus and minus end microtubules 
as a function of tubulin concentration (7.7-15.5 IxM). Microtubules 
were allowed to assemble for 15 min on the microscope stage be- 
fore axonemes were observed. Solid circles indicate the percentage 
of axonemes at each concentration with microtubules on at least 
one end. Solid triangles indicate the percentage of axonemes at each 
concentration with microtubules on both ends. Microtubules which 
preferentially nucleated from the axoneme seed below 10 I.tM were 
identified as plus end microtubules based on elongation rate. A to- 
tal of 22-38 axonemes were scored at each concentration. 
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Figure 7. Frequency of catastrophe as a function of tubulin subunit 
concentration (7-16 ~tM). Solid circles indicate plus end data points, 
and solid triangles indicate minus end data points. Each point 
represents data from a 1 la-M concentration range (7-8, 8-9, etc.). 
The total time of elongation per data point was 35-282 min. Stan- 
dard deviations were calculated as kd(~-n) (assuming a Poisson 
distribution), where n is the number of events counted (38). Linear 
regression lines are plotted through each data set. 

tirety. We calculated the frequency of catastrophe (kc) for 
each tubulin concentration by (a) summing the time of elon- 
gation for all microtubules observed in elongation, and (b) 
dividing this time into the number of observed catastrophes. 
A similar method was used to calculate the frequency of res- 
cue (k,). 

Frequency of catastrophe is plotted as a function of tubulin 
concentration in Fig. 7. The frequency of catastrophe for 
each end decreased with increasing tubulin concentration, 
and the plus end catastrophe frequency appeared to be 
slightly greater over the concentration range studied. 

Frequency of rescue is plotted as a function of tubulin con- 
centration in Fig. 8. The minus end frequency of rescue in- 
creased significantly with increasing tubulin concentration, 
and, except for the lowest tubulin concentration, was signifi- 
cantly greater than the frequency of rescue at the plus end. 
The frequency of rescue at the plus end was less sensitive to 
tubulin concentration. 
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Figure 8. Frequency of rescue as a function of tubulin subunit con- 
centration (7-16 I~M). Solid circles indicate plus end data points, 
and solid triangles indicate minus end data points. Each point 
represents data from a 1 p.M concentration range (7-8, 8-9, etc.). 
The total time of rapid shortening per data point was 0.12-8.8 min. 
Standard deviations were calculated as described in Fig. 7, except 
that kr replaced kc. The linear regression lines through each data 
set were calculated assuming that the lines intercepted the x-axis 
at 5 txM tubulin as described in the Discussion. 

Differential Dynamic Instability between Opposite 
Microtubule Ends 
There was a noticeable difference in the mass of microtubule 
polymer assembled from the plus and minus ends of axo- 
neme fragments over long periods of assembly at 10-11 ~M 
tubulin. During the initial 1-10 rain of assembly, there was 
usually more polymer at the plus ends of axonemes because 
seeded nucleation was more frequent and the rate of elonga- 
tion was faster at the plus ends. However, by 45 min there 
was usually much more polymer at the minus ends of the ax- 
onemes. At 10-11 ~M tubulin, plus end microtubules were 
rarely rescued before complete depolymerization took place. 
In contrast, the rapid shortening of minus ended microtu- 
bules was almost always rescued. Once nucleated from an 
axoneme seed, a minus ended microtubule persisted and 
steadily increased in length through repeated cycles of elon- 
gation and rapid shortening. 

Discussion 

Our observations of individual microtubules confirmed that 
microtubules alternate between an elongation phase and a 
rapid shortening phase. Transitions between phases were 
abrupt, stochastic, and occurred very infrequently compared 
with the frequency of tubulin association and dissociation 
events. By combining high temporal resolution of individual 
microtubules with seeded assembly of extremely pure tubu- 
lin, we have also obtained new information concerning the 
details of dynamic instability behavior. We found that: (a) the 
rate of elongation during the elongation phase was propor- 
tional to tubulin concentration; (b) the plus end association 
rate constant for elongation was twofold greater than the mi- 
nus end value; (c) plus and minus end microtubules exhibited 
significant dissociation rates during elongation; (d) there 
was little difference between the critical concentrations for 
elongation at the plus and minus ends; (e) the rate of rapid 
shortening was similar for the two ends and appeared inde- 
pendent of tubulin concentration; ( f )  microtubules occa- 
sionally paused during both elongation and rapid shortening; 
(g) seeded nucleation was more frequent at the plus end, and, 
for both ends, was a sensitive function of tubulin concentra- 
tion; (h) higher concentrations of tubulin reduced the fre- 
quency of catstrophe at both ends and increased the fre- 
quency of rescue at the minus end; (i) the frequency of 
catastrophe was slightly greater at the plus end; and (j) the 
frequency of rescue was greater at the minus end. 

Microtubule Elongation and Rapid Shortening Occur 
by Independent Mechanisms 
With few exceptions, the rate of elongation and the rate of 
rapid shortening at a particular tubulin concentration oc- 
curred at a constant rate. Furthermore, the rate of elongation 
was directly proportional to the tubulin concentration. These 
findings are consistent with association and dissociation of 
single tubulin subunits at the ends of microtubules. 

The association rate constant values determined in this 
study (k2 e+ = 8.9 I.tM -~ s -~, k2 e- = 4.3 ~tM -~ s -~) were 
significantly greater than those reported in previous studies 
using phosphocellulose purified tubulin (Mitchison and 
Kirschner [28]: k2 e+ = 3.82 ~tM -~ s -~, k2 e- = 1.22 ~tM -~ s-I; 
Gard and Kirschner [15]: k2 ¢+ = 1.4 ~tM -t s-~). These ear- 
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lier studies determined rate constants by a population assay, 
i.e., the net growth rate was measured by dividing the mean 
length of a population of microtubules by the incubation time 
between initiation of assembly and glutaraldehyde fixation. 
This method can greatly underestimate the rate of elongation 
during the elongation phase, since estimates of net growth 
will be reduced by any lag in nucleation from the seed and/or 
by catastrophes that occur during the incubation time. Even 
using video microscopy, one will underestimate rates (and 
transition frequencies) if images are not acquired and re- 
solved much faster than the shortest period of elongation or 
rapid shortening. 

Neglecting the effects of dynamic instability could also 
produce incorrect conclusions about the mechanism by which 
MAPs affect microtubule assembly. For example, Gard and 
Kirschner (15), using a population assay, report an apparent 
k2 e+ of 1.4 lxM -~ s -~. Addition of XMAP, a protein purified 
from activated Xenopus eggs, appeared to stimulate a 10-fold 
increase in the rate of microtubule assembly at the plus end. 
They concluded that XMAP promoted polymer formation by 
increasing the association rate constant for tubulin elonga- 
tion 10-fold. However, when compared with our value for the 
plus end association rate constant for pure tubulin, XMAP 
appears to increase k2 e+ only slightly (less than twofold: 
from 8.9 ~tM -t s -t to 15 lxM -t s-l). Rather than simply in- 
creasing the association rate constant during elongation, it is 
possible that XMAP increased the apparent rate of microtu- 
bule assembly primarily by one or more of the following: 
promotion of seeded nucleation, inhibition of catastrophe, 
and/or promotion of rescue. 

We also found that the dissociation rates during elongation 
at the plus (44 s -~) and minus (23 s -l) ends were significant- 
ly faster than the values reported by Mitchison and Kirschner 
(28) (k-i e+ = 0.37 s- l ;  k-t ~- = 1.1 s-t). The origin of this 
difference between our results and those of Mitchison and 
Kirschner is unclear. It may be due to differences in the 
methods used to measure the rate of elongation as discussed 
above, or to effects of undetected MAPs in their tubulin prep- 
aration (23). 

The kinetic events during the rapid shortening phase were 
best described by a first order dissociation rate constant. As 
shown in Fig. 5, the rate of rapid shortening did not decrease 
at higher tubulin concentrations, which indicates that there 
is no significant tubulin association during the rapid shorten- 
ing phase. 

At all tubulin concentrations analyzed, the rapid shorten- 
ing phase was different from the elongation phase in several 
respects. For both ends of a microtubule, the rate of tubulin 
dissociation during rapid shortening (k - t  rs) w a s  much great- 
er than the dissociation rate during elongation (k-~0. This 
result is in agreement with observations from bulk polymer- 
ization experiments (9) and measurements of average micro- 
tubule length changes over time (28). The rates of rapid 
shortening at both the plus and the minus ends were similar 
(k-~ ~+ = 733 s-t; k-t rs- = 915 s-~). This is in contrast to the 
twofold difference in association and dissociation rates be- 
tween ends during the elongation phase. 

Pauses Occur Infrequently 
Pauses were occasionally detectable during both elongation 
and rapid shortening phases. Their duration was highly vari- 
able, from a few seconds to several minutes. Pauses may have 

occurred more frequently than we could detect, given the 
temporal and spatial resolution of our image acquisition sys- 
tem. The molecular origin of pauses is unknown, and pauses 
during elongation may be different from pauses during rapid 
shortening. Pauses may be the result of the nonproductive 
binding of tubulin subunits (6, 48), the insertion of a defec- 
tive tubulin dimer into the microtubule lattice, or some other 
presently unknown mechanism. On the other hand, pauses 
may represent a naturally occurring intermediate state be- 
tween elongation and rapid shortening. 

GTP Cap 

The molecular basis of dynamic instability is thought to 
be some form of cap that stabilizes the end of an elongating 
microtubule (reviewed by Kirschner and Mitchison [21]). 
The favored model is the "GTP cap" as proposed by Mitchi- 
son and Kirschner (28) and based on earlier ideas that GTP 
hydrolysis and microtubule assembly might not occur simul- 
taneously (7, 20, 32). It has been well established that GTP- 
tubulin adds to the end of an elongating microtubule and that 
the GTP is subsequently hydrolyzed (7, 13, 22, 46). The 
GTP cap model postulates that this hydrolysis produces a la- 
bile core of GDP-tubulin within the microtubule, which is 
capped at the elongating end by a more stable region of GTP- 
tubulin subunits. Catastrophe is the loss of the GTP cap, and 
rescue is the recapping of a GDP-tubulin end during rapid 
shortening. 

Most proposed models explaining how the GTP cap is 
maintained and lost picture the cap as a dynamic structure, 
changing in size as GTP-tubulin subunits are continuously 
added and removed. In previous models, only two reactions 
were thought to contribute significantly to cap dynamics. 
Subunits were added to the cap as GTP-tubulin polymerized 
onto the microtubule end, and were lost from the cap as the 
bound GTP was hydrolyzed. A third possible mechanism, 
dissociation of GTP-tubulin from the cap, was not consid- 
ered to contribute to cap dynamics, primarily because of 
results indicating that dissociation auring the elongation 
phase (presumably of GTP-tubulin subunits) was negligible 
(28). 

Models based solely on the first two reactions (association 
and hydrolysis) are, however, difficult to reconcile with our 
observations. First, we found that the frequency of catas- 
trophe is not steeply dependent on elongation rate: it de- 
creases only two- to threefold from 7 to 15.5 IxM free tubulin, 
i.e., from near steady state to twofold higher. This means that 
the cap must remain small enough to permit an appreciable 
frequency of catastrophe over this concentration range. Sec- 
ond, the frequency of catastrophe is similar at the two ends, 
even though the plus end elongates twice as fast as the minus 
end. This strongly suggests that the mechanisms for limiting 
cap size and generating catastrophe must have some features 
that are independent of microtubule polarity and elongation 
rate. In light of these new constraints, we are now able to crit- 
ically evaluate existing GTP cap models. 

The "stochastic hydrolysis" model for the GTP cap (7, 28), 
in which subunits are lost from the cap by a first order hy- 
drolysis reaction subsequent to their association, predicts a 
very steep dependence of catastrophe on elongation rate. For 
example, a twofold change in elongation rate would change 
the catastrophe frequency by a factor of 10-100 (41). This 
model would also predict a 10- to 100-fold difference in 
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catastrophe frequencies at the two ends, since they differ in 
elongation rate by a factor of two. The simple stochastic hy- 
drolysis model is thus incompatible with our observations on 
both points. 

The "directed elongation" or "interface hydrolysis" model 
(5, 6, 8, 9) postulates hydrolysis at a fixed rate at the interface 
between cap and core. In this case, catastrophe should be ob- 
served only over an extremely narrow concentration range, 
presumably near steady state. At lower tubulin concentra- 
tions, where hydrolysis exceeds elongation, no cap would 
have a chance to grow. At higher concentrations, whenever 
elongation exceeds the fixed hydrolysis rate, the cap should 
grow indefinitely, essentially eliminating the possibility of 
catastrophe. This type of model is inconsistent with our ob- 
servation that catastrophes still occur at tubulin concentra- 
tions twofold higher than steady state. 

The model of Chen and Hill (12) is perhaps the most com- 
plete formal description of cap dynamics. It includes associ- 
ation and dissociation of subunits from five growing points, 
and up to 24 variations in hydrolysis rate, depending on the 
presence and state (GTP or GDP) of neighboring subunits. 
This model can easily fit our catastrophe data for a single 
end, using only two variations in hydrolysis rate (specifically, 
accelerated hydrolysis for the DD and DT neighbor configu- 
rations, which was the key feature proposed by Hill and Chen 
[16]). The problem is that accelerated hydrolysis must be po- 
lar, and if postulated at the plus end, it will eliminate the cap 
at the other end (at the minus end the interface between core 
and cap will always have the DT configuration, and acceler- 
ated hydrolysis would eliminate the entire cap). One could 
perhaps find some combination of the 24 possible hydrolysis 
rates that would give similar catastrophe frequencies at the 
two ends, but we have not yet found a scheme that is simple 
enough to be credible. 

Each of these GTP cap models has focused on hydrolysis 
as the primary mechanism for loss of subunits from the cap, 
and they have differed mainly in their proposals for the rate 
and location of hydrolysis. However, our data indicate that 
a second mechanism significantly contributes to cap loss. 
Dissociation of GTP-tubulin subunits during elongation was 
not considered important in the above models, since Mitchi- 
son and Kirschner (28) reported a dissociation rate (0.37 
s -1) that was <1% of the association rate (53 s -1 at their 14 
~tM steady state). In contrast, we have found that the rate of 
dissociation events (44 s -t for the plus end) is about half the 
rate of association events (89 s -t at 10 IxM), and we there- 
fore conclude that dissociation of GTP subunits makes a ma- 
jor contribution to the dynamics of the cap. 

As discussed above, two of our observations suggest that 
a mechanism must exist to limit the size of the cap. This im- 
plies some sort of forced, coupled, or accelerated hydrolysis 
at each microtubule end. As pointed out previously (31), a 
simple mechanism that allows forced hydrolysis while main- 
taining a cap at microtubule ends is a "one subunit deep" cap 
model. This model envisions hydrolysis being forced only 
when a subunit becomes buried in the polymer lattice. In the 
simplest version of this model (e.g., for a linear polymer), 
the cap would consist of only a single subunit, loss of which 
would result in catastrophe. If microtubules behaved like a 
linear polymer with a single subunit cap, the frequency of 
catastrophe would be independent of tubulin concentration; 

a prediction clearly contradicted by our data. Since, however, 
the microtubule wall is a helical, two-dimensional polymer, 
one can extend this model of hydrolysis to allow a larger cap. 
If hydrolysis occurs only when a GTP-tubulin subunit be- 
comes buried in the polymer, a GTP cap could have up to 
one subunit per protofilament, or a maximum of 13 subunits. 
The actual number, and the overall complexity of the cap, de- 
pends on the number of growing points per microtubule end 
(e.g., 1, 3, 5, 13), and which particular subunit-subunit bond 
triggers hydrolysis. If catastrophe for the entire microtubule 
end is prevented by the presence of a single GTP-tubulin 
subunit, the remaining GTP-tubulin subunits would be free 
to dissociate without inducing rapid shortening. 

This "stochastic dissociation, coupled hydrolysis" model 
thus provides a mechanism to limit the maximum size of the 
cap to the same small size at both microtubule ends, while 
also allowing for significant dissociation from each end with- 
out immediate cap loss. The model pictures the balance of 
stochastic association and dissociation events as the primary 
factor in determining the frequency of cap loss, while cou- 
pled hydrolysis provides the mechanism necessary to main- 
tain an appreciable frequency of catastrophe at high rates of 
elongation. Using this model, we can explain one of our key 
observations that posed problems for earlier models: that the 
frequency of cap loss at opposite microtubule ends, having 
a two- to threefold difference in elongation rate, is very simi- 
lar. This explanation is based on our experimental observa- 
tion that the critical concentration during elongation (Table 
I) is essentially equal at the two ends. Since this critical con- 
centration represents the balance of association and dissocia- 
tion of GTP-tubulin subunits onto and from the cap, the 
equality requires that cap loss be approximately the same at 
the two ends. Finally, limiting the cap size to 13 subunits is 
also consistent with recent observations of very rapid cap 
loss after dilution (Voter, W.A., and H. P. Erickson, manu- 
script in preparation). In these experiments, disassembly be- 
gan immediately (within 1 s) from both microtubule ends af- 
ter a 15-fold dilution, consistent with a cap size shorter than 
20-40 subunits. 

We have done computer simulations for a number of 
stochastic dissociation, coupled hydrolysis models, and so 
far the most attractive is one that envisions one growing point 
per microtubule end. In this case, the cap could vary from 
1 to 13 GTP-tubulin subunits per microtubule end, depend- 
ing on the relative rates of subunit addition and dissociation 
for a particular subunit concentration. Addition of a 14th 
subunit would force or accelerate hydrolysis of the GTP on 
the now buried subunit. At the same time, a maximum of 12 
GTP-tubulin subunits at the end are free to dissociate without 
inducing catastrophe. Simulations of cap dynamics using this 
model, and incorporating our experimentally derived rate 
constants for association and dissociation, correctly pre- 
dicted the frequency of catastrophe at 10 gM tubulin. How- 
ever, the concentration dependence of the frequency of catas- 
trophe, on either side of 10 IxM, was significantly steeper 
than our observed values. We must conclude that there are 
additional mechanisms, not yet appreciated, that operate to 
reduce the concentration dependence of catastrophe. So far 
we have limited our modeling to the incorporation of our ex- 
perimental values for association and dissociation, and the 
single speculative parameter of coupled hydrolysis. We are 
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hopeful that an expanded model, perhaps incorporating one 
or more addition mechanisms, will provide a complete de- 
scription of cap dynamics, and thus of dynamic instability. 

An alternative explanation for the dynamic instability be- 
havior of microtubules is the preferential binding of a MAP 
to the elongating end of a microtubule. A MAP may provide 
a capping function by itself (a "MAP cap"), or it may interact 
with the inherent tubulin capping mechanism to modify 
microtubule dynamics. We do not think that we were mea- 
suring the dynamics of a MAP-modified cap for two reasons. 
First, our tubulin preparations were extremely pure. No as- 
sociated proteins were detectable on heavily loaded gels. 
Second, we have preliminary evidence from fluorescent 
redistribution after photobleaching that brain MAPs bind 
quickly and tightly to the glass surfaces of the slide-coverslip 
chamber (Pryer, N. K., R. A. Walker, M. E Soboeiro, and 
E. D. Salmon, manuscript in preparation). If  any residual 
MAPs were present in our tubulin preparations, the glass 
surfaces would effectively remove them from solution. 

Seeded Nucleation 

We observed that frequency of nucleation from axoneme 
fragments was extremely sensitive to tubulin concentration 
(Fig. 6). This sensitivity suggests that seeded nucleation is 
a cooperative process. Seeded nucleation could involve ei- 
ther the formation and binding of an oligomer of tubulin, or 
the simultaneous binding of tubulin subunits to multiple sites 
at the ends of an axoneme. Since subunits at the broken ends 
of an axoneme are probably GDP-tubulin (47), seeded nucle- 
ation may be governed by the stochastic aspects of capping 
an axoneme end with sufficient numbers of GTP-tubulin sub- 
units to sustain elongation. 

Rescue 

In principle, rescue can not occur for tubulin concentrations 
less than the critical concentration for elongation, Sce. We 
found that Sc e is '~5 IxM for both ends (Fig. 4). At concen- 
trations below Se e , there is no elongation and thus no ob- 
servable rescues are expected. The linear regression lines 
through the data in Fig. 8 were calculated assuming that res- 
cue must be zero at 5 BM tubulin. The minus end data in 
Fig. 8 increases with tubulin concentration above 5 IxM. The 
concentration dependence of the plus end data above 5 IxM 
is less certain. However, it is clear that frequency of rescue 
at the minus end is much greater than occurs at the plus end 
at the higher tubulin concentrations. 

The apparent linear dependence of rescue frequency with 
free tubulin concentration suggests that rescue occurs when 
a single GTP-tubulin adds onto the GDP-tubulin end of a rap- 
idly shortening microtubule. The second order association 
constants, determined from the slopes of the linear regres- 
sion lines in Fig. 8, are 0.006 and 0.026 ~tM -~ s -~ for the 
plus and minus ends, respectively. These rates are '~1,500 
and 165 times smaller than the rate of GTP-tubulin addition 
to the GTP-tubulin ends of elongating microtubules. 

From the GTP cap model, one might expect that the fre- 
quencies of seeded nucleation and rescue at each end would 
have the same relative dependence upon tubulin concentra- 
tion since both transitions require the formation of an elonga- 
tion competent microtubule end (the cap). However, our data 

indicate that this is not the case, since the plus end nucleates 
from the axoneme more frequently (Fig. 6), while the minus 
end rescues more frequently (Fig. 8). Thus, seeded nuclea- 
tion and rescue are not due to identical mechanisms. 

Implications for Steady State 

Because of the theoretical importance of steady state, we 
have used the values we obtained for rate constants and tran- 
sition frequencies at various tubulin concentrations to cal- 
culate a "predicted" steady state free tubulin concentration 
(S~s), and to compare this with the values for Sss determined 
using centrifugation (see Materials and Methods). Interest- 
ingly, these calculations also make significant predictions re- 
garding the phenomenon of treadmilling and length redistri- 
bution of microtubules at steady state. 

We assumed for simplicity that microtubules were always 
rescured before complete depolymerization, did not undergo 
pause states, and that a linear relationship existed between 
tubulin concentration and the frequencies of catastrophe and 
rescue. Thus, at a specific tubulin concentration, the net gain 
of subunits at one end of a microtubule is the rate of elon- 
gation (v e) times the average time spent in the elongation 
phase (t ¢ = 1/kc), minus the rate of subunit loss during 
rapid shortening (v rs) times the average time spent in the 
rapid shortening phase (t r~ = 1/kr). Dividing by the total 
time of an average elongation/rapid shortening cycle (t ~ + 
t"), the average gain or loss of subunits per unit time is: 

[ve(t e) -- Vrs(trs)]/(t e + t~). 

We then could sum the rates predicted at each end to deter- 
mine the combined rate of gain (or loss) for an "average" 
microtubule for a given tubulin concentration. The results of 
calculations for plus end, minus end, and combined growth, 
presented in Fig. 9, illustrate several points. 

First, our calculated value for S~s agrees well with values 
obtained using centrifugation methods. The predicted S~s 
corresponds to the point where the sum of the net growth for 
both ends of our average microtubule equals zero. From Fig. 
9, this point is at ~10.9 laM tubulin. For comparison, our 
measurement of &s by warm centrifugation of steady state 
microtubules produced a value of 6.9-7.5 lxM tubulin. Thus, 
given the uncertainties inherent in our assumptions and mea- 
surements, the agreement of the theoretical prediction with 
our experimental measurements is surprisingly good. 

Second, our calculations demonstrate that dynamic insta- 
bility can produce a net flux of subunits through steady state 
microtubules, i.e., treadmilling. This is shown in Fig. 9, 
where, at our calculated steady state, the aggregate effects of 
differential elongation rates and transition frequencies pre- 
dict a net subunit loss of ~13.1 dimers s -~ from the plus 
ends of microtubules, and a net gain of about 13.1 dimers 
s -~ from minus ends. This correlates nicely with our obser- 
vation that, although plus ends grew faster at a given concen- 
tration of tubulin, they were rescued much less often than 
microtubules with free minus ends. Thus, long incubations 
at intermediate concentrations (10-11 pM) of tubulin often 
produced axonemes with more, and longer, microtubules at 
the minus end. Further, our predicted treadmilling rate is 
very similar to that observed for "MAP-depleted" microtu- 
bules by Farrell et al. (14) (16.1 dimers s-n). 
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Figure 9. Estimated polymer dynamics at steady state. The net rate 
of assembly for each end was calculated (see Discussion) from the 
elongation rates, rapid shortening rates, and transition frequencies 
determined in this study. Plus end (solid line), minus end (dashed 
line), and the combined values (dotted line) for an "average microtu- 
bule" (MT) are plotted over the tubulin concentration range ana- 
lyzed. The combined net rate of assembly was equal to zero at 
10.9 I.tM. At this concentration, there is net tubulin association at 
the minus ends and net tubulin dissociation at the plus ends. 

The idea that treadmilling results from differences in the 
dynamic instability of opposite microtubule ends is fun- 
damentally different from the mechanism for subunit flux 
through a polymer proposed by Wegner (45). Wegner showed 
that treadmilling required that an irreversible change take 
place in a subunit during binding to a polymer end. This irre- 
versible change was thought to be hydrolysis of bound ATP 
for actin assembly (45) and GTP for microtubule assembly 
(3). Nucleotide triphosphate hydrolysis allowed the critical 
concentration for net assembly at opposite polymer ends to 
be different, resulting in net subunit flux. The Wegner model 
presumed that no cap of nucleotide triphosphate existed at 
the polymer ends, that only subunits containing nucleotide 
diphosphate would dissociate from the polymer, and that 
there was only a single phase of assembly and disassembly, 
during which the association of nucleotide triphosphate 
subunits and dissociation of nucleotide diphosphate subunits 
took place continuously. In contrast, instead of one continu- 
ous assembly-disassembly phase, microtubules have now 
been shown to exhibit alternating phases of slow elongation 
and rapid shortening (17, 28). Further, the present work 
describes a significant rate of dissociation during the elonga- 
tion phase that takes place without any apparent phase transi- 
tion, implying that the irreversible step (GTP hydrolysis) 
takes place subsequent to the association step. Therefore our 
results are consistent with the presence of a GTP cap, as well 
as the idea that GTP as well as GDP subunits can dissociate 
from the polymer. 

If dissociation during elongation is a reversible dissocia- 
tion of GTP subunits, then, as pointed out by Wegner (45), 
the critical concentration of each end during elongation must 
be equal, a result that is consistent with our observations. 
Thus, instead of establishing a different critical concentra- 
tion for elongation at opposite microtubule ends, hydrolysis 
of GTP seems to allow the existence of two alternating phases 
of assembly and disassembly at each end of each microtu- 
bule, and also allows the frequencies of interconversion (par- 
ticularly rescue) between these phases to be substantially 
different at opposite ends, resulting in the effect of tread- 
milling. 

However, we should point out for completeness that, if the 

GTP cap is only one subunit deep per protofilament, GTP- 
tubulin subunits would dissociate from GDP-tubulin sub- 
units of opposite polarity at the two microtubule ends, allow- 
ing the critical concentrations at opposite microtubule ends 
to be different. If the critical concentrations were substan- 
tially different, the x-intercept of elongation rate versus tubu- 
lin concentration (Fig. 4) would be different for the two ends. 
Since our results show very little difference between Sce 
values for the two ends, we conclude that the effect of the 
GTP-GDP-tubulin boundary is minimal. Further, the possi- 
bility of different Se e values at opposite microtubule ends 
still will not allow treadmilling, as originally envisioned, to 
occur. If microtubules at steady state were undergoing a con- 
tinuous net dissociation at one end and net association at the 
other, one end would quickly lose its cap and begin to rapidly 
disassemble. 

Our data also predict that the redistribution of microtubule 
lengths with time, known to be a consequence of dynamic 
instability (23, 28), will be strongly dependent upon the ini- 
tial lengths of the microtubules in the population. At 10.9 ~tM 
free tubulin, our data show that an average rapid shortening 
event would involve the loss of '~12 Ixm at the plus end, and 
'~4 Ixm at the minus end. These values indicate that the inci- 
dence of complete microtubule loss at steady state, due to 
catastrophe without rescue, would decrease dramatically for 
microtubules much longer than 30-50 ~tm. This implies that 
measurement of length redistribution in bulk populations 
ceases to be a valid indicator of dynamic instability when av- 
erage microtubule lengths become >30-50 p.m. This predic- 
tion fits nicely with the observations of Sammak et al. (35) 
and also with those of Farrell et al. (14), who showed that 
dynamic instability did not usually result in complete disas- 
sembly of microtubules that were, respectively, 20-50 and 
65-75 p.m long. 

Sammak et al. (35) and Farrell et al. (14) used the terms 
"tempered instability" and "phase dynamics" respectively, to 
describe microtubule dynamics in which microtubules are 
almost always rescued before complete disassembly. How- 
ever, our understanding of the term dynamic instability, as 
originally proposed by Mitchison and Kirschner (28) and de- 
scribed in the Introduction, includes the possibility of res- 
cue. Further, we have shown how the parameters of dynamic 
instability of individual microtubules can be extended to ex- 
plain the behavior of microtubule populations. Thus, like 
treadmilling, the special situations described by the terms 
tempered instability and phase dynamics can be included 
within the more general framework of "dynamic instability" 

Comparisons to Dynamic Instability In Vivo 

Fluorescence studies of microtubule dynamics in animal 
cells have shown that tubulin within the labile microtubules 
in the mitotic spindle exchanges with tubulin in the cellular 
pool with a half-time of 15-70 s, depending on species and 
temperature (11, 34). In the bipolar spindle of BSC1 cells at 
steady state, for example, the half-life of tubulin is 37 s at 
31°C (42), which corresponds to a catastrophe frequency of 
(In 2)/37 = 0.019 s -I, and an average duration of elongation 
of ~1 min (evidence indicates that rescue is not significant 
(29)). By using 4 ktm as the minimum estimate for average 
microtubule length in the BSC1 spindle, the average elonga- 
tion velocity is 4 I~m/min. In our in vitro system, plus end 
elongation at 4 I~m/min requires an active tubulin concen- 
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tration of approximately 17 ltM (Fig. 4). The frequency of 
catastrophe in our in vitro system will be "o0.001 s -~ at 17 
IxM (Fig. 7): an order of magnitude slower than that ex- 
hibited by spindle microtubules in vivo. 

In BSC1 cells at interphase, the half-life of tubulin within 
the labile microtubules is ,~200-300 s (34, 37), and the rate 
of microtubule elongation is about 4 Ixm/min (37). The ac- 
tual frequency of catastrophe for labile microtubules in the 
CMTC of BSC1 cells is difficult to estimate from available 
data, because, in contrast to the mitotic spindle, rescue ap- 
pears to play a significant role in CMTC dynamics. This is 
indicated by the distribution of microtubule lengths at steady 
state (10) and the faster rate of tubulin turnover in microtu- 
bules at the cell periphery in comparison to those near the 
centrosome (35). For microtubules elongating at 4 lam/min 
in our in vitro system, the corresponding frequency of catas- 
trophe would be ',~0.001 s -1, and the average microtubule 
length would be >60 p,m. Since the average length of micro- 
tubules in the BSC1 interphase array is about 20 I.tm, the fre- 
quency of catastrophe for the labile microtubules in the 
CMTC must be significantly greater than predicted from our 
in vitro data. In addition, because the rates of microtubule 
elongation in the CMTC and the mitotic spindle are similar, 
mitotic microtubules with an average length of 4 I.tm must 
have an even higher frequency of catastrophe and/or lower 
frequency of rescue than the microtubules of the CMTC. 

The above discussion indicates that we need to search for 
factors or conditions in the cell which promote: (a) high fre- 
quencies of catastrophe at high rates of microtubule elonga- 
tion during mitosis and/or interphase; and (b) high frequen- 
cies of rescue during interphase. Possibilities include: the 
ionic environment (we may need to search for a buffer that 
matches in vivo conditions), tubulin species, tubulin modi- 
fications, and MAPs. Modulation of such factors and/or con- 
ditions probably controls the dynamics of the labile microtu- 
bules in the spindle and the CMTC, and may regulate the 
rapid shifts in mean microtubule length and mean life-time 
that occur during the transitions between the interphase and 
the mitotic phases of the cell cycle. 
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